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Abstract

The SW Barents Sea is a relatively unexplored ameapared to the Northern North Sea and the
Norwegian Sea. The area has undergone severalsegénipliftment and erosion making it very
complex, with numerous source rocks capable oflérgepetroleum. The upliftments are believed to
have pushed the larger quantities of oil to basamgims and structural highs. In order to get aebet
understanding of the region nine oils and two cosdees have been geochemically analyzed from the
area. In addition, 15 shallow core samples fromRimamark Platform and Norkapp Basin have also
been extracted and analyzed. The geochemical atmigzmethods used are TLC-FID, GC-FID and
GC-MS. The derived information from these analys@s mainly focused on maturity and organic

facies parameters, level of biodegradation andatimn pathways.

The core samples contain almost exclusively pajanpgounds, indicating severe biodegradation of the
bitumen. Henceforth, elevated isoprenoid valueatired to n-alkanes can be found in the shallowler oi
discoveries, where the lighter n-alkane fractioanse to be microbial degraded. Some of the deeper
wells express elevated UCM “humps” but no othearclkevidence of biodegradation. This could be
related to an older biodegraded petroleum chargk aamew charge masking the biodegradation.
Mixing of hydrocarbon fractions can be seen in savhéhe oils based on the bimodal n-alkane
signatures found in the GC-FID chromatograms. Meeeoconflicting maturity signatures based on
the n-alkane distribution for some of the oils awhdensates give a strong indication of mixed
petroleums. This is in accordance with the conflgtmaturity parameters for the saturated and
aromatic biomarkers, and the medium-range biomargeen in many of the oils. Thus, suggesting a
mixture of petroleums, where the former estimatedunities in the early oil window and the latter
peak oil production maturities. All of the oils the sample set appear to be influenced by two

hydrocarbon charges, one lighter fractions(Gand a heavier black oil fraction {£).

Two oil/condensate families can be discerned basedthe ETR, G-tetracyclic terpanes and
bisnorhopane. The first family seems to originatenf Jurassic and the second form a pre-Jurassic
source. The pre-Jurassic discoveries are fountd@hdppa High in Permian rocks and in the margins
between the Hammerfest Basin and the Finnmarkdpiaiffand are possibly of Paleozoic age. The
Jurassic sourced discoveries can be found in tliensiudy area, with a lighter fraction in the egnt

of the Hammerfest Basin and heavier remigratednothe margins and structural highs. The light
fraction is believed to be live. The oil has prolgalemigrated due to Cenozoic upliftment. Profoyndl
geochemical similarities with the remigrated patélan the Hammerfest Basin and the discoveries in

Johan Castberg could suggest a remigration oftalthe field.
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Chapter 1 Introduction

1. Introduction

1.1 Introduction to the SW Barents Sea

The Barents Sea is located off the coast of Noraray Russia (see Figure 1.1). The surface
area of the sea is 1,400,000%alland et al., 2014). The Barents Sea compriges
unexplored territories, and exploration activitiesve hitherto mostly been confined to the
SW part of the Norwegian sector.
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Figure 1.1: The Barents Sea is situated outsidedltoast of Norway and Russia, covering an area ofdmillion km?2.

The topography and bathymetry are visualized withcolors (modified from Halland et al., 2014).

The first geophysical investigations began durihg tarly 1970s, and the first offshore
drilling in the beginning of the 1980s in the Nogisn sector (Dore., 1995). Early
explorations lead to the first commercial discovefythe Snghvit gas field in 1984 located
within the Hammerfest Basin (Berglund et al., 198@preover, the discovery of dry traps

containing residual black paleo-oil with columnp to 200 m (Knutsen et al., 2000),
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Chapter 1 Introduction

indicates previous generation and migration ofgetrm, which later have remigrated from
the reservoirs, due to Cenozoic upliftment (Heraiket al., 2011a). The upliftment resulted
in expansion of the gas column as a cause of claingeressure, forcing the oil below the
spill point (England and Mackenzie, 1989, Henriks¢ral.,, 2011a). Ohm et al. (2008) also
believed remigration of the paleo-oil is a restilfault reactivation leading to cap-rock failure.
Consequently, the Norwegian sector of the Barerts 8as considered a gas-prone area for
many years. The more recent oil discoveries, Gdikdd in 2000, the Nucula field in 2007,
Johan Castberg oil field in 2011, Havis discovier012 and the novel Gotha discovery in
2013 (Lerch et al., 2016a, NPD, 2013), disproved @ssumption. The aforementioned
discoveries revived the interest in the area amiging place for commercial quantities of
oil. The remigration of the oil has lead exploratito the uplifted margins of the basins,
assuming oil to migrate up-dip (Lerch et al., 2016@il discoveries with profoundly
contradistinctive signatures can be found in araiad the Hammerfest Basin, and on the
Loppa High (Ohm et al., 2008, Lerch et al., 201Bfmrgy et al., 2010), suggesting oil and

condensate discoveries to originate from severaicgorocks and possible mixing of sources.

1.2 Introduction to the Loppa High, the HammerfestBasin, the
Nordkapp Basin and the Finnmark Platform

Larger quantities of oil have recently been discesieon the Loppa High (7120/1-3), situated
in carstified Permian rocks (NPD, 2013). Oil shdvese also been discovered on the Loppa
High in Late Jurassic — Cretaceous rocks in well071-2 (NPD., 2014). On the western part
of the Loppa High oil remnants in Late Carbonifexaa Early Permian Formations have also
been found in well 7220/6-1 (NPD., 2014). Most loé tdiscoveries of petroleum have been
done in and at the margins of the Hammerfest Basig, Snghvit, Goliat and Nucula.
Discoveries in the middle part of the basin tentdeéacondensate/gas while discoveries in the
margins contain oil (Lerch et al., 2016b). The resis in the Hammerfest Basin are mostly
of Jurassic age, e.g. Snghvit (7120/6-1) and Tos®e(7122/6-1), while the Goliat field is of
Triassic age. The Hammerfest Basin is also beligieele a kitchen for the surrounding
structural highs and fault complexes (Ohm et &08). Much less exploration activity has
been done in the Nordkapp Basin and on the Finnfakttorm. Nonetheless, well 7228/7-1
has showed remnants of oil in the Late Triassicd8rfeormation (NPD., 2016b). Moreover,
well 7128/4-1 on the Finnmark Platform found remsaaf oil and gas in Late Permian
Formations (NPD., 2016b)
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1.3 Thesis objectives

The main emphasis in this thesis is on the petmlgeochemical signatures of the Loppa
High sample from 7120/2-1. However, to attain aader perspectivef the complex area,
adjacent wells on the Loppa High and the surroumdireas as the Bjgrngyrenna Fault
Complex and the Hammerfest Basin are also invastigd he addition of samples gives valid
information on source rock relations to one ano#mat source rock origin of the respective
discoveries. As most of the discoveries in the Hanest Basin seem to have been sourced
by the Jurassic Hekkingen Formation (Ohm et al0820it is interesting to investigate if the
discoveries on the Loppa High and the Bjgrngyrefiaalt Complex (Johan Castberg)
discoveries reflect the same geochemical signatimezddition, shallow core samples from
the Finnmark Platform and the Nordkapp Basin hdse been extracted and geochemically
analyzed. The shallow cores situated on the FinkrR&atform are within Carboniferous to
Permian rocks reflecting the same depositionalrenment and geological era as the 7120/2-
1 discovery. Therefore, it is relevant to compdre éxtracted bitumen from the Finnmark
Platform with the Permian oil from the Loppa Higb,investigate if they can be related to the
same source. Subsequently, the shallow core frenNtrdkapp Basin within Early Jurassic

Formation can be compared to the Jurassic oil destes.
The main objectives in this MSc thesis are as Westo

* To investigate if the Loppa High sample is relat®a pre-Jurassic source, in other
words, source rock determination of well 7120/2-8TD4. Determination of source
rock origins will also be done for the rest of teemple set. The maturity and
organic facies parameters will be the main toolsrtswer these questions.

» To address the quality of the source rocks forsdmaple set.

e To evaluate geochemical similarities and discrejgasncof the respective
oils/condensates. To later use this informatiodetermine if they originate from the
same source or not.

» To investigate the level of biodegradation of tample set.

» Discuss what effects upliftment have had on théreg

» To address if the discoveries contain a mix ofgletrms.

» Assess migration pathways in the area.

3
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* Finally, to compare the bitumen samples from thenfiark Platform with the
depositional analog from the Loppa High and thedkapp Basin core with related

Jurassic discoveries.
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2. Geological Setting

Chapter two gives an overview of the geologicainfeavork in the Barents Sea with special
emphasis on the SW part. The source rock potentetirity history and geological plays

will also be briefly introduced.

The chapter is structured as follows:

2.1 Introduction to the Barents Sea

2.2 Structural elements and evolution of the SWeBtsr Sea

2.3 Stratigraphy of the SW Barents Sea

« 2.3.1 Paleozoic Succession:
* 2.3.2 Mesozoic Succession
« 2.3.3 Cenozoic Succession

2.4 Key structures in the SW Barents Sea

e 2.4.1 Loppa High

e 2.4.2 Hammerfest Basin
e 2.4.3 Finnmark Platform
» 2.4.4 Nordkapp Basin

2.5 Petroleum system in the SW Barents Sea

e 2.5.1 Source Rocks
e 2.5.2 Maturity history
« 2.5.3 Overview of petroleum plays in the SW BareéSga
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2.1 Introduction to the Barents Sea

The Barents Sea is a large pericontinental seariogvéhe continental shelf of NW Eurasia,
bounded in the West and North by Cenozoic passieegims (Figure 1). A relatively
complete strata ranging from Late Paleozoic to @uary with vertical thickness up to 15
km can be found (Gudlaugsson et al., 1998). Th®mneig described as very complex, with
basins, platforms, structural highs, fault zonesl diapiric provinces (Johansen et al., 1993,
Worsley, 2008). The sea was formed by two majortinental collisions and later ripped

i oy Ao ] L)
W W
a8

Las

Figure 2.1: Structures of the greater Barents Sea&Bpth Russian and Norwegian sector) (Henriksen etl.2a2011b)

apart by a continental separation. The first cosgomal event started 400 Ma ago as the
Caledones developed; this resulted in the closinpe lapetus Sea. The eastern margins of
the Barents Sea were further developed by the agogé the Urals approximately 250 Ma
ago. This finalized the closing of the continentsl #2angea were formed (Scotese, 1987)
During Late Paleozoic and Mesozoic the BarentsV&es dominated by extensional forces.
The tensile forces resulted in an area dominatednbjor rift basins with platforms and
structural highs (Dore., 1995).
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2.2 Structural evolution of the SW Barents Sea

The western Barents Sea can be divided into theegical provinces: 1) a basinal province
with an EW trend which is located from the coastNarway to 74°; 2) to the North an

elevated platform area towards Svalbard; and 3ktintinental margin to the west (Faleide.
et al., 1984). The development of several faultno®d basins and structural highs in the

western Barents Sea reflects a high tectonic &itnin the area.

The western Barents Sea sediments are situatect abdwate Silurian to Early Devonian
Crystaline metamorphic basement. This basement agasolidated during the Calodian
Orogeny (Faleide. et al., 1984, Smelror. et al0Q0

The main structures in the SW Barents were devdlogiee to three Post-Caledonian

extensional tectonic events:

1) Sediments from Devonian were compressively aeéar during the Late Devonian and are
referred to as the Svalbardian movements where ctirapressional regime from the
Svalbardian movements changed the compressionaheet a sinestral shear regime with

large scale strike slip movements (Faleide. etlaB4).

2) In mid Jurassic to Early Cretaceous the midlzateé Kimmeriane phase, where subsidence

between Greenland and Norway took place at a fzquid.

3) The last phase occurred in the Cenozoic andrefated to the opening of the Norwegian-
Greenland Sea. This break-up phase is associatiéd @@nozoic upliftment and erosion
(Johansen et al., 1992). The upliftment is estiohdig Vorren et al. (1991) to be between
500-3000m in the area. The Barents Sea continehtdf was dominated by ENE-WSE to
NE-SW and NNE-SSW to NNW-SSE structural trends (&éden et al.,, 1990). The
extensional force during Late Paleozoic times teslin a westward migration of the rifting,
and well defined pull-apart basins were formed he SW. Subsidence due to Jurassic-
Cretaceous rifting resulted in the developmenteoksal sedimentary basins from the Rockall

Trough and northwards.
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The Barents Sea was situated in a rift shear ictiera having relations to both the North
Atlantic and Arctic region (Faleide. et al., 1984)n the Late Paleozoic a NE 600km
extending rift zone was formed. The rift zone wa88kK3n wide. Subsidence due to Jurassic-
Cretaceous rifting resulted in the developmenteoksal sedimentary basins from the Rockall
Trough and northwards. The rift zone was an extensif the north Atlantic rift between
Norway and Greenland. The development of the aftezcreated a series of fan shaped arrays
and highs, and the orientation was NE in the mé#inzone and north at the continental
margin to the West (see Figure 2.2). Evaporates vaeposited during Late Devonian-
Carboniferous and in the Early to Mid Mesozoic thain graben formation and salt tectonic
development took place in the SW Barents Sea (®meir al., 2009) (see Figure 2.2).

Subsidence due to Jurassic-Cretaceous rifting tegsuin the development of several

sedimentary basins from the Rockall Trough andhweatds.

9:) Antral
| Barents

\\ High

HE

NE

d

Figure 2.2: <tructural evolution of the SW Barents Sea; a) Late Devonian timthe area escaped laterally from the
compressional regime; b) Reactivation of main features and graben devepment from the Palezoic in Late Devonian
to Carboniferous ; c) The main stage of graben development and salt tectics from Early to Mid Mesozoic; d) In the
Late Mesozoic the extense thinning of the crust resulted in the break up baween the Laurentia and Baltica plate in
early Cenozoic (Gernigon and Bronner, 2012).
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2.3 Stratigraphy of the SW Barents Sea

The stratigraphy of the SW Barents Sea ranges ynfrorh Late Carboniferous to Early
cretaceous (see Figure 2.3). However, youngelasirain the Cenozoic can also be found in

the region. The Groups are more thoroughly expthlmedow:
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Figure 2.3: The lithostratigraphy from Carboniferous to Neogere is displayed for the areas in the SW Barents Sea:
the Hammerfest Basin the Bjarmland Platform, the Nordkapp basin and theFinnmark Platform. The Formations
related source rocks and reservoirs are also illusited in the Figure 2.3. The picture ismodified by Lerch et al.
(2016b taken from (Ohm et al., 2008).
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2.3.1 Paleozoic Succession:

The Billefjorden Group

The sediments were deposited in Late Devonian tty Earboniferous and are dominated by
fluvial deposits in the lower part of the Groupnséaioning into shallow marine siliclastics

(Larssen et al., 2002). Some coal can also be faunkis Group. The Group is subdivided
into three Formations; Soldogg, Tettegras and Bize(&lPD., 1988) (see Figure 2.3).

The Gipsdalen Group

The Group was deposited Mid Carboniferous to EBdymian and consists of red colored
warm-water siliclastics and dolomized carbonatdg basal area has significant amounts of
evaporates indicating an arid climate. A significaresence of evaporates and diapirs appear
in the Nordkapp Basin (Larssen et al., 2002). Tireenations are assigned to the Gipsdalen
Group; the Ugle Formation, Falk Formation and @omfration (NPD., 1988) (see Figure 2.3).

The Bjarmland Group

The Group is dated by Ehrenberg et al. (2001) tofligarly Permian age. It is dominated by
light bioclastic limestone from a cool-water faumath crinoids, bryozoans, brachiopods and
siliceous sponges (Larssen et al., 2002). The peesef siliclastic material is rare in the

Formation except on the Polheim Subplatform. Thek#st succession of the Group can be
found on the Bjarmland Platform and at the LoppghHiThe Bjarmland Group is built up by

three Formations Polarrev, Ulv and Isbjgrn respebti(see Figure 2.3).

The Tempelfjorden Group

From Middle to Late Permian the Tempelfjorden Growps deposited. The unit is

characterized by dark to light grey spiculites ailitified skeletal carbonates. It contains
more coarse siliclastics in the Hammerfest Basarggen et al., 2002). The Group is divided
into two Formations, the Rgye Formation and thee@¥ormation (NPD., 1988) (see Figure
2.3).

10
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2.3.2 Mesozoic Succession

The Inggydjupet Group

The lowermost Inggydjupet Group in the Mesozoiacsssion in the SW Barents Sea is from
Early-Mid Triassic. The Group is built up by the \eéat, Klappmys, Kobbe and Snadd
Formations. The Group is approximately 1700m tha&id consists of a siliclastic and
carbonate sequence in the lower part. The uppéigararked by a shale interval (Halland et
al., 2014). Thin silt and sand beds are also ptes=pecially in the upper part. Some
carbonate and coal are also present (NPD., 1988) Kigure 2.3).

The Realgrunnen Group

The Realgrunnen Group above the Inggydjupet Graunmes from Late-Triassic to Mid
Jurassic. The Group is divided into the Fruholmabaen, Nordmela and the Stg Formations.
The thickness of the Group is around 430m. The tqweet of the Group has some shale and
coal intervals (Halland et al., 2014). The Groupdsminated by pale grey sandstone

especially in the middle and upper parts (NPD. 8)9&ee Figure 2.3).

The Teitengrunnen Group

A truncation marks the boundary between the unuglyRealgrunnen Group and the
overlying Teistengrunnen Group. The Group is subdd into Fuglen Formation and

Hekkingen Formation. The vertical thickness vafresn 300m north of the Finnmark Fault
complex to 60m on the structural highs in the ceatehe Hammerfest Basin. The Group is
dominated by shales and claystones, with somebhits of dolomitic limestone. A few silt

and sandstone beds are also present (NPD., 1888)F{gure 2.3).

The Nordvestbanken Group

The Group consists of Dark grey to grey brown shaled claystone. Some thin interbeds of
grey to grey brown siltstone, limestone and dolemare also present. The Group was
deposited from Early to Mid Cretaceous. Three Faoionas assigned to this Group; Knurr,
Kolje and Kolmule (NPD., 1988) (see Figure 2.3).

The Nygrunnen Group

It comprises greenish grey to grey claystone, with intervals of limestone in some parts.
The Group is of Mid to Late Cretaceous age andiv@ed into the Kviting and Kveite
Formation (NPD., 1988) (see Figure 2.3).

11
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2.3.3 Cenozoic Succession

The Sotbakken Group

The Group is dominated by claystones with somstsitie, tuffaceous and carbonate horzions.
The basal contact of the Group represents an uoguity between the Late Cretaceous and
Early Paleocene in the Tromsgflaket area. Agd Isate Paleocene to Early-Middle Eocene.
The Torsk Formations is within the Sotbakken Gr(upD., 1988) (see Figure 2.3).

The Nordland Group

The Group is dominated by sands and clay in thetqart, which grade into sandstones and
claystone. The Group is coarsening upwards. Cobéfes boulders of quartzite, granite
appear in the upper part of the Group (NPD., 198Bg age of the Group in the Hammerfest

Basin is Late Pliocene to Pleistocene/Holocenevkidt al., 1998).

2.4 Key structures in the SW Barents Sea

2.4.1 Loppa High

The Loppa High was formed due to Early Cretace@asohism and Late Creataceous to
Early Tertiary tectonism (Gabrielsen et al., 1990)e Loppa High is an N-S trending feature
(see Figure 2.4A). The structural feature has ttyiof several phases of tilting and erosion
due to uplift and subsidence. Subsequently, riftagpgraphy from Late Carboniferous was
filled in by Upper Paleozoic siliclastics, evapestand carbonate. In Late Paleozoic to Early
Mezosoic Loppa High was uplifted and tilted, an@iressic succession was deposited on top
of this (Snadd Formation). On the southern parthef Loppa High remnants of Paleogene
shale from the Sotbakken Group are overlying Mid@iassic claystones (Halland et al.,
2014).

12
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2.4.2 Hammerfest Basin

The Hammerfest Basin was probably established durate Carboniferous, and is a fault-
controlled basin extending E-W to WNW-ESE (Gabeelst al., 1990, Halland et al., 2014)
(see Figure 2.4A). The basin was established bly Eat ate Carboniferous rifting. The main
subsidence occurred during the Triassic and LowetaCeous, although the basin
development reached its peak in the Mid Cretacfomssen et al., 2002). The basin is
dominated internally by E-W trending faulted dontesstures developed during Late Jurassic
tectonism (Halland et al., 2014).

2.4.3 Finnmark Platform

The Finnmark Platform has been sTable since UppkroRoic (Gabrielsen et al., 1990), the
Platform is following the outside of the Norwegiarainland (see Figure 2,4A). The deeper
part of the Finnmark platform consists of sillidlassediments from the Early Carboniferous.
These sediments are heavily faulted, with rotasadt folocks (Larssen et al., 2002). A Late
Carbonifoures succession consisting mostly of aaates is overlying the faulted blocks. A
transgression during the Late Permian resultedtiick succession of mixed silliclastic and
carbonate deposits. The Finnmark Platform has pirtiptrend towards North, due to several
phases of upliftment, with the latest event durlregtiary (Larssen et al., 2002) (see Figure
2.4C).

2.4.4 Nordkapp Basin

The Nordkapp Basin is a Paleozoic rift basin. IneL&arboniferous — Early Permian
significantly amounts of salt were deposited in basin. Subsequently, the salt has been
mobilized several times (Gabrielsen et al., 199pper Paleozoic and Mesozoic sediments
have been uplifted due to formation of salt diagitging Early - Middle Triassic, Late
Jurassic, Late Cretaceous and Tertiary (Bugge.e@02). The aforementioned sediments

can be found at shallow depths around the salirdiap
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Figure 2.4: The main areas of interest are shown iRigure 2,1A, Hammerfest Basin, Loppa High, Finnmak
Platform and Nordkapp Basin respectively. Figure 2LA also shows the transect of the geosection fronestern
part of the Sgrvestnsnaget Basin to the eastern paof the Finnmark Platform (A-A") (Figure 2.1B). And the
transect from the Finnmark Platform to the Loppa High (B-B") (Figure 2.1C). The pictures are modifiedy
Halland et al. (2014) made (Gabrielsen et al., 1990
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2.5 Petroleum system in the SW Barents Sea

2.5.1 Source Rocks

The SW Barents Sea is proven to be a location faltipe source rocks, from Upper
Carboniferous to Upper Jurassic (see Table 2.1 Eigdre 2.3). The Cretaceous Kolje
Formation has been suggested to be mature in tetemepart of the SW Barents Sea (see
Figure 2.4) (Johansen et al., 1992). The sourde woih the biggest potential for generation
of hydrocarbons in the area is the Hekking Fornmatimut other Middle and Lower Jurassic
source rocks have also shown potential to genénateocarbons (Ohm et al., 2008). Upper
Triassic shales of the Snadd and Furuholm Formstih@ve proven as prolific source rocks
(Johansen et al., 1992). Lower to Middle Triassicnfrations are also rich in organic matter
(Lundschien et al., 2014). In the eastern parthef $tudy area the Middle Permian Ragye
Formation and the Upper Permian @rret Formatiore lfaotential for gas and oil generation
(Johansen et al., 1992) (see Table 2.1 and Figdde Phe Tettegras Formation consists of
coal and has the potential to generate liquid hyaifmons (Van Koeverden et al., 2010).
Moreover, Carboniferous shale with promising soumzzk potential has been reported on the

Finnmark Platform (Johansen et al., 1992).
2.5.2 Maturity history

According to Vobes (1998) the SW Barents Sea lgenthermal gradient in the center of the
Hammerfest Basin of about 35°C/km and the uplfifteargins and surrounding highs 5°C
lower (30°C/km). Due to rapid Cenozoic upliftmehé tHammerfest Basin and surrounding
uplifted regions are believed to be in thermal giisbrium (Cavanagh et al., 2006). As a
consequence of the upliftment the source rocksaassemed to have been exposed to higher
maturities than at present day. Figure 2.5 showserevithe Upper Jurassic Hekkignen
Formation, the Triassic Snadd, Kobbe, Klappmys aheévert Formations and

Permian/Carbonifereous source rocks are withirothgeneration window.
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Figure 2.5: The map suggests where Permian, Triagsand Jurassic strata are oil mature. Based on matity data
from wells, semiregional maturity trends and depthmaps (Ohm et al., 2008).
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2.5.3 Overview of petroleum plays in the SW BarentSea

The SW Barents Sea has petroleum plays from a r&utige of geological eras, ranging from

Carboniferous to Jurassic. Table 2.1 summarizegebtgical plays in the region.

Table 2.1: Petroleum plays of the Southern BarentSea modified from (NPD., 2014)*TFFC = Troms-Finnmark-

Fault-Complex; > RLFC = Ringvassgy-Loppa-Fault-Complex

Age

Area

Reservoir Rock

Trap

Source Rock

Upper Jurassic -
Lower
Cretaceous

TFFC’, Bjgrngya Basin,
RLFC’

Sandstones in the
Knur and Kolje Fms.

Stratigraphic pinch-out and
some traps are also fault
dependent

Late Jurassic shale (Hekkingen
Formation)

Barents Sea -
Lower to Middle
Jurassic

Hammerfest Basin,

TFFC' ,Bjarmeland
Platform, Nordkapp Basin
and Tromsg Basin

Kapp Toscana Group
with Tubaen,
Nordmela, Stg and
Fruholmen Fms

Rotated fault blocks and
some horst structures

Upper Jurassic shale (Hekkingen
Formation), with possible
contribution from older source
rocks

Triassic

Bjgrngya Basin, Loppa
High, Bjarmeland and
Finnmark Platforms

Havert, Klappmyss
and Kobbe
Formations

Mainly stratigraphic, but
also srotated fault blocks
and halokinetic

Lower Carboniferous, Lower
Permian, Upper Permian,
Middle Triassic, Upper Triassic

Middle to Upper
Permian

Finnmark Platform,
Lopap High

Limestones and
dolomites

Stratigraphic and a
combination of
Stratigraphic/structural

Lower Carboniferous, Upper
Permian and Middle Triasic

Carboniferous to
Permian

Finnmark Platform, Loppa
High and Polheim Sub-
Platform

Limestones,
dolostones

and sandstones in
the Gipsdalen
Group

Stratigraphic

Upper Devonian-Lower
Carboniferous (Billefjorden
Group), Lower Carboniferous ,
Upper Permian shales
(Tempelfjorden Group), Middle
Triassic (Steinkobbe Formation)

Lower
Carboniferous

Finnmark Platform

Sandstone and
conglomerates

17
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Chapter 3 Sample set and well description

3. Sample set and well description

In this chapter the oils and condensates will bes@nted, as well as the extracted core

samples.

This chapter is structured as follows:

3.1 Study area

3.2 Description of selected oils and condensatas fiells in the SW Barents Sea

3.3 Description of selected core samples and estfemm the Finnmark Platform and the
Nordkapp Basin

3.4 Sample List

3.1 Study area

The area of this study is located in the SW Bareidse to the mainland of Norway (see
Figure 3.1 and 3.2). The oils and condensates ssnape taken from the Hammerfest Basin,
the Loppa High, Masgy Fault Complex and the Bjgrasya Fault Complex (see Figure 3.1).
The shallow cores are situated on the FinnmarkfidPtatand in the Nordkapp Basin (see
Figure 3.2).
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Figure 3.2: The area in the SW Barents Sea wherbe respective oils and condensates used in this ¢sieare taken

from. The samples are marked with a black dot. Thgellow area is the mainland of Norway. The picturés modified
from NPD. (2016a
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Figure 3.3: The area in the SW Barents Sea where the resgive shallow core samples used in this thesis geken
from. The cores from the Finnmark Platform are taken from Paleozoic strata. The sample form the Nordkpp Basin

is within Early Jurassic strata. The samples are m&ed with a black dot. The yellcw area is the mainland of Norway.
(modified from NPD., 2016a).
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3.2 Description of selected oils and condensate®iin wells in the
SW Barents Sea

Well 7120/2-1 DST 4 — LH1

The sample is named LH1 in this thesis. T

drilling operator is Norsk Hydro Produksjon AS -
The well was completed 29.10.1985 (NPL e ;L“
2016b). The well is located on the SW part of t Moo fe-1

o

Loppa High (see Figure 3.1). The sample
taken from 1944-2030m in the @rn and Fe .
Formations from Late Carboniferous to Ear
Permian. The discovery is not characterized gFigure 3.3: Oil from the Loppa High well 7120/2-1
DST 4.The sample is from the interval 1944-2030m.
reservoir. Bottom Hole Temperature (BHT) .
3484 m is 97 °C (NPD., 2016b). The oil appearkawe relatively high viscosity compared

to the rest of the sample set (see Figure 3.3).

Well 7220/5-1- Johan Castberg — JC1-JC3

The well was drilled by Statoil Petroleum AS ar'
was completed the 24.03.2012 (NPD., 2016 -

The well is located in the Bjgrngyrenna Fau ik

([

&

Complex west of the Loppa High (see Figure 3
Oil samples from three different depths ha
been used in this thesis, 1381m (JC1), 140

(JC2) and 1404.1m (JC3) respectively (Srigure 3.4: Oil from the Johan Castberg field, well

7220/%-1. The samples are taken from 1381m,
1404m and 1404.11. The sample taken from 1404m

slightly higher viscosity than the two otheris.diluted.

From the well data at NPD. (2016b) the top reserngreported at 1337m, Gas Oil Contact
(GOC) at 1365m and Oil Water Contact (OWC) at 141Ztre deepest remnants of oil are
found at 1419m. Moreover, the gas column is 28rckthnd the oil column is 47m thick. The
BHT is 52 °C at 1740m. The three samples are found within the Stg and Nommela

Figure 3.4). The shallowest sample seems to h

Formations.
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Well 7220/7-1 — Johan Castberg — JC4-JC5

The well is reported by NPD. (2016b) to have be
completed the 24.01.2012 by Statoil Petroleum /
The well was drilled in the Bjgrngyrenna Fat
Complex southwest of the 7220/8-1 well (see Figt
3.1). The samples are taken from 1793m and 189

the former seems to have lower viscosity than
latter (see Figure 3.5). The reservoir top Is sidi, Figure 3.5: Oil from the Johan Castberg field
the GOC at 1828m, OWC 1956m and the deefwell 7220/7-1. The samples are taken from

. . 1793m and 1894m. Both samples are diluted
remnants of oil discovered was reported to be, gichioromethane (DCM).
2121m (NPD., 2016b). The discoveries are situatethé Stg Formation and Top Normela

Formation. The BHT at 2229.0m is 72 °C.

Well 7220/8-1 — Johan Castberg — JC6

The well was drilled by Statoil Petroleum AS ar
was completed on the 02.02.2011 (NPD., 201€
The discovery is located on the Bjgrngyrenna Fe
Complex (see Figure 3.1). The oil sample depth
1380.5m (see Figure 3.6), the reservoir top is
1276m, GOC at 1312m, OWC 1395m and t
deepest remnants of oil are at 1400m. The (

column is 37m and the Oil column 83m (NPDFigureS.G: Oil from the Johan Castberg field

2016b). The BHT temperature is not given. Twell 7220/¢1. The sample is taken from
1389.5m.
sample originates from the Nordmela Formation.

Well 7124/4-1 DST 3 - H1

The well was drilled by GDF SUEZ E&P Norge A
and completed 12.10.2011 (NPD., 2016b). The w
is located in the transition zone between 1
Hammerfest Basin and the Norkapp Basin in i
Masgy Fault Complex (see Figure 3.1). The w
which is found in the Heilo prospect is reportedéo

dry with a few oil remnants (see Figure 3.7). T
depth is not given, however the lowest penetrat‘F”i‘éLre 3.7 Oil from the well 7124/-1. The

Formation is the Havert Formation (NPD., 2016ldepth of the sample is not givel
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Well 7120/6-1 — Snghvit — S1-S2

The well was completed the 02.05.1985 by Noi

Hydro Produksjon AS (NPD., 2016b). The we E
was drilled in the middle of the Hammerfest Bas —
(see Figure 3.1). The 7120/6-1 DST 2 (S1) & i’,’é’ré‘:"

7120/6-1 DST 4 (S2) are found at the depi
2432.05-2436.02m and 2386.00-2401.0(

respectively (see Figure 3.8). The former sampl¢_ _
Figure 3.8: Oil (S1) and condensate (S2) frot

an oil the latter is a condensate (see Figure Zthe well 7120/-1. The oil is taken from 2432.05-

. 2436.02 m and the condensate is taken fro
Both samples are found in the Nordmessgg o 2401.00m.

Formation. The BHT of the well is 52 °C (NPD., 20).6

Well 7120/12-2 DST 2 - Al

The drilling of this well was completed 11.09.19¢
the operator was Norsk Hydro Produksjon AS. T
sample is a condensate (see Figure 3.8) ani
located in the southern margin of the Hammerf

Basin in the transition zone between the Finnm

Platform (see Figure 3.1). The condensate is fol

in the central part of the Alke structure. The tiepr
Figure 3.8: Condensate (Al) from the wel

of the DST is 1985-1991m and it is situated with7120/12-1. The condensate is taken 1985-1881

the Stg Formation (NPD., 2016Db).
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3.3 Description of selected core samples with ext& from the
Finnmark Platform and the Nordkapp Basin

Well 7029/03-u-02

In 1987 well 7029/03-u-02 was drilled by IKU Pe#oim Research on the Finnmark Platform
(see Figure 3.2) (Bugge et al., 1995). Five cares fthis well was used in this thesis 28.46 m
(FP1), 30.93m (FP2), 31.00m (FP3), 44.45m (FP4)1&#d58m (FP5) below the sea bed (see
Figure 3.9 and Figure 3.10A, 3.10B, 3.10C, 3.100 &10E).The lowermost core at
154.58m is believed to be fan delta conglomeraimfMiddle - Upper Carboniferous, while

the three shallower cores are from Late Carbonife{Bugge et al., 1995).

Figure 3.10: The Figures are shallow cores from thEinnmark Platform. The core 3.9A is taken from 2846m, 3.9B is
taken from depth 30.93m, 3.9C are taken from 31.00rbelow the sea bed, the fourth core sample Figuf9D from
depth 44.45m and the last sample (Figure 3.9E) isken from 154.58m below the sea bed. The 3.9(sple has a
very high amount of sulfur.
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Figure 3.€: Core extracts from well 7029/0-u-02. FP1 is the sample from 28.46m, FP2 is the cdrem depth 30.93m
the FP3 extract is taken from 31.00m below the sémed, FP4 has the depth 44.45m and the FP5 is fromet depth
154.58.

Well 7029/03-u-01

The well 7029/03-u-02 was drilled in 1987 byU Petroleum Research on thl&@nnmark
Platform (see Figure 3.2) (Bugge et al., 1995). Thee seen in picture 3.11 is taken from
85.51 (FP6) below the sea bed. The extracted bituwaa be seen in Figure 3.12. The core is

from Middle-Late Carboniferous.

Figure 3.11: The Figures are shallow cores from the Finnmarl ~ Figure 3.12: The extracted bitumen from well
Platform. The depth of the core is 85.51m below thsea bed.  7029/03-u-01. FP6 is taken from 85.51m below the
sea bed.

Well 7030/03-u-01

In 1987 well 7029/03-u-02 was drilled by IKU Petoin Research on the Finnmark Platform
(see Figure 3.2) (Bugge et al., 1995). The deptsample FP7, FP8, FP9, FP10 are 57.08m,
78.53m, 83.18m and 132.05m respectively (see Figurea, 3.12b, 3.12c and 3.12d and
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Figure 3.13). The deepest core originates from Catdboniferous, the three remaining

shallower cores are dated to be between Late Cideboms and Early Permian.

Figure 3.1Zz The samplesare shallow cores from the Finnmark Platforn. The depth of sample 3.12A is 57.08r
3.12B is taken from depth 78.53m, 3.12C is takenoim 83.18m below the sea bed and the deepest sampl&2Dfrom
132.05m.

Figure 3.13: The core extracts from well 7030/03-01. FP7 is the core taken from 57.08m, the core BRs from
78.53m below the sea bed. FP9 is from the denth 88m anc the last sample FP10 is from the depth 132.05
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Well 7128/12-u-01

Well 7128/12-u-01 (FP11) was drilled in 1988 Iy Petroleum Researcbn the Finnmark
Platform (see Figure 3.2) (Bugge et al., 1995). Tbee used in this thesis is from 156.50m
below the sea bed, and is dated to be Upper PerfArdinskian) (Bugge et al., 1995), and is

grainstone from a shallow shore face environmehtl3%.50m the core is within the Isbjgrn

Formation (see Figure 3.14 and Figure 3.15).

i‘gii! .'
| O -
ES

FP11

Figure 3.14: The samples are shallow cores from tH&nnmark Figure 3.15: Bitumen extract from well 7128/12-
Platform. The depth of the core is 156.50m belovhé sea bed. u-01.Sample FP11 is taken from 156.50m.

Well 7129/10-u-02

In 1987 well 7129/10-u-02 was drilled kgU Petroleum Research on the Finnmark Platform
(see Figure 3.2) (Bugge et al., 1995). Three ctm@wn this well were used in this thesis,
namely 30.40m (FP12), 48.85m (FP 13) and 85.74mvbéhe sea bed (see Figure 3.16 and
Figure 3.17).The lowermost core at 85,74m is of late Asseligae ¢arly Permian). At this
depth the core is bioturbated wackestone (Buggal.et1995). At 48,85m the core is of
Sakmarian age (Early Permian). The core consisashih energy packstone, rich in crinoids
(Bugge et al., 1995). The uppermost core at 30.beatlow sea bottom is from Upper

Sakmarian age, and is bioturbated carbonates.f Aleocores are within the @rn Formation.
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Figure 3.1€: The sample: are shallow cores from the Finnmark Platform. The depth of sample 3.13A is 30./m,
3.13B is taken from depth 48.85m, and 3.13Cis takdrom 74.00m.

Figure 3.17: The extracted coresamples from well 7129/1-u-02. FP12, FP13 and FP14 are from depth 30.40r
48.85m and 74.00nrespectively.
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Well 7227/8-u-1 31.96

This well was drilled in 1986 byKU Petroleum Researchlhe core is taken from the

Nordkapp Basin (see Figure 3.2). The core samplwitisin Early Jurassic sediments at
31.96m depth, the sample ID is NB1 (see figure &id3.19). The respective depth is within
the Stg Formation (Virgan et al., 2014).

;p?l?'o'l

Figure 3.18: The sample is a shallow core from the NordkgpBasin.  Figure 3.19: Bitumen from well 7227/8-u-1.
The depth of the core is 31.96m below theea bed. The sample NB1 is from 31.96m.

3.4 Sample List

The Table 3.1 gives an overview of the oils, cos@d¢ss and core samples analyzed in this
thesis.

Table 3.1: The Table gives an overview of the Wetlame, Sample code, Depth of the sample, Sample typéeld name,
Age of the sample, Area and Location given in cooidates. The information about the Oils and Condenga are given
by NPD (2016b). The information about the cores wasttained from Bugge et al. (1995).%0 = Oils; C= Condensate;
CE = Core Extracts: 2JC = Johan Castberg; S = Snghvit; O=OseberdLH = Loppa High; BRF = Bjgrngyrenna Fault
Complex; HB = Hammerfest Basin; FP = Finnmark Platbrm; NB = Nordkapp Basin; MFC = Masgy Fault Complex

Sample Sample Depth(m) Sample Field Age Area’® Location
name code type1 name’ (coordinates)
7120/2-1 DST L1 1944-2030 O - Late Carb- LH 71°58'57.94" N
4 Early P. 20°28'35.09" E
7220/5-1 JC1 1338 m (0] JC Early-Middle BRF 72°31'0.67"N
J. 20° 20' 29.15" E
7220/5-1 JC2 1404 (0] JC Early-Middle BRF 72°31'0.67"N
J. 20° 20' 29.15" E
7220/5-1 JC3 1404,1 (0] JC Early-Middle BRF 72°31'0.67" N
J. 20° 20' 29.15" E
7220/7-1 ca 1793 (0] JC Early-Middle BRF 72°27'37.53" N
J. 20°9'8.59" E
7220/7-1 JC5 1894 (0] JC Early-Middle BRF 72°27'37.53"N
J. 20°9'8.59" E
7220/8-1 JC6 1380.5 (0] JC Early J. BRF 72°29'28.92" N
20°20'2.25"E
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7124/4-1 DST H1 - 0 - - MFC 71°35'16.14" N
3 24°5'56.76" E
7120/6-1 DST S1 1985-1991 O S Early J. HB 71°37'11.76" N
2 20° 55'59.72" E
7120/6-1 DST S2 2386-2401 C S Early J. HB 71°37'11.76" N
4 20° 55'59.72" E
7120/12-2 DST A1l 2432-2436 C - Middle-LateJ. HB 71°7'30.3" N
2 20°48'19" E
30/6-1 NSO-1 2320- (o] 0 Middle J. N60°33'15.1"
2330 E2° 46"38.36"
7029/03-u-02 FP1 28,46 CE - Middle Carb FP 70° 56'07.0" N
29°58'53.6" E
7029/03-u-02 FP2 30,93 CE - Middle Carb FP 70° 56'07.0" N
29°58'53.6" E
7029/03-u-02 FP3 31,00 CE - Middle Carb FP 70° 56'07.0" N
29°58'53.6" E
7029/03-u-02 FP4 44,45 CE - Middle Carb FP 70° 56'07.0" N
29°58'53.6" E
7029/03-u-02 FP5 154,58 CE - Late-Middle FP 70° 56'07.0" N
Carb 29°58'53.6" E
7029/03-u-01 FP6 85,51 CE - Middle-Upper  FP 70° 56'07.0" N
Carb 29°58'53.6" E
7030/03-u-01 FP7 57,08 CE - Late Carb - FP 70°49'36.2" N
Early P. 30°44'31.1"E
7030/03-u-01 FP9 78,53 CE - Late Carb - FP 70°49'36.2" N
Early P. 30°44'31.1"E
7030/03-u-01 FP8 83,18 CE - Late Carb - FP 70°49'36.2" N
Early P. 30°44'31.1"E
7030/03-u-01  FP10 132,05 CE - Late Carb FP 70°49'36.2" N
30°44'31.1"E
7128/12-u-01 FP11 156,50 CE - Late P. FP 71°07'13.5"N
29°13'23.1"E
7129/10-u-02 FP12 30,40 CE - Early P. FP 71°07'13.5"N
29°13'23.1"E
7129/10-u-02 FP13 48,85 CE - Early P. FP 71°07'13.5"N
29°13'23.1"E
7129/10-u-02 FP14 74,00 CE - Late Carb — FP 71°07'13.5"N
Early P. 29°13'23.1"E
7227/8-u-01 NB1 31.96 CE - Early J. NB 72°19'08.9" N
27°33'21.3"E

31



Chapter 3 Sample set and well description

32



Chapter 4 Analytical methods

4. Analytical methods

This chapter presents the methods used to obtiresults in this master thesis.
The chapter is outlined as follows:

4.1 Introduction

4.2 Preparation and extraction of bitumen from reainples

4.3 TLC-FID

4.4 GC-FID

4.5 Molecular sieving

4.6 GC-MS
4.1 Introduction

Geochemical analysis provides qualitative and qtedivie information about bitumens, oils
and gasses. The data acquired from the geochesainglles can be used to correlate source
rock extracts with oils/gasses and between oils gaslses. Geochemical analyses give
essential information about source rock/oil mayuaind source rock facies (source rock
guality). In situ reservoir alterations can also bddressed e.g. water washing and
biodegradation.

Geochemical properties obtained by analytical ndghzan be divided into two main groups;
bulk parameters and molecular parameters. The fpalameters describe the compositional
properties of an extract or petroleum sample; &lgn Layer Chromatography — Flame
lonization Detector (TLC-FID) apparatus which qugnthe amount of saturated, aromatic
and asphaltenes/resins compounds. The chemicalatbastic of a petroleum or source rock
extract are represented by the molecular paramébas Chromatography — Flame lonisation
detector (GC-FID) and Gas Chromatography — Masst8mram (GC-MS) are accurate and
rapid methods to acquire molecular parameters; kigmarkers and n-alkanes. These

methods identify specific molecules and determirgeamount relative to others in a sample.

The GC-FID and GC-MS analyses are always performighd one run of the North Sea
Standard Oil (NSO-1). The peak distribution in theomatograms is well known; therefore it

is a good indicator if the apparatus works coryecthe chromatogram peaks in the NSO-1

33



Chapter 4 Analytical methods

oil is identified and can therefore be used asfareace for peak identification in other

samples.

4.2 Preparation and extraction of samples

The source rock sample is crushed by hand intonfeangs of 0.5 cubic meters and then

grinded into fine powder in a sling mill before edtion of soluble bitumen.

The actual extraction process is done in a Soxgstegh HT 1043 extraction unit from

Tecator. Cellulose thimbles are pre-rinsed andeldodnd filled with the crushed samples.
Approximately 7.00 g of crushed rocks are filledeimch sample. The thimble openings are
covered with glass wool to prevent evaporation losgshe sample during the extraction

process.

The extraction solvent is a mix between dichlordraae (DCM) and methanol (MeOH) with
the ratio 93 vol% and 7 vol%, respectively (Karlserd Larter, 1991). Approximately 50 ml
of DCM is used for each sample. The presence aheial sulphur in the samples is
unwanted for further geochemical analysis. Removhmy sulphur can be done by adding
copper grains to the Solvent. The copper must hivaded with Nitric acid (HNQ) or

Hydrochloric acid (HCL) (Weiss et al., 2000). Exttian from carbonate samples require

approximately 30 minutes of boiling followed by Bnutes of rinsing.

The extracted material is diluted in the DCM solvePonsequently, further concentration of
the extract is needed. This can either be donevagagation of the DCM due to contact with
air or by blowing nitrogen gas on the sample. Hieef is faster, but some loss of the desired
geochemical parameters may occur. When the DCM aftrttave been significantly reduces

(solvent and extract is 2 ml or less) geochemicatiglysis can be performed.

4.3 TLC-FID

TLC-FID is a rapid way to quantify saturated andoraatic hydrocarbons, and

asphaltenes/resins compounds, separating asphedthemd resins are also possible (cf.
Karlsen and Larter, 1991). The method is suiTalole dolvent extracts of source rock,
reservoir rocks and crude oils (Karlsen and Lari®81). The compound variations help us
to distinguish the petroleum population in a resgrvmoreover, the method is also useful to

select promising samples for further analysis V@®-FID and GC-MS (Bhullar et al., 2000).
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Furthermore the TLC-FID is a effective method tstidiguish in-situ generated hydrocarbons,
migrated hydrocarbons and diesel-drilling fluid (lsan and Larter, 1991). The TLC-FID is a
cheap and effective way to screen large samplemedufrom a reservoir and select samples

for high resolution analysis.

In order to perform the latroscan the samplesissedpplied to the base of silica rods (2-3ul),
type Chromarods-S llI (pore diameter 60 A, partitee 5um). The rods are then soaked in
solvents of increasing polarity to separate thetioas. To separate the saturated fraction
from aromats and asphaltenes/resins the rods afedan n-hexane for 40 min (until the
solvent covers 95% of the rod) and then dried foriButes. When the n-hexane has dried out,
the lower part of the silica rods are soaked ingonk for 8 minutes, until 50% of the rods are
toluene wet. The aromatic fraction is soluble ia tbhluene and transported to the middle of
the silica rods, while the asphaltenes and resiraies stationary (Karlsen and Larter, 1991).
Consequently, the fractions are separated. 1(agibids were used for each run, one of the
rods is applied with NSO-1 oil and another with @NMeOH solvent. The responses from
these two applications are well known and are dmmnenake sure the apparatus works

perfectly.

The GC-FID burns the fractions with a flame fuekgth hydrogen (180 ml/min) and air (2.1
I/min). A flame ionization detector records the peisse when the different fractions are
combusted and stored in a computer. The scanning &f the chromarods are set to 30

sec/scan (see Figure 4.1).
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Figure 4.1: The key steps in the TL¢FID analysis. The process separates and quantifies sedted hydrocarbons,
aromatic hydrocarbons and asphaltenes/resins (modéfd from Pedersen 2002).

4.4 GC-FID — GAS chromatography

GC-FID is a rapid and relatively cheap method feasate and obtain information about main

components in petroleum or bitumen, e.g. n-alkarsgrenoids, toluene, xylen , benzene

and hexane (Weiss et al., 2000). The quantificaticthese parameters can be done relative to

each other (most common) and in absolute terms.

The sample is injected into the GC-FID and vaparizdéo a chromatographic column. A thin

film layer on the inside of the column works as #tationary phase. An inert carrier gas e.g.
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Nitrogen (N) Helium (H), are used to transport the vaporizathgle through the column.

Short-chained molecules with low boiling point amigh vapor pressure travel with a fast
pace throughout the column, while more complex ks are transported slower by the
carrier gas (see Figure 4.2). This results in asgon between molecules of different mass

and structure.

The initial temperature of the chromatographic ooius 80°C, this temperature is held for 1
minute. The column is heated to a temperature 6fG2vith an increase in temperature of
4.5°C/min. When the maximum temperature is achigtredinstrument will run for 25 min at
a constant temperature. The whole sequence takes @@ min (can be adjusted). When the
molecules exit the column a hydrogen flame burn mmaterial, a FID will detect the
combustion of molecules and a computer record &te (see Figure 4.2). The chromatogram

is plotted in time (x axis) versus intensity (ysxi

Syringe with 1-3 4l sanple

HD detector ; Screen &
’_‘_j%mb Computer unit - keyboard
Fame D

Fliotter

GC-AD chromatogram

Figure 4.2: The Figure illustrates the main componets in a GC-FID analysis (Pedersen, 2002).

4.4 Molecular sieving

The n-alkanes are usually higher concentratedsanaple relative to the biomarkers. The n-
alkane footprints will override the biomarkers ilG&€-MS analysis; therefore it is necessary

to sieve out the n-alkanes before further analyssphaltenes and resins are also removed
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during the sieving process (Pedersen et al., 2006. thin long-chained n-alkanes have a
much smaller radius than the larger and more coxigtemarkers. By mixing the sample into
a SiQ powder with open pores (about 5A diameter), thékarees, asphaltenes and resins are
trapped in the powder. The solvent used for thevirgie process is cyclohexane; the
cyclohexane molecules are relatively small and péks through the sieving powder with
ease. A solvent like DCM will clog the pores anduee the sieving powders ability to adsorb
n-alkanes, asphaltenes and resins. The end rddihié sieving process is that the sample is
depleted of n-alkanes, asphaltenes and resinseamched in the biomarkers and aromatic

fraction.

To perform the sieving a few drops of oil, conde¢esar extract are mixed with the sieving
powder and 2-2.5 ml of cyclohexane with a pipeftiee mixture is then centrifuged with a
Heraeus Sepatech Labofuge H. apparatus for 2 nsirait€000 rpm to separate the sieving
powder from the remaining solvent/extract. This Imigave to be done several times if the
first run is not satisfactory. After the sievingetlsample must be concentrated and the

redundant cyclohexane is evaporated (either byacomiith air or pure nitrogen).

4.5 GC-MS

The GC-MS is the main principal tool for separatigdentification and quantification of
biomarkers (mainly medium range) (Peters et alQ720The apparatus works in the same
manner as the GC-FID where the molecules traveh ditferent velocity through the gas
column. The mass spectrometer identifies compouwmitts different mass and ionization.
Every molecule is broken and ionized by the MS, aredthen identified from their mass (m)
to charge (z) ratio (m/z) (Peters et al., 2005) Pplotted chromatogram shows the relative
intensity of ions with one specific m/z ratio (yig)xversus time (x axis). The biomarkers

commonly have different m/z ratio and can theretwralistinguished and quantified.

The relative and absolute intensity of the différ@momarkers can be measured in the
chromatograms, providing information about the kaoker distribution. Biomarker intensity
relative to each other provides essential inforamatibout maturity, source rock and facies.

The identification of specific molecules can indecapecific facies and geological times
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The GC-MS apparatus was set to an initial tempezatd 40°, this temperature was held
constant for 1 min. The temperature was increasés 20°C/min up to 180°C from there
1.7°C/min up to maximum temperature of 310°C. Theximum temperature was held for
40.53 min.

Helivm

MS umit

Figure 4.3: A schematic overview of the main compamts in a GC-MS analysis (Pedersen, 2002).
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5. Petroleum geochemical interpretation parameters

The interpretation parameters are identified antegted from the results given by the TLC-
FID, GC-FID and GC-MS.

These geochemical parameters provide informatioutab

» Source rock maturity

» QOil/Gas maturity at the time of expulsion from gwurce rocks

» Depositional environment and facies classification

» Determination of the time period petroleum/bitunegiginate from

* In-situ alteration as biodegradation and water \wagsban also be addressed

Valuable qualitative information can also be gaifreth the chromatograms.
The chapter is outlined as follows:
5.1 Interpretation parameters based on the TLC-FID
e 5.1.1 Saturated and aromatic hydrocarbons and potapounds
5.2 Interpretation parameters based on the GC-FID

» 5.2.1 N-alkane distribution

» 5.2.2 Pristane/Phytane ratio

* 5.2.3 Pristane/n-C17 and Phytane/n-C18 ratios

» 5.2.4 Carbon Preference Index (CPI) and the OddiERredominance (OEP)

5.3 Interpretation parameters based on the GC-MS

» 5.3.1 Steranes

« 5.3.2 Terpanes

» 5.3.3 Triaromatic Steroids

* 5.3.4 Monoaromatic Steroids

» 5.3.5 Phenantrhene, metylphenanthrenes

» 5.3.6 Standard parameters for maturity and orgacies

5.4 Other parameters based on the GC-MS

» 5.3.1 Extended tricyclic terpane ratio
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5.1 Interpretation parameters based on the TLC-FID

5.1.1 Saturated and aromatic hydrocarbons and polacompounds

The TLC-FID separates the main components in a rextkact or oil/condensate into

saturated and aromatic hydrocarbon fractions apladtenes/resins.

The saturated and aromatic ratio (S/A) reflectsntfad maturation, however phase fractioning
can greatly alternate the ratio and must be coreid@ arter and Mills, 1991). Moreover,
guality of the source rock and Biodegradation adeatributes to changes in the S/A ratio.
The ratio is constant between 0-0.6 vitrine reflace (%R), between 0.6-1%Rit increases
significantly and peaks at 1%RFrom 1-4 %R the ratio decreases again. This is due to the
higher stability of aromatic compounds at high tenagures (see Figure 5.1) (Clayton and
Bostick, 1986). High amounts of polar compounddentflow maturity as hydrocarbon
generation has not yet begun. Low S/A ratios aeally associated with heavy oils, while
light oil and condensates have a higher fractiosaifirated hydrocarbons (Cornford et al.,
1983). Biodegraded petroleum will usually showa B/A ratio, since bacteria tend to attack
saturated hydrocarbons (Clayton and Bostick, 198®gration distance also influences the
S/A ratio for the gas fraction in phase fractiorggtroleum. The ratio will increase with
distance (dstensen, 2005).

42



Chapter 5 Petroleum geochemical interpretation parameters

IDI — 1510_
1B 5 socm _ 3::0_,...— O'\ N cm
- o o
0 &
g @ 1.85%5,(' o ~
1.4 = o~
O = /( @ No N
[ 3 "'-B a A/ \
zZ< rd P ~ ~
TH1.2 o =~ —— e [ ~
o e 2] ] __J - . —_
LY o o -5 ~ d=170%
o~ a o — ~a }
= .——___p- —
Q 6—+1.0 —_ﬂ_ﬂ‘_— w—— w—r
m
4
<
I3}
O 5+
o
[=}
=
I
o 47
el
<
3
< . . . . " !
- [, . L ]
@
2?7 .
o . A -
]
b=
< 1 [
@ .
[ 3
3.0 25 20 15 1.0 o8 08| 05 % RS Vitrinite
o II i r 1 r L - - I_L : L T . '
10 20 30 40 50 &0 70 80 90 100 1y 120 130
-=—Dike )
PR - DISTANCE FROM DIKE CONTACT (% of dike thickness!
A \n.‘;,’::\\z_, -

Figure 5.1: Ratio of S/A for C15+, organic carbon ad hydrocarbon are plotted with distance from dike(Clayton and
Bostick, 1986).

5.2 Interpretation parameters based on the GC-FID

The GC-FID main usage in this thesis is identifmatand distribution of n-alkanes and
isoprenoids (pristane and phytane). The hydrocaf@bir+ fraction and its relationship with
the isoprenoids are a helpful tool for facies idferations and maturity, and also
biodegradation (Tissot and Welte, 1984).

5.2.1 N-alkane distribution

During the degradation of petroleum n-alkanes lglimore depleted compared to isoprenoids,
as the process is selective (Tissot and Welte4)l®acteria tend to attack the n-alkanes in
the ~C8-C12 range first. With severe biodegradation,lkares will be attacked and
disappear. When the n-alkanes are consumed theriaaatill move to the isoprenoids. The
base line of the GC-FID chromatograms will be elegtalue to Unresolved Complex Mixture

(UCM), mostly caused by biodegradation. Thereftwe amount of UCM can provide useful
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information about the level of biodegradation tlnple has undergone. The GC-MS can
distinguish between compounds which are resolvedhave a specific mass spectra, UCM
has a complexed organic structure and cannot kerategd in the gas column (Sutton et al.,
2005). Identification of n-alkanes are shown inufg5.2 in the NSO-1 reference oil from a

GC-FID chromatogram.
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Figure 5.2: The isprenoids (Pr andPh) and C17-C34 n-alkanes peaks identified for the NSC-1 oil.

5.2.2 Pristane/phytane ratio

Pristane (Pr) (&) and phytane (Ph) (C20) are isoprenoid isoalkdriemarkers derived
primarily from phytol, a side chain of the chlorgfihmolecule and can be identified in the
GC-FID (see Figure 5.3). The process happens dudiagenesis. The depositional
environment influences the pristane/phytane réti@n oxic environment phytol will oxidize
to an acid which is later decarboxylated into Cti8tpne. In a dys/an-oxic environment C20-
acid will directly transform to phytane (Petersaét 2005). Pristane/phytane ratios below 0.8

indicate a saline or hype saline environment, @fpfor carbonates and evaporate deposits.
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Ratios above 3.0 indicate oxic conditions in aigemous setting. However, these values have
a lot of uncertainties and must be correlated witter data. The pristane and phytane peaks

are identified in Figure 5.3.

Low Eh | I !
(oxic) : :

Pristane

: J ]
MCH?OH

Phytol (cholorphyll) ‘

High Eh
(suboxic)
Phytane

Figure 5.3: The diagenetic origin of pristane and pytane (Peters et al., 2005)

5.2.3 Pristane/n-C17 and Phytane/n-C18 ratios

Isoprenoids have slightly lower boiling points camgd to n-alkanes. In a gas
chromotagraphy pristane will arrive right after a#C and phytane will elute right after n-C18.
To separate the pristane and phytane form theipemtye n-alkanes, high resolution
chromatography is required. This became possiblehénearly 1980s after capillary GC-
columns were developed (Tissot and Welte, 1984yingumaturation of the kerogen in the
oil window n-alkane will be generated (Tissot andlifet-Debyser, 1971). Thus the ratio
between n-alkanes and isoprenoids will increasmrénoids are less sTable during thermal
maturation compared to n-alkanes; this will alsotdbute to increase the ratio. Hence the n-
alkane/isoprenoids is a good maturity indicatonMdeer, the ratios have limitations, the type
of source input and biodegradation will alter thga (Peters and Moldowan, 1993). Thus the

usage is limited to oils and bitumens that areteeland not biodegraded.
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5.2.4 Odd/Even Predominance (OEP) and the Carbon Bference Index
(CPI)

The ratio between the abundance of odd-numbered exeti-numbered n-alkanes is a
maturation indicator, although, the ratio is aldfea@ed by the lithology. The Carbon
Preference Index (CPIl) was first introduced by Bemd Evans (1961) and a improved
method Odd/Even Predominance (OEP) was present&dddgn and Smith (1970). The latter
can be calibrated for both shorter and longer asak. Ratio values significantly below or
above 1.0 can be classified as immature, and fumihie used as a lithology indicator. Values
below 1.0 indicate a carbonate or hypersaline dapoal environment. Ratios above 1.0 are
associated with a siliclastic source or lacustengironment. The OEP variations are due to
the fact bio-precursor molecule is an even numbéatig acid. In a siliclastic environment
the bio-precursor is mostly decarboxylated into-adchbered n-alkanes by alpha-cleavage.
Moreover, in carbonates and evaporates b-cleavaljedeminate and maintain the even
number, since two carbon atoms are lost (Tissotvdetle, 1984). With maturation OEP and
CPI ratios will tend to approach 1.0, and is themefa good maturity indicator. However, this
ratio alone does not prove that the sample is reatnd other calibration data should be taken

into account (Peters et al., 2005)

Formulas used to calculate OEP and CPI:

CPI = 2(Csa+Cas+Ca27+C29)/[C22+2(Coa+C26+C28)+Ca0
OEP(1) = (G1+6C23+Cz25)/ (4Co2+4Co4)

OEP(2) = (Gs + 6Gy7 + Cpo)/(4Co6 + 4Gog)

5.3 Interpretation parameters based on the GC-MS

The GC-MS is used to identify ions with a m/z raafal 78, 191, 192, 198, 217, 218, 231, and
253. The geochemical parameters identified arehéartused as maturity and facies

determination. The peak labelling is taken from BHGOGA guide Weiss et al. (2000).
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Table 5.1: List of the m/z ratios and their belonging chemicalcompounds. SAT = saturated hydrocarbons, ARO=
aromatic hydrocarbons and SARO.

lon/mass ratio Type

m/z=191 Terpanes w
m/z =217 Steranes >
m/z= 218 Steranes =
m/fz= 217 Triaromatic steroids

m/z =253 Monoaromatic Steroids

m/z=178 Phenantrene ;
m/z =192 Metylphenantrenes (@]
m/z =198 Methyl-dibenzothiophenes

5.3.1 Terpanes

The terpanes are a part of the saturated hydroedrhotion, and can be identified in m/z =
191, the m/z= 191 chromatogram. Table 5.2 listténpane peaks obtained from m/z = 191.
The respective peaks listed in Table 5.2 are ifledtin Figure 5.4 for the NSO-1 oil.

Table 5.2: List of the terpanes found in the m/z 491 with their names and composition

Peak Stereochemistry Name Composition
23/3 Tricyclic terpane CysHay
24/3 Tricyclic terpane CyaHag
25/3 17R +17S Tricyclic terpane CysHas
24/4 Tetracyclic terpane CysHay
26/3 R+S Tricyclic terpane Cy6Cas
28/3 R+S Tricyclic terpane CysHs)
29/3 R+S Tricyclic terpane CygHss
27Ts 18a (H) trisnorneohopane Cyy
27Tm 17a (H) trisnorneohopane Cyy
27B 178 (H) -22,29,30-trisnorhopane

28ap 17a (H), 21PB (H)-28-30-bisnorhopane CygHag
29apB 17a (H), 21B (H) norhopane CygHsg
29Ts 18a (H) norneohopane Cyo
30d 15a-methyl-17a (H) diahopane CsoHs,
29Ba 17 (H), 21a (H) normoretane CyoHs,
30ap 17a (H), 21B (H) hopane CsoHs,
30Ba 178 (H), 21a (H) moretane CsoHs;
30G Gammacerane

31aBS 17a (H), 21B (H) homohopane C31Hss
31aBfR 17a (H), 21B (H) homohopane C31Hss
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Figure 5.4: Identification of the peaks correspondig to Table 5.2 (Terpanes) for the NSO-1 oil§.he m/z = 191 for the
chromatogram.

5.3.2 Steranes

The steranes can be identified on the m/z chromaaeg) 217 and 218. The steranes are part
of the tetracyclic saturated hydrocarbon fractiatihwne 5-chained aromatic ring and three 6-
chained rings. Table 5.3 and 5.4 list the peakstified in m/z = 217 and m/z = 218,
respectively. Figure 5.5 display the peak labetsnidz = 217 for the NSO reference oil and
Figure 5.6 for the m/z = 218.

Table 5.3: The different peaks for m/z = 217 withheir full name and composition.

Peak Name Composition

27aBS 138 (H), 17a (H), 20 (S)-cholestane C,;H.g
(diasterane)

27aBR 138 (H), 17a (H), 20 (R)-cholestane C,;H.g
(diasterane)

29aasS 24-ethyl-5a (H), 14a (H), 17a (H), 20  CyeHs,
(S)-cholestane

29BBR 24-ethyl-5a (H), 14 (H), 178 (H), 20  CyoHs,
(R)-cholestane

29BBS 24-ethyl-5a (H), 14 (H), 17B (H), 20  CyoHs,
(S)-cholestane

29aaS 24-ethyl-5a (H), 14a (H), 17a (H), 20 CyoHs,
(R)-cholestane
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Figure 5.5: Identification of the peaks corresponihg to Table 5.3 (steranes) for the NSO-1 oils. The/z = 217 for the
chromatogram.

Table 5.4: The different peaks identified for m/z =218 with their full names.

Peak Name

27BBR S5a (H), 148 (H), 17B (H), 20 (R)-cholestane

27BBS 5a (H), 148 (H), 17B (H), 20 (S)-cholestane

28BBR 24-methyl-5a (H), 14B (H), 17B (H), 20 (R)-cholestane
28BBS 24-methyl-5a (H), 14B (H), 178 (H), 20 (S)-cholestane
29BBR 24-ethyl-5a (H), 14B (H), 178 (H), 20 (R)-cholestane
29BBS 24-ethyl-5a (H), 14B (H), 17B (H), 20 (S)-cholestane
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Figure 5.6: Identification of the peaks correspondig to Table 5.4 (steranes) for the NSO-1 oils. Tha/z = 218 for the
chromatogram.

5.3.3 Triaromatic steroids

Triaromatic steroids are a part of the aromatictfom and can be identified at the m/z =

231.They are very useful for maturity assessmard,td the
fact that short-chained aromatic steroids are rtfeamally
sTable than those with longer chains (Beach e1889). The ﬂ
most important peaks are listed in Table 5.5, withr

respective substituents positions. The possiblstgubnt

positions are described in Figure 5.7. Figure B@\s the

. L Figure 5.7: Positions of substituent
identifications of the peaks from the reference NISQIl. in triaromatic steroids (Weiss et al.

2000)
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Table: 5.5: The most important peaks from the m/z 231 chromatogram, with substituents for position Rand R,.

Peak R; R,
C20TA CH; H
C21TA CH3 CH;
SC26TA S(CH3) CoHis
RC26TA R(CHs) CeHis
SC27TA S(CHs) CsHys
SC28TA S(CH3) CgHq7
RC27TA R(CH3) CsHys
RC28TA R(CHs) CgH1y
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Figure 5.8: Identification of the peaks correspondig to Table 5.5 (triaromatic steroids) for the NSO-1 oilsThe
m/z = 231 for the chromatogram

5.3.4 Monoaromatic steroids

The monoaromatic steroids can be identified from vz =
253 chromatogram, and is a part of the hydrocadomomatic
fraction. The most important peaks are listed ibl@e.7 with

their substituents positions. The possible sulssiitypositions

are described in Figure 5.9. They are assumed fordmursor

Figure 5.9: Positions of
substituents in monoaromatic

from regular steroids in the early stages of digges by steroids (Weiss et al., 2000)

of the triaromatic steroids, the monoaromatic $tkradform
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aromatization (Tissot and Califet-Debyser, 1971)e Telative abundance of monoaromatic
steroids compared to triaromatic steroids is a nitgtindicator, since more triarmotes will

from during maturation (Peters et al., 2005).

Table: 5.6: The most important peaks from the m/z 253 chromatogram, with substituents for position Rand R,.

Peak Group R1 R2 R3 R4 Peak
H1 a(H) CH, S(CH3) CoHs aSC29MA
H1 a(H) CH; R(CHs) CH; aRC28MA
H1 B(H) CH; R(CHs) C,Hs BRC29MA
H1 bCH5 H R(CHs) CHs BRC29DMA
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Figure 5.10: Identification of the peaks corresponithg to Table 5.6 (monoaromatic steroids) for the NS-1 oils. The
m/z = 253 for the chromatoaram

5.3.5 Phenanthrene, methylphenanthrene and methyldenzothiophene

The phenantrene can be identified at m/z = 178 hyighenantrene at m/z = 192 and
methyldibenzothiophenes at m/z = 198. Figure 5llilBtrates the respective peaks for
chromatogram m/z = 178, m/ z= 192 and m/z = 198\f80-1 oil. The phenanthrene is a tri-
aromatic with 14C atoms, the methylphenanthrené)@ave a methyl situated in one of the
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positions showed in Figure 5.11. The most commagd occupied are 1, 2, 3 and 9. The
methyldibenzothiophene is a di-aromatic moleculthvii3C and sulphur. The methyl group
can be situated at 4 different positions as showigure 5.12. The phenatrene and some of
the methyl positions are more sTable during themmaturation, thus measuring the relative
quantity of the phenathrene and the different issmér methylphenanthrene and
Methyldibenzothiophene this can give us valid matestimations.

9 10
1
8 1
2
7 2
S 3

6 5 4 3 a
Figure 5.11: Phenanthrene with possibl Figure 5.12: Methyldibenzothiophene with the
isomers positions (Peters et al., 2005) possible isomers positions (Peters et al., 2005).

Table 5.7: The most important peaks from the m/z 478, m/z=192 and m/z=198 chromatogram

m/z Peak Name

178 P Phenanthrene

192 3-MP 3-Methylphenanthrene

192 2-MP 2-Methylphenanthrene

192 9-MP 9-Methylphenanthrene

192 1-MP 1-Methylphenanthrene

198 4-MDBT 4-Methyldibenzothiophene
198 (3+2)-MDBT 3+2-Methyldibenzothiophene
198 1-MDBT 1-Methyldibenzothiophene
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5.3.6 The standard parameters for maturity and orgaic facies based on the
GC-MS

The standard 27 Parameters are listed in Tablerfagmaturity range for some of the
Parameters is listed in Table 5.15. A brief explamaof the Parameters follows after the
Table.

Table 5.8: Overview of the 27 parameters used in ihthesis from the GC-MS. The parameters are useaif maturity
estimation and organic facies of the paleo-depositial environment.

No. Parameter

1 Ts/(Ts + Tm), (Seifert and Moldowan, 1978)

2 Diahopane/(diahopane + normoretan), (Cornford et al., 1986)

3 22S/(22S5+22R) of C31 17a(H), 21R(H)-hopanes (Mackenzie et al., 1980)

4 C30-hopane/(C30-hopane + C30-morethane), (Mackenzie et al., 1985)

5 29Ts/(29Ts + norhopane) (Peters and Moldowan, 1991)

6 Bisnorhopane/(bisnorhopane + norhopane) (Wilhelms and Larter, 1993)

7 C23-C29 tricyclic terpanes/C30 aR-hopane (Mello et al., 1988)

8 C24 tetracyclic terpane/C30 aR-hopane (Mello et al., 1988)

9 Hopane/sterane (Mackenzie, 1984)

10 RR/(BR+aa) of C29 (20R+20S) sterane isomers (Mackenzie et al., 1985)

11 20S/(20S+20R) of C29 5a(H),14a(H),17a(H) sterane isomers (Mackenzie, 1984)
12 Diasteranes/(diasteranes + regular steranes) (Seifert and Moldowan, 1978)
13 % C27 of C27+C28+C29 RR-steranes (Moldowan et al., 1985)

14 % C28 of C27+C28+C29 RR-steranes (Moldowan et al., 1985)

15 % C29 of C27+C28+C29 RR-steranes (Moldowan et al., 1985)

16 C20/(C20+C28) triaromatic steroides (TA) (Mackenzie et al., 1985)

17 C28 TA/(C28 TA+C29 MA) (Mackenzie et al., 1985)

18 Methyl phenanthrene ratio, MPR (Radke et al., 1982b)

19 Methyl phenanthrene index 1, MPI1 (Radke et al., 1982a)

20 Methyl phenanthrene distribution fraction 1, MPDF (F1) (Kvalheim et al., 1987)
21 Methyl dibenzothiophene ratio, MDR (Radke, 1988)

22 Calculated vitrinite reflection, Rm = 1.1*log10 MPR + 0.95 (Radke, 1988)

23 Calculated vitrinite reflection, %Rc = 0.60*MPI1 + 0.40 (Radke, 1988)

24 Calculated vitrinite reflection, %Ro = 2.242*F1 - 0.166 (Kvalheim et al., 1987)
25 Calculated vitrinite reflection, Rm = 0.073*MDR + 0.51 (Radke, 1988)

26 3-methyl phenanthrene/4-methyl dibenzothiophene (Hughes et al., 1995)

27 Methyl dibenzothiophenes/methyl phenanthrenes (Radke et al., 2001)

Parameter 1: Ts/(Ts + Tm)

Ts have higher stability during thermal maturattban Tm. Consequently the Ts/(Ts+Tm)
ratio will increase. Therefore the ratio providegad estimation of maturation and was first
introduced by Seifert and Moldowan (1978). The oais valid for bitumen and oil
samples >0.5%¢0 about 1,4R6. Variation in the ratio is also influenced by smiinput.
Carbonate derived oils will usually give a lowetioahan siliclastic sources (Peters et al.,
2005). Hyper saline samples tend to make an ovwenason of the maturity (ratio becomes
too high) (Rullkotter and Marzi, 1988). To obtaletmost certain estimation of maturation

this ratio should be used for samples with the sarganic facies.
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Paramter 2: Diahopane/(diahopane + normoretan)

High ratios of parameter 2 indicate high maturnibfluences by source input can also not be
excluded (Peters and Moldowan, 1993)

Parameter 3: 22S/(22S+22R)

The 22S isomer is more sTable during thermal mahgahan the 22R isomer. Therefore the
ratio will indicate what stage of maturation a bien or oil is. The ratio reaches an
equilibrium at around 0,6/% (Seifert and Moldowan, 1980). Thus the ratio itlly give

valid estimations for source rock samples and ealdy
Parameter 4: C30-hopane/(C30-hopane + C30-morethape

The C30-hopane is more thermally sTable than th@-i@8rethane. Therefor the ratio is a
maturation indicator (Mackenzie et al., 1985). Tlhes of C30-moretane occurs at low
temperatures. Thus, the ratio is only useful folyeails samples and source rocks. Parameter

4 is also influences by source input (Rullkttted dtarzi, 1988).
Parameter 5: 29Ts/(29Ts + norhopane)

Norhopane is thermally less sTable than the 29Tsl the ratio will indicate thermal

maturation (Moldowan et al., 1991).
Parameter 6: Bisnorhopane/(bisnorhopane + norhopare

Parameter 6 is mainly a facies indicator. Excesaiveunts of bisnorhopane is assumed to
indicate marine and anoxic conditions (Peters andlddvan, 1993). However low
concentrations of bisnorhopane doesn’'t necessaxitjude an anoxic environment (Peters et
al., 2005). However the ratio is also influencesimturity, the amount of bisnorhopane will
decrease during thermal maturation. Hence immatamneples tend to indicate a more anoxic
environment than what is actually true. Samplemainly the same maturity should be used

for comparison.
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Parameter 7: C23-C29 tricyclic terpanes/C30 al3-hopee

C23-C29 tricyclic terpanes and C30 hopane ratoaagood maturity indicator (Mello et al.,
1988). This is due to the fact that the terpanesnaore thermally sTable than the hopanes
(Peters et al., 1990) and are released at a latge ®f maturation from the kerogen. This
results in a drastic jump of the ratio for samgbsve 0,75 R®6 (van Graas, 1990). The ratio
is also influenced by phase- and evaporation fragtg (Karlsen et al., 1995, Karlsen and
Skeie, 2006). Salinity variations in a sample iaeflues the tricyclic terpanes abundance

(Mello, 1988) and therefor, limits the usefulneéparameter 7 as facies indicator.
Parameter 8: C24 tetracyclic terpane/C30 alR-hopane

The amount of C24-tetracyclic terpanes will inceeasatively to the amount of C30-hopane
during thermal maturation (Peters and Moldowan,3)99The ratio can also increase by
biodegradation (Peters et al., 2005).

Parameter 9: Hopane/Sterane

Parameter 9 indicates depositional environment.arep are derived mainly from bacteria
while sterane comes from algae and higher landtgladigh ratios tend to indicate a

terrestrial environment while low ratios a planktosource (Tissot and Welte, 1984). The
ratio is also influenced by lithology, where higitios is associated with Carbonate and low
with shale (Peters et al., 2007). The invertedr@ierane/Hopane) is also used in this thesis,

as it is better suited to plot with the bisnorhag@lnisnorhopane + norhopane) ratio.
Parameter 10: RR/(RR+aa) of C29 (20R+20S) sterais®@mers

The R isomer are more thermally sTable during rattn than the aa isomer isomer
(Mackenzie et al., 1985). The ratio equilibratesuad peak oil production (0,9 %®).

However the ratio may be influenced by minerolo@gtérs and Moldowan, 1993).
Parameter 11: 20S/(20S+20R) of C29 5a(H),14a(H),XFH sterane isomers

20R converts to 20S during maturation, the ratioildates at 0.8-0.9)% (Moldowan
et al., 1986). Parameter 11 may also be influenbgdfacies, weathering and

biodegradation (Peters and Moldowan, 1993).
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Parameter 12: Diasteranes/(diasteranes + regularestanes)

Parameter 12 will increase with thermal maturitye do diasterane is more thermally sTable
than regular steranes (Seifert and Moldowan, 19TBg ratio will also be influenced by
lithology variations, high ratios tend to indicatesilliclastic source while low ratios are
usually a sign of carbonates (Mello et al., 1988 ratio has also shown to be influenced by
biodegradation (Seifert and Moldowan, 1979).

Parameter 13,14 and 15: % C27, %C28 and %C29 [33-stnes

C27%, C28%, C29% [3-steranes relative percentageeglin a ternary diagram, are helpful
to distinguish different organic facies (Moldowarag, 1985)

Parameter 16: C20/(C20+C28) triaromatic steroidesTA)

The longer chained C28 triaromatic steroids ass termally sTable than the C20 mono-
aromatic steroid, hence variations in the ratid imidlicate maturity (Beach et al., 1989). The
parameter throughout the whole oil window (up towbl,4R%) (see Figure 5.14). Phase
fractioning will also have a strong influence ore thatio, and needs to be taken into

consideration (Karlsen et al., 1995).
Parameter 17: C28 TA/(C28 TA+C29 MA)

During thermal maturation mono-aromatic steroids ezarranged to tri-aromatic steroids.
Thus the ratio can estimate the stage of maturafibe ratio is valid until peak oil generation
(see Figure 5.15) (Peters et al., 2005).

Parameter 18: Methyl phenanthrene ratio, MPR = 2-MRP1-MP

The MPR ratio is a maturity indicator for maturéspthe ratio is constant untilg® of about
0,95 (Radke et al., 1982b).
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Parameter 19: Methyl phenanthrene index 1, MPI1 = 15(3-MP + 2-MP)/ (P + 9-MP +
1-MP)

The 3-MP@) and 2-MP ¢) isomers are more sTable during thermal maturat@mpared to
the 9-MP) and 1-MPg). Thusly the MPI1 will increase during maturatiRadke et al.,
1982a). However the phenanthrene has an even hsgdiaitity. When thex isomers begin to
degrade in the late oil window. Only the phenantbsewill remain (Radke et al., 1982a).
Consequently, the MPI1 will decrease again atedtage of the oil window. THdPI1 can
be converted into vitrinite reflectivity anc

have a positive linear relationship betwe: 18

16 |- R O -
: s 25, e

0.65%R0 to 1.35%R0 and a negative line 14

1.2

relationship from 1.35%R0 to 2.00%RO0 (st % 1.0

0.8 -
Figure 5.14). Later studies have shown tt o6 |
0.4 -
the ratio is less useful. This is due to tl o2}
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which heavily influence the ratio (Szczerb= o .
Figure 5.14: The Figure illustrates how the MPI-1 atio vary

and Rospondek, 2010)_ with maturation (Peters et al., 2007)

Parameter 20: Methyl phenanthrene distribution fradion 1, MPDF (F1) = (3-MP + 2-
MP)/ (3-MP + 2-MP + 1-MP + 9-MP)

Parameter 20 presented by Kvalheim et al. (1987uise similar to parameter 19. The
difference is that the phenanthrenes are not iecludhe result of this is that the ratio will
only increase during maturation, the ratio willakan equilibrium sooner than the MPI1 due

to the lack of phenanthrenes in the equation.
Parameter 21: Methyl dibenzothiophene ratio, MDR =4-MDBT /1-MDBT

This parameter is based on the two isomers 4-MD&BT1aMDBT, and is both a maturity
and facies indicator. The MDR was introduced bykead 988). During maturation 4-MDBT
is thermally more sTable than 1-MDBT and the ratithincrease. According to Radke et al.
(1986) MDR samples between 0,4-0,7 vitrinite refiety will show significantly lower

MDR for oil prone kerogen (type I-1l) than gas pedkerogen (type IlI).
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Parameter 22: Calculated vitrinite reflectivity, Rm = 1.1*log10 MPR + 0.95

Calculated vitrinite reflectivity calculated frorheé MPR parameter (Radke, 1988).
Parameter 23: Calculated vitrinite reflectivity, %Rc = 0.60*MPI1 + 0.40

Calculated vitrinite reflectivity calculated frorhe MPI1 parameter (Radke, 1988).
Parameter 24: Calculated vitrinite reflectivity, %R o = 2.242*F1 - 0.166

Calculated vitrinite reflectivity calculated frotheé MPDF parameter (Kvalheim et al., 1987).
Parameter 25: Calculated vitrinite reflection, Rm =0.073*MDR + 0.51

Calculated vitrinite reflectivity calculated frorheé MDR parameter (Radke, 1988).
Parameter 26: 3-methyl phenanthrene/4-methyl diber@thiophene

Parameter 26 is a facies parameter, commonly dlattg@ether with Pr/Ph ratios to indicate
lithofacies (Hughes et al., 1995). The ratio caspgbrovide information about the Sulphur
content of the rock (Radke, 1988).

Parameter 27: Methyl dibenzothiophenes/methyl phengthrenes (Radke et al., 2001)

The sum of the MDBT divided by the sum of the MRiifacies parameter. Values above one

indicate carbonate facies, ratios below indicatdesfHughes et al., 1995).
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Figure 5.15: The validity range of the biomarker parametes corresponding to the oil windov (modified from Peters
et al., 2007.
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5.4 Other parameters based on the GC-MS

5.3.1 Extended tricyclic terpane ratio

The extended tricyclic terpane ratio (ETR) (= (CR&29)/(C28 + C29 +Ts)) is mainly age

related and are useful to distinguish Triassic frdlurassic oils samples (Holba et al., 2001).
Pre-Triassic sources has also been attempted dlisberned based on the ETR (Ohm et al.,
2008). The ratio is based on the m/z=191 chromatogsf the C28 and C29 tricyclic terpanes

peaks and the &8H) trisnorneohopane peak.
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6. Results

This chapter presents the interpretation parameteseribed in chapter 5 from the data
provided by the analytical methods, described iaptér 4. Downscaled chromatograms of
the respective samples are presented, and thesdale chromatograms can be found in

appendix A, B and C.
The results are presented in the following order:
6.1 latroscan results

e 6.1.1 Summary of oils and condensates from SW Bai®ea

e 6.1.2 Summary of bitumens from FP and NB
6.2 Results based on the GC-FID

e 6.2.1 Summary of the GC-FID parameters for theanild condensates

* 6.2.2 N-alkane distribution of the oils and concees

* 6.2.3 Summary of the GC-FID parameters for theagxéid core samples
* 6.2.4 N-alkane distribution of the Oils and Conceeas

6.3 Results based on the GC-MS
* 6.3.1 Summary of the GC-MS results

6.4 Downscaled chromatograms for latroscan, GC-HD;MS

6.1 latroscan results

The iatroscan results are based on the gross caoposf the hydrocarbon fraction of

saturates and aromatics and, of asphaltenes/réBiesresults are based on the analytical
method in section 4.3 and the parameters are descin section 5.1. The values can be
viewed in Table 6.1 and downscaled TLC-FID chrorgedns can be found in section 6.4.

Full scale chromatograms are shown in appendix A.
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6.1.1 Summary of oils and condensates from SW BarenSea

The SAT (Saturated), ARO (Aromatic) and POL (Potamnposition for the oils/condensates
ranges from 52.7-70.0%, 2.4-29.0% and 9.5-33.1%ewcs/ely (see Table 6.1 and Figure
6.1). The two condensates S2 and Al have dispayitfhest SAT values, the former has a
SAT percentage of 62.0%. Henceforth, the lowest SAlue belongs to JC4 with 51.7%.
Subsequently, the lowest ARO relative percentagdsnly to the S2 and A1 sample, 4.9%
and 2.4% respectively. The highest SAT relativecpatage is 29.0% estimated for the JC1
sample. The sample containing the most POL commimdhe S2 sample with 33.10%.
Moreover, the SAT/ARO ratios range from 1.75722%1952. Furthermore, the SAT/ARO
ratios range from 1.68 to 29.20, which is a vastcipm (see Table 6.1). Again the
condensate samples S2 and Al have the highess$,ratiere the former has a ratio of 12.62
and the latter a ratio of 29.20. The lowest r&giassigned to the NSO-1 sample. For a better
visualization of the SAT, ARO and POL distributitire reader should view Figure 6.1.

6.1.2 Summary of bitumens from FP and NB

The ranges of the SAT hydrocarbons and POL commotordhe extracted core samples are
0-48.6% and 51.4-100% respectively (see Table ed1FRigure 6.1). Sample FP3 and NB1 do
not contain any saturated hydrocarbons, while F#648.6%, whereas the lowest amount of
POL compound belongs to FP6. All the bitumen samptmtain 0% ARO with the exception
of FP9 which contains 9% ARO. The total extracTalganic matter is ranging from 0.0018
to 0.0030 (see Table 6.1). This is generally exélgniow. The lowest value is assigned to
FP9 and the highest value is assigned to FP6. Ta etter idea of the distribution the reader
is referred to Figure 6.1, the total extracTablgaoic matter for the core samples are also

visualized in chapter 7, Figure 7.2.
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LH1
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1c2
1C3
1C4
JC5
1Co
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52
Al
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W POL(%)

Figure6.1: Therelative percentage amount of SAT (Saturated), ARO (Aromatic) and POL (Polar). FP9is theonly
core sample containing an aromatic fraction.
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Table 6.1: Results from the IATROSCAN analysis. The organic matter are separated into three components Saturated (SAT) and A romatic (ARO) hydrocarbons and non-petroleum fraction Polar (POL).

The extract yield is also shown for the core samples in mg/g rock. SAT/ARO ratio for the oils, condensates and one of the extracts are also displayed. ND = Not Defin ed.

Extract concentrations (%) | Extract yield (mg/g rock)
Samp-leID  Sample weight (g)  Extract total volume (ml) ~ Sample volume (ul) | SAT ARO  POL SAT(mg/grock)  ARO(mg/grock) POL(mg/grock) TOTAL | SAT/ARO
LH1 ND ND 0.5 66.2 19.3 14.5 ND ND ND ND 343
Jal ND ND 0.5 59.2 29.0 11.8 ND ND ND ND 2.05
JQ2 ND ND 0.5 56.8 20.7 224 ND ND ND ND 2.74
Ja ND ND 3 63.6 26.0 10.4 ND ND ND ND 245
JC4 ND ND 0.5 52.7 279 19.4 ND ND ND ND 1.89
IG5 ND ND 0.5 61.5 24.9 13.6 ND ND ND ND 2.47
JC6 ND ND 0.5 67.8 216 10.7 ND ND ND ND 3.14
H1 ND ND 0.5 63.0 275 9.5 ND ND ND ND 2.29
S1 ND ND 0.5 55:7 17.6 26.8 ND ND ND ND 3.17
S2 ND ND 0.5 62.0 4.9 331 ND ND ND ND 12.61
Al ND ND 05 70.0 24 276 ND ND ND ND 29.20 %
NSO-1 ND ND 3 42.8 25.6 316 ND ND ND ND 1.68
FP1 7 15 3 53 0.0 94.7 0.0001 0 0.0023 0.0024 ND
FP2 4.7 1 3 43 0.0 95.7 0.0001 0 0.0023 0.0024 ND
FP3 7.03 15 3 0.0 0.0 100.0 0.0000 0 0.0023 0.0023 ND
FP4 7 1:5 3 15.5 0.0 84.5 0.0004 0 0.0021 0.0025 ND
FP5 7 1.8 3 5.4 0.0 94.6 0.0002 0 0.0027 0.0029 ND
FP6 7.01 1.5 3 48.6 0.0 51.4 0.0015 0 0.0016 0.0030 ND
FP7 7.03 1 3 8.4 0.0 91.6 0.0001 0 0.0015 00015 ND
FP8 7.01 1.5 3 75 0.0 92.5 0.0002 0 0.0022 0.0024 ND
FP9 7 11 3 49 7.8 87.3 0.0001 0 0.0016 0.0018 0.63
FP10 1.07 1.7 3 33 0.0 96.7 0.0001 0 0.0026 0.0027 ND
FP11 7 1.5 3 21.6 0.0 78.4 0.0006 0 0.0020 0.0026 ND
FP12 7.03 15 3 254 00 746 0.0007 0 0.0020 0.0026 ND
FP13 7.01 15 3 335 0.0 66.5 0.0009 0 0.0018 0.0028 ND
FP14 7.01 5 3 17.4 0.0 82.6 0.0004 0 0.0021 0.0025 ND
NB1 7.02 15 3 0.0 0.0 100.0 0.0000 0 0.0023 0.0023 ND
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6.2 Results based on the GC-FID

The results are based on the GC-FID analysis piedém section 4.3. The results are listed in
Table 6.2. The ranges of the calculated paraméterthe respective samples can be viewed
in Figure 6.2. The calculated parameters are pteddn section 5.2, the full scale GC-FID
chromatograms for the respective samples can bedfau appendix B and a downscaled
version in section 6.5. The samples FP1, FP2, FPS3, FP6, FP7, FP8 and FP14 have low
Signal-to-Noise ratio, and the interpretation pagtars from the GC-FID were not possible to
gather. It is important to note that the remairtoge samples have modest intensities, and the
interpretation parameters are uncertain. Regardiessesults seem to have some value and
are therefore presented in this section. Pr/n-Qid@ Rh/nC18 ratios were not possible to

calculate for any of the core extracts.
6.2.1 Summary of the GC-FID parameters for the oilend condensates

The Pr/n-C17 ratio calculated from the GC-FID ranffjem 0.52 to 3.91, the lowest value is
assigned to the NSO-1 sample (see Table 6.2 andeF®)2). Furthermore, JC1-3 and JC6
express high values, 3.22, 3.91, 3.13 and 3.7®o#isply (see Table 6.2 and Figure 6.2). The
Ph/n-C18 ratios express a narrower range than bwea mentioned ratio, 0.38-1.88
respectively. As a contradiction to the Pr/n-c1& REO-1 sample does not express the lowest
values, which are assigned to JC4. The highestlsamop the other hand are still assigned to
the JC1-3 and the JC6 samples (see Table 6.2xhEarils and condensates the Pr/Ph ratio
ranges from 1.43-2.36 (see Table 6.2 and Figurg &@&thermore, the CPIl, OEP(1) and
OEP(2) range from 0.84 to 1.08, 0.98 to 1.05 ad@8 @ 1.13 respectively (see Table 6.2 and
Figure 6.2). As seen from Figure 6.2 the Al ands&&iples express significantly lower
OEP(2) values than the rest of the sample setfdineer has the value of 0.50 and the latter
0.43.

6.2.2 N-alkane distribution of the oils and condersges

LH1

The chromatogram displays a slight bimodal distidru of the n-alkenes for sample LH1,
with a slight slump in the n-C17 and n-C18 ranglee Ti-C30+ amount is very low, and the
distribution shows a linear increasing trend towaite lighter n-alkanes (see Figure 6.4 and

appendix A).
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JC1

The JC1 sample has a general n-alkane intensitghvi$ quite low for the sample, while the
Pr and Ph are very prominent. The light hydrocarfsantion seems to be low. The sample
shows moderate quantities of UCM as the baseliedeisated from min 10 to 60 (see Figure

6.5 and appendix B).
JC2

The sample has an n-alkane distribution very simmitaJC1, with high Pr and Ph peaks
relative to the n-alkanes. The baseline is elevatethe same matter (see Figure 6.6 and

appendix B).
JC3

The JC3 sample expresses an n-alkane intensityhidielatively low to the Pr and Ph peaks.

The sample also seems to have a moderate amouitMf(see Figure 6.7 and appendix B).
JC4

The distribution of n-alkanes has a concave shapetlze abundance is low for heavier n-
Alkanes than C30+ for sample JC4. This sampleatosita higher fraction of light saturated
hydrocarbons. The baseline is slightly elevated énas, and much lower than the previous

JC samples (see Figure 6.8 and appendix B).
JC5

The n-alkane distribution has a convex shape, Wit abundance of light saturated
hydrocarbons. As for the JC4 sample the n-alkareed@minating compared to the Pr and Ph.

The baseline is slightly above zero mVolts (seaifeéd.9 and appendix B).
JC6

The JC6 sample show n-alkane distribution is simdalC1, JC2 and JC3. The sample shows
a moderate amount of UCM and high Pr and Ph vatoespared to n-alkanes (see Figure

6.10 and appendix B).
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H1

The n-alkane distribution prospect sample in Héigs a bimodal distribution, with curve
peaks at C10 and C23. The baseline is slightlydrighan 0 mVolts (see Figure 6.11 and
appendix B).

S1

From qualitatively interoperating the n-alkane mlgttion for sample S1, a trimodal shape
can be identified. The curve tops can be foundZdt, €19 and C23. The baseline is slightly
elevated between retention time 10 and 40 miny dflemin the baseline is elevated further

due to a big biomarker hump (see Figure 6.12 apéragix B).
S2

The S1 sample has a narrow n-alkane distributietw@en 17 min and 50 min) and the shape

is convex (see Figure 6.13 and appendix B).
Al

The chromatogram for the A sample has a strong is&ssvto the lightest hydrocarbons
identified by the GC-FID method. C25+ saturatedrbgdrbons are not possible to identify
(see Figure 6.14 and appendix B).

NSO-1

N-alkenes can be identified to C35 and the distidouis convex for the NSO-1 oil (see
Figure 6.15 and appendix B).

6.2.3 Summary of the GC-FID parameters for the extcted core samples

The bitumen Pr/Ph ratios range is between 0.40-ITB8 lowest ratio belongs to the NB1
sample and the highest to the FP13 sample. Thé Paffio was possible to calculate for
sample FP4, FP9, FP10, FP11, FP12, FP13 and NELCPh OEP(1) and OEP(2) have the
ranges 0.91-1.28, 0.92-1.12 and 0.90-1.19 resmdygtivihe “odd-even” predominance

parameters were only possible to calculate for $auRp4, FP9 and FP10.
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6.2.4 N-alkane distribution of the Oils and Conderestes

FP4

Sample FP4 has N-alkanes which are present frorat&8 min retention time to 55 min
retention time. The distribution is uneven and satier peaks seem to interfer (see Figure

6.19 and appendix B).
FP9

The measureable peaks in the GC-FID chromatogranfiram 30 min to 50 min for sample
FP9. The sample has a high UCM, the prominent UGRhis also due to the low intensity
of the peaks (about 7 mVolts) (see Figure 6.24agméndix B).

FP10

The chromatogram has a high UCM hump for sampleDF&Ad as the previous core samples
from the Finnmark Platform, the saturated hydrooasband isoprenoids can be found

between 30 min and 50 min in the chromatogram Fsgare 6.25 and appendix B).
FP11

The peaks shown in the chromatogram for sample Félishort, and a big UCM hump

transitioning into the biomarker hump can be sesee Figure 6.26 and appendix B).
FP12

The sample FP12 shows more or less the same signasuthe FP11 with a UCM hump
transitioning into the biomarker hump (see Figu8and appendix B). CPI and OED values

were not calculated, due to problems in distinguaiglthe respective n-alkenes.
FP13

The sample has a high UCM hump similar to FP12Et1 (see Figure 6.27 and appendix

B). Neither CPI nor OED was possible to calculate.
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NB1

This sample has a huge UCM hump, and n-alkanelseimange of 30 min and 60 min (see
Figure 6.30and appendix B
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Table 6.2: The Table presents the Pr/n-C17 ratio, #n-C18 ratio and the Pr/Ph ratio for the oils, comlensates and
core extracts. The CPI is calculated from the formla CPI = 2(C23+C25+C27+C29)/[C22+2(C24+C26+C28)+CR0O
and the OEP(1) and OEP(2) from the respective formas OEP(1)= (C21+6C23+C25)/ (4C22+4C24) and OEP(2)=
(Cy5 + 6C,7 + Cyg)/(4Cy6 + 4C,5). ND = Not Defined. A summary of the Table valuesan be seen in Figure 6.3.

SAMPLE TYPE Pr/n-C17 Ph/n-C18 Pristane/Phytane CPI OEP(1) OEP(2)
LH1 0.91 0.67 1.52 1.01 0.99 1.04
JC1 3.22 1.70 1.95 1.05 1.04 1.05
Jc2 3.91 1.84 2.36 1.03 0.98 1.13
JC3 3.13 1.65 2.06 1.07 1.04 1.06
Jc4 0.82 0.38 2.30 1.03 0.98 1.10
JC5 0.90 0.43 2.17 0.96 0.98 1.04
JC6 3.79 1.88 2.22 1.06 1.01 111
H1 0.91 0.59 1.67 1.06 1.01 1.07
S1 0.99 0.63 1.43 1.08 1.02 1.10
S2 0.88 0.56 2.09 0.84 1.02 0.43
Al 0.96 0.55 2.17 0.88 1.05 0.50
NSO-1 0.52 0.46 1.69 1.02 0.99 1.13
FP4 ND ND 0.68 1.28 1.12 1.19
FP9 ND ND 0.66 1.12 1.10 0.98
FP10 ND ND 1.13 0.91 0.92 0.90
FP11 ND ND 0.95 ND ND ND
FP12 ND ND 1.06 ND ND ND
FP13 ND ND 1.28 ND ND ND
NB1 ND ND 0.40 ND ND ND

6.3 Results based on the GC-MS

The estimated parameters from the GC-MS analygamed in section 4.5 are listed in
Table 6.3, and Table 6.4. The ranges of the cakilparameters for the respective samples
are listed as box-plots in Figure 6.4. The 27 respe parameters calculated are labeled in
Table 5.9, and further explained in section 5.36full scale version of the GC-MS
chromatograms can be found in Appendix C and a domled version in section 6.5.
Parameter 3 and 4 are not included in the discasdfost of the 27 parameters were not
possible to calculate for the bitumen samples. Heneparameter 10-15 and the parameters
based on the methylphenanthrenes and methyldideopbenes were possible estimate for

some of the core samples (see Table 6.3 and Tat)le 6
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6.3.1 Summary of the GC-MS results

All the ranges for Parameter 1-27 and the ETR #saalized in Figure 6.3 for the oils,
condensates and core samples. The values areilisteable 6.3 and Table 6.4, if the reader
wishes to investigate specific values. For the nigjof the parameters the range within the
sample set is small (<0.5). The largest rangesi®fcalculated Parameters, are Parameter 7
(C23-C29 tricyclic terpanes/C30 alR-hopane), Paranit (Methyl dibenzothiophene ratio),
Paramameter 26 (3-methyl phenanthrene/4-methyl}l@&TR (see Figure 6.3). The biggest
outliers are the LH1 sample for parameter 21 ard=6 sample for parameter 26. The LH1
sample can be seen as an outlier in many of thenpeters (see Figure 6.3). Moreover, the
JC3, NB1 and the FP6 are the second most commdarsuif the sample set. The LH1 and
Al are also outliers of the ETR value.

5 LH1(12.50) FP6 (7,08)
, il
~
o
< i NB1
T
g3
S
LH1
:
o LH1
G 2 1 Al
o
o
£ LH1
S FP2
1 Ok ‘
- 5 52 ] I | " |
. _LHT ' EPs FP2 H N£1 J
g+ o ¥ . g Pzl g FP2 H . :
& s By e T NB1
- s I3 | P8 | i
0 NB1NB1NB1

1 2 3 4 5 6 7 8 9 10 17 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 ETR

Figure 6.3: The ranges of parameter 1-27 and the BR. The interquartile box is the middle range of 50%of the
data, the upper whisker is the 25% of the upper dat and the lower whisker represent 25% of the lowedata. The
outliers are marked with labels of their respective sampleames. The parameter 21 value for the LH1 sample aiso
high it's been extrapolated to fit into the plot sane goes for the FP6 value for parameter 26.
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Table 6.3: The GC-MS parameters 1-14 for the sample set. The parameters are listed in Table 5.8 and described in section 5.2.6. A summary of the values can be seen in Figure 6.4. ND = No Data.

SAMPLE 1 2 3 4 5 6 7 8 9 10 11 12 13 14
TYPE

LH1 0.63 0.28 0.68 0.79 0.54 0.34 2.60 012 0.54 0.63 043 0.55 3453 23.02
JC1 0.43 0.64 0.54 091 0.25 0.11 0.34 0.05 0.64 0.49 0.44 0.34 24.70 33.91
Jcz 0.53 0.56 0.61 0.88 0.25 0.11 0.52 0.10 0.58 0.48 031 043 32.48 27.72
JC3 0.44 0.55 0.57 0.87 0.26 0.13 0.57 0.11 0.33 0.12 0.06 0.15 36.63 23.81
JC4 0.49 0.47 0.56 0.90 0.23 0.11 0.50 0.08 0.60 0.49 0.38 0.38 32.43 28.74
1G5 0.50 0.43 0.59 0.88 0.30 0.15 0.75 0.14 0.50 0.52 0.36 0.46 36.28 22.56
JC6 0.49 0.68 0.55 0.89 0.23 0.09 0.36 0.06 0.67 0.51 0.34 0.38 31.35 28.17
H1 0.55 0.49 0.57 091 0.31 0.10 041 0.06 0.57 0.49 0.37 0.32 27.44 27.07
S1 0.52 0.42 0.65 0.92 0.35 0.13 0.39 0.06 0.57 0.58 0.43 0.33 28.17 26.43
S2 0.56 0.35 0.58 0.93 0.30 0.15 2.39 0.41 0.85 0.58 0.48 0.64 34.80 28.63
Al 0.32 0.65 0.56 0.85 0.23 0.26 1.43 0.15 0.53 0.52 0.33 0.56 37.77 26.60
NSO-1 0.57 0.61 0.62 0.88 0.35 0.34 0.52 0.07 0.52 0.51 0.38 0.48 28.25 28.62
FP2 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FP3 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FP4 ND ND ND ND ND ND ND ND ND ND ND ND 29.89 26.44
FP5 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FP6 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
FP8 ND ND ND ND ND ND ND ND ND 0.48 0.41 0.72 30.00 12.73
FP9 ND ND ND ND ND ND ND ND ND ND ND ND 28.26 50.00
FP10 ND ND ND ND ND ND ND ND ND 0.43 0.24 0.37 40.84 23.56
FP11 ND ND ND ND ND ND ND ND ND ND ND ND 32.69 30.77
FP12 ND ND ND ND ND ND ND ND ND ND ND ND 49,23 24.62
FP13 ND ND ND ND ND ND ND ND ND 0.42 0.53 043 42.98 19.01
NB1 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
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Table 6.4: The GGMS parameters 15-27 and ETR for the sample set. The param eters are listed in Table 5.8 and described in section 5.2.6. A summar y of the values can bee seen in Figure6.4. ND = No Data.

SAMPLE 15 16 17 18 19 20 21 22 23 24 25 26 27 ETR
TYPE

LH1 42.45 0.64 0.70 0.85 0.70 0.46 12.50 0.93 0.82 0.86 1.42 1.48 0.51 2,16
Ja 41.39 0.26 0.74 1.13 0.75 0.48 4.27 1.01 0.85 0.90 0.82 1.46 0.64 0,57
Jc2 39.80 0.43 0.63 0.91 0.70 0.46 3.92 0.90 0.82 0.87 0.80 164 0.61 0,50
Jc3 39.56 0.45 0.30 0.97 0.69 0.46 3.57 0.94 0.81 0.86 0.77 1.64 0.58 0,71
JC4 38.83 0.52 0.37 121 0,66 0.48 455 1.04 0.80 0.91 0.84 1.59 0.58 0,61
JC5 41.17 0.55 0.66 1.02 0.63 0.45 450 0.96 0.78 0.85 0.84 149 0.60 0,83
JCé 40.48 0.34 0.73 107 0.70 0.48 4.09 0.98 0.82 0.91 0.81 1.68 0.61 0,73
H1 45.49 0.47 0.80 1.00 0.62 0.44 3.92 0.95 0.77 0.82 0.80 0.82 0.92 0,69
S1 45.39 0.55 0.71 0.98 0.58 0.45 442 0.94 0.75 0.83 0.83 0.72 1.06 0,56
S2 36.56 0.89 0.89 1.07 0.52 0.47 4.50 0.98 0.71 0.90 0.84 0.73 115 1,00
Al 35.64 0.56 0.39 133 0.68 0.52 3.83 1.09 0.81 1.00 0.79 133 0.65 2,10
NSO-1 43.12 0.39 0.71 0.79 0.57 0.42 2.62 0.84 0.74 0.77 0.70 139 0.64 1,15
FP2 ND ND ND 0.53 0.42 0.36 1.00 0.65 0.65 0.63 0.58 0.90 1.30 ND

FP3 ND ND ND 0.78 0.29 0.37 142 0.83 0.58 0.66 0.61 1.10 0.74 ND

FP4 43.68 ND ND 119 0.42 0.51 194 1.03 0.65 0.98 0.65 2.46 0.49 ND

FP5 ND ND ND 1.18 0.24 0.53 2,63 1.03 0.55 1.01 0.70 2.17 0.59 ND

FP6 ND ND ND 1.00 0.51 0.38 2.56 0.95 0.70 0.69 0.70 7.08 0.11 ND

FP8 57.27 ND ND 114 0.20 0.49 3.20 101 0.52 0.94 0.74 113 0.74 ND

FP9 21.74 ND ND 0.79 0.37 0.46 3.25 0.83 0.62 0.87 0.75 1.28 0.86 ND

FP10 35.60 ND ND 1.35 0.30 0.54 141 1.09 0.58 1.04 0.61 1.55 0.87 ND

FP11 36.54 ND ND 1.16 0.44 0.51 211 1.02 0.66 0.98 0.66 2.07 0.59 ND

FP12 26.15 ND ND 1.13 0.30 0.49 137 101 0.58 0.93 0.61 181 0.74 ND

FP13 38.02 ND ND 1.33 0.30 0.54 2.50 1.09 0.58 1.03 0.69 2.18 0.55 ND

NB1 ND ND ND 0.73 0.33 0.32 2.16 0.80 0.60 0.56 0.67 3.20 0.22 ND
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6.5 Downscaled TLC-FID, GC-FID and GC-MS chromatogams

The samples TLC-FID, GC-FID and GC-MS are preseintedis sub-chapter. The m/z ratios
from the GC-MS are 191, 217, 218, 231, 253 and 1198198 (on the same slide). A larger
scale of the chromatograms are presented in Appeh@T'LC-FID), Appendix B (GC-FID)
and Appendix C (GC-MS).
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Figure 6.6: Downscaled TLC-FID, GC-FID and GC-MS chromatogramsfor JC2.
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Figure 6.18: Downscaled TLC-FID, GC-FID and GC-MSchromatograms for FP3.
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Figure 6.21: Downscaled TLC-FID, GC-FID and GC-MS @romatograms for FP6.
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Figure 6.22: Downscaled TLC-FID, GC-FID and GC-MS chromabgrams for FP7.
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Figure 6.24: Downscaled TLC-FID, GC-FID and GC-MS @romatograms for FP9.
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Figure 6.25: Downscaled TLC-FID, GC-FID and GC-MS chromabgrams for FP10.
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7. Discussion

The results presented in chapter 6, which are basetthe analytical methods described in
chapter 4, are discussed in this chapter. The sksmo focuses mainly on maturity and
organic facies assessments. Biodegradation ancatioigrwill also be examined. The main
focus is the LH (LH1) sample and the comparisornwitumen from the FP and NB from the
same geological era, and similar depositional emvirent. Moreoverdiscrepancies and
similarities between the given oil/condensate sasilom the area are also discussed. The
origin of the inferred source rock, migration pa#yiiming and number of filling events are
key subjects in this respect. It is important tdenthat the sample set used in this thesis is
relatively small, hence it is associated with sameertainties. Also the subjective evaluation

of the samples may contribute to wrong interpretesi

To place the samples into a wider regional and lgemical context, 14 samples from Lerch
et al. (2016b) were added to some of the cross.plttese samples will be used in the
maturity, organic facies ar@il/condensate families and mixing of sourdesussion. The

parameters for the respective wells are added endx D.

The added wells are as follows:

Table 7.1: List of Well name, Sample ID, Depth oftte sample, Sample type, Field name, Area and Ageh& samples
are taken from (Lerch et al., 2016b)0: Oil; C: Condensate;?BP = Bjarmland Platform; LH = Loppa High HB =
Hammerfest Basin; MNFC = Masgy Nysleppen Fault Goplex FP = Finnmark Platform; NB = Nordkapp Basin:
Carb = Carboniferous; P = Permian; T = Triassic; J= Jurassic; C = Cretaceous

Well Sample ID Depth MD (m) Type1 Field Name Area’ Age3
7120/1-2 B 1879-1896 (0} LH Early C.
7120/2-2 RFT D 2501 (0} LH Early C.
7121/7-1 P 1867-1872 C Albatross HB Middle J.
7122/7-3 T 1148 (0} Goliat HB Early J.
7122/7-3 T1 1195 (0} Goliat HB Late T.
7122/7-3 T2 1812 (0} Goliat HB T.

7122/7-3 T3 1874 (0} Goliat HB Middle T.
7123/4-1A Vv 2165 (0} Tornerose HB Late T.-Early J.
7123/4-1A Vi 2542 (0] Tornerose HB Late T.-Early J.
7124/3-1 RFT-3B W 1298 (0} MNFC Early J.
7128/4-1 DST 2 71 1577-1586 (0] FP Late P.
7220/6-1 MDT A 1184 (0} LH Late Carb.-Early P.
7222/11-1T2 £ 2114 (0] Caurus BP Middle T.
7228/7-1 A MDT-1 AB 2091 (0} NB Late T.
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The chapter is divided into the following sections:
7.1 Gross sample evaluation based on the laimoBc@-FID

* 7.1.1 Gross sample evaluation based on the latroBc&rFID of the core extracts
from the Finnmark Platform and the Nordkapp Basin
* 7.1.2 Oil/Condensate evaluation based on the kero3LC-FID

7.2 Medium range maturity parameters
e 7.2.1 Qualitative approach to the n-alkane distrilouof the GC-FID chromatogram
7.3 Maturity of the oils, condensates and cateaets

e 7.3.1 Maturity estimation based on the biomarkers
* 7.3.2 Maturity assessment based on medium rangedsdic maturity parameters

e 7.3.3 Summary of the maturity parameters

7.4 Organic facies

* 7.4.1 Organic facies Tables
e 7.4.2 Summary of organic facies

7.5 Biodegradation

» 7.5.1 Biodegradation based on temperatures atrirdag

* 7.5.2 In-situ temperature for oils and condensates
7.6 Source rock correlation to oils/condensatdgpaiil correlation and mixing of sources

e 7.6.1 The LH samples

e 7.6.2 The JC samples

e 7.6.3 The Heilo prospect (H1) sample
e 7.6.4The S sample

e 7.6.5 The Alke structure (A1) sample
e 7.6.6 The FP and NB samples

7.7 Migration pathways
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7.1 Gross sample evaluation based on the latrostdaLC-FID

7.1.1 Gross sample evaluation based on the latroscd@LC-FID of the core

extracts from the Finnmark Platform and the Nordkapp Basin

The Finnmark Platform has a dipping trend towandsth, due to several phases of
upliftment, with the latest event during Tertiabafssen et al., 2002). The southern parts of
the Finnmark Platform have been heavily subaeraded and late Paleozoic sediments can
be found at shallow depths, covered by Quaternappsits. Moreover, the formation of salt
diapirs in the Nordkapp Basin resulted in an uplfflate Paleozoic sediments (Bugge et al.,
2002). The shallow core samples from Finnmark Bitatf originates from the Upper
Paleozoic (Carboniferous and Permian) and are faonthe same formation as the Alta

discovery in the Gohta petroleum system.

The idea was to compare the core samples with tteediscovery as they have much of the
same depositional environment. From Figure 7.% &viident that the oil sample from Loppa
High has a completely different composition thaa #xtracted bitumen samples, since the
extracted cores contain almost exclusively polamponents. Heavy degradation of saturated
hydrocarbons (especially the light hydrocarbonmsjluding removal of n-alkanes, is generally
a result of biodegradation (Tissot and Welte, 19&4d possibly some of the aromatic
fraction (Deroo et al., 1974). Impoverishment of thost soluble cycloalkanes and aromatic
hydrocarbons with one or two rings can also ocaua aesult of water washing. Moreover,
contact with oxygen can lead to degradation of lowelecular weight compounds of the
cycloalkanes, aromatic HC and thiophenic fracti@Deroo et al., 1974). The shallow core
samples existed close to the sea-floor surfacenaigtit have been exposed to both air and
also oxygenated water. Consequently, the cores tivéln organic contents have most likely
been severally biodegraded, water washed and exididence, the usefulness of the core
extracts as an analog for the Gotha petroleum my$ies diminished. The high amount of
polar compounds can also reflect low maturationhgdrocarbon generation has not yet
started. This could be a contributing cause, bustnii&ely not the only one due to the

samples being heavily dominated by polar compounds.
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% SAT e
o > == Jc
% < H1
pid s
A1l
Normal crude oils g NSO-1
™ e FP
S A NB

© Mostly heavy,
degraded oils

0
% ARO % POL

Figure 7.1: The ternary diagram illustrates the man compounds of the petroleum and bitumen samples.
SAT=saturated hydrocarbons, POL=Polar compounds and\RO=Aromatic hydrocarbons. The zones of normal
crude oils and heavy degraded oils are based on $t and Welte (1984)All of the oils from the sample set plot withir
the Normal crude oils area, while condensates anaie samples plot outside both of the categories.

Even though the extracts contain a relative higlowamh of asphaltenes/resins, the polar
amount of extracts compared to the amount of roekled (mg extract/g rock) are stunningly
low, none of the samples exceed 0.003 mg extraotk, whilst the aromatics and saturates
are even lower. Higher quantities of bitumen extraere expected/ for some of the more
consolidated samples, e.g. FP12 and FP14. The sarfyle showing some remnants of
aromatic compounds is FP9. Some of the solvenaetstihad a light yellow color while most

of the solvent extracts had a waterish color, iatiiy low bitumen content (Figure 7.2). The
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reason for the low bitumen content can also be tduw porosity/permeability and bad

communication between pores.
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Figure 7.2: The amount of mg extract/g rock are shown for the SAT (Saturated), ARO (Aromatic) and POL(Polar)
compounds. The amount is extremely low for all the samples; FP9 is the only sample with ARO hydrocarbons.

7.1.2 Oil/Condensate evaluation based on the latrogn

As seen from Figure 7.1 the LH sample plots welihimi the normal crude oil window,

together with all the Johan Castberg samples andRijure 7.1). The S1 and the NSO
samples fall into the degraded oil area, while $2 #1 have much lower aromatic
hydrocarbon content than the others (Figure 7The S/A ratio for sample JC1 is lower than
the two underlying samples in well 7220/5-1. Tlsighe contrary of what would be expected
as saturated fractions (light hydrocarbons) tendnigrate to the top of a reservoir. The

Skrugard structure is divided into three segmemterbsion features, separating the structure
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into 3 gas-oil contacts (Lindberg et al., 2013)isTimight influence the vertical variation of
the S/A ratio, as the communication between thecsires is reduced. The LH1 sample has a
relatively high S/A ratio compared to the other sdlmples, and this can indicate a higher
maturity. It is important to mention that accordiegClayton and Bostick (1986) the S/A ratio
will increase and later drop at maturities highemt 1.0 %Ro. This means that a sample in the
early oil window can have the same S/A ratio asaune one originating from the same
source. Peters and Moldowan (1993) also expre&sedioiv S/A ratios can be correlated with

a carbonate facies.

The S2 and Al samples are both condensates withr&ids of 12.61154 and 29.1952
respectively. As mentioned in chapter 5, the S/#oraan provide some information about
maturity, due to the fact that thermal maturatiends to increase the light hydrocarbon
fraction (<Gs). The extreme ratios of sample S2 and Al seemhigb to be caused by
maturity alone, and a gas prone source rock orepfrastioning may be possible causes as

mentioned in chapter 5.1.1. This will be discudsether in the following sections.

It is important to note that the S/A ratio is ordytentative maturity indicator, and more

reliable maturity estimations are done with thenmoker data.

Sample ID S/A Figure 7.3 puts the samples in order from
NSO-1 1675324 least to most mature. As mentioned above,
Jes 188356 the condensate ratios seem too high to be
Jci 2,045801 . i
_ solely influenced by maturity.
H1 2,290559 =
Jca 2, 449546 E
JCs 2,468781 D‘%
Jcz 2,7397 E
=1
jCe 3,142465 E
51 3.169003
LH1 3,427
52 12,61154
Al 29,1952

Figure 7.3: Maturity assessment based on the S/Atia.
Higher ratio means higher maturity.

110



Chapter 7 Discussion

7.2 Medium range maturity parameters

7.2.1 Qualitative approach to the n-alkane distribtion of the GC-FID

chromatogram

The n-alkane distribution shown in the GC-FID chadograms will change with thermal
maturation. The n-alkane composition is also affécby, source input, biodegradation,
migration pathway and distance, phase fractionéwvgporation and water washing (Peters et
al., 2005). Low maturity terrestrial samples teadhave bimodal n-alkane distributions (Abay,
2010), the bimodality vanishes with the thermal umation, although, mixing of petroleum
with different n-alkane distribution can lead tdianodal distribution (D.A. Karlsen, 2016,
personal communication). Another cause of bimogakin be the kerogen composition of the
source rock. A source rock with a blend or mix efdgen types can produce two n-alkane
patterns with differing signatures. Consequentlyiew these patterns are combined in a

chromatogram, the n-alkane pattern of the “blendy/become altered.
LH1

The LH1 sample indicates a bimodal signature. Thight be a result of several filling events.
From Figure 6.5 and appendix B one can see thdigihter hydrocarbons are preserved and
the dominating pattern seems to be quite closertmiane shape (Tissot and Welte, 1984),
with a convex shape and with the intensity increg$owards the lighter hydrocarbon side of
the distribution. However, the method used can digyinguish saturated hydrocarbons down
to ~C9-C8. The baseline of the LH1 chromatogram is elevated (Figure 6.4), and as

explained by e.g. Wenger et al. (2001) the lack U@Man indication of low or non

biodegraded oils/condensates.
JC

The JC1-3 and JC6 samples show some similar n-alikands (Figure 6.5, Figure 6.6, Figure
6.7, Figure 6.10 and appendix B). The baselinesnaoeerately elevated and the light
hydrocarbon fraction abundance is low. This indisaslight to moderate biodegradation
(Wenger et al., 2001). Another biodegradation iattic is related to the Pr and Ph peaks
which show a higher intensity compared to theipeesive n-alkanes (n-C17 and n-C18), and
this phenomenon is explained in Section 5.1.1. &héssamples are the only oil and

condensates which shows this level of biodegradaiibis correlates well with the estimated
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reservoir temperatures at which these samples gathered, which suggest good conditions
for biodegradation (see Figure 7.19). The fourtm@a from JC demonstrates a complete
specter of saturated hydrocarbons (see Figurea®®)the baseline is only slightly elevated,
suggesting no or a much lower level of biodegraxdtetinan the former mentioned JC samples.
Accordingly, the sample from JC5 seems to be plaosdewhere in between the JC5 sample
and the other samples from the JC field (see Fi§9e

H1

The H1 sample shows a clearl bimodal distributemg this strongly indicates two or more
infilling events. One of the events seems to beidatad by light hydrocarbons, and the first
charge is possibly the heavier fraction (see Figuid). The heavy hydrocarbon part is likely
to be biodegraded due to the low content of ligldrbcarbons and the observable UCM.

S

The S1 sample shows a similar n-alkane distributien the H1 sample with a light

hydrocarbon fraction with a marine n-alkane envelamd a heavier, possible biodegraded
one (see Figure 6.12). Compared to this, the Salkeadisplays a totally different saturated
hydrocarbon pattern. This latter distribution ispested for a condensate. The lightest

hydrocarbon part seems to be either evaporatemhdef@raded (see Figure 6.13).
Al

The Al condensate has preserved the lightest hgdrons part and shows a typical marine
distribution (see Figure 6.14). The heavier hydrboas (C25+) are not visible on the

chromatogram in this print out.
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&

1 a 3 40 =1 L] il

[T

Figure 7.4: Sample FP6 has much higher mVolt intensity copared to the other samples, and very far out intotte
chromatogram i.e. peaking at ¢ 50 min. This is bedved to be contamination.

FP and NB1

The core samples from the Finnmark Platform andk®gp Basin show a general trend of
low n-alkane and isoprenoids abundance (see Figu®6.30). Most of the samples show
large UCM humps e.g. FP10 and NB1 (see Figure &i266.30). Some of the samples e.g.
FP3 and FP5 show little to no remnants of saturayedocarbons and isoprenoids (see Figure
6.19 and 6.21). The complete core sample collec@®ms to share the same characteristics

reflecting severe biodegradation.

FP6 shows a vastly different n-alkane distributtompared to its core relatives, and the peak
distribution is different and also the intensitea® much higher. Several re-runs of the GC-
FID analysis of the respective sample were perfdiméth the same disappointing results.
This leads to the possibility of the sample repnésg contamination, possibly during the
drilling of the core. Quantitative parameters basedthe GC-FID chromatogram will be

discuss further in the organic facies section.
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7.3 Maturity of the oils, condensates and corexgacts

7.3.1 Maturity estimation based on the biomarkers

The biomarkers used in this section are based @GtB-MS, and the m/z ratios used were
191, 217, 218, 231 and 253. The decrease of bimnakundance indicates increasing
maturity (Mackenzie et al., 1985). However, phasetfoning can also remove or separate

biomarkers (Karlsen and Skeie, 2006).

The maturity parameters are not independent ofefa@ind diagenetic effects. Maturity
assessment based on the heavy (C25+) biomarkerspratuce conflicting estimation

compared to the medium ranged (C13-C18) maturitgrpaters (Karlsen et al., 2004).

Most of the parameters used are listed in Figut®,5vhich also shows the variation of the
parameters relative to the oil window. Since them@as used in this thesis being mainly are
oils and condensates, some of the parameters wehladed e.g. 22S/(22S+22R) of hopanes
(Mackenzie et al., 1980), due to the fact that sdvetios equilibrate at the start of the oil
window (about 0.6%8.

Legend Legend
[ ] LH1 A [ ] LH1 B
q + 4 ml + Jc
<& H1 & H1
X s X s
08 — 08 —
Al Al
S NSO-1 7 o NSO-
g v !
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g © v g ©C v A
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Figure 7.5: The Figures illustrate the maturity of the sanples based on saturated biomarkers. Figure 7.5A & Table

of Ts/(Ts+Tm) (Seifert and Moldowan, 1978) versus 29Ts/(29Ts+rmopane) (Peters and Moldowan, 1991). Figure
7.5B Tables Ts/(Ts+Tm) (Seifert and Moldowan, 1978) vets diasterane/(diasterane + regular steranes) (Seif and
Moldowan, 1978. The ratios of the oils and condensates producetbin the laboratory work in this thesis are plotted
with black labels and their respective names. Theasnple parameters taken from Lerch et al. (2016b) are plded in
red with their respective sample names
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The Ts(Ts + Tm), 29Ts(29Ts +norhopane) and diah@jjdiahopane + normoretane) involve
rearrange hopanes into their non-rearranged cqartsr 18a-neohopane (TS and 29Ts)
skeletons are not found within organism and aretniigely formed in the sediments
(Farrimond et al., 1998). Farrimond et al. (199Bpasuggest that the conversion does not
occur during thermal degradation, rather due tac®input or/and during diagenesis. This
suggests that the relative abundance of hopanesnandearranged counterparts are not
solely influenced by maturation, and may vary daesource input and digenetic effects
(Rullkétter and Marzi, 1988, Farrimond and Teln&296). Although 29Ts/(29Ts +norhopane)
is not solely affected by maturity, it is viewed@se of the most robust maturity parameters,
and the molecules are sufficiently similar in molec weight for them not to be influenced
by phase fractionation during migration (Karlserd eBkeie, 2006). Determining maturity
based on single parameters is always difficult, tiedreason why several parameters are used

for this purpose.

By examining Figure 7.5A it shows that most of saenples plot in a cluster at a surplisingly
early stage in the thermal maturity window. Basedios data, he A1 condensate (7120/12-2
DST 2) is estimated to have the lowest maturityictviis somewhat contradicting of what one
would expect. Furthermore, the outliers of Figuf@Arare the two Loppa High samples LH1
(7120/2-1 DST 4) and B (7120/1-2) along with samfe(7222/11-1 T2) and two of the
Goliat samples T2 and T3 (7122/7-3), and all oséhsamples express the highest maturity of
the sample set. However, as one can observe imd=igBA the do not express high maturity
based on the same parameter , LH1 and A due tatel#29Ts/(29Ts+norhopane) and /&, T2
and T3 as a result of elevated Ts/(Ts+Tm). A claseestigation shows that thed. {H), 218
(H)-30-norehopane (normoretane) peak for the LHfida is relatively lower than the other
samples. As mention this ratio can be influencedtiner factors than thermal degradation.
Subroto et al. (1991) reported carbonate derivedtoicontain excessive amounts of the 30-
norehopane series. As for the £ sample the Ts/{f$+atio is higher than for the rest of the
sample set. Two causes for this can be a siliclastirce (Peters et al., 2005), or source input
from a hypersaline environment (Rullkétter and Maif88). Sample T2 and T3 seem to
express more or less the same maturity as the Aglsakiowever, the variations can also be

a consequence of higher maturation and more mapaitameters must be examined.

Exchanging the 29Ts/(29Ts+norhopane) with diastgédiasteranes + regular steranes) in

Figure 7.5B gives the general impression of highaturity for the sample set, as most of the
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samples plot within the early oil window. The twondensates S2 (7129/6-1) and Al
(7120/12-2) respectively have a much higher ratio diasteranes/(diasteranes + regular
steranes) compared to the 29Ts//(29Ts+norhopane)vere&timation of the

diasteranes/(diasteranes + regular steranes) tenaiscur with a shale source (Mello et al.,
1988). This can explain some of the shifts in ma&as we see when changing the y-axis from
29Ts/(29Ts+norhopane), see Figure 7.5B. Still, igmicant changes can be seen in the
relative position of the S1 (7129/6-1) sample, wWhg an oil, suggesting that the changes in

sample S2 and A1 might be due to their natureasedensate.
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Figure 7.6: The Figures illustrate the maturity ofthe samples based on saturated and aromatic biomagks. Figure
7.6A is a Table of C20/(C20+C28) (Peters et al.,@) versus C23-C29 tricyclic terpanes/C30 alR-hopar(Mello et al.,
1988). Figure 7.6B Tables C20/(C20+C28)(Peters dt,2005) versus Diahopane/(diahopane + normoretafiPeters
and Moldowan, 1993). The ratios of the oils and calensates produced from the laboratory work in thighesis are
plotted with black labels and their respective name (see Table 7.1). The sample parameters taken frdrerch et al.
(2016b) are plotted in red with their respective saple names. The extreme values of LH1 and S2 areanked with a
red circle in Figure 7.6A. Some of the C23-C29 triyclic terpanes/C30 alR-hopane ratios show extremefygh values.
Consequently the y axis on plot 7.6A has to be adjted, this make the samples with somewhat more “noral”
maturity values appear as immature. The LH1 and SZample are also delimeted by a red cirlce in Figuré.6B,
sample D, £ and Z1 are marked with a blue circle.

Based on Figure 7.6A most of the samples appefailtwithin the early-peak oil generation
window. Some of the samples analysed in this th@etsinto a higher maturity area, Al, LH1
and S2 respectively. The extreme values of LH1%2dand the high value of the A1 sample

can be related to phase separation. The lightetidraof a separated petroleum tends to be
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enriched in C23-C29 tricyclic terpanes and C20rarizatic steroids, while the heavier oil

phase will be enriched in C30 al3-hopane and Castriatic steroid.

This is due to the higher vapor pressure of C23-@29 C20 (Karlsen et al., 1995, Karlsen
and Skeie, 2006). The separation is likely to hapgee to PVT changes during migration
(England and Mackenzie, 1989). The LH1 sampleb$aak oil with relative low viscosity.
Moreover, based on the n-alkane distribution frame thromatogram, a lot of waxy
hydrocarbon compounds can be identified (see Figusg Therefore, one could argue that
this sample might have two sources, representitiy &tght and a heavy fraction. Sample Z1
(7128/4-1 DST 2) from the Finnmark Platform, foumd Late Permian carbonates is
calculated to high maturities (>1%Ro0). Along witangple A& (7222/11-1 T2) from the
Bjarmland Platform, an® (7120/2-2 RFT) from the Loppa Higthese are also calculated to
high maturities (>1%Ro0). When changing the Y-axisthwdiahopane/(diahopane +
normoretan) ratio, most of the oils express theesamaturity compared to 7.6 (early to peak
oil). However, LH1 and S2 display a drastic dececaslower values and sample D increases
greatly (see Figure 7.6A compared to Figure 7.@Bahopane is derived from hopanes and
rearranged by a clay-mediated catalyst in an dgisub-oxic terrigenous environment (Peters
et al., 2005). This coincide with the observatiafisvolkman et al. (1983) and (Philp and
Gilbert, 1986) where diahopane is found in greabsindance in highly terrigenous oils.
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Figure 7.7: The Figures illustrate the maturity ofthe samples based on saturated and aromatic biomagks. Figure
7.7A is a Table of C28 TA/(C28 TA+C28 MA)(Mackenziet al., 1985) versus C20/(C20+C28) (Peters et, @005).
Figure 7.7B Tables diahopane/(diahopane + normoretg(Peters and Moldowan, 1993) versus
29Ts/(29Ts+norhopane). The ratios of the oils ancdbodensates produced from the laboratory work in ths thesis are
plotted with black labels and their respective namg The sample parameters taken from Lerch et al. (6b) are
plotted in red with their respective sample names.

High amounts of 1F (H), 2la (H)-30-norehopane (Normoretan) relative to hopaaes
associated with an anoxic carbonate or marl enment (Peters et al., 2005). Thus, the
variation in maturity from the two plots could et variation in depositional environment.
The low diahopane/(diahopane + normoretan) ratio the LH1 sample is somewhat
contradicting to the high 29Ts/(29Ts +norhopandipsa where the former would suggest a
shale source and the latter a carbonate. As memti@neviously, the ratio of 29Ts/(29Ts
+norhopane) seems to be quite robust to differeimcdspositional environment, henceforth a
shale source might be a more likely possibility,wdoing the impressionable
diahopane/(diahopane + normoretan) ratio. Thubky high ratio of diahopane/(diahopane +

normoretan) of the D sample might indicate a caab®source.

Mackenzie et al. (1985) reported that oil samplesnfthe same area at the same depth
showed variations in the C28 TA/(C28 TA+C28 MA)ioatThis is probably due to

differences in organic matter input or lithologyeets. Furthermore, Mackenzie et al. (1985)
proposed that high ratios often occur in siliceoosks and low ratios is associated with

phosphatic rocks. Curiale and Odermatt (1989) alsgerved an enrichment of triaromatic
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steroids in siliceous rocks and a lower abundamcephosphatic/carbonate source. The
samples Al, JC3, JC4, V, V1, W and AB seem to parsgeed from the other samples due to
the lower C28 TA/(C28 TA+C28 MA) ratios. Notice theample P (7121/7-1) which is a
condensate and which also expresses high matwadggdoon the triaromatic steroids ratio
(Figure 7.7A). Differences in lithology may be tteuse for this separation. Sample D, Z1, /A,
S2, LH1 show high maturity, and this is the geném@hd for these samples in most of the
Tables. As mentioned before, the 29Ts/(29Ts+norhepeatio is viewed as one of the most
robust parameters for maturity estimations. In Fegr.7B one can observe big discrepancies
between the 29Ts/(29Ts+norhopane) and the diahfdétepane + normoretan) parameters,
suggesting that some of the diahopane/(diahoparm@roretan) might be overestimating the
maturity for some of the samples, and underestigdbr the LH1 sample. Based on Figure

7.7B the Goliat samples T2 and T3 appear to benibst mature of the sample set.

None of the oils and condensates analyzed in thesis seem to reach the equilibrium
threshold, although they are quite close (see EiguB). This indicates that none of the
samples have reached peak oil generation. The Johasiberg samples and also H1 and Al
seem to express the lowest maturity based on tbis(gee Figure 7.8). Furthermore, the S
samples and LH1 have almost reached equilibriurhofathe samples taken from Lerch et al.
(2016b) appear to have reached the equilibriunstioiel. It should be noted that both of the
parameters are somewhat uncertain, as 20S/(20S+ZORjlso influenced by facies,
weathering and biodegradation, and RR/(3R+aa) ean due to minerology (Peters and
Moldowan, 1993).
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Figure 7.8: The Figure illustrates the maturity ofthe samples based on saturated biomarkers. Figure&is a Table
of BR/(BR+aa) (Mackenzie et al., 1985) versus 28S+20R) (Moldowan et al., 1986). The ratios of ¢hoils and
condensates produced from the laboratory work in tfs thesis are plotted with black labels and their espective
names. The sample parameters taken from Lerch et .a]2016b) are plotted in red with their respectivesample
names. The ratios equiiliberate around 0.85f6 (peak oil). None of the oil and condensate samp@analysed in thi
thesis seem to have reached the equlibrium treshgltbr the 20S/(20S+20R) or R3/(RR+aa) ratios. Hower, all of
the samples from Lerch et al. (2016b) seem to haxeached equilibrium for 20S/(20S+20R) . The JC saptes, A1
sample and H1 sample express the lowest maturtiyh€ samples S and LH1 seem both to almost have rbad the
equilibrium treshold.
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7.3.2 Maturity assessment based on medium ranged toaty parameters

The biomarkers used in this section are based @Gth-MS, the m/z ratios used were 178,
192 and 198. From m/z=178 the phenanthrene peakbeaidentified, from m/z=192 the
methylphenanthrene abundance can be identifiedf@nthe m/z = 198 chromatogram the

methyldibenzothiophenes can be identified.
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Figure 7.9: This Figure illustrates the maturity of the samples based onramatic isomers. The Figure is a Table oRm
=0.073*MDR + 0.51(Radke, 1988) versus Rm = 1.1*log10 MPR + 0.95 (Radke, 1988). &Mmatios of the oils and
condensates produced from the lzoratory work in this thesis are plotted with blacklabels and their respective names
The sample parameters taken frorrLerch et al. (2016b) are plotted in red with theirrespective sample names. All
samples plot within or close o the “Peak Oil” generation. Sample A is estimatetb the lowest maturtity and A1l to the
highest. Most of the sampels plot within the “Pealdi”l range. A large amount of core samples seems t@e within the
Late Oil window. The outliers are LH1, A and FP2.
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The MDR ratio is viewed as a very reliable matunigticator, relatively independent of
variability in the source rock. Nonetheless, Radi&@88) mentions that variabilities related to
kerogen Il and Ill have a significant impact oe tiatio of immature to mature samples. Oil-
prone source rocks at early maturation stagesq(@%Ro) show MDR ratios <1.0, whereas
immature gas source rocks typically elevate thie tatlevels of about 2.5 (Radke et al.,
1986). Based on Figure 7.13 and 7.14 the sampes this thesis seem to plot somewhere in
between kerogen type Il and lll, possibly leaniogards kerogen type Il. Looking at Figure
7.9 the biggest surprise is possibly the extrerhigit maturity of the LH1 sample due to the
high ratio of MDR, and the relatively high maturifthe A sample also from the Loppa High
situated in the Formations from the same geologalLate Carboniferous-Early Permian).
By examining the GS-MS chromatogram m/z=198 in Fegh5 and appendix C of the LH1
sample, it is evident the high ratio is due to simegnely low MDBT 1 peak. As mentioned
above this can be a consequence of different sewrcseimply high maturity. Radke et al.
(1986) stated: MDBT 1 for type Il kerogen showetlative concentration decrease above
0.55%Ro0, consequently increasing the MDR ratiortHermore, a relative decrease in the
MDBT 1-isomer for type Il kerogen was observedab0.8%Ro0. The same results is also
reported by (Radke et al., 1982a). This may indieatype Il source rock for the LH1 and A
sample since the degradation of MDBT 1 is extengii@vever, one could argue for the
contrary, as the starting ratio for this parameteéerogen type Il is lower than type Il for

immature oils.

The origin and type of the source rock will be fignt discussed in the chapter on organic
facies. The core samples from the Finnmark Platfanch Nordkapp Basin seem to have a
lower MDR ratio compared to the MPR. As previousigntioned the S/N ratio for these
samples was low, consequently the maturity estona somewhat uncertain. Most of the
core samples seem to plot within the late oil wimdwith a few exceptions plotting at lower
maturities (see Figure 7.9). Sample A, Z1 and Altesss a higher maturity than the rest of
the sample set (late Oil). This is in agreemenh it previous estimated maturities. The Z1
sample from the FP seems to have the same grdberafal maturity as most of the FP cores
(see Figure 7.9). The samples are taken from tine skepositional environment and
geological time (Late Carb-Permian). The genesldris that, based on the MDR ratio for
the FP samples and NB1 sample, the core samplaaylisw maturity (see Figure 7.9). The
reason for this is somewhat unclear, however,stated by Bao and Zhu (2009) that MPR
ratio decreases with increasing level of biodegiadand this could certainly be a factor to

consider.
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Figure 7.10: The Figure illustrates the maturity ofthe samples based on aromatic isomers. The Figuieea Table

of %R0 = 2.242*F1 - 0.166 (Kvalheim et al., 1987)wsus Rm = 1.1*log10 MPR + 0.95 (Radke, 1988}he ratios of the
oils and condensates produced from the laboratory erk in this thesis are plotted with black labels ad their
respective names. The sample parameters taken froberch et al. (2016b) are plotted in red with theirrespective
sample names. All samples plot are within or cloge the “Peak Oil” generation. A linear trend betwee the two
paramters can be observed. Note that the A and LH&amplesshow a much lower maturity without the MDR Vvitrinit e
calculation.

As observed from Figure 7.10 Z1 and Al expresshighest maturity in Figure 7.10. The
plot expresses a linear trend for the samplesirggairt the middle of the peak oil generation
continuing into the late oil window. Note that theand LH1 sample show a much lower
maturity without the MDR vitrinite calculation. Se@f the core samples show immature and
scattering values (see Figure 7.10). This is betleto be a cause of low bitumen content
resulting in low S/N ratios resulting in uncertaadues, rather than actual low maturity .
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Figure 7.11: The Figures illustrate the maturity ofthe samples based on saturated biomarkers. The kige is a Table
of %Rc = 0.60*MPI1 + 0.40 (Radke, 1988yersus %Ro = 2.242*F1 - 0.40 (Kvalheim et al., 1987The ratios of the
oils and condensates produced from the laboratory @rk in this thesis are plotted with black labels ad their
respective names. The sample parameters taken froberch et al. (2016b) are plotted in red with theirrespective
sample names. All samples plot within or close tdné Peak Oil production.

Contrary to the MPR and MPDF, MPI1 also uses thenphthrene (in the denumerator)
relative abundance to calculate the vitrinite mflety. Albeit generally showing perfect
correlation with optical vitrinite in coals, its @isn oils and condensates has shown variable
results (Karlsen et al., 1995). This molecule has carbon number lower mass as compared
to methylphenanthrene, and may for this reasonviee epresented in condensates (Karlsen

et al., 1995). Consequently, one can observe & ishthe general maturity towards lower
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maturtites for condensates. Most of the oils amideasates now plot at the transition zone
between “Early Oil” and “Peak Oil” (see Figure 7)1The core samples seem to be skewed
towards lower maturities, and plot within the “BafDil” window (see Figure 7.11). The
difference in competing stabilities between thandp position of the methyl phenanthrene
along with the more stable phenanthrene (more tlghty explained in 5.3.6), may be the
cause for this. Kvalheim et al. (1987) expressattem about the MPI1 ratio, due to the use
of molecular groups of negatively correlating vhhes; this would result in a non-linear ratio.
Increasing redox potential of a source rock caickrthe phenanthrene concentration relative
to the methylphenanthrene. This occurs due to skggnoxidation processed by metal
bearing solutions in the rock (Puttmann et al.,998nother contributing factor to lower the
relative phenanthrene abundance is microbial degiad(Budzinski et al., 2000, Peters et al.,
2005). Moreover, depressed levels of phenanthranebe related to highly reducing facies,
caused by radical or ionic demethylation reactiqSzczerba and Rospondek, 2010).
Consequently, the shift observed when introduchng MPI1 ratio can likely be related to
reducing conditions in the depositonal environmé&uirther validation of this statement can

be found in Figure 7.13 where most of the plotsleaaing towards an reducing enviornment.
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Figure 7.12: The Figures illustrate the maturity of the amples based on saturated biomarkers. Figure 7.18 & Table
of diasterane/(diasterane + regular steranes)(Seifeand Moldowan, 1978) versus %Ro = 2.242*F1 - 0.40 {élheim et
al., 1987. The ratios of the oils and condensates producetbfn the laboratory work in this Thesis are plottedwith
black labelsand their respective names. The sample parameteraken from Lerch et al. (2016b) are plotted in red
with their respective sample names. All samples plot viin or close to the Peak Oil production. Sample Asiestimatec
to be of the lowest maturtity and Al to represent th highest.

The two parameters plotted on the x and y axes deeoorrelate quite well in terms of
maturation (7.12). This gives some leverage to mule the over- and underestimation
affecting the diasterane/(diasterane + regulaiase=s) ratio due to lithology variations. The
two condensates (Al and S2) express a higher matldong with sample Z1. The Loppa

High sample B and A indicates in this diagram, mssingly low maturity.
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7.3.3 Summary of the maturity parameters

An attempt to summarize the maturities of the @it)densates and core samples are proven
difficult as there are a lot of variations for eaample deploying different parameters.
Moreover, the biomarker maturity parameters andibdium range maturity parameters
seem to express conflicting maturities for the ailsl condensates. Table 7.2 summarizes the
most probable maturities for the oils, condensatesbitumens analyzed in this thesis.

Table 7.2: In the Table it is attempted to determie the most probable maturity window based on the bmarkers and

the medium ranged parameters. The samples are arrged from lowest to highest maturities left to right A quite

significant variation can be seen in the estimateghaturity based on the biomarkers compared to the mdium range

parameters for the oils and condensates. Where thi@omarker parameters express lower maturity than tre medium
range maturity parameters.

Maturity Rank of the Source Rocks

Number 1 2 3 4 5 6 7 8 9 10 11 12
Maturity Window - - - - - - - - - - - _

Biomarkers - - - - - - - - - - R -

Medium Range par. | FP2 NB1 | FP3 FP9 FP6 FP12 FP11 FP8 FP5 FP4 | FP10 FP13
Maturity Window Early Oil Early - Peak Qil Peak Qil

Maturity Rank of the Oils and Condensates

Number 1 2 3 4 5 6 7 8 9 10 11
Maturity Window Early Qil Early-Peak Qil Peak Qil
Biomarkers JC1 JC3 JCc2 Jc4 IG5 JC6 H1 Al S1 LH1 S2

Medium Range Par. | JC3 JC2 JC5 JC6 H1 JC1 Ica S1 S2 LH1 A1
Maturity Window Peak Oil Late Qil

7.4 Organic Facies

The data produced by the GC-FID and the GC-MS seéulito determine the depositional
environment of the studied samples. Parameters fi@mbiomarkers and biomarkers are
used in conjunction to obtain the highest levedighificance when determining the
depositional environment, source of organic mattet the correlation between samples
(Peters and Moldowan, 1993).
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7.4.1 Organic Facies Tables

From Figure 7.13 most of the samples express imeiae maturity and no to minor
biodegradation. The samples that stand out areABIand NSO-1. They all seem to express
higher maturity, this coincides well in terms wihmple Z1 based on the maturity plots.
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Figure 7.13: Cross plot illustrating organic facie variation, maturity and biodegradation of the stulied samples.
The Figure is a Table of Phytane/n-c18 versus Prehe/n-17(Shanmugam, 1985). Most of the samples are cluster
in an area of medium maturity and no minor biodegralation. Within this cluster, samples like the LH1 ad W seem
to represent the most reducing paleo-depositionahgironment. Samples like JC4, JC5 and D seem to flon-
between a reducing and oxidizing environment. Furtermore, sample Z1 is the most mature sample, andithfits
well with the results based on the maturity paramegrs in the previous section. The sample also leatmvards an
oxidizing environment. AB and NSO-1 also reflect digher maturity. The counter parts are the JC1-3, £6 and A
sample which all seem to be biodegraded. Sample déxtremely microbial degraded.
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However, AB and NSO-1 did not express significaghhvalues of maturation based on the
previously discussed maturity plots (see Figure3);.&and the Oseberg sample NSO-1 is
generally considered to represent early-/mid-mtukith minor biodegradation (Dahl and
Speers, 1985).
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Figure 7.14: Cross plot illustrating organic facie variation and maturity of the studied samples. Th Figure is
a Table of Phytane/n-c18 versus Pristane/n-17 (Coan and Cassou, 1980). The Figure expresses in pripie
the same as 7.13, but the scale of the ratios aretriogarithmic but rather linear. Consequently someof the
samples are more readily identifiable. The samplelpt mainly in the algal kerogen area (type II). Noé the two
Goliath samples plotting in an area towards biodegadation. JC1-3, JC6 and A have very high Ph/n-C18nd
Pr/n-C17 values and plot out of range, illustratingthe weakness of this plot.

Furthermore, JC1-3 and JC6 indicate biodegradatitinh coincides well with the qualitative
interpretation of the GC-FID chromatogram of thepective samples and the sample depth.
Sample A expresses a severe level of biodegradésiem Figure 7.13). The depth of the
aforementioned sample is 1184m, hence biodegradasoexpected due to the low
temperature and likely access to oxygenated foanatiater. Still, discovery T and T1 from
Goliat are found at depth 1148m and 1195m respgtiBased on Figure 7.13 and 7.14 they

show no or little biodegradation. It is possiblatt the oil represented by these samples
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arrived so recently that they did not get biodegdhduring the last glaciations (cf. Lerch et
al., 2016a). Another curiosity is the T and T1 cangal to T2 and T3, the former two samples
seem to show a lower level of biodegradation asd alhigher maturity based on Figure 7.13
and 7.14. This contradicts what the maturity ptotgressed and what one would expect based
on the depth of the respective samples (see Talldor depth). Although, the observed
variations can be due to slight biodegradatiorhef T2 and T3 sample, this may also be the

case for sample D.

The big majority of the samples plot within the euxorganic sources window (transitional
environment), suggesting a mixed source of typantl Type Il kerogen in a reducing
environment, looking at Figure 7.14 most of the gkes are within the kerogen I-1l area.
Furthermore, sample Z1 seems to originate from & pe coal environment and the JC
samples are in-between the peat/coal window andréimsitional environment window. The

NSO-1, LH1, B, V and W sample seem to originateifitbe most anoxic/dysoxic sources.
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Figure 7.15: Cross plot llustrating organic facies varation, maturity and biodegradation. The Figure is aTable of
Phytane/r-C18 versus Pristane/n-C17 (Connan and Cassou, 1980he majority of the sample set plot close to the
unit value for the OEP parameter This is most likey due to the advanced maturity of the samples, i.e. maturity
towards 1%Rc and higher.. The few FP samples showgrclear r-alkane distributions were also plotted. However,
they stem to vary a lot and are uncertain.

None of the oils and condensates seem to showlaay mroof of lithology variations based.
on the OEP values, with higher maturities OEP raialing to stabilize at unity and, most of
the samples are probably too mature for the us@ER as an lithology indicator. Based on

CPI and OEP2 parameters, sample S2 expresses &wsgadominance which should reflect

a carbonate rich source rock.
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The core samples do, although this is probablytdymor chromatograms (see Figure 7.15).
The LH1, S1, H1 and NSO-1 sample seem to havenategd form source rocks with a

higher input of algal organic matter (type Il keeay compared to the rest of the samples,

which seem to be more influenced by terrigenoustiffgype II-11l kerogen).
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Figure 7.16: Cross plot illustrating organic facie variation, maturity and biodegradation. The Figure is a Table of
Pr/Ph versus MDBT/MPHEN (Hughes et al., 1995). Allhe condensates and Oils plot within the m@ne and lacustrine
shale zone (zone 3), with the exception of S1 and. I he core samples from the FP plot in the tranditn between zone
2 and zone 3, whereas the NB sample plot in zone 2.
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Figure 7.16 indicates that most of the oil and emsdite samples originated from a shale
source in a marine (mixed source) and that thetitgpuhis paleo-depositional environment

was mixed type Il and Il kerogen.

The Snghvit oils and condensate do not plot widnne 3 and the high MDBT/MPHEN lean
towards a carbonate containing source rock. Howether ratio is close to one. Thus,
determining if the lithology is carbonate or shaedifficult, and it is well known that the

Hekking Formation is often containing carbonate lidhal et al., 2014). Regardless it is an

indication of a sulfate rich source (Radke et2001).

The Pr/Ph ratio appears to be too high for theemf@ntioned samples to indicate a carbonate
source. Samples like H1 and some of the FP santp8 and FP10) also express higher
MDBT/MPHEN with calculated ratios right below onehe H1 Pr/Ph ratio is estimated to be
too high for a carbonate rock (see Figure 7.15) Pm/Ph ratios of the FP sample are
generally lower, making a carbonate source a niketylscenario. Hughes et al. (1995) also
report that the ratio can be lowered by phytanévedrfrom archaebacteria in hypersaline
environments and a reducing environment tend tcetothie Pr/Ph ratio. The LH1 sample
expresses the lowest MDBT/MPHEN ratio of the sangge (apart from the uncertain NB1
sample). This gives a strong indication of a silastic shale source. The JC samples and Al
also express quite low abundances of MDBT comperddPHEN.
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RR-sterane distribution
of core extracts and oils

!

\ TERRESTRIAL HIGHER
o LACUSTRINE \ PLANTS

\

T T T | T T 1 1 _‘] T T |
25 50 ?5 IGD

0
% C28 % C29

Figure 7.17: The ternary diagram illustrates variations in depositional environmet based on the relative
distribution of C27, C28 and C29 sterane(Moldowan et al., 1985). The oils and condensatefopin a cluster
within the open marine to estuarine zone, which iguite typical for oils on the NOCS, i.e. environmets with Type
Il and Il kerogen deposited in marine settings. Senple LH1, A1, S2, JC3 and JC5 hava higher C27 abundance,
and are in-between the estuarine and open marine area. The FRAmples added to the plot seem to be scattered
somewhat randomly (modified fromShanmugam, 1985)
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The ternary diagram based on the sterane distibutidicates an estuarine depositional
environment for the samples (see Figure 7.17). Sohthe samples seem to have a higher
C27 relative sterane amount and leaning towardspam marine depositional environment,
e.g. Al, S2, LH1, JC3 and JC5. Note that generlydensate is relatively enriched in C27
steranes compared to C29, as a result of the carbnber distribution in in the front-end-
biased condensates (Karlsen et al., 1995). Neveshehigh C27 can also be a consequence
of phase fractioning, where the lighter fractiorll \Wwave a higher abundance of C27 sterane
(Karlsen et al., 1995). The Al and S2 condensatefilely influenced by this phenomenon;
the variations between the lower C27 sterane amaedim S1 compared to S2 strengthen this
proposition. The LH1 sample has also shown chanatites of a lighter oil fraction or
condensate fraction with high C20/(C20+C28) and CP8/(C28 TA+C29 MA).
Consequently the elevated C27 steranes valuebdaaforementioned sample can be a result
of phase separation rather than an open maringoamvent. Likewise, this proposition

cannot be excluded for the JC3 and JC5 samplereithe
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Figure 7.18: The Figure is a cross plot of Sterafidopane (Tissot and Welte, 1984) versus
bisnorhopane/(bisnorhopane + norhopane), (Wilhelmand Larter, 1993). The majority of the samples expgss low
bisnorhopane (BNH) abundance, with the exceptions @1, LH1 and NSO-1, indicating an anoxic marine
depositional environment for these three samples.HE sterane/hopane ratio is quite similar for most fthe samples,
with the JC3 as an outlier.

Based on the BNH content of the samples LH1 andsédm to originate from a different
source than the rest (Figure 7.18). Higher BNH alamce is reflecting an anoxic marine
environment. However, sparse occurrences of BNiHatnecessarily exclude anoxia (Peters
et al., 2007). The remaining samples are integpréd be more influenced by a terrigenous
environment. BNH will degrade during thermal matioa, thus the variations could also
reflect be a result of disparate maturities (Ceriet al., 1985). The sterane/hopane ratio will
also vary with lithology, where high ratios are asated with shale and low ratios with

carbonate.
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7.4.2 Summary of organic facies

The sample set analyzed in this thesis express gintilar organic facies parameters. Some
distinction can be drawn and are summarized ind @8 of the sample analyzed in this
thesis.

Table 7.3: All of the samples seem to be from antesrine/marine transitional environment, the Table divides the

samples further into three possible groups-The group is first and foremost based on the highebisnorhopane content
(see figure 7.18).

Marine to estuarine, mixed organic sources in a reducing environment (Ker lI/111 )

Shale with a higher input of a terrestrial Shale mostly marine input (more anoxic)1 Influenced by carbonate
source

FP4 Jc1 LH1 s1

FP8 Ic2 Al 52

FP9 Jc3

FP10 Jc4

FP11 JC5

FP12 IC6

FP13 H1

7.5 Biodegradation

7.5.1 Biodegradation based on temperatures at prasieday

Bacterial degradation of petroleum is optimal inface or near-surface temperature, and
temperatures exceeding 60-80°C are the upper (Peiters et al., 2005). The western Barents
Sea has general geothermal gradient trend of ~3knfCbased on the bottom hole
temperatures (BHT) of the area and a geothermaligwa of ~35 °C/km based on DST
samples by NPD. (2016b). The general geothermdigmnatrend seems to fit quite well with
the bottom hole temperatures measured in well 2.2qLH1), 7220/5-1(JC1-JC3), 7220/7-1
(JC4-JC5), 7220/8-1(JC6), 7220/6-1 (S1 and S2)urhesg a temperature at the sea bed at
4°C and the variation in water depth and Kelly Bughiglevation the gradient for well
7120/2-1, 7220/5-1, 7220/7-1 and 7220/6-1 are:
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97 °C—4°C

7120/2-1 2.820 km—0.386km—0023km 38.57 °C/km

7220/5_1:1740.0 kmiz).;cszsiri—omokm = 36.59°C/km
7220/7-1:2229.0 kmzz.;;i;—o.mokm = 37.28°C/km
7220/6-1 aere-ate = 36.62 °C/km ,

1.540 km—0.368km—0.025km

BHTSs for the other wells are not given. The tempees express slightly higher geothermal

gradients than the general trend of the Barents Sea

7.5.2 In-situ temperature for oils and condensates

Based on the present day depth of the samplesinsleis thesis and the geothermal gradient,
all of the samples (excluding H1, since the depgttumknown) from the reservoir strata
exceeds optimal temperature for biodegradation fgdsear temperature or near surface
temperature (Peters et al., 2005). However, JC1d@8 JC6 seem to be withing semi-
optimal temepratures for biodegradation (about@5The samples LH1, JC4, JC5 and Al
are estimated to be from reservoirs at abouiC6@\t temperatuers equal to or above°60
biodegradation is very unlikly. Even more so, ftetS1 and S2 samples where the
temperature ranges between 700t is important to note that biodegradation canpe
confidently excluded, as it may have occurred im plast at shallower depth, or as bacteria
have been reported to live at 28D(Baross and Deming, 1983). Still, such bacteria ar
possibly not responsible for degradation of commaéguantities of oil (Peters et al., 2007).
However, these temperatures are estimated formirdag, and lower temperatures cannot be
ruled out in the past. Given the history of thedBas Sea with several phases of subsidence
and uplift i.e. tectonism (Gabrielsen et al., 199@nd also eustatic events, different
subsurface temperatures are highly likely. Rapitirsentation or erosion can also alter the
geothermal gradient (Bjgrlykke, 2015). Based on thmperature estimations for the
respective wells, biodegradation discoveries likEl|.JC4 and JC5 could be a likely scenario
(see figure 7.19). The reason why there is no cwadence of biodegradation can be
explained the proposition by Wilhelms et al. (2Q04lere recent uplifted areas which were

exposed to high temperatures are sterilized. Sulesgly, the system will not contain any
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microorganisms even though the temperatures arbapl® for microbial degradation.
Moreover, based on the methylphenanthrene and mddibpsothiophene parameters the
shallow core samples plot within the early to pedkwindow (some samples even suggest
the late oil window). Consequently the remnantsrsé® have been generated and migrated
from its source. This strengthens the suggestindnaaivy biodegradation of the bitumen
contra restriction of petroleum migration into tRermations due to low porosity and bad

communication between pores.
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Figure 7.19: Estimated temperature for the ois and condensate based on the general trend of bottom hol
temperatures and drill stem tests taken from (NPD.2016b). The green lines marks the range were midoal
degradation alters (60-80°C).

7.6 QOil/condensate families and mixing of sources

The existence of multiple source rocks in the BewreBea (Ohm et al., 2008) and the
formation of structural highs and basins, incretise possibility for maturation of several
source intervals to expel petroleum and fill reses/in the area. Consequently, oil and gas
discoveries in the SW Barents Sea are likely tcabmix of several source rocks. Mixed
source rocks will naturally express conflicting oréty and organic facies estimations. Ohm
et al. (2008) constructed a map suggesting wher@#rmian, Triassic and Jurassic strata are

oil mature, based ongRrom wells in the area, semi-regional maturityntte and depth maps
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the Figure can be seen in chapter 2. The map stsgiped the Permian/Carboniferous source
rocks are oil mature (R0.6) around the Loppa High and the southern rinthef Finnmark

Platform. In the less uplifted areas around thepaopligh, the Triassic succession is believed
to be within the oil prone domain. The Upper Jura@dekkingen Formation) strata together
with the Triassic succession (Snadd, Kobbe, Klaganidavert Fms) are believed to be oil
mature in the Hammerfest Basin, while the Triassigrce rocks are estimated to produce oil

on the Bjarmland Platform and in the Nordkapp Basin

The Gy tetracyclic terpanes are likely to be found in ¢eet quantities in carbonate-
evaporitic source rock environments (Connan etl8i86). On the contrary Philp and Gilbert
(1986) suggested that a terrestrial-derived sowrgeld contain the highest abundance of
C,4 tetracyclic terpanes. In Figure 7.20 the ratidgedfacyclic terpanes plotted with tricyclic
terpanes show linear trends with changing matstitidis diagram was concluded by Lerch

et al. (2016b) to be an indicator of pre-Jurassd durassic petroleums.
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C23-C29 tricyclic terpanes/C30 alt-hopane
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Figure 7.20: The cross plot is taken from Lerch et al. L6b), with the addition of samples from this thesi The
Figure is a cross plot of the C24 tetracyclic terpane/C38R-hopane (Mello et al., 1988) versus C23-C29 tyiclic
terpanes/C30 a~hopane (Mello et al., 1988). The oils and conderisa can be divided into two chatogories based on
low and high C24 tetracyclic terpane/C30 al3-hopane ratios, theed ring show a linear correlation for the samples
with higher high C24 tetracyclic terpane/C30 a3-hopane ratios whenlgtted with the tricyclic terpanes over
hopanes, the blue circle illustrates the other fany with lower C24 tetracyclic terpane/C30 af3-hopane ratios. The
two families were interpreted byLerch et al. (2016b) and Bjorgy et al. (2010) to aginate from a Jurassic source
(red circle), and a pre-Jurassic source (blue circle) respectively.
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7.6.1 The LH samples

The LH1 sample expresses different maturity charestics compared to the rest of the
sample set and based on the MDBT/MPHEN ratio, aeBNH content the sample seems to
express a siliclastic source from a marine enviremmFigure 7.20 indicates that the LH
sample is of pre-Jurassic origin, which is in caapte with what Lerch et al. (2016) found.
The ETR ratio of 2.16 further supports a pre-Jucasggin. However, (Ohm et al., 2008)
viewed the ETR ratio of the LH1 sample as too law & Triassic source and proposed a
Paleozoic source. The conflicting maturity and aigafacies parameters can be a
consequence of mixing, the GC-FID chromatogramhefrespective sample also provides a
support to a model of a mix of petroleums (see feidii4 and appendix B). The A discovery
expresses the closest similarity to the above meeti sample based on the maturity
parameters (see Figure 7.5B, Figure 7.9), whergjasent wells from the Cretaceous express
lower maturities (sample B and D from Lerch et(@016b)). Moreover, the two samples
from the Loppa High plot in the pre-Jurassic zohew in Figure 7.20, and the B and D
samples appear to be Jurassic sourced based o Fi@®. The LH1 and the A sample are
found in Formations from the Late CarboniferoushE&ermian and might be from the same
Paleozoic source. Lerch et al. (2016a) relatedCtfgefraction of the LH1 sample to a source
of higher maturity than the surrounding wells, ane light hydrocarbon fraction could be of
the same origin for the respective wells. Furtheamdhe light hydrocarbon fraction filling
these discoveries is believed to be live (Lerchlet2016a, Ohm et al., 2008). This is further
supported by Vadakkepuliyambatta et al. (2013), wdmmorted active fluid flow systems in
the Bjgrngya Basin west of the Loppa High.

However, some discrepancies can be discerned betseseple LH1 and sample A, e.g.
tricyclic terpanes and diahopane/(diahopane + nogtan). This can be a consequence of
biodegradation, and as shown in Figure 7.13 tharpde is severally biodegraded and the
depth of the discovery is 1184m which will resualtémperatures allowing for biodegradation.
Biodegradation will start to attack biomarkersrasytlic terpanes before many of the other
biomarkers (Wang et al., 2001), and severe biodidi@n will degrade diahopane (Peters et
al., 2007). Nonetheless, another possible exptamé&ir the maturity variations could be that
the A sample is not sourced by the light hydrocariaction. If that is true the migration path
could possibly come from the Hammerfest Basin aod'twreach all the way to the A sample
located Bjorgy et al. (2010) suggested the UppenR@ Orret or Rgye Formations to be the
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most probable Paleozoic sources in the area. Tlge Rarmation seem to consist mostly of
carbonate in the area, as the LH1 sample showidermse of a carbonate source, it could
very likely be the shaly @rret Formation to be so@rce. The Formations in which the LH1
and A are found, are tilting towards the E-NE. Dreet and Rgye Formation can be found at
3km depth in the eastern part of the Loppa Highlénd et al., 2014), which is well within

the oil window based on the geothermal gradienhefarea. Henceforth, the Paleozoic
sources could be filling the discoveries followithg same Formations up-dip. The only
samples containing hydrocarbon compounds from @s3$it/pre-Trassic source on the Loppa
High are found in Late Carboniferous/ Permian/ softlased on this sample set), while
discoveries in younger Formations do not. Thisfcatiher support a model in which source
and reservoir to be within the same Group or FaonatHowever, this suggestion requires a
migration pathway for the petroleum. Nonetheldss,A sample at the Bjarmland Platform
close to the boarder of the Loppa High also in@isat pre-Jurassic source (see Figure 7.20).
These samples express generally high maturitiesdbars every maturity plot. Lerch et al.
(2016) proposed the A sample to be generated freingke source, which did not contribute

to any of the other discoveries in the area.
7.6.2 The JC samples

The JC samples express similar attributes baseédeomaturity plots and organic facies, with
the exception of degraded n-alkanes due to biodagmn of the samples JC1-3 and JC6. The
ETR value for the six samples ranges from 0.50,0v3ich is low indicating a Jurassic
source. Subsequently the samples plot within thas3ic sourced family based on Figure
7.20. Liu (2013) suggested that the Snadd Formatide the source rock filling the JC field.
This seems highly unlikely based on biomarker daltdained in this thesis. The oils
discovered in the JC field are believed to be smdirby a paleo-oil and a lighter live
hydrocarbon fraction (Matapour, 2013). Matapour 120 suggested the paleo-oil to be
biodegraded, furthermore, he suggested that thkkSpermation was gas-prone to the west
of the field and a possible source rock for thétkg fraction. The Spekk Formation is not
found in the Barents Sea (NPD., 2016b). However,atuivalent Hekkingen Formation for
the Barents Sea is (NPD., 2016b). The biodegradatfathe oil fits well with the slightly
elevated UCM that all of the Johan Castberg samplgsess (see Figure 6.5-6.10 and
appendix B). Subsequently, the new gas charge séenhe further biodegraded in the
shallow samples JC1-3 and JC6, with low n-alkarekpend elevated Pr and Ph peaks. The
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guestion is whether this implies that charging ted shallower discoveries has ended, or is
biodegradation occurring at a more rapid pace tresh infill can keep up? Nevertheless, the
same source rock is probable for the two chargéh, different maturities of the source rock
and the Hekking Formation would be the most likebyrce. The discoveries are situated in
Formations from Middle Jurassic (Stg and Normelanfation) West of the Loppa High
platform, on the Bjarmgyrenna Fault complex andRbtheim Sub-Platform. It is interesting
to note that these samples found in post-TriassicnBtion seem to contain no pre-Jurassic
derived oil in the area.

ETR
l
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C24 tetracyclic terpane/C30 alk-hopane

Figure 7.21: TheFigure is a cross plot of the C24 tetracyclic terpane/C38%-hopane(Mello et al., 1988 versus ETR
(Holba et al., 2001. The group within the red circle is believed to bef Jurassic origin, and the two samples within th
blue ring are probably of pre-Jurassic origin.
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7.6.3 The Heilo prospect (H1) sample

This sample also expresses a clear indication wihgnibased on the n-alkane distribution of a
light and heavier petroleum fraction (see FigurElL. Moreover, the ETR values and Figure
7.20 indicate a Jurassic source which is in agreémvigh what Kuld (2009) found based on
the 24-norcholestane Ratio (NCR). The odd to evedgminance ratios are also above 1 (see
Figure 7.15 and Table 6.4), suggesting a shaleetsource which is in accordance with the

Jurassic Hekkingen Formation.
7.6.4 The S samples

The S1 sample shows a clear indication of mixingved sources based on the GC-FID
chromatogram i.e. one light and one heavier frac{see Figure 6.12). Based on the even-
over-odd number between ngandn-C,, the S1 sample was interpreted to be carbonate-
derived (Ohm et al., 2008). Henceforth, Ohm ef2008) suggested a Paleozoic source for
the heavy hydrocarbon fraction, based on the faadt the most probable carbonate source in
the area is of this age. This is contradictingh® tesults found in this thesis, where the CPI,
OEP(1) and OEP(2) are 1.08,1.02 and 1.10 respéciisee Figure 7.15). However, the CPI
and OEP ratios calculated in this thesis are basdtie heavier fraction of the n-Alkanes (n-
Ca1to n-Ggg), and might explain the discrepancies. The MDBTHEN ratio is also high
compared to the rest of the sample set, thus pgindi a carbonate derived source (see Figure
7.16). Furthermore, the ETR values are low forSieand S2 samples, 0.56 and 1.00 and the
sample plot within the Jurassic sources zone (ggpard-7.20). As mentioned in section 7.4
the Hekkingen Formation do also contain carbondtee light hydrocarbon fraction is
purposed by Lerch et al. (2016a) to be sourced fygre 11/11l kerogen from the Triassic or
Jurassic era. The question is why the ETR valumeiigher and C24 tetracyclic terpane/C30
al3-hopane ratio less if this is the case? A passibswer could be a contribution of the pre-

Jurassic source/sources which might be so lowittll@esn't affect these ratios.
7.6.5 The Alke structure (Al) sample

The Al also expresses low maturities based onaathiand aromatic biomarker parameters
compared to the medium ranged, where it plots &sabrthe most mature in the sample set.
Again this could be a cause of mixing petroleunthoaigh the n-alkane distribution shows

no clear indication of mixing. Based on Figure 7tB® sample seems to plot in-between the
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two main groups. The same was also reported bygBjet al. (2010), and was explained by
mixing from two sources, biodegradation, phaseediiices and higher maturity. Lerch et al.
(2016a) proposed a long distance migration of tgbkt Ihydrocarbon fraction, with a less
mature Go.fraction contributing from a local source (Lerchakét 2016). The Upper Jurassic
Hekkingen Formation seems to be a possible sowrcéhé mature long distance migrated
fraction. The ETR is 2.10 which is the second haglué the sample set, hence questioning the
possibility of a Jurassic derived source. Howeviis could be due to the second source

being of pre-Jurassic origin, and might originaiaf older strata in the Hammerfest Basin.

7.6.6 The FP and NB samples

The attempt to determine a source for these sarhplegproven to be difficult. However, the
medium ranged biomarkers imply somewhat lower nitgttiman what is seen for the oils and
condensates. Figure 7.16 suggests a shale sourteef&innmark Platform samples and the
Nordkapp Basin sample, leaning towards a lacusteiméronment (sulfate poor). The Z1
sample analyzed by Lerch et al. (2016b) taken ftate Permian rocks on the Finnmark
Platform are proposed by Van Koeverden et al. (20t0 be sourced from Lower

Carboniferous coals in the Tettagras Formatiors, ihalso in agreement with what is shown
in Figure 7.13. This could be the source of theeceamples in the Finnmark Platform,
however the Pr/Ph ratios are likely too low foraalcsource, a factor which could point to a
co-contribution from shales. The source for thegle sample from the Nordkapp Basin is

unknown.

7.7 Migration pathways

The Middle part of the Hammerfest Basin seems tohkavily dominated by light
hydrocarbons, and remnants of paleo oil have beendfin many locations (Knutsen et al.,
2000). Consequently oil seems to have remigratéaiothe system. Cenozoic upliftment are
believed to be the main cause for this phenome®bm(et al., 2008, Henriksen et al., 2011b,
Lerch et al., 2016a, Karlsen and Skeie, 2006), wérand possibly gas have remigrated due
to expansion of the gas cap se Figure 7.21 (cflaBdgand Mackenzie, 1989). One or both of
the two cases explained in Figure 7.21 are likelpe the process behind the discoveries of

oil in the margins of the Hammerfest Basin.
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Figure 7.21: The Figures illustrates two scenarioduring upliftment resulting in changes for the PVT, subsequently
expanding the gas cap displacing petroleum. The it possibility oil is spilled from the trap and remigrating to the
second trap, resulting in an oil filled reservoir.In the second possibility oil and gas will spill fom the trap and
remigrate, in this scenario the cap rock quality inthe second trap is bad. Consequently the trap leakgas and holds

the oil column. This would be a trap 1I/lll type (cf. Sales, 1997)The leaking can be due to faulting or the brittlenes o
the cap rock. The bar graph is taken from Ohm et al(2008) modified from England and Mackenzie (1989)

The Jurassic derived oil seems to originate mdnolyn the Hammerfest Basin possibly due to
upliftment. This assumption is based on the sintiés we see in the geochemical parameters.
Moreover, the maturity seems to be within the saamge suggesting not only the same
source, but also hydrocarbons from the same expul§ihe H1 sample could possibly be
charged from the Hammerfest Basin and this couldrbe for both the light and heavier
fraction (see Figure 7.22). Moreover, this coulsoabe true for the upper part of the Goliat
field and the oil discoveries found in Early Creamteos strata on the Loppa High.
Furthermore, the Johan Castberg field seems toesgpmany of the same geochemical

features i.e. maturity, organic facies and agemedions, as the oils situated in the margins of

147



Chapter 7 Discussion

the Hammerfest Basin features. Hence, there coel@ Ipossibility that the field contains
remigrated Jurassic oil from the Hammerfest Baldiowever, this is very uncertain and the
oil would have to migrate through a heavily faultr@a (Ringvassgy-Loppa Fault Complex)
of more than 50km, although the fault planes is Hrea are mostly parallel to the migration
pathway. One could also argue that the paleo-oilh&n Johan Casberg field seem to be
biodegraded, and some of the other oils found & Hammerfest Basin margins are not.
However the shallower discoveries on the Loppa Higive shown severe levels of
biodegradation (Lerch et al., 2016b) Nonethelassequally likely possibility would for the
oil to originate from the Bjgrngya Basin, from t&me source rock as the Hammerfest basin
discoveries (likely Hekkingen Formation). Thusiibyides the same geochemical signatures,
however the similarities in maturity seem to beyv@milar, whether this is a coincidence or a
connection is hard to determine. Most of the samplso seem to be influenced by a second
light hydrocarbon charge, of possibly Jurassic infigas seen in Figure 7.22. This may

originate from the Hammer Fest Basin, and possh®yBjgrngya Basin.

The oil found in the LH1 sample seems to origireiemewhere from the Loppa High where
Permian source rocks are mature. The arrows inr€igL22 indicate two possible migration
pathways. The Al and the lower parts of the Gdietl seem to have a contribution from a
Pre-Jurassic source which could originate fromdibeper parts of the Hammerfest Basin. The
LH1 sample appears to be influenced by a secohdelidnydrocarbon source, whether this is
the same source as the other samples are uncéf@ieover, it is also important to note that
the Al sample is a condensate and might not bédefsame origin as the deeper Goliat

discoveries, but different pre-Jurassic sources.
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Figure 7.22: Tentative map of migration and remigraion paths of Jurassic and pr-Jurassic petroleum charges based
on the geochemicl signatures of the samples analyzed. The transparearrows are uncertain. All the pre-Jurassic
migration pathways are very uncertain. Moreover, wich way the charges are coming from is hard to detmine,
especially on the Loppa High. The underlying mags taken from (NPD., 2016a). Some of the suggesteéynation
pathwaysis inspired by the article written by Lerch et al.(2016a).
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8. Conclusions and future work

8.1 Conclusions

Nine oil samples and two condensates have beerngencally analyzed from the SW
Barents Sea. In addition 15 shallow core samptes the Finnmark Platform and Norkapp
Basin have also been extracted and analyzed. Tdigtieal methods employed have been
TLC-FID, GC-FID and GC-MS. The sample set age rarigem Upper Carboniferous to Late

Jurassic. The following conclusions can be drawn:

* The range of the maturities for the sample seetaben early to the late “Oil
window”. Biomarker maturity parameters seem toreate a lower maturity than the
medium range parameters for the oils and condessate

» Fractionation effects are concluded to alter theneded maturities for sample S2, Al
and LH1.

» All of the samples are interpreted to be of tyghllkerogen from mixed organic
sources in a reducing environment.

« Sample FP4, FP8, FP9, FP10, FP11, FP12, FP13,)M021,)C3, JC4, JC5, JC6 and
H1 have a higher input of marine organic mattemf@a LH1 and Al have a higher
terrigenous input and the Snghvit samples seera tofluenced by carbonate.

» The sample LH1 from the Loppa High and the condenisam Al from the southern
margin of the Hammerfest Basin are of pre-Juramsign. Moreover, the LH1 sample
is believed to be Paleozoic sourced, where thet@menation is the most likely
succession for the oil to originate from.

» The core samples from the Finnmark Platform arersdy biodegraded and water
washed. The bitumen seems to have migrated intBdh®aations pore-space. The
comparison with the discovery on the Loppa Highnedrbe carried out in a satisfying
manner due to the poor signal to noise ratio ferekiracted cores. However, the
bitumen could originate from Lower Carboniferoustagras Formation with a
secondary influence of a shale source. The NordBgsin sample is also severely

biodegraded and water washed. The sample canmairivected to any source.
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The shallower samples in the Johan Castberg freldi@degraded. The lower
discoveries appear biodegraded and later maskadeyv hydrocarbon source. This
seems to be the case for the LH1 sample as well.

All of the oils analyzed in this thesis are inteted to be a mix of sources, ong.C
fraction and a heavier;&. fraction. Where the Hekkingen Formation is thersedor
both fractions, this is the case for all the oMsept the LH1 and Al. The Hekking
Formation has firstly generated oil and later oemwhkituated deeper, generated a
lighter fraction of petroleum in the Hammerfest Ba3 he latter is believed to be live.
Cenozoic upliftment has resulted in remigrationhef palaeo-oil in the Hammerfest
Basin to basin margins and structural highs. TheddCastberg oil can be sourced
from this remigration or from the Bjgrngya Basihe§e two possibilities are also true
for the lighter hydrocarbon fraction found in th@hdn Castberg field.

The remigration of oil and the oil discoveries fdun the basin margins and structural
highs are concluded to be a result of gas colunpamsion and differences in cap-rock
gualities.

8.2 Suggestions for future work

The Barents Sea is still a relatively unexplorezhan terms of petroleum exploration.

Therefore, further geochemical petroleum invesiiget are needed to gain a better

understanding of the area. Due to the limit timé&img this thesis (one semester), some

suggestions for further work are as follows:

The addition of more oil and condensate samplas ttee SW Barents Sea would lead
to more confident conclusions.

The biodegraded bitumen sample proved to give igfigag results as a comparison
analogue. A possibility would be to analyse conegeairoleum samples from deeper
parts of the Finnmark Platform, where the biodegtiat is not as severe. The
Finnmark Platform is dipping towards the North, sequently Carboniferous-Permian
samples can be found deeper.

The addition of the Gohta discovery in Permian Gasgtes from well 7120/1-3 would
be of great value to further investigate, in paific related to the interesting

Palaeozoic discoveries on the Loppa High
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« To further investigate the level of biodegradaitos suggested to evaluate the
distribution of naphthalenes. Moreover, if the slagontain 25-norhopanes and
seco-hopanes which are created when an oil is egpossevere biodegradation
(Peters et al., 2007)

* Asses the amount of water-soluble aromatic comp®asdoluene to indicate long
distance migration or water washing for the respectamples. This would be
especially interesting for the Johan Castberg Sesnhd the Masgy Fault Complex
sample.

* Rock-Eval pyrolysis and isotope analysis would &lsaiseful for more confidently
concluding maturity and age of the samples.

» Finally, to investigate the light hydrocarbon fiaaotof the oils and condensate i.e.
toluene/n-heptane ratio, heptane/methylcyclohexatie and G compound ratios to

address biodegradation, water washing, and evapeiffaactionation.
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RT: 45.00 - 120.00
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RT: 45.00 - 120.00
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APPENDIX C.

RT: 50.00 - 90.00

100 NL:
3 1.26E5
95 TICF: +cEl
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Appendix D

Table D1: Parameter 1-27, Pr/n-C17 and Ph/n-C18. The parameters are taken from (Lerch et al., 2016)

Sample Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
D 0.6 0.81 0.6 - 0.36 - 0.31 0.05 - 0.62 0.52 0.56 - - -
Y 0.38 0.64 0.59 - 0.23 - 0.31 0.05 - 0.61 0.51 0.5 - - -
\l 0.4 0.64 0.6 - 0.24 - 0.31 0.04 - 0.6 0.5 0.49 - - -
w 0.47 0.66 0.6 - 0.27 - 0.36 0.05 - 0.58 0.52 0.49 - - -
Z1 0.54 0.75 0.59 - 0.3 - 2.05 0.28 - 0.48 0.52 0.56 - - -
A 0.65 0.7 0.54 - 0.34 - 0.88 0.03 - 0.58 0.51 0.42 - - -
A 0.83 0.87 0.57 - 0.44 - 1.67 0.06 - 0.63 0.51 0.5 - - -
AB 0.36 0.53 0.59 - 0.19 - 111 0.07 - 0.5 0.51 0.5 - - -
B 0.43 0.64 0.56 - 0.44 - 0.8 0.14 - 0.59 0.51 0.39 - - -
P 0.57 - 0.51 - 0.39 - 31 0.47 - - - - - - -
T 0.47 0.63 0.58 - 0.23 - 0.26 0.05 - 0.55 0.48 0.38 - - -
T 0.47 0.63 0.58 - 0.23 - 0.26 0.06 - 0.56 0.49 0.38 - - -
T2 0.83 0.92 0.57 - 0.51 - 1.11 0.04 - 0.58 0.46 0.47 - - -
T3 0.81 0.92 0.57 - 0.52 - 1.17 0.04 - 0.59 0.48 0.46 - - -

Sample Name 16 17 18 19 20 21 22 23 24 25 26 27 Pr/n-C17 Ph/n-C18
D 0.73 0.73 0.91 0.67 0.45 3.15 0.9 0.8 0.85 0.74 - - 1.19 0.63
\ 0.34 0.34 0.91 0.61 0.43 2.24 0.9 0.77 0.8 0.67 - - 1.04 0.77
Al 0.33 0.33 0.93 0.6 0.43 2.29 0.91 0.76 0.8 0.68 - - 1.04 0.77
w 0.45 0.45 0.9 0.58 0.42 3.36 0.9 0.75 0.78 0.76 - - 0.94 0.79
Z1 0.78 0.78 1.38 0.72 0.51 4.54 11 0.83 0.97 0.84 - - 0.42 0.17
A 0.36 0.36 0.82 0.68 0.42 6.29 0.85 0.81 0.77 0.97 - - 11.06 7.06
A 0.82 0.82 1.04 0.77 0.47 5.56 0.97 0.86 0.88 0.92 - - 0.87 0.64
AB 0.46 0.46 1 0.57 0.45 4.14 0.95 0.74 0.84 0.81 - - 0.46 0.31
B 0.28 0.89 0.74 0.41 0.39 2.76 0.81 0.65 0.7 0.71 - - 0.96 0.67
P 0.9 0.68 1.13 0.62 0.47 4.98 1.01 0.77 0.9 0.87 - - 0.86 0.5
T 0.34 0.93 1 0.66 0.46 3.93 0.95 0.8 0.87 0.8 - - 0.88 0.52
T1 0.34 0.91 1 0.65 0.46 4.12 0.95 0.79 0.86 0.81 - - 0.86 0.51
T2 0.51 0.83 1.06 0.55 0.43 4.62 0.98 0.73 0.81 0.85 - - 111 0.79
T3 0.6 0.8 0.99 0.55 0.41 3.69 0.94 0.73 0.76 0.78 - - 11 0.79
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