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Abstract

Geochemical analysis of oil and condensate samples from all major fields and discoveries in the Norwegian South Viking Graben, as well

as source rock extracts of Upper and Middle Jurassic source horizons, was carried out to characterise reservoired hydrocarbons and establish

genetic relationships. The South Viking Graben is in a mature phase of exploration, and this study aims at unravelling regional trends to

improve predictions in exploration and will show the significance of the play models in the area.

Seven hydrocarbon families have been identified, based on interpretation of molecular and isotopic characteristics and multivariate

analysis of biomarker data. These families can be linked to three source horizons. Three families originate from different facies of the

Draupne Formation and are characterised by Pr/Ph ratios below 2, dominance of C27 regular steranes over the C29 homologues, and carbon

isotopic values for saturate and aromatic fraction lighter than K28 and K27‰, respectively. The Upper Jurassic Heather Formation and the

Middle Jurassic Vestland Group each source one group of hydrocarbons. Typical for Heather sourced hydrocarbons are elevated Pr/Ph ratios

between 2.35 and 3.08, low ratios of C27/C29 regular steranes and average isotopic values of K28.4‰ (d13C Sat) and K26.8‰ (d13C Aro).

Hydrocarbons from a Middle Jurassic source are characterised by very heavy isotopic composition, highest Pr/Ph ratios of the data set and

dominance of C29 regular steranes over the C27 homologues, among other factors. The two remaining families represent mixtures from Upper

and Middle Jurassic sources, and are mainly encountered in the Greater Sleipner Area.

The available data in this study allowed characterisation of 84% of the recoverable oil resources which proved that the main source rock in

the area is the Upper Jurassic Draupne Formation. The play concept including a Draupne source and Tertiary reservoir proves to be most

prolific, with 239!106 S m3 of recoverable oil, equalling 88% of the total characterised oil resources. Oils in these Tertiary reservoirs are

however likely to be affected by biodegradation. Based on the available data, the zone of biodegradation in the South Viking Graben appears

to be limited to depths above 2140 m and temperatures below 70 8C.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The Norwegian South Viking Graben has been explored

since the late 1960s. Recoverable resources from fields and

discoveries account for 323!106 S m3 oil and 463!
109 S m3 gas (Ministry of Petroleum and Energy, 2005).

Although the area may be viewed as being in a ‘mature’

phase of exploration, discoveries are still being made, for

example the ‘West Cable’ discovery made by Esso Norway

in the Greater Utsira High area. To optimise future

exploration efforts, a thorough understanding of the

petroleum systems operating in the area is necessary.

Integration of existing work as well as the regional analysis

of source rocks, discovered hydrocarbons, migration path-

ways and thermal maturity modelling of the area is

essential.

This is the second part of a larger study of the petroleum

systems in the South Viking Graben. Previous studies

(Justwan and Dahl, 2005; Justwan et al., 2005) focussed on

the distribution and quality of the Jurassic source rocks and

their geochemical properties. In the present study, we

analysed 66 hydrocarbon samples from 31 fields and

discoveries in the area to define their thermal maturity,
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composition and secondary alteration and to classify the

hydrocarbons into genetic families related to specific source

horizons. Based on published estimates of recoverable

resources in the area (Ministry of Petroleum and Energy,

2005) and the identified hydrocarbon families, we will also

attempt to evaluate the prospectivity of play concepts in the

area in terms of recoverable resources. The geographic

distribution of the identified genetic families will also be

discussed in a migrational context.

2. Geological setting

The study area is located between 60815 0 and 588N in the

southern part of the Norwegian Viking Graben (Fig. 1). The

area contains several major oil and gas accumulations,

among those the Sleipner, Balder, Grane, Heimdal and

Frigg fields and is dominated by a large structural high, the

Utsira High, with the Stord Basin to the east and

the Heimdal and Gudrun Terraces and Viking Graben to

the west (Fig. 1). The main boundary of the South Viking

Graben to the west is the East Shetland Platform boundary

fault. This structural configuration is mainly the result of

two major phases of extension during the Permo-Triassic

and the Late Jurassic (Ziegler, 1992).

There are four major confirmed plays in the area (Eriksen

et al., 2003): The Paleogene play, the Upper Jurassic play,

the Early to Middle Jurassic play and the Triassic play.

Common to all fields and discoveries of the Triassic play, is

the fact that the reservoir is unconformably overlain by

Upper Jurassic or Cretaceous fine-grained organically

enriched rocks (Pegrum and Spencer, 1990). Hydrocarbons

usually have short migration routes, and typically occur in

tilted fault blocks (Goldsmith et al., 2003). One example for

this play is the Sigyn field (Fig. 1) with hydrocarbons

trapped in the Skagerrak Formation.

The Early to Middle Jurassic play in the area comprises

hydrocarbons in the non-marine to marginal marine sands of

the Lower Jurassic Statfjord Formation sealed by the Dunlin

shales. In addition, the Callovian sandstones of the Hugin

Formation and the Bathonian to Bajocian coastal plain

sandstones of the Sleipner Formation (Pegrum and Spencer,

1990) are hydrocarbon bearing in the southern section of the

study area, while in the northern half of the study area

hydrocarbons are encountered in the sands of the prograding

clastic wedge of the Brent delta. Tilted fault blocks are

unconformably overlain by Upper Jurassic or Cretaceous

shales forming the traps (Pegrum and Spencer, 1990;

Husmo et al., 2003), but a domal component caused by

halokinesis of Permian salt is evident in the Sleipner area

(Ranaweera, 1987). Source rocks in this play are the Upper

and Middle Jurassic shales, carbargillites and coals (Isaksen

et al., 2002).

Syn-rift submarine fans of the Brae trend (Stow et al.,

1982; Fraser et al., 2003) exemplify the Upper Jurassic play

including intra Draupne and Heather Formation sands as

well as the shallow marine sands deposited close to highs

and basin margins (Johnson and Fisher, 1998; Fraser et al.,

2003). The trapping style is variable and includes rotated

fault blocks and stratigraphic traps (Pegrum and Spencer,

1990). Cap rock is most commonly the shale of the Draupne

Formation. Migration is usually of short distance (Fraser

et al., 2003) directly from nearby Upper Jurassic shales.

Examples for this play are the Gudrun field and discovery

25/7-2 (Fig. 1).

Of great economic importance in the study area,

especially in the Greater Utsira High area, is the Paleogene

play, including the Paleocene (e.g. the Heimdal and Grane

Fields, Fig. 1) and the Post-Paleocene plays (e.g. the Frigg

Field, Fig. 1). Reservoir rocks are submarine fan sandstones

Fig. 1. Major structural elements, fields and discoveries in the study area.

The study area comprises the Norwegian South Viking Graben and the

adjacent Utsira High to the east.
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that developed along the faulted basin margins in the west

and spread eastwards (Hanslien, 1987; Stewart, 1987;

Milton et al., 1990; Ahmadi et al., 2003). Although the

exact mechanisms of migration remain unclear (Ahmadi

et al., 2003), it has been suggested that the sandstones of

Paleocene, Eocene or even Oligocene age (e.g. in Well 25/

2-10S) are charged by leakage from Jurassic sources into

broadly continuous Tertiary sandstones where subsequent

lateral migration occurs (Isaksen and Ledje, 2001). Vertical

and lateral seals are provided by marine mudstones (Pegrum

and Spencer, 1990), but complex stratigraphic alternations

may occur as evidenced by the Balder Field (Hanslien,

1987; Jenssen et al., 1993). Structural and stratigraphic traps

are common (Ahmadi et al., 2003), sometimes enhanced by

differential compaction (Jenssen et al., 1993).

The majority of the oil resources in the study area (after

data in Ministry of Petroleum and Energy, 2005) derive

from the Paleogene play with 266!106 S m3 (1.7!109

barrels) of oil recoverable and 273!109 S m3 (9.6 Tcf) gas

(Fig. 2). The Early and Middle Jurassic play yields large

amounts of gas (157!109 S m3 or 5.5 Tcf) and condensate

(35!106 S m3), however only insignificant oil resources

(29!106 S m3 or 182!106 barrels) (Fig. 2). The Triassic

and Upper Jurassic play are of minor economic importance

in the area.

In addition to the aforementioned proven plays in the

area, minor oil shows have also been reported from

conglomerates of Rotliegend age in Well 25/10-2R, the

hydrothermally altered basement in Well 16/1-4 and in the

Upper Cretaceous strata of Well 25/2-13.

3. Samples and analytical methods

3.1. Samples

Analyses were made on 61 oil and condensate samples

provided by the Norwegian Petroleum Directorate

(Table 1). In addition to these samples, published

geochemical service reports for five oil samples (wells 24/

12-3S, 25/11-18, 16/1-4, 25/8-9 and 25/2-12) in the area

were obtained from the same source. One hundred and

eighty-one source rock cutting samples of eight wells

penetrating the Upper Jurassic were collected at the core

repository of the Norwegian Petroleum Directorate. To

complete the source rock data set, carbon isotopic data for

saturate and aromatic fractions of source rock extracts were

provided by Esso Norway, based on analyses performed at

Geolab Nor, Robertson Research International, Simon

Petroleum Technology, Geochem and the Norsk Hydro

Research Center.

3.2. Analytical methods

Oil densities were determined using an Anton Paar

Densimeter DMA 602 at standard conditions of 15 8C and

atmospheric pressure and converted to API gravities.

Solvent extraction was carried out with a SOXTECTM

System HT2 1045 extraction unit on washed, crushed and

ground cutting samples with dichloromethane/methanol

(93:7) as solvent. In the following, asphaltenes of all

samples were precipitated by adding an excess amount of n-

pentane following the procedure suggested in Weiss et al.

(2000). For GC, GCMS and isotope analysis, preparative

group type separation of the maltene fraction was carried

out using medium pressure liquid chromatography (MPLC)

following methods modified from Radke et al. (1980). For

all oil samples and the source rock extracts from wells 15/9-

18, 25/5-5, 25/7-2, 16/7-2 and 25/1-10 a Merck-Hitachi

655A-12 pump and L-500 LC Controller was used together

with a Shimadzu RID-10A Refractive Index Detector.

Samples from wells 15/3-3, 15/3-5 and 16/1-2 were

separated using a similar system with Beckman Model

100A and 112 pumps and a Gilson 131 RI Detector. A

Merck Lobar Lichroprep Si 60 40–63 mm column and n-

hexane as mobile phase was used in both cases.

An Iatroscan TH-10 TLC-FID Analyser MKII was used

to determine the compound class composition of the

deasphaltened oil samples.

The carbon isotopic analysis of the saturate and aromatic

hydrocarbon fractions of all oil samples and 15 source rock

samples of Well 15/9-18 was carried out on a Carlo Erba

NA 1500 elementary analyser and a Finnigan MAT Delta E

online mass spectrometer. All results are reported against

the international standard PDB. GC and GC–MS analysis

for the saturate fractions of all oil samples and source rock

samples of wells 15/9-18, 25/5-5, 25/7-2, 16/7-2 and 25/1-

10 was performed on a Hewlett Packard GCMSD,

Fig. 2. Recoverable resources in the proven plays in the South Viking

Graben. The resources include fields and discoveries under development or

likely to be developed. Data from Ministry of Petroleum and Energy

(2005).
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consisting of a HP 6890 GC Plus and a HP 5973 Mass

Selective Detector operating in SIM mode. The GC unit was

equipped with two HP 19091Z-105 HP-1 methyl siloxane

columns of 50 m nominal length, 200 mm nominal diameter

and 0.33 mm nominal film thickness each. The oven’s initial

temperature was 50 8C and increased regularly during

20 min to an end temperature of 310 8C until 80 min.

Helium was used as carrier gas. The temperature of the FID

was 320 8C and the hydrogen flow was 40 ml/min, while the

air flow was held at 400 ml/min.

Samples of the wells 15/3-3, 15/3-5 and 16/1-2

were analysed on the same system, but using two HP

19091Z1J-102 HP-5 5% phenyl methyl siloxane columns of

25 m nominal length. The oven’s initial temperature was

70 8C, increased during 20 min to an end temperature of

310 8C until 60 min and the air flow was held at 450 ml/min.

GC and GCMS ratios were calculated from measured peak

heights.

4. Results and discussion

4.1. Source rock geochemistry

Although several source-prone horizons have been

identified in the area (Field, 1985; Thomas et al., 1985), it

is generally agreed that the Oxfordian to Ryazanian

Draupne Formation is the principal hydrocarbon source

rock (Barnard and Cooper, 1981; Cornford, 1998; Justwan

and Dahl, 2005; Justwan et al., 2005). Oil and gas is also

generated by the underlying Upper Jurassic Heather

Formation of Callovian to Oxfordian age. The coaly shales

and coals of the Middle Jurassic Hugin and Sleipner

formations (Bathonian to Oxfordian) in the southern half of

the study area have potential to generate gas and minor

amounts of liquid hydrocarbons (Isaksen et al., 1998). The

shales of the Early Jurassic Dunlin Group are generally lean

and inertinitic in the study area (Thomas et al., 1985).

Therefore, for the study of genetic relations between oils

and source rocks in the area, only samples from Middle and

Upper Jurassic strata were used.

4.1.1. Source potential

Earlier studies (Justwan and Dahl, 2005; Justwan et al.,

2005) have shown that the source facies and potential of the

Jurassic source rocks in the area varies greatly regionally

and stratigraphically. Within the Draupne Formation there

are large differences in source potential and geochemical

characteristics between the upper, post-rift section of Mid

Volgian to Ryazanian age (‘upper Draupne Formation’) and

the lower syn-rift section of Oxfordian to Mid Volgian age

(‘lower Draupne Formation’) (Justwan and Dahl, 2005;

Justwan et al., 2005). The upper Draupne, which is up to

330 m thick in the area, is generally rich oil-prone and

dominated by Type II kerogen, while the up to 1600 m thick

lower Draupne Formation contains a mixture of oil-prone

Type II and gas-prone Type III material, with a dominance

of gas-prone matter (Fig. 3) (Justwan et al., 2005). The oil-

prone nature of the upper Draupne Formation is the result of

widespread anoxic conditions, as well as little dilution by

clastic or terrestrial organic matter (Justwan et al., 2005).

The facies and potential of the lower Draupne Formation is

due to dilution of the marine material with gas-prone and

inert organic matter through mass flow processes and a

higher degree of clastic dilution (Justwan et al., 2005). The

Heather Formation is a lean, mostly gas-prone source with

only few isolated patches of marine Type II kerogen source

rock (Justwan et al., 2005). Maturity-corrected Hydrogen

Fig. 3. Pseudo-Van Krevelen diagrams for Upper and Middle Jurassic source horizons. While the upper Draupne Formation predominantly consists of oil-

prone Type II kerogen, the lower Draupne Formation is characterised by a mixture of Type III and Type II material. The Heather Formation and the Middle

Jurassic Vestland Group show an even higher contribution of Type III kerogen.
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Indices (HI), as well as total amount of organic carbon

(TOC) values, increase gradually upwards (Fig. 4). Average

values after Justwan et al. (2005) for the respective

formations are: Heather Formation: Hydrogen Index of

184 g HC/kg Corg and 3.6 wt% TOC (nZ334); Lower

Draupne Formation: Hydrogen Index of 234 g HC/kg Corg

and 4.1 wt% TOC (nZ520); Upper Draupne Formation:

Hydrogen Index of 340 g HC/kg Corg and 5.3 wt% TOC

(nZ210). The Hugin and Sleipner formations contain

organic rich shales with lower TOC and HI values than

the Heather Formation. In addition, they contain carbargil-

lites and coals with TOC values well above 60 wt% (Fig. 4).

4.1.2. Molecular and isotopic characteristics of Upper

and Middle Jurassic source rocks

Regional and stratigraphic variations in source potential

are also reflected in molecular and isotopic properties. It is

desirable to obtain profound knowledge of the molecular

facies distribution within the source horizons for a source–

oil correlation project. In order to extract useful information

Fig. 4. Well log response, lithology, maturity-corrected TOC (triangles) and Hydrogen Index (squares) and exemplary gas chromatograms for source extracts

for the Upper and Middle Jurassic section of Well 15/9-18 (well position see Fig. 1). The Draupne Formation of Oxfordian to Ryazanian age is the principal

hydrocarbon source rock in the area, while the Callovian to Oxfordian Heather Formation generates gas and to minor extent oil. The Middle Jurassic Hugin and

Sleipner formations (Bathonian to Oxfordian) have potential to generate gas and minor amount of liquid hydrocarbons (Isaksen et al., 2002). The Draupne

Formation can be subdivided into a rich, oil-prone, upper, post-rift section of Mid Volgian to Ryazanian age and an underlying syn-rift section which contains a

mixture of gas- and oil-prone kerogen (Justwan and Dahl, 2005; Justwan et al., 2005). * Ratio of Pristane over Phytane ** Ratio of C27 to C29 regular steranes,

measured in m/z 218.
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on source facies and depositional environments from

biomarker data and to identify useful source–oil correlation

parameters, only samples of the same level of thermal

maturation and sufficient richness should be employed.

However, as the kitchen areas are often only sparsely drilled

even in mature exploration areas, this is difficult. Filtering

the available data set to remove lean and immature samples

would dramatically reduce the amount of available data; we

have therefore chosen to keep the entire database. The

source rock database contains samples from 2209 to 4798 m

TVDss, of which more than 85% originate from depths

greater than 3000 m TVDss equalling maturities of R0.5%

Ro according to a regional depth–vitrinite reflectance

correlation. Not all geochemical parameters used in this

study are affected to the same degree by thermal maturation.

While the distribution of C27 to C29 bb(RCS) regular

steranes and the Pr/Ph ratio are reported to be relatively

unaffected by maturation (Waples and Machihara, 1990;

Peters and Moldowan, 1993; Hughes et al., 1995; Justwan et

al., 2005), the ratio of C34 to C35 homohopanes, relative

abundance of 17a(H),21b(H)-28,30-bisnorhopane, as well

as the ratio of dia- versus regular steranes and the carbon

isotopic composition can be affected by thermal maturity

(Waples and Machihara, 1990; Peters and Moldowan, 1991;

Peters and Moldowan, 1993; Dahl, 2004) and have to be

used with care. We also used the ratio of 17b(H),21a(H)-

moretane to 17a(H),21b(H)-hopane as an indicator for

terrestrial input (Isaksen and Bohacs, 1995). Although

moretanes are less thermally stable than 17a(H) hopanes

and decrease in abundance with increasing maturity

(Waples and Machihara, 1990), most of the transformation

has been completed up to maturity levels equalling 0.6% Ro

(Waples and Machihara, 1990; Peters and Moldowan,

1993).

Although n-alkane distributions and the Carbon Pre-

ference Index, or CPI (Bray and Evans, 1961), can be used

as indicators for source facies, they are also highly

dependent on maturity. We will employ these parameters

only in a supportive manner.

The extracts of the Draupne Formation characteristically

show low Pr/Ph ratios, with an average value of 1.38,

dominance of n-C16 to n-C19 alkanes and low CPI values

(Fig. 4). The terpane distribution of Draupne Formation

extracts is characterised by low ratios of C34 to C35

homohopanes (averages 1.03), low relative amounts of

17b(H),21a(H)-moretane to 17a(H),21b(H)-hopane and a

strong dominance of 17a(H),21b(H)-hopane over

17a(H),21b(H)-norhopane (Fig. 5). Although not present

in every sample, 17a(H),21b(H)-28,30-bisnorhopane, here

measured as a ratio relative to C30 hopane, is very common

in the Draupne Formation, while it is nearly absent in the

underlying Heather Formation (Fig. 5). The sterane mass

fragmentograms (m/z 217 and 218) are characterised by

dominance of the C27 bb(RCS) regular steranes over their

C29 homologues and a predominance of diasteranes over

regular steranes. The saturate and aromatic fraction of

the Draupne Formation extracts are generally isotopically

lighter, with average values of K29.5‰ (d13C Sat) and

K29.0‰ (d13C Aro).

Even though the exact significance of the Pr/Ph ratio is

still debated (e.g. ten Haven et al., 1987), it is widely used

as an indicator for the redox potential of the depositional

environment (Didyk et al., 1978; Hughes et al., 1995).

Commonly, values below 1 are interpreted as indicators of

anoxic conditions during deposition, while values above 3

are typical for oxic environments (Didyk et al., 1978;

Hughes et al., 1995). In agreement with Frimmel et al.

(2004) we have used the relative changes of the Pr/Ph ratio

as an indicator of changes in O2 availability at the time of

deposition. The low Pr/Ph ratios in the Draupne Formation

extracts indicate deposition under anoxic to dysoxic

conditions. This observation is supported by low ratios of

C34 over C35 homohopanes, also associated with reducing

conditions (Peters and Moldowan, 1991) and the occur-

rence of bisnorhopane. 17a(H),21b(H)-28,30-bisnorhopane

is often called a marker for Upper Jurassic sourced oils in

the North Sea (Grantham et al., 1980; Huc et al., 1985;

Dahl, 2004) and although its exact origin is still under

debate, it appears to be associated with anoxic environ-

ments of deposition (Katz and Elrod, 1983; Curiale and

Odermatt, 1989). The Draupne Formation appears to be

dominated by marine algal organic matter, as reflected by

dominance of C27 regular steranes over the C29 homol-

ogues (Huang and Meinschein, 1979) and the strong

dominance of C30 hopane over C30 moretane (Isaksen and

Bohacs, 1995). This is also supported by the dominance of

n-C15 to n-C19 alkanes, typically associated with algal

input (Gelpi et al., 1970).

The molecular and isotopic compositions of the syn- and

post-rift sections of the Draupne Formation are very similar.

Certain properties however may allow us to differentiate

between the syn- and post-rift facies, among those the Pr/Ph

ratio, carbon isotopic composition and the content of

17a(H),21b(H)-28,30-bisnorhopane. The upper, post-rift

facies typically shows the lowest Pr/Ph ratios, lowest

C34/C35 homohopane ratios, as well as lowest C30

moretane/hopane ratios (Fig. 5) and has the isotopically

lightest extracts. Although there is some variation (Fig. 5),

the upper Draupne Formation shows the highest relative

amount of bisnorhopane. Enrichment in bisnorhopane in the

Volgian to Ryazanian section appears to be a widespread

feature, as it has also been observed by Kubala et al. (2003)

in the neighbouring East Shetland Basin and Ineson et al.

(2003) in the Danish Central Graben. The lower Draupne

Formation not only exhibits slightly higher values of the Pr/

Ph, C34/C35 homohopane ratio, and the C30 moretane/

hopane ratio and has a heavier isotopic composition, but the

larger variation of geochemical parameters also suggests it

has a less uniform facies (Fig. 5).

The samples of the Upper Jurassic Heather Formation

have average values of K27.8‰ (d13C Sat) and K26.5‰

(d13C Aro), which is isotopically slightly lighter than
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samples of Middle Jurassic age and slightly heavier than

Draupne samples. Pr/Ph ratios vary between 1.16 and 3.29.

The average Pr/Ph ratio for the Middle Jurassic (1.98) is

however higher than the average for the Draupne

Formation, indicating higher oxygen levels during depo-

sition (Fig. 5). This is supported by the dominance of C34

homohopanes over the C35 homologues. The distribution of

C27 to C29 regular steranes is distinctively different from the

Middle Jurassic source, but very similar to the distribution

in the Draupne Formation samples, indicating a significant

marine input to the source rock. Elevated values of the ratio

of C30 moretane to C30 hopane up to 0.38, suggest however

higher terrestrial input in the Heather Formation than in the

Draupne Formation (Fig. 5). Although 17a(H),21b(H)-

28,30-bisnorhopane occurs in some samples of the Heather

Formation, it is generally present in low amounts.

A bimodal n-alkane distribution with maxima from n-C14

to n-C18 and n-C21 to n-C29 and an odd-over-even carbon

number predominance in the Heather Formation samples

can be interpreted as a sign of mixed input of terrestrial and

marine material.

The large variability in depositional environment of the

Middle Jurassic Hugin and Sleipner formations causes a

great deal of variation in molecular and isotopic character-

istics. Middle Jurassic source rock extracts are generally

isotopically heaviest, with average values of K27.8‰ (d13C

Sat) and K25.9‰ (d13C Aro). Carbargillites and coals

exhibit the heaviest carbon isotopic composition. Charac-

teristic for Middle Jurassic samples are elevated Pr/Ph ratios

and C34/C35 homohopane ratios, both indicating highly

oxidizing depositional environments (Fig. 5). Carbargillites

and coals again show the highest values. Pr/Ph ratios above

Fig. 5. Box-and-whisker plots for selected geochemical parameters for Upper and Middle Jurassic source rocks: (a) Pristane/Phytane ratio. (b) Ratio of C34 to

C35 homohopanes. (c) BNH%: 17a(H),21b(H)-28,30-bisnorhopane versus 17a(H),21b(H)-28,30-bisnorhopane C17a(H),21b(H)-hopane. (d) Ratio of

17b(H),21a(H)-moretane over 17a(H),21b(H)-hopane. Second and third quartiles are displayed by the box, while the median value is indicated by the line

across the box. Outliers shown as *, represent values 1.5 times the interquartile range below or above the central 50% of the distribution.
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3 have been found characteristic for coaly shales and coals

(Hughes et al., 1995).

High relative abundances of C29 regular steranes, as well

as C30 moretane, and a dominance of n-alkanes in the range

of C23 to C30 (Figs. 4 and 5) reflect dominating terrestrial

input. Extreme values are associated with coals and

carbargillites. 17a(H),21b(H)-28,30-Bisnorhopane is also

encountered in Middle Jurassic samples. In fact the highest

relative amounts of bisnorhopane of the analysed sample set

occurs in the Middle Jurassic coal samples (Fig. 5).

Bisnorhopane has been encountered earlier in coal samples

(e.g. Mastalerz et al., 1997). This suggests that elevated

relative amounts of bisnorhopane are not necessarily

associated with anoxic environments and that the occur-

rence of bisnorhopane should not be used as the sole

indicator for anoxia.

4.2. Oil and condensate properties

4.2.1. Variation of API gravity with depth

Viscosity, sulfur content, acid content, and especially oil

density strongly affect the commercial value of an oil

accumulation. The sample set covers a very wide range of

oil densities, here expressed as API gravities, from the

heavy degraded oils in 24/9-3 with 17.18 API to the very

light hydrocarbons in 15/9-13 with 64.7 8 API (Fig. 6). This

change with depth is a result of progressive cracking of

carbon chains, as well as of different genetic types and

secondary alteration processes. Except for 15/9-1 at 24.48

API, all samples with API gravities lower than 278 API

derive from shallower depths than 2000 m TVDss. While

the depth–density relation is poor for the entire data set, the

correlation is greatly improved by treating Tertiary and Pre-

Tertiary reservoired hydrocarbons separately. The hydro-

carbons in Tertiary reservoirs show a strong depth

dependency of oil density (R2Z0.82), with a rapid increase

in API gravity with depth of 6.1 8 API/100 m (Fig. 6). A

similar depth relationship was found by Barnard and Bastow

(1991) in the South Viking Graben, including data from

neighbouring English blocks. The hydrocarbons in Pre-

Tertiary reservoirs form two groups. The first group consists

only of very light hydrocarbons of above 508 API in the

Greater Sleipner Area, 16/1-4, 25/6-1 and Skirne. The

remaining samples show a less distinct depth–density

relation, with an API increase of ca. 38 API/100 m

(Fig. 6). The heaviest oil is 24.4 8API in Well 15/9-1,

while the lightest hydrocarbons in 25/7-2 show a gravity of

49.18. The data show that liquid hydrocarbons with API

gravities below 408 are encountered at depths down to

3635 m in the area.

4.2.2. Thermal maturity

The state of thermal maturity of the analysed oils was

evaluated based on analysis of the saturate biomarkers. For

this purpose, the ratios of 20S/(20SC20R) for aaa C29

steranes and bb/(aaCbb) for 5a-C29 steranes have been

evaluated (Fig. 7) together with the ratios of 22S/(22SC
22R) for C32 homohopanes.

This comparison offers only a very crude way of

comparison as all oils represent mixtures of fractions

generated at different temperatures and times from one or

more source rock units (Wilhelms and Larter, 2004).

Classical biomarker parameters, such as the ones used,

can show several orders of magnitude variation in

concentration in end-member oils of different maturity

(Wilhelms and Larter, 2004). Therefore, the maturity

signature of mixed oils can be misleading (Wilhelms and

Larter, 2004).

Although all samples have reached equilibrium of the

C32 22S/(22SC22R) homohopane ratio, the majority of

the oils in the study area have not reached equilibrium for

the sterane isomerisation. This confines the maturity of the

bulk of the samples to a level from onset of generation

(0.6% Ro) to the early stages of main oil generation (0.8–

0.9% Ro) (Peters and Moldowan, 1993). Oils from the

Greater Balder Area (Grane, Jotun, Ringhorne, Balder)

show 20S/(20SC20R) sterane isomerisation ratios between

0.48 and 0.51 and 0.6–0.65 for the bb/(aaCbb) sterane

Fig. 6. Regional variation of API gravity with depth. The Tertiary

reservoired hydrocarbons offer a good correlation with a rapid increase of

API gravity with depth. The hydrocarbons in Pre-Tertiary reservoirs split in

two groups: a group with a slower increase of API gravity of 38/100 m

(Group 1) and a high API gravity group (Group 2).
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ratio (Fig. 7). According to correlations in Waples and

Machihara (1990); Peters and Moldowan (1993), this equals

the beginning of peak oil generation (0.8–0.9% Ro). The

samples from Volve, Gungne, Frøy, Vale, 25/7-2, 25/5-5

and 25/2-10S show similar maturities, while samples from

Hanz, Skirne and Varg appear to be generated at slightly

lower maturities, equalling the late phases of early oil

generation (Fig. 7). The samples from Dagny, Glitne,

Alvheim, 25/7-5 and 24/9-3 are slightly more mature than

the Greater Balder oils. The highest maturity in the analysed

data set is shown by light oils and condensates from Sleipner

Vest, Øst and Alpha (15/8-1) as well as Lille Frøy (Fig. 7).

The hydrocarbons from Sigyn, Loke and 15/12-8, as well

as the sample from Well 16/1-4, are outliers in the data set

and show the lowest maturity. Although the C32 22S/(22SC
22R) homohopane ratio has reached endpoint values (0.56–

0.61), indicating maturity higher than 0.6% Ro, the sterane

isomerisation ratios are low with 0.37–0.44 for the 20S ratio

and 0.56–0.61 for the bb/(aaCbb) ratio. The values for the

sterane isomerisation indicate levels of maturity equal to

0.6–0.8% Ro. This is considerably lower than the maturity of

the hydrocarbons in the neighbouring Sleipner Øst and Vest

fields. The maturity of the sample from Well 25/6-1 could

not be evaluated properly due to low concentration of

biomarkers in the sample.

4.2.3. Biodegradation

Biodegraded crude oils of varying degrees of alteration

were encountered only in Tertiary reservoirs from seven

fields, including the Balder, Grane, Ringhorne and Alvheim

Fields as well as the 24/9-3, 25/2-10S and 25/7-5

discoveries (Table 2). The degree of biodegradation was

assessed using API gravities, gross chemical composition,

visual inspection of GC data and GC–MS data of the

saturate hydrocarbon fractions, and the samples were ranked

using the scale of Peters and Moldowan (1993).

The samples from Well 24/9-3 are most affected by

biodegradation and were ranked 6 (heavy biodegradation)

on the scale of Peters and Moldowan (1993). This is

Fig. 7. Thermal maturity of the analysed oil and condensate samples based

on sterane isomerisation. Vitrinite reflectance estimates after correlations in

Waples and Machihara (1990); Peters and Moldowan (1993). * Data from

geochemical service reports. Regression line based on own samples only.

Table 2

List of all biodegraded samples in order of increasing biodegradation (25/11-6 least degraded; 24/9-3 most degraded) including sample depths and

corresponding reservoir temperatures

Well Test Depth TVDss in m Formation Field Temperature (8C) Ranka

25/11-6 DST1 1700-1715 Heimdal Balder 67b 1C(6–7)

25/11-8 DST1 1695-1710 Heimdal Balder 67b 1C(6–7)

25/11-14S T1 1786-1803 Heimdal Balder 70c 1C(6–7)

25/10-5 DST2 1707-1715 Balder Balder 68b 1C(6–7)

25/11-5 DST1 1726-1741 Heimdal Balder 68b 1C(6–7)

25/10-5 DST1 1731-1738 Balder Balder 68b 1C(6–7)

25/8-1 T1 1746-1753 Heimdal Ringhorne 68b 1C(6–7)

25/11-21A DST 1766 Heimdal Grane 68c 1C(6–7)

25/11-15 DST1 1712–1751 Heimdal Grane 68c 1C(6–7)

25/11-18d T2 1733 Heimdal Grane 68c 1C(6–7)

25/7-5 DST1 2021–2030 Hermod 25/7-5 63e 4

24/6-2 T1 2133–2142 Heimdal Alvheim 64e 4

25/2-10S RFT5 1964 Frigg 25/2-10S 63b 6

24/9-3 DST2 1738–1756 Frigg 24/9-3 57b 6

24/9-3 DST1 1770–1779 Frigg 24/9-3 58b 6

a Biodegradation ranking after Peters and Moldowan (1993).
b Corrected log temperatures.
c Estimate based on field wide temperature gradient.
d Geochemical data obtained from Norwegian Petroleum Directorate.
e DST temperature.
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evidenced by complete removal of the n-alkanes, low API

gravities of 17.1 and 19.18, respectively, and the magnitude

of the unresolved complex mixture (UCM) in the C15C

fraction of the saturate hydrocarbons (Fig. 8), which

increases with increasing degree of alteration. Further

evidence for severe biodegradation is seen from the

presence of 17a(H),21b(H)-25-norhopane, which is

reported to derive from bacterial degradation of regular

hopanes first occurring at levels of heavy biodegradation

after removal of n-alkanes and acyclic isoprenoids (Connan,

1984; Peters and Moldowan, 1993).

Similar levels of alteration can be seen in the sample

from Well 25/2-10S. It is however slightly less degraded

than the samples from Well 24/9-3, judging from

incomplete removal of n-alkanes and acyclic isoprenoids

(Fig. 8) and a lower ratio of 25-norhopane to C30 hopane

(Fig. 9). The oils from Alvheim (24/6-2) and the 25/7-5

discovery have a moderate degree of alteration, equalling

rank 4 on the scale of Peters and Moldowan (1993). This is

indicated by a less pronounced UCM hump and the

incomplete removal of n-alkanes (Fig. 8). Acyclic iso-

prenoids appear to be only slightly affected and 25-

norhopane is absent (Fig. 8).

Within this group of samples, the degree of biodegrada-

tion also covaries with the changes in compound class

composition and API gravities. The relative amounts of

saturated hydrocarbons decrease from 76.1 to 36.6%, while

the relative amounts of aromatic hydrocarbons and NSO

compounds increase with increasing degree of biodegrada-

tion. API gravities increase from 35.3% in Well 25/7-5 at

rank 4 to 17.18 in Well 24/9-3 at rank 6.

The samples deriving from the Greater Utsira High Area,

including the Grane, Balder and Ringhorne Fields exhibit

special characteristics in terms of biodegradation. The

presence of an unresolved complex mixture (Fig. 8) and

ratios of 25-norhopane to C30 hopane between 0.19 and 0.26

(Fig. 9) indicate a severe level of biodegradation, while the

gas chromatograms of the saturate hydrocarbon fraction

suggest only slight alteration. The acyclic isoprenoids

appear to be intact, while the short-chained n-alkanes

underwent early stages of degradation. This is shown by

comparison of a sample from Well 25/8-11 deriving from

the Jurassic reservoir at Ringhorne with the Tertiary

reservoired oil in 25/8-1 (Fig. 8). The oils are very similar

and derive from the same source facies, they show however

different abundances of short-chained alkanes. The 25/8-11

samples can be regarded as unaltered equivalents of the 25/

8-1 sample.

The oils in the Tertiary reservoirs of these fields appear to

be the result of at least two phases of oil charge. The initial

oil charge to these oil fields was probably severely

biodegraded (level 6 or 7), as evidenced by the presence

of 25-norhopane. The fields were later charged with fresh

oil, diluting the heavy degraded oil, and have recently

undergone mild biodegradation.

The oils in the Greater Balder Area can be ranked further

according to their physical and molecular properties. The

Grane oils are most altered, having the largest UCM

‘hump’, followed by the oil from 25/8-1, whilst the least

biodegraded oils of this group are in the Balder field and

have the smallest UCM hump (Fig. 8). The gross

geochemical composition of the Greater Balder oils cannot

be directly compared to the remaining biodegraded oils due

to their mixed nature. Within the Greater Balder oils

however, the degree of biodegradation also covaries with

API gravities and the relative amount of saturated and

aromatic hydrocarbons (Fig. 8).

As mentioned earlier, only oils from Tertiary reservoirs

are biodegraded, while the generally deeper and warmer

Pre-Tertiary reservoirs studied are all sterile. However, the

oils of the Tertiary Jotun field, for example, are evidence

that not all Tertiary reservoirs are biodegraded. To assess

the risk of encountering biodegraded hydrocarbons in an

exploration well in the South Viking Graben, the

geochemical data was related to reservoir depths and

temperatures. Temperatures were taken from DST reports

and wireline log readings, corrected for the effects of

drilling fluid circulation. To reduce the uncertainty

associated with predicting these temperatures, they have

been validated by checking against regional trends and

geothermal gradients from own data and the literature (e.g.

Kubala et al., 2003).

The occurrence of biodegradation is strongly related to

the temperature history of the reservoir and thus indirectly

to reservoir depth. Bacterial life responsible for biodegrada-

tion is believed to thrive only at temperatures below 80 8C,

hence this temperature is thought to represent a limit for

biodegradation (Connan, 1984). The concept of sterility of

reservoirs above 80 8C was refined by Wilhelms et al.

(2001) suggesting pasteurization of reservoirs by deep

burial in inverted basins. In the study area, which is a

subsiding basin, the reservoirs are probably currently at

maximum reservoir temperature.

Reservoir temperature constitutes a reliable indicator

of biodegradation in the South Viking Graben, as all

samples deriving from reservoirs at temperatures at or

below 70 8C are biodegraded (Fig. 10). The oil rim of

the Frigg field shows also biodegradation-equalling

levels of 6 and is currently at reservoir temperatures

of 61 8C (Larter and di Primio, 2005). In addition, no

biodegradation is evident in the sample set above this

temperature. Although it is generally agreed on a limit

of 80 8C (Connan, 1984), regional differences might be

caused by different strains of bacteria in the respective

basins (Ahsan et al., 1997). Predicting biodegradation

using the depth of the reservoir target is less reliable.

Below a depth of 2140 m, TVDss biodegradation is

absent, while 65% of the analysed samples above

this depth are biodegraded (Fig. 10). The deepest

occurrences of biodegradation in wells 25/2-10S, 24/6-

2 and 25/7-5 are related to low reservoir temperatures
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Fig. 8. Exemplary GC FID chromatograms of biodegraded samples of different levels of degradation (levels after Peters and Moldowan, 1993). Within the

group of oils from wells 24/9-3, 25/2-10S and 24/6-2, the degree of biodegradation is increasing with increasing destruction of n-alkanes and acyclic

isoprenoids, decreasing API gravities and decreasing contents of saturate hydrocarbons. The oils in wells 25/11-21A, 25/8-1 and 25/11-6 represent mixtures of

a heavy degraded oil charge and a fresh charge with minor signs of alteration. The degree of degradation also increases within this group, with decreasing API

gravity and contents of saturate hydrocarbons, but the samples cannot be compared to the first group due to their mixed nature. The sample from Well 25/8-11 is

not degraded and has been added for comparison.
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due to low geothermal gradients of about 3 8C/100 m, as

opposed to 4 8C/100 in the Jotun area. Based on the

available data the window for biodegradation in the

South Viking Graben is below 70 8C and above 2140 m

TVDss (Fig. 10). For more reliable predictions, filling

and temperature history have to be evaluated by basin

modelling.

4.3. Correlations

To establish valid oil–oil correlations, parameters have to

be chosen that are not changed by maturation or secondary

alteration processes. Although we have shown earlier that

most of the analysed hydrocarbon samples appear to have

been generated during the main phase of oil generation, we

have tried to avoid using parameters for oil–oil correlation,

which are too much affected by maturation. Our correlations

are also based on multiple parameters in order to

compensate for eventual maturity-related effects. Some

samples have been affected by biodegradation, but

alteration has not affected their sterane or hopane

distribution. In addition to the geochemical parameters

mentioned earlier we used the distribution of C19 to C25

tricyclic terpanes, which are renowned for their thermal

stability (Peters, 2000) and resistance to biodegradation

(Seifert and Moldowan, 1979), and are widely used in oil–

oil and oil–source correlation studies (e.g. Zumberge, 1987;

Chen et al., 2003). Probably most affected by maturation

and secondary alteration, including migration, are the GC

parameters such as Waxiness (n-C17/(n-C17Cn-C27)) and

Carbon Preference Index.

For oil–source correlation, ideally only source rock

samples of sufficient richness and maturity should be

employed. As mentioned before, we were not able to filter

our source rock data set due to the limited number of

samples.

4.3.1. Oil–oil correlation

By close examination of the geochemical attributes of the

oils and condensates, including the above-mentioned

parameters, we were able to identify seven different oil

families and two subfamilies. Particularly good differen-

tiation among hydrocarbon families is achieved with cross

plots of Pr/Ph ratio and the ratio of C27 over C29 regular

steranes (Fig. 11a), the ratio of C34/C35 homohopanes

(Fig. 11d), stable carbon isotope ratios (Fig. 11b) as well as

the tricyclic terpane fingerprint (Fig. 12). Facies indicating

biomarkers can show large variations in concentration

within one petroleum system. It is therefore difficult to

interpret mixed oils using classical source facies indicating

biomarker ratios. In order to reliably interpret mixed oils,

quantification of biomarker compounds has to be performed

and used to set up a mass balance based mixing model. We

have not quantified biomarker compounds in this study;

hence it was not possible to set up mixing models and to

determine the proportions of fractions of mixed oils. Typical

examples of m/z 191 and m/z 217 fragmentograms for the oil

Fig. 9. Biodegradation is generally increasing with API gravity and content

of 17a(H),21b(H)-25-norhopane relative to C30 hopane (25nor/30ab) in the

sample set. The occurrence of this compound, which derives from bacterial

degradation of regular hopanes, is a sign of severe biodegradation equalling

levels 6 or 7 on the scale of Peters and Moldowan (1993).

Fig. 10. Reservoir temperature-depth relationship in the South Viking

Graben. Biodegraded samples are only observed in the zone above 2140 m

true depth below sea-level at reservoir temperatures below 70 8C.

H. Justwan et al. / Marine and Petroleum Geology 23 (2006) 213–239 225



families are shown in Fig. 13, while biomarker ratios for the

individual samples are listed in Table 3.

Family A. The uniqueness of the Volve oil within the

Sleipner area and its affinity to a special, yet undrilled,

Upper Jurassic source facies, has been proposed by Isaksen

et al. (2002). Analysis of further samples from the South

Viking Graben in this study shows that this oil type is more

widespread, as oils with very similar geochemical properties

Fig. 11. Scatter plots of Pr/Ph ratio and C27/C29 regular sterane ratio (a), carbon isotopic composition of the saturate and aromatic hydrocarbon fraction (b),

abundance of C29 steranes relative to total abundance of C27–C29 regular steranes and C30 moretane/hopane ratio (c), Pr/Ph ratio and C34/C35 homohopane ratio

(d), Waxiness and Carbon Preference Index (e), ratio of dia- versus regular steranes and relative abundance of bisnorhopane (f), for all analysed oil and

condensate samples used for oil–oil correlation. Ranges for geochemical parameters for the Upper and Middle Jurassic source rock horizons (pZ0.1–0.9) have

been plotted to enable source–oil correlation (bars). To honour the different lithologies in the Middle Jurassic, ranges for shaly and coaly lithologies are plotted

separately. *Data from geochemical service reports.
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have been found in the Well 25/5-5 and the Glitne

discovery.

All samples of family A show significant amounts of

17a(H),21b(H)-28,30-bisnorhopane with special enrich-

ment in the samples from Volve (Fig. 11f). The d13C

values of the saturate fraction vary between K28.3 and

K30.2‰, while the d13C values of the aromatic fraction

are in the range between K27.8 and K29.5‰ (Fig. 11b).

C27 regular steranes dominate over the C29 homologues,

with C27/C29 regular sterane ratios between 1.18 and 1.33.

The low wax content (Fig. 11e) and the low amounts of C30

moretane relative to C30 hopane (C30ba/C30ab: 0.06–0.08),

can be interpreted as sign of marine-dominated source

facies (Gelpi et al., 1970; Huang and Meinschein, 1979;

Isaksen and Bohacs, 1995). The oils have a predominance

of Phytane over Pristane with Pr/Ph ratios varying from 0.7

to 1.02. The ratio of C34 to C35 homohopanes varies from

0.97 to 1.38. This can be interpreted as sign of anoxic

conditions during deposition of the source rock (Didyk

et al., 1978; Peters and Moldowan, 1991; Hughes et al.,

1995).

The low carbon preference indices of 0.89–0.94 and the

fact that regular steranes dominate over rearranged steranes

(diasteranes), suggest a calcareous source facies for family

A (Mello et al., 1988; Peters and Moldowan, 1993). The

samples of family A share a common tricyclic terpane

fingerprint, with low amounts of the C19 and C20 tricyclic

terpanes and characteristic enrichment of the C23 and C24

homologues (Fig. 12).

Family B. This family includes samples from the Dagny,

Sleipner Øst (Middle Jurassic) and Sleipner Vest (15/6-3)

fields and the 25/7-2, 24/12-3S and 15/12-8 discoveries.

Family B hydrocarbons show isotopic values of K28.0 to

K30.2 ‰ for the saturate fraction and K27.6 to 29.2‰ for

the aromatic fraction and a very strong dominance of the C27

over the C29 regular steranes. The abundance of C27 regular

steranes and the pronounced dominance of C30 hopanes over

C30 moretanes is here interpreted as a sign of strong marine

input to the source rock (Huang and Meinschein, 1979;

Isaksen and Bohacs, 1995).

Family C. This is the most widespread oil family in the

South Viking Graben, including hydrocarbons in the

Greater Balder Area (Balder, Grane, Ringhorne, Jotun,

Hanz), the Sleipner Area (Sleipner Vest North and Varg)

and Alvheim, 24/9-3, 25/7-5 and 25/2-10S. Most of the

samples in family C have been affected by biodegradation.

Typical features are a slight predominance of C27 over C29

regular steranes, Pr/Ph ratios below 2 (Fig. 11a) and isotopic

values between K28.0 and K30.3‰ PDB for the saturate

fraction and K27.6 and K29.8‰ PDB for the aromatic

fraction (Fig. 11b). CPI values are commonly between 1 and

1.1. C30 hopane usually dominates strongly over C29

hopane. The tricyclic terpanes are characterised by a

relative high content of C23 and C24 homologues and low

contents of C19. The content of C19 tricyclics relative to C23

tricylcic terpanes is however considerably higher than in

family A (Fig. 12).

Based on Pr/Ph ratio, C27 to C29 regular steranes C34 to

C35 homohopane distribution as well as the ratio of C30

moretane to C30 hopane, family C can be divided into two

subfamilies.

The hydrocarbons in Balder, Grane, Alvheim, Sleipner

Vest (15/9-1), Varg and 24/9-3 belong to subfamily C1

whose low Pr/Ph ratios of 1.37–1.7 and C27/C29 values

between 1.02 and 1.2 also indicate an anoxic to dysoxic

source with marine input. The relative abundance of C29

regular steranes and C30 moretane is, however, slightly

higher than in family B, indicating a less strong marine

signal. The isotopic values for the saturate and aromatic

fractions tend to be very similar to family B.

Subfamily C2 (including Ringhorne, Hanz, Jotun,

25/7-5, and 25/2-10S) derives from a more oxic source as

shown by slightly higher Pr/Ph ratios of 1.8–2.07. The

distribution of C27 to C29 regular steranes and the ratio of

C30 moretane to C30 hopane are very similar to family C1.

Hydrocarbons in subfamily C2 tend to be isotopically

heavier than the oils in families B and C1, with values below

K29.0‰ for the saturate and below K28.1‰ for the

aromatic fraction. The two subfamilies have a very similar

distribution pattern of tricyclic terpanes, which cannot be

used to subdivide the families (Fig. 12).

Family D. Family D is distributed in the Middle Jurassic

reservoirs of the southern part of the Sleipner Vest field, the

Alpha discovery, as well as the Paleocene sandstones in

25/8-9 and hydrothermally altered basement in Well 16/1-4.

Fig. 12. Tricyclic terpane distribution for families A to G (mean values in

percent for families based on normalization of the C19 to C25 tricylic

terpanes).
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Fig. 13. Representative mass fragmentograms (m/z 191 and 217) for hydrocarbons of the seven main oil families in the South Viking Graben. Corresponding

GC FID chromatograms see Fig. 17. Selected peaks are identified in the fragmentograms. Key: m/z 191: 19/3 to 25/3ZC19 to C25 tricyclic terpanes; TsZC27

18a(H)-22,29,30-trisnorneohopane; TmZC27 17a(H)-22,29,30-trisnorhopne, BNHZC28 17a(H),21b(H)-28,30-bisnorhopane; 29abZC29 17a(H),21b(H)-

30-norhopane; 30abZC30 17a(H),21b(H)-hopane; 30baZC30 17b(H),21a(H)-moretane; C31 to C35ZC31 to C35 17a(H),21b(H),22(S)C(R) homohopanes.

m/z 217: 27dbSZC27 13b(H),17a(H),20(S)-cholestane; 27dbRZC27 13b(H),17a(H),20(R)-cholestane; 29aaSZC29 24-ethyl-5a(H),14a(H),17a(H),20(S)-

cholestane; 29bbRZC29 24-ethyl-5a(H),14b(H),17b(H),20(R)-cholestane; 29bbSZC29 24-ethyl-5a(H),14b(H),17b(H),20(S)-cholestane; 29aaRZC29 24-

ethyl-5a(H),14a(H),17a(H),20(R)-cholestane.
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Family D has a generally heavier isotopic composition

compared to families A, B and C and slightly higher values

of Pr/Ph ratios (2.0–2.41) as well as C34/C35 homohopane

ratios (1.25–1.8) (Fig. 11d), both indicative of a higher

degree of oxygenation of the source compared to families A,

B and C. The C27 to C29 regular sterane ratios of 1.1–1.26

and C30 moretane/hopane ratios around 0.1 indicate a

marine-dominated source similar to families A, B and C

(Fig. 11c). Another difference from hydrocarbons in

families A to C are higher ratios of C29 to C30 hopane,

with an average of 0.6 compared to averages of around 0.5

in families A to C. The tricyclic terpane distribution of this

group of oils is characterised by a dominance of the C23 and

C24 and C19 homologues and low relative amounts of the

C20 and C25 homologues (Fig. 12). Compared to families A

to C the ratio of C19 to C23 tricyclic terpanes is considerably

higher.

Family E. The hydrocarbons belonging to family E occur

in the Sleipner Øst Field (Paleocene) and its Gungne and

Loke satellites. The hydrocarbons have very high Pr/Ph

ratios, a dominance of C27 over C29 regular steranes, a front

biased n-alkane distribution with n-C17/(n-C17Cn-C27)

ratios close to unity (Fig. 11f), as well as high contents of

17a(H),21b(H)-28,30-bisnorhopane. Another characteristic

feature of the hydrocarbons of family E is their carbon

isotopic composition. Saturate and aromatic fractions are

isotopically heavier than samples belonging to families A to

D, with average values of K27.4‰ for the saturate fraction

and K25.9‰ for the aromatic fraction. Pr/Ph values above

2.61 and values greater than 1.67 for the C34/C35

homohopane ratio (Fig. 11d) are indicative of a source

deposited under oxidizing conditions. The distribution of

C27 over C29 regular steranes suggests a marine-dominated

source rock, while the high relative abundances of C30

moretane suggest higher terrestrial contribution. Typical for

the hydrocarbons of family E is a C19 to C25 tricyclic terpane

distribution dominated by the C19 homologues (Fig. 12).

Family F. Family F was only encountered in the Sigyn

Field, located to the east of Sleipner Øst. The two samples

are very light with API gravities of 52.9 and 58.78 and show

very high amounts of saturated relative to aromatic

hydrocarbons and NSO compounds. The samples from

Sigyn are distinctively different from the rest of the data set,

with the highest Pr/Ph ratios, heaviest isotopic composition

of saturate and aromatic fraction, very high ratios of C34 to

C35 homohopanes and high ratios of C30 moretane to C30

hopane. Pr/Ph ratios of 3.52 and 3.75 respectively, and

C34/C35 homohopane ratios of 1.88 and 2.0 indicate a highly

oxygenated depositional environment, while a strong

predominance of C29 regular steranes over C27 regular

steranes and the high relative amounts of C30 moretane

suggest significant terrestrial contribution to the source

rock. In addition, bisnorhopane contents are very high

(BNH% 0.3 and 0.33). The distribution of C19 to C25

tricyclic terpanes is very similar to the distribution in family

E hydrocarbons, with dominance of the C19 homologue.

Family G. In contrast to how widespread families B and

C are, family G is restricted to Blocks 25/2, 25/4, 25/5 and

25/6 including the Vale, Frøy, Lille Frigg and Skirne Fields

as well as the Lille Frøy and 25/6-1 discoveries. Family G

is the most heterogeneous group encountered in the area

and the hydrocarbons of family G span a wide API gravity

range between 36 and 61 8 (Table 3). They are isotopically

heavy, with d13C values of K27.6 to K28.6 ‰ for the

saturate fraction and K26 to K27.3‰ for the aromatic

fraction (Fig. 11b). This renders the samples heavier than

samples from families B and A and considerably lighter

than hydrocarbons from family E and F. They also feature

low C27/C29 regular sterane ratios of 0.62–1.16, indicative

of higher amounts of terrestrial material in the correlated

source rock (Fig. 11a). The low biomarker content of the

samples from Skirne, 25/2-13 DST2b and 25/6-1 compli-

cates classification of these samples.

Especially the carbon isotopic composition suggests that

25/6-1 and Skirne are closely related to family G. The

sample from Lille Frigg, Well 25/2-12, appears to be

derived from an even more terrestrial source, according to

the isotopic values and sterane distribution. The data were,

however, obtained from geochemical service reports and the

differences to the rest of family G could also be attributed to

analytical variations between laboratories.

The ratios of C34/C35 homohopanes are relatively high,

which together with the high Pr/Ph ratios of 2.48 and 3.08,

suggest an oxic environment of deposition for the source

rock (Fig. 11d). Another distinctive feature of the family G

oils and condensates are relatively low amounts of

17a(H),21b(H)-28,30-bisnorhopane and ratios of dia-

versus regular steranes between 0.89 and 1.1. The tricyclic

terpane fingerprint (Fig. 12) is similar to the samples of

family E and F, with a strong dominance of the C19

homologue.

Multivariate analysis. Biomarker data for oil samples has

been statistically examined by principal component analysis

using the multivariate analysis tool SIRIUSw to confirm the

subdivision in oil families established earlier. Principal

component analysis is useful when many variables are

studied simultaneously, as it reduces the dimensionality of

the data by extraction of latent variables and allows

description and display of complex data, possibly revealing

otherwise overlooked features (Birks, 1987). This type of

statistical analysis of geochemical data has proven to be a

valuable tool in oil–oil correlation studies (e.g. Telnæs and

Dahl, 1986; Eneogwe and Ekundayo, 2003). Relationships

among the oils were determined by analysis of 15 source

related biomarker parameters (Table 3). Standardisation of

the data was achieved by weighting with the inverse of the

standard deviation of the variables. To exclude interlabora-

tory variation, data originating from geochemical service

reports were excluded. The samples 25/7-2, 25/5-3, 25/6-1

and 25/2-13 DST2b have also been excluded due to low

concentrations of biomarkers.
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The two principal components extracted account for

70.5% of the total variance in the data set. Fig. 14 shows

score- and loading plots related to the principal components.

The score plot showing the relation of the analysed samples

in the plane of the two principal components displays seven

distinct oil families. The analysis supports the subdivision

into genetic families undertaken earlier, with the exception

of the samples from Well 15/8-1, which show closer affinity

to family C and Well 15/9-1. Based on the values of the Pr/

Ph ratio and the distribution of C27 to C29 regular steranes,

we are inclined to include the samples from Well 15/8-1 in

family D and the sample from Well 15/9-1 in family C1.

Fig. 15 displays the result of the statistical analysis in the

form of a score dendrogram, visualising dissimilarity of the

samples. This display allows the identification of sub-

families C1 and C2. At a high level of dissimilarity, two

super-groups can be identified. Super-group 1 comprises

families E and F, while super-group 2 comprises the

remaining families.

4.3.2. Oil–source correlation

The seven identified oil families were genetically linked

to source rocks in the area using molecular and isotopic

parameters (Fig. 11). The C27 to C29 regular sterane

distribution, as well as the homohopane ratio, suggests an

Upper Jurassic source for family A (Fig. 11a and d). More

detailed correlation is possible using stable carbon isotopes

and the Pr/Ph ratio, which exclude origin from the Heather

Formation (Fig. 11a and b). Family A oils are most similar

to the upper Draupne facies, with high relative amounts of

C27 regular steranes, low Pr/Ph and C30 moretane/hopane

ratios, although Pr/Ph and C30 moretane/hopane ratios are

lower than observed in any of the analysed source rock

samples (Fig. 11). Further indication of an origin from the

upper Draupne facies are the high bisnorhopane contents.

We therefore conclude that the oils of family A are likely to

be sourced from a highly anoxic, marine dominated,

calcareous source, probably a yet undrilled facies variety

of the upper Draupne Formation.

Family B is sourced from a highly algal, anoxic to

dysoxic source, and the carbon isotopic composition of the

saturate and aromatic hydrocarbon fractions as well as the

low content of C30 moretane suggest an association with a

Draupne source. The Pr/Ph ratio, the regular sterane

distribution and the high abundance of 17a(H),21b(H)-28,

30-bisnorhopane specifically indicate origin from the upper,

post-rift facies. Family C1 has very similar geochemical

properties to family B, although the source appears slightly

less marine-dominated and is associated with the upper

Draupne Formation in the same manner as Family B. Family

C2 is closely related to family C1. The isotopic compo-

sition, Pr/Ph ratio and regular sterane distribution, suggest

that family C2 correlates best with the shales of the lower

Draupne Formation (Fig. 11). A contribution from Heather-

sourced hydrocarbons cannot be ruled out.

High values of the Pr/Ph ratio and the heavier isotopic

composition exclude an origin from the upper Draupne

Formation shales for family D. To distinguish between an

origin from the lower Draupne Formation, the Heather

Formation or the Middle Jurassic is difficult. While the

isotopic composition is most consistent with an origin from

Middle Jurassic coals and carbargillites, the regular steranes

and the C30 moretane/hopane ratio support a Draupne origin

(Fig. 11). We argue that family D represents a mixture of

hydrocarbons sourced from the Upper Jurassic Draupne

Fig. 14. Score- (a) and loading-plot (b) illustrating the results of multivariate analysis of 15 biomarker parameters of the oil and condensate dataset. Principal

component 1 accounts for 51.8% of the total variance, while component 2 accounts for 18.7%. Abbreviations for parameters are explained in Table 3.
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Formation and the more terrestrial Heather and/or Hugin

and Sleipner formations.

While elevated Pr/Ph ratios clearly associate family E

hydrocarbons with a Middle Jurassic source, the regular

sterane distribution measured is typically only observed in a

Draupne-type source (Fig. 11). The C34/C35 homohopane

ratio and the ratio of moretane to hopane are inconclusive,

while the isotopic composition clearly associates family E

with coals and carbargillites of the Hugin and Sleipner

formations (Fig. 11). The similarities with the Draupne

Formation and Middle Jurassic extracts suggest a mixing of

hydrocarbons from two sources. While the influence of the

Heather Formation cannot be ruled out, family E appears to

be mainly a mixture of a dominant Middle Jurassic source

with a minor amount of Draupne-type hydrocarbons.

Pr/Ph ratios, stable carbon isotope ratios and the

distribution of C34/C35 homohopanes unambiguously

associate family F with the Middle Jurassic Hugin and

Sleipner formations. The dominance of C29 regular steranes

and high relative amounts of C30 moretane are also

consistent with this source. The relative amounts of

bisnorhopane observed can be associated with the Draupne

Formation as well as Middle Jurassic strata (Fig. 11f).

Extreme values for Pr/Ph ratio and carbon isotopic

composition suggest that the hydrocarbons in Sigyn

represent the Middle Jurassic end-member in the study

data set.

The source affinity of family G is difficult to determine.

While the comparison with the regular sterane distribution

and moretane abundance is inconclusive, the Pr/Ph ratio and

isotopic values suggest a Heather or Middle Jurassic source,

but are most consistent with a Heather source (Fig. 11).

The families can be divided into a Middle Jurassic

dominated group (E and F) and an Upper Jurassic dominated

group (A–D and G). These super-groups have also been

identified with hierarchical cluster analysis (Fig. 15). A list

of all families and their correlative source horizons is shown

in Table 4.

4.4. Regional exploration implications

Based on the affiliation with the aforementioned genetic

hydrocarbon families, we have analysed the contribution of

the respective source families and their associated source

rocks to the total assigned recoverable resources in the study

area (Fig. 16). The results clearly show the overwhelming

Fig. 15. Score dendrogram based on information explained by the principal components. Similar samples or clusters are joined by links, while the lengths of the

branches to the links express the degree of dissimilarity. Truncation perpendicular to the branches results in clusters of samples of the same level of

dissimilarity. On a high level of dissimilarity two super-groups can be identified, later linked to Upper and Middle Jurassic source rocks, while at lower levels

of dissimilarity the sample set is divided into the same genetic families identified by conventional inspection of the data (apart from samples from wells 15/8-1

and 15/9-1).
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dominance of Draupne sourced hydrocarbons belonging to

family A, B and C. While the Draupne Formation sourced

over 96% of the recoverable oil resources with 262!
106 S m3, the Heather Formation sources only 3% or 9!
106 S m3 of the oil. The remaining 52!106 S m3 of

recoverable oil, mainly from the Heimdal Field and the

15/3-1S, 15/3-4 and 24/9-5 discoveries, were not classified

as no samples were available for familial association. All of

the condensate resources accounted for are sourced by the

Middle Jurassic Hugin and Sleipner Formation or represent

mixtures of Upper and Middle Jurassic sources. Of the four

proven play concepts, the Upper Jurassic source and

Tertiary reservoir, is most prolific. Of all assigned

recoverable Draupne-sourced oils 91% (239!106 S m3)

are reservoired in the Tertiary.

The analysis of the geographical and stratigraphical

distribution of the identified oil families and their

geochemical properties gives important insights into the

migration patterns of the area. One important observation,

based on the available dataset, is that Tertiary reservoirs

contain, with exception of Well 25/8-9 and wells 15/9-11,

13 and 9 in Sleipner Øst, exclusively hydrocarbons sourced

from the Upper Jurassic Draupne Formation. The Pre-

Tertiary reservoirs on the other hand show a complex

picture of mixing in the Sleipner Area, with three active

source horizons, the Draupne and Heather Formation as well

as the Middle Jurassic Vestland Group including the Hugin

and Sleipner formations.

The Heather-sourced family G was only found in Pre-

Tertiary reservoirs in Blocks 25/2, 4, 5 and 6 (Fig. 17). No

samples from the oil rim of the Frigg gas field or the

condensate of the Heimdal Field were available for analysis.

Recent studies by Larter et al. (2000) and di Primio (2002)

suggest that family G hydrocarbons occur in the Tertiary

reservoirs of Frigg and Heimdal. The results of the present

study support the conclusions of di Primio (2002) who

suggested a genetic relationship between the Vale, Lille

Frøy, Skirne and 25/6-1 based on analysis of PVT data.

According to di Primio (2002), Vale represents the

primordial fluid. After migrating through Lille Frøy, Frøy

and Skirne, Well 25/6-1 contains the residual liquid phase of

the migrating vapour. Also Bhullar et al. (1999) proposed a

terrestrial-dominated source, most likely the Heather

Formation for Lille Frøy, but proposed a different drainage

area for Frøy and a distal Draupne anoxic source. The close

affinity of Lille Frøy to Frøy demonstrated in this study (e.g.

Fig. 15) supports a common source and a migration from

Vale towards 25/6-1. Lille Frigg seems to have a separate

drainage area from the rest of the group, as also indicated in

Kubala et al. (2003). A detailed discussion of reservoir

filling and migration in the Greater Heimdal Area is beyond

the scope of this paper and is discussed in Bhullar et al.

(1998, 1999), Larter et al. (2000); di Primio (2002); Ritter

et al. (2000).

South of the Heather-sourced system, three Draupne-

sourced accumulations have been identified in Pre-Tertiary

reservoirs (Fig. 17), all probably sourced through short

distance migration from nearby shales. 25/7-2 and 25/10-8

both have a Draupne sandstone reservoir, have however a

different drainage area after maps in Kubala et al. (2003).

The hydrocarbons in 25/8-11 are contained in the Early

Fig. 16. Contribution of the identified hydrocarbon families to the total

recoverable oil and condensate resources. For each family the split in

Tertiary and Pre-Tertiary reservoirs is indicated. *Not every field or

discovery was sampled during this study and its hydrocarbons linked to a

source rock.

Table 4

List of oil families and their associated correlative source rocks

Genetic family Source depositional environment Correlative (main) source rock horizon(s)

A Highly anoxic, marine, calcareous Upper Draupne Fm, undrilled facies

B Anoxic to dysoxic, highly algal (Upper?) Draupne Fm

C1 Anoxic to dysoxic, algal (Upper?) Draupne Fm

C2 Dysoxic, algal Draupne Fm

D Mixture of anoxic to dysoxic, algal and oxic, terrestrial DraupneCHeather/Middle Jurassic

E Mixture of oxic, terrestrial and anoxic to dysoxic, algal Middle JurassicCDraupne/Heather

F Oxic, strongly terrestrial, coaly Middle Jurassic

G Oxic, terrestrial Heather Fm
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Fig. 17. Regional distribution of oil families in Tertiary (black outline) and Pre-Tertiary (red outline) reservoirs. Exemplary gas chromatograms for

representative samples for each family are shown together with values for API gravity data, ratio of Pristane over Phytane (*) and ratio of C27 to C29 regular

steranes (**). m/z 191 and 217 mass fragmentograms for respective samples of each family are shown in Fig. 13.
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Jurassic Statfjord Formation and are probably sourced by

lower Draupne Formation shales to the west.

The Greater Sleipner Area offers a different situation

with at least two active source rock horizons leading to a

variable degree of mixing between hydrocarbon charges

from Middle to Upper Jurassic sources in the Pre-Tertiary

reservoirs (Fig. 17). The distribution of families and their

properties in the Sleipner area leads to certain constraints

on migration in the area. Based on the concept that a

reservoir serves as an ‘integrator’ of hydrocarbons of

varied facies and maturities in progressively subsiding

basins, we can use maturity indicators and mixing to

elucidate migration in the area. The hydrocarbons

categorised earlier as derived from the Upper Jurassic

Draupne Formation, e.g. from wells 15/6-3 or 15/9-1, show

relatively high maturities, while the Middle Jurassic end-

member in Sigyn is relatively low mature. Mixing of

different levels of these two sources should represent these

trends in varying degree.

The northern part of Sleipner Vest is, as shown before,

sourced from Draupne shales, probably to the N, E and W of

Sleipner (Isaksen et al., 2002). The southern part of Sleipner

Vest and Alpha represent mixtures of Upper and Middle

Jurassic sources. The southern part of Sleipner Vest appears

to be separated by a flow barrier from the northern part, as

the distribution of oil families shows. This has been

observed earlier by Isaksen et al. (2002). The hydrocarbons

in Sigyn appear to be low maturity products sourced from

the Middle Jurassic. Migration into Sigyn occurred probably

through Gungne, which shows higher maturity possibly due

to later mixing with products from Upper Jurassic source

rocks. This implies that the pathway from Gungne to Sigyn

has been shut off after Sigyn was filled with Middle Jurassic

sourced hydrocarbons. The hydrocarbons in Loke are also

comparably low mature, but show evidence of later mixing

with higher maturity and more marine dominated hydro-

carbons. According to Isaksen et al. (2002), Gungne and

Loke fed the Tertiary reservoir of Sleipner Øst. Hydro-

carbons in the Pre-Tertiary reservoirs of Sleipner Øst show

affinity to Draupne Formation hydrocarbons and also higher

maturity levels. To elucidate further the migration and

charge history in the Sleipner area, detailed geohistory and

migration modelling has to be carried out.

Also the Middle Jurassic reservoirs of Sleipner Øst are

sourced from the Draupne Formation probably from a

similar source area as the north of Sleipner Vest. The

hydrocarbons in Volve represent an exception and are likely

to be sourced from a subbasin between Sleipner Øst and

Vest (Isaksen et al., 2002).

The Tertiary fields, as mentioned before, are dominated

by hydrocarbons sourced from the Draupne Formation

(Fig. 17). Only the hydrocarbons in Sleipner Øst however

represent a mixture of hydrocarbons sourced from terrestrial

and marine dominated rocks, which spilled over from the

Middle Jurassic reservoirs in Loke and Gungne (Isaksen

et al., 2002).

The general migration model for the Tertiary fields in the

area requires a basin to margin pathway with vertical fault

leakage (Isaksen and Ledje, 2001; Kubala et al., 2003). The

fields on the Utsira High are fed through migration up fault

planes along the western flank of the high (Barnard and

Bastow, 1991; Kubala et al., 2003). Balder and Grane oils

have common source and maturity characteristics and the

fields also share a drainage polygon within the Tertiary

system (Kubala et al., 2003), while Ringhorne to the north

appears to have a slightly different source facies. The

present degree of biodegradation and the occurrence of 25-

norhopane in Grane, Jotun and Ringhorne, indicates a

multiple charge history. The hydrocarbons in 25/8-9 are

different from the nearby Jotun field. Although the sample

was not analysed at the same laboratory and some

differences could be attributed to analytical variation

between laboratories, biomarker data suggest clearly that

the source for the hydrocarbons in 25/8-9 is more oxic than

the average Draupne sourced oil. The hydrocarbons are a

mixture of marine and terrestrial sources with character-

istics very similar to the hydrocarbons in Sleipner Vest and

higher maturity than Jotun hydrocarbons. This suggests that

Jotun and 25/8-9 have different migration histories: while

the Jotun field is probably charged from the graben area in

Block 25/7, 25/8-9 received hydrocarbons from the north, as

suggested by the migration routes within the Tertiary system

in Kubala et al. (2003).

5. Conclusions

Detailed geochemical characterisation of 66 oil samples

from 31 fields and discoveries in the Norwegian South

Viking Graben has revealed that the oil and condensate

samples can be grouped in seven families and two

subfamilies based on correlation using molecular and

isotopic characteristics. Pr/Ph ratio, distribution of C27 to

C29 regular steranes, carbon isotopic composition of the

saturate and aromatic fractions and distribution of tricyclic

terpanes offer the most reliable oil–oil correlation. The

grouping in hydrocarbon families was supported by the

results of principal component analysis of the data set using

15 selected molecular parameters.

The identified families and subfamilies have been related

to three source horizons, the Upper Jurassic Draupne and

Heather formations and the Middle Jurassic Vestland

Group, based on correlation with geochemical parameters

of 181 source rock samples. One family is purely sourced

from Middle Jurassic strata (F), three families (comprising

two subfamilies) derive from the Upper Jurassic Draupne

Formation (A, B, C1, C2), one family appears to be sourced

from the Heather Formation (G), while the remaining

families (D, E) are mixtures of the aforementioned families.

The analysed samples exhibit a wide range of API

gravities from 17.1 to 64.78. Two depth trends are evident in

the sample set. The samples in Tertiary reservoirs show
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a strong API-depth relation with an increase of 6.18/100 m

while hydrocarbons in Pre-Tertiary reservoirs are only

loosely correlated with a 3.08/100 m increase. Liquid

hydrocarbons can be encountered as deep as 3635 m.

The majority of the samples represent generation

between onset (0.6% Ro) and early stages of main oil

generation (0.8–0.9% Ro), as inferred from sterane and

hopane isomerisation. The highest level of maturity is

shown by samples from the Sleipner Øst and Vest, whereas

the light oils and condensates of Sigyn and Loke show lower

levels of maturity.

The geographic and stratigraphic distribution of oil

families gives insight into the general migration pattern in

the area. Family G, Heather-sourced, is restricted to the

north of 59830 0. The Greater Sleipner area received

hydrocarbons from Upper and Middle Jurassic sources

leading to complex mixing. The hydrocarbons in the north

of Sleipner Vest represent the end-member for the Upper

Jurassic, while the light oil and condensate in Sigyn

represent the Middle Jurassic end-member. The Tertiary

reservoirs analysed in the area are, apart from Sleipner Øst,

sourced exclusively from different source facies of the

Draupne Formation.

Projections of recoverable oil volumes based on the

established genetic families and their related source rocks

have proven that the Upper Jurassic Draupne Formation is

the major source of oil in the South Viking Graben. Eighty-

four percent of the recoverable oil resources could be

assigned to source rocks based on the correlations, of which

97% are sourced by the Draupne Formation alone. Of the

four proven play concepts in the area, the combination of a

Tertiary reservoir and Draupne Formation source, proves to

be the most prolific with 239!106 S m3 of recoverable oil.

Biodegradation is however common in Tertiary reser-

voirs. Biodegradation was not evident in Pre-Tertiary

reservoirs. Based on the available data, the zone of

biodegradation in the area comprises reservoirs at depths

above 2140 m and present day reservoir temperatures below

70 8C. Exceptionally deep occurrences of biodegraded

hydrocarbons are related to local minima of the geothermal

gradient.
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