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New data from five wells in the Søgne Basin, Danish Central Graben of the North Sea – West
Lulu-1, West Lulu-3, Lulu-1, Amalie-1 and Cleo-1 – together with previously released data from
the West Lulu-2 well, show that the cumulative thickness of the Bryne Formation coal seams
decreases towards the palaeo-shoreline from 5.05 m to 0.60 m, and that the seams have vary-
ing extents. Their overall organic petrographic and geochemical composition reflects the palaeoen-
vironmental conditions in the precursor mires, in particular the rate of rise in the watertable,
principally related to the relative rise in sea level, and the degree of marine influence. Laterally
towards the palaeo-shoreline, all coal seams have increased proportions of C27 steranes and higher
C35-homohopane indices suggesting stronger marine influence on the coastal reaches of the ancient
mires. In each well it is also observed that coal seams formed during accelerated relative sea-
level rise (T-seams) are characterised by higher contents of sterane C27 and higher C35-homo-
hopane indices than seams formed during slower rates of base-level rise (R-seams). The most
landward and freshwater-influenced parts of the seams have higher proportions of sterane C29

and the highest Pr/Ph ratios. 
The coals, with respect to thermal maturity, are well within the oil window, except in the

Amalie-1 well where they are more mature. The largest average hydrogen indices and thermally
extracted and generated bitumen yields are obtained from the T-seams. However, generally an
increase in the hydrogen index is recorded in a seaward direction for all seams. Multivariate
regression analysis demonstrates that collotelinite, telinite, the vitrinite maceral group, vitrinite-
rich microlithotypes and the TOC content have a significant positive influence on the remain-
ing generative potential represented by S2. Pyrolysis-gas chromatography reveals that during mat-
uration the coals will generate from 72.4 to 82.0% oil-like components and only 18.0 to 27.6%
gas. However, this does not necessarily imply that all of these oil-like components can be
expelled to form a crude oil accumulation. Distribution of C27–29 regular steranes shows good
correlation between extracts of Bryne Formation coals and oils/condensates present in Bryne
Formation sandstones. 

The sum of evidence indicates that the coals in the Søgne Basin have generated and are still
capable of generating liquid and gaseous petroleum, but with respect to petroleum generation
potential, they are not as good as the documented oil-prone Middle Jurassic coals from North-
East Greenland and Tertiary coals from Asia. Mudstones intercalated with the Bryne Formation
coals have a similar or lower generative potential as the coals. 

In areas outside the Søgne Basin, the coastal plain deposits of the Central Graben Group con-
tain predominantly terrestrial-derived kerogen type III or IIb. The thermal maturity of the organic
matter ranges from close to or within the peak oil generation range in the oil window (Alma-
1x, Anne-3a and M-8 well) to the late oil window (Elly-3 and Falk-1 wells) or close to the end
of the oil window (Skjold Flank-1 well). Only a limited generative potential remains in Elly-3,
but the kerogen may initially have possessed a good petroleum potential. In the Falk-1 well, a
good generative capacity still remains. The kerogen in Skjold Flank-1 may possess the capabil-
ity to generate condensate and gas, whereas the organic matter in the Alma-1x, Anne-3a and
M-8 wells generally exhibits a poor petroleum generative potential.

5

Abstract

Authors’ address:
Geological Survey of Denmark and Greenland, Thoravej 8, DK-2400 Copenhagen NV, Denmark.



6

Coffee Soil Fault

East
N

orth
Sea

Block

Cleo-1

Lulu-1
2

1

Elly-3

Alma-1x

Skjold Flank-1

M-8

Anne-3a

Falk-1

Amalie-1   

West Lulu-3

Søgne Basin

Piggvar Terrace

Gert Ridge

Feda Graben 
Inge HighMid North 

Sea High Heno Plateau

Mads High

T
a

i l

Arne - Elin G
raben

Poul Plateau

S
a

l t

R
osa Basin

D
o

m
e

P r o v i n c e

G
r

a
b

e
n

Ringkøbing–Fyn 
High

Gertrud Graben/

Plateau

Mandal High

Ål Basin

Outer Rough Basin

4° 00' 5° 00'
56

° 3
0'

56
° 0

0'

4° 00' 5° 00'

56° 30'
56° 00'

E
n

d

20 km 

4° 6° 8° 10° 12° 14° 16°
58°

57°

56°

55°

REVERSE FAULT
Triangles showing dip of fault plane

NORMAL FAULT
Boxes showing dip of fault plane

SALT STRUCTURE

WELL

Norway

Baltic
Sea

Denmark

Germany

Norway

North
Sea

Baltic
Sea

Bornholm

Denmark

SwedenSweden

Germany
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Hydrocarbons in the Danish Central Graben of the
North Sea mainly have their source in the Upper Jurassic
marine shales and are primarily produced from Upper
Cretaceous – Paleogene chalk reservoirs, but exploration
efforts are increasingly directed towards Middle Jurassic
sandstone reservoirs (Damtoft et al. 1992). One of the
Middle Jurassic target areas has been the Søgne Basin
in the northern part of the Danish Central Graben  where
the commercial Harald Field consists of two gas accu-
mulations and minor reserves of oil and condensate
(Fig. 1). Oil tests from the field show typical terrestrial
geochemical signatures very similar to extracts from
the coals in the Middle Jurassic Bryne Formation
(Petersen et al. 1995, 1996). This could imply that the
gas also had a terrestrial source. In addition, a test from
the Elly-2 well, close to the Elly-3 well on the Heno
Plateau (Fig. 1), revealed typical terrestrial signatures
(Geological Survey of Denmark and Greenland – GEUS,
unpublished data). These observations and the increas-
ing evidence for petroleum generation from coals and
non-marine strata (see p. 8) make the search for ter-
restrial source rocks in the Danish Central Graben an
intriguing question. Terrestrial Middle Jurassic strata, in
particular the coal-bearing Bryne Formation, are obvi-
ous possibilities.  

The general objective of this study is to provide
organic petrographic and geochemical data on the petro-
leum generative potential of Middle Jurassic terrestrial
deposits in the Danish Central Graben. Emphasis is
placed on the coals in the Bryne Formation in the Søgne
Basin since these constitute a highly interesting source
rock candidate, strongly supported by the evidence for
terrestrially sourced petroleum in the Harald Field and
the evidence for petroleum potential of the time-equiv-
alent Brent Formation coals in the Norwegian part of
the North Sea (Bertrand 1989; for the national sectors,

see Fig. 3). A detailed interpretation of the depositional
environments of the coal-bearing strata and the coal
seams, including the areal extent and spatial distribu-
tion of the coals, are integrated into the present study.
This is done in order to relate organic petrographic and
geochemical variations in the coals to the precursor
mire environments and to assess the influence of rela-
tive sea-level changes on coal composition, which may
have direct impact on the petroleum generative poten-
tial. Outside the Søgne Basin, emphasis is likewise
placed on non-marine Middle Jurassic strata dominated
by terrestrially dominated kerogen. 

To obtain a well-defined control on the depositional
environment and the composition of the associated
organic matter deposited in that environment, and
accordingly the petroleum generative potential, sam-
pling was preferentially confined to the Middle Jurassic
well-cores. However, cuttings and sidewall cores from
the Middle Jurassic interval have occasionally been
included, in particular outside the Søgne Basin where
limited coring of the Middle Jurassic interval may be a
problem. From the wells M-8 and Anne-3a in the Salt
Dome Province (Fig. 1) only cuttings have been inves-
tigated in this study.

The distribution of the investigated wells is shown
on the main map in Figure 1. The Søgne Basin is rep-
resented by the West Lulu-1 and West Lulu-3 wells and
the Lulu-1, Amalie-1 and Cleo-1 wells. Outside the
Søgne Basin, the Heno Plateau is represented by the
Falk-1 and Elly-3 wells, whereas the Salt Dome Province
in the southern part of the Danish Central Graben is
represented by the Skjold Flank-1, Alma-1x, M-8 and
Anne-3a wells.                   

In addition, some data from the West Lulu-2 well
taken from Petersen et al. (1996) are included in this
presentation; this well is also shown in Figure 1.
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The role of coal and terrestrial kerogen as a source for
commercial petroleum other than gas has been exten-
sively discussed over the last few decades. The dis-
missal of coal and terrestrial organic matter as a good
source rock has mainly been related to the supposed
incapability of coal to generate oil and, if generated, to
expel the oil. However, the well-documented demon-
stration of crude oil derived from non-marine coal-bear-
ing strata strongly suggests that coals and non-marine
successions are capable of producing commercial
amounts of liquid petroleum (Table 1). In addition,
other investigations have revealed Middle Jurassic highly
oil-prone coals in Hochstetter Forland, North-East
Greenland (Bojesen-Koefoed et al. 1996), the petro-
leum potential of Middle Jurassic coals in the Danish
Central Graben, North Sea (Petersen et al. 1996), Upper
Cretaceous oil-generating coals of the San Juan Basin,
USA (Clayton et al. 1991), while oil shows on Nuussuaq,
West Greenland, have several terrestrial organic geo-
chemical characteristics pointing to a non-marine source
rock (Christiansen et al. 1996). Thus, any objection
against the capability of coals and non-marine strata dom-
inated by terrestrial organic matter should be recon-
sidered on the basis of the available evidence. In the
following some of the more important objections against
coal and terrestrial kerogen as an important contribu-

tor to significant oil generation will be discussed in
detail.

The classical grouping of terrestrial organic matter
into kerogen types I, II, III and IV is based on H/C and
O/C ratios (‘van Kevelen diagram’; van Krevelen 1961).
The petroleum generation capability is related to the
hydrogen content of the organic matter, and kerogen type
I is initially hydrogen-rich (H/C > 1.5) while type IV has
the lowest H/C ratios (H/C < 0.6). In the ‘van Krevelen
diagram’ the kerogen types I–IV generally plot in the
fields of lacustrine alginite, higher land plant lipti-
nite/marine organic matter, humic organic matter and
inertinitic organic matter respectively. The entities of
kerogen are thus similar to the macerals of coals (e.g.
Mukhopadhyay et al. 1985; Hutton et al. 1994). Most kero-
gen and coals are heterogeneous and contain mixtures
of the different types of organic matter and the bulk chem-
ical analysis reflects the relative abundance of the con-
stituents. Due to the typical dominance of humic organic
material (vitrinite) in most coals these will commonly
plot as kerogen type III  (H/C = 0.6–0.9), although the
coals may contain significant proportions of oil-prone
hydrogen-rich components like alginite, resinite, cutinite
and per-hydrous vitrinite. A similar problem arises dur-
ing chemical kerogen-typing, where a mixture of two
quite different kerogen types may mimic a third type

Petroleum generation from coal and terrestrial kerogen

Country Area/Basin

China Turpan Basin

Australia Surat/Bowen Basin

Australia Eromanga Basin

USA Greater Green River Basin

Australia Gippsland Basin

New Zealand Taranaki Basin

Canada Beaufort–Mackenzie Basin

Indonesia Ardjuna sub-basin & Mahakam Delta

Nigeria Niger Delta

Age of source rock

Early–Middle Jurassic

Permian–Jurassic

Jurassic–Cretaceous

Late Cretaceous

Late Cretaceous–Tertiary

Tertiary

Tertiary

Tertiary

Tertiary

References

Huang et al. 1991

Khorasani 1987; Murchison 1987

Thomas 1982; Murchison 1987

García-González et al. 1997

Shibaoka et al. 1978; Shanmugam 1985

Johnston et al. 1991             

Snowdon 1980; Snowdon & Powell 1982; Issler &
Snowdon 1990

Durand & Oudin 1979; Noble et al. 1991

Bustin 1988

Table 1.  Areas with petroleum generated from terrestrial rocks



(Murchison 1987; Hutton et al. 1994). Thus, although
kerogen and coal may be composed of similar complex
mixtures of precursor material, common opinion has
regarded humic coals in general as gas-prone kerogen
type III. This concensus and the presumed ability of
coal to absorb generated liquid petroleum due to the
small pore diameters and large pore volumes within
coal are often considered to be the critical factors which
prevent migration out of a coal bed (e.g. Hunt 1991).
This may imply that hydrocarbons are only released
when increased thermal maturation lead to cracking of
liquid petroleum to gas (Radke et al. 1980a). 

Snowdon (1991) suggested that generated hydrocar-
bons (HC/g TOC) should exceed a saturation threshold
value before expulsion occurs, and further stated that
type III organic matter within the oil window generally
contains less than the critical 30–50 mg HC/g TOC.
Based on a two-phase migration theory, Huc et al. (1986)
suggested the contrary that hydrocarbon migration is
favoured in coals when compared to adjacent shales.
For instance, the Talang Akar delta plain coals, offshore
north-west Java, Indonesia, were shown to effectively
expel crude oil (Noble et al. 1991). These coals con-
tain mainly oil-prone macerals, of which c. 70% react
to form hydrocarbons in the temperature range of oil
stability. Also, Stout (1994) reported that the migration
of petroleum in coals is strongly dependent on maceral
associations (microlithotypes), and the transmission of
lithostatic pressure to the liquid petroleum in the coal
may increase the release of oil (Bertrand 1989). In par-
ticular the alternation between relatively incompress-

ible inertinite-rich microlithotypes and compressible
microlithotypes may favour expulsion (Durand & Paratte
1983), and the natural fracture system of coals may be
of importance for hydrocarbon flow (Close 1993). Most
important is indication of a continuous evolution and
destruction of the micropore system during organic mat-
ter maturation which eliminates the absorption capac-
ity of the coal (Durand & Paratte 1983; Katz et al. 1991).
For example, it is suggested from pyrolysis data from
Middle Jurassic coals of North-East Greenland that part
of the coals will be able to generate up to 50% liquid
petroleum by weight during maturation (Bojesen-Koefoed
et al. 1996), which will dramatically change the micro-
pore system. Cook & Struckmeyer (1986) note that if coal
seams absorb liquid petroleum, generated oil pool occur-
rences in coal-bearing strata should have a negative cor-
relation with coal seam thickness; however, this does
not appear to be the case. These authors further sug-
gest that at low ranks (< 0.65 %Rmax) migration of liq-
uid petroleum out of coal is an efficient process. This
is important in relation to the different maturity levels
during which different macerals, due to a wide range
of activation energies, are effective petroleum genera-
tors (Fig. 2; e.g. Boreham & Powell 1993). Early, incip-
ient petroleum generation from vitrinitic substances has
been suggested by Cook & Struckmeyer (1986) and Liu
& Taylor (1991), and Khorasani (1987) observed petro-
leum generation from suberinite and terpene resinite
in the reflectance range %Rmax = 0.34–0.45 and %Rmax

= 0.45–0.60 of the associated vitrinite, respectively.
Similar low maturity levels for petroleum generation
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Fig. 2. The primary petroleum products
derived from the liptinite and inertinite
maceral groups and the macerals
collodetrinite and collotelinite during
maturation. Modified from Murchison
(1987).



The Danish Central Graben is part of the Central Graben
(Fig. 3), a complex N–S trending Mesozoic intracratonic
rift basin. It was initiated in the Triassic and was most
active during the Middle and Late Jurassic (Møller 1986).
The Central Graben separates the Mid North Sea High
to the west from the East North Sea Block of the
Ringkøbing–Fyn High to the east in the Danish Sector
(Fig. 1). The development of the Danish Central Graben
was determined by differential subsidence of grabens
and basins along N–S and NW–SE trending faults.

from resinite has been observed in the Beaufort–Mac-
kenzie Basin (0.40–0.60 %Ro vitrinite), Canada (Snowdon
& Powell 1982) and in the Gippsland Basin (0.50 %Ro

vitrinite), Australia (Shanmugam 1985).           
According to Hunt (1991) a potential coal source

rock must exhibit Hydrogen Index (HI) values of 200
and H/C ratios greater than c. 0.9, and the coal should
contain more than 15% liptinite. Both the HI and the
H/C ratio are averages of a commonly heterogeneous
maceral composition of the coal, and may mask the pres-
ence of a significant proportion of oil-prone compo-
nents. This justifies detailed petrographic investigations
of coals and kerogen. According to Bertrand (1989)
the influence of the liptinite content on HI is only evi-
dent when it is over 10%, and the vitrinite macerals are
regarded as an important source for petroleum. Likewise,
a complex relationship between coal petrography and
hydrocarbon generative potential, expressed as pyrol-
ysis derived S1+S2, was found in a study on Middle
Jurassic coals in the West Lulu-2 well in the Søgne
Basin, Danish Central Graben (Petersen et al. 1996). The
microlithotypes vitrite and clarite, the macerals telinite
and collotelinite, the maceral group liptinite in gen-
eral, and the TOC appeared to be favourable for high
S1+S2 contents. Fluorescent vitrinite suggests that this
may be partly related to liptinitic material incorporated

into the vitrinite or the presence of per-hydrous vitri-
nite, i.e. the vitrinitic precursor material had an initial
higher hydrogen content owing to deposition under
anoxic conditions (e.g. Hunt 1991). A similar explana-
tion was suggested by Bagge & Keeley (1994) in a
study on the oil generating potential of Middle Jurassic
coals in northern Egypt. They were not able to demon-
strate a correlation between liptinite content and source
rock potential, and suggested that hydrogen-rich vit-
rinites were partly responsible for the petroleum gen-
erative capacity. In a transmission electron microscope
(TEM) study Liu & Taylor (1991) also concluded that
type III kerogen associated with minor amounts of sub-
microscopic lipid-rich material may provide an excel-
lent source rock independent of whether organic mate-
rial occurs as coal or as dispersed coaly matter in
sedimentary rocks. 

Obviously high contents of microscopic visible lip-
tinite macerals favour the petroleum generative poten-
tial, but the importance of the vitrinitic components, par-
ticularly the nature of the vitrinite, and submicroscopic
lipid-rich material should not be underestimated. The
oil generative potential of coal and dispersed organic
matter in non-marine sediments thus depends on the
depositional environment and the composition of the
parent vegetation (e.g. Collinson et al. 1994).
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Structural setting

200 km

Denmark

Norway

U.K. Germany

Netherlands Fig. 3. Map showing the location of the Central Graben in the
North Sea with, in darker shading, the Danish part. For details
and structural elements see Fig. 1. The dashed lines outline the
national sectors of the North Sea.
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Subsidence of the Danish Central Graben started in
the north-eastern part of the area, where the Søgne
Basin and Tail End Graben (Fig. 1) began to subside as
separate half-grabens during the Middle Jurassic (Gowers
& Sæbøe 1985; Møller 1986). Initiation of rift-associated
subsidence was probably related to domal uplift and sub-
sequent dome collapse in the North Sea area (Ziegler
1982, 1990; Underhill & Partington 1993). Most authors
(e.g. Gowers & Sæbøe 1985; Møller 1986; Cartwright
1991; Korstgård et al. 1993) agree that asymmetric sub-

sidence was initiated in the Søgne Basin in connection
with boundary fault activity during the Middle Jurassic.
Middle Jurassic subsidence occurred mainly along N–S
trending faults inherited from the pre-Jurassic, espe-
cially along segments of the Coffee Soil Fault (Fig. 1).

According to Mogensen et al. (1992) salt structures
were generated in the Søgne Basin in the Triassic.
Subsidence and faulting in Middle Jurassic times initi-
ated the development of boundary fault salt pillows and
up-dip salt structures in the southern Søgne Basin.

A formal lithostratigraphy for the Middle Jurassic of the
North Sea was published by Jensen et al. (1986). All
Middle Jurassic deposits of the Søgne Basin in the north-
eastern part of the Danish Central Graben are referred
to as the Bryne Formation, which has previously been

established in the Norwegian Central Graben by Vollset
& Doré (1984). In the southern part of the Danish
Central Graben, the Middle Jurassic deposits are referred
to as the Central Graben Group of NAM & RGD (1980)
(see Fig. 4).

Middle Jurassic lithostratigraphy

Fig. 4. The Jurassic lithostratigraphy of the Danish Central Graben showing the Middle Jurassic Central Graben Group and the Bryne
Formation. From Andsbjerg (1997).
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The Bryne Formation
Middle Jurassic sandstones with interbedded mudstones
and coals were encountered by the first exploration well,
Lulu-1, in the Danish part of the Søgne Basin (Fig. 1).
Similar deposits encountered in the Norwegian part of
the Central Graben were included in the Bryne
Formation, and Jensen et al. (1986) extended the Bryne
Formation to include the Middle Jurassic deposits of the
northern part of the Danish Central Graben (Fig. 4).

In the Søgne Basin the Bryne Formation is separated
from Triassic and Permian deposits by a major uncon-
formity. The Bryne Formation is conformably overlain
by marine mudstones of the Upper Jurassic Lola
Formation (Jensen et al. 1986) and unconformably by
Cretaceous deposits on structural highs. The Bryne
Formation shows thicknesses from 130 to 300 metres
in wells in the Danish part of the Søgne Basin. It wedges
out on structural highs, but may possibly attain larger
thicknesses in the deepest parts of the basin.

A detailed sedimentological analysis of cores from
the Lulu-1 well was published by Frandsen (1986) who
interpreted the sediments as deposits of a deltaic inter-
distributary bay overlain by coastal sediments. Middle
Jurassic deposits further south in the Danish Central
Graben had previously been interpreted as alluvial plain

and delta plain deposits by Koch (1983). Damtoft et al.
(1992) suggested a fluvial channel and floodplain envi-
ronment for the Bryne Formation, whereas Johannessen
& Andsbjerg (1993) interpreted the sediments as allu-
vial plain deposits overlain by tidal and shallow marine
deposits.    

The Central Graben Group
The Central Graben Goup was named by NAM & RGD
(1980) with the Dutch Central Graben as the type area,
and was extended to include the Salt Dome Province
in the southern part of the Danish Central Graben by
Jensen et al. (1986). In the Danish part of the Central
Graben the Central Graben Group consists of the sand
prone Lower Graben Sand Formation overlain by the
mudstone dominated Middle Graben Shale Formation
(Jensen et al. 1986; Fig. 4). The maximum drilled thick-
ness of the Central Graben Group is 237 m (O-1 well),
but more commonly the thickness ranges between 50
and 150 m.  

The deposits of the Central Graben Group have been
interpreted as alluvial plain sediments overlain by
deposits of a delta plain dominated by swamps and inter-
distributary bays (Koch 1983; Jensen et al. 1986).

The Middle Jurassic of the central and southern North
Sea generally has a poor biostratigraphy. This is due
to the predominance of non-marine facies, and to the
large depth at which Middle Jurassic deposits are
encountered in the Central Graben.

A major sequence boundary separates the Bryne
Formation into a fluvial dominated lower part and an
upper part composed of  predominantly paralic and mar-
ginal marine deposits (Andsbjerg & Dybkjær 1997). In
the uppermost part of the fluvial dominated succession
the presence of the dinocyst Adnatosphaeridium
caulleryi suggests an age not older than Bathonian.
This evidence, in combination with Late Bathonian ages
above the sequence boundary, indicate that sequence
boundary incision took place during the Bathonian,
probably during the later part of the Bathonian. The

occurrence of Scriniocassis sp. in the lowermost part
of the Bryne Formation indicates an age not younger
than the Late Bajocian for that interval.

The upper part of the Bryne Formation is reason-
ably well dated in a few wells due to dinoflagellate cysts
found in marine and estuarine deposits (Andsbjerg &
Dybkjær 1997). Above the major sequence boundary
the Bryne Formation seems to be of Late Bathonian to
Late Callovian age. The occurrence of the dinoflagel-
late cysts Cleistosphaeridium varispinosum and Nanno-
ceratopsis gracilis in incised valley-fill deposits right
above the sequence boundary suggests that the valley
fill ranges from Late Bathonian to earliest Callovian.
The presence of Dissilodinium willei in the succession
above the incised valley-fill deposits suggests a Middle
Callovian age for that interval, and the occurrence of

Biostratigraphic datings
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Ctenidodinium continuum, Liesbergia scarburghensis
and Meiourogonyaulax cf. M. caytonensis near the top
of the Bryne Formation indicates a latest Callovian to
earliest Oxfordian age. 

In the southern part of the Danish Central Graben
wells with deposits of the Central Graben Group are
not as closely spaced as the wells with Bryne Formation
sediments, and the Central Graben Group deposits
exhibit fewer biostratigraphic datings. As is the case for
the Bryne Formation, the lower part of the Central
Graben Group succession yields poor biostratigraphic
datings. A few good datings are supplied by age diag-
nostic spores. Krauselisporites hyalina in the upper
part of  the Lower Graben Sand Formation suggests a
Bathonian age, and Kekryphalospora distincta lower in
that formation indicates an age not younger than Early

Bajocian. A few dinoflagellate cysts have been found
in the Lower Graben Sand Formation. In the upper
part of the formation the Late Bajocian – Early Callovian
Pareodynia evitii has been found below an erosive
channel base, which may correlate to the major sequence
boundary separating the upper and lower parts of the
Bryne Formation.             

In the uppermost part of the succession, in the coal-
bearing Middle Graben Shale Formation,  Chytro-
eisphaeridia hyalina and Ctenidodinium sellwoodii
indicate ages not younger than Mid and Late Callovian
respectively; however, the presence of  Energlynia
acollaris and Wanaea thyssanota may indicate an age
up to Early Oxfordian. Pareodinia prolongata and
Rigaudella aemula, which may range up to the Middle
Oxfordian, are also found within this succession.

Samples
The material in this study is mainly taken from drill-
cores as this procedure enables a precise correlation
between sample lithology, depositional environment and
organic petrography and geochemistry of the sample.
If considered necessary, other sample types (sidewall
cores, cuttings, extracted cuttings) were included. All
core samples are indicated on the sedimentological
logs presented in this bulletin.    

The coal seams in the well-cores in the Søgne Basin
were sampled from floor to roof (channel samples)
such that, if possible, the samples represent the total
thickness of the seams and also cover macroscopically
visible changes in coal layering (coal facies change). A
few samples were likewise collected from coaly mud-
stones associated with the coal seams. In the Søgne Basin
a total of 110 core samples were collected, viz. 44 from
West Lulu-1, 29 from West Lulu-3, 18 from Lulu-1, 13
from Amalie-1 and 6 from Cleo-1. The 6 core samples
from the Cleo-1 well were supplemented with 13 side-
wall core samples, 18 cuttings and 5 extracted cuttings
from the Middle Jurassic interval. 

Outside the Søgne Basin samples were likewise pref-
erentially taken from drill-cores. However, due to lim-

ited coring in the Middle Jurassic interval, cuttings were
also used. Core samples were collected from levels in
the cores with visible disseminated organic matter or
from black mudstones presumed to be rich in organic
material. A total of 105 samples have been investigated,
viz. 10 core samples and 20 cuttings from Alma-1x, 11
cuttings from Anne-3a, 10 core samples from Elly-3, 12
core samples and 5 cuttings from Falk-1, 12 cuttings from
M-8, and 10 core samples, 13 cuttings and 2 extracted
cuttings from the Skjold Flank-1 well (Fig. 1).

Organic petrographic analyses
Particulate pellets suitable for optical analyses were
prepared by crushing the samples to a grain size
between 63 µm and 1 mm. Approximately 20 ml of a
dried (24 hrs at 60°C) homogenised sample split was
embedded in epoxy. Following hardening the sample
was cut vertically into two pieces and the ‘new’ face
was ground and polished using 1/4 µm diamond pow-
der for the final polish to obtain a smooth surface. The
preparation procedure thus takes into account the grain
size and density induced separation during embedding
in epoxy resin.

Samples, analytical methods and data processing



Vitrinite reflectance measurements

The organic maturity (rank) of the organic matter was
petrographically determined by random reflectance

measurements on the vitrinite maceral collotelinite. The
equipment used was a Leitz MPV-SP system, which was
calibrated against a standard of 0.893 %Ro. A total of
100 measurements per sample conducted in mono-
chromatic light and oil immersion was the optimum;
however, commonly this was not possible. The
reflectance measurement procedure is in accordance
with the standards outlined by Stach et al. (1982). A total
of 25 samples have been measured.

Organic petrography

Maceral and kerogen analyses. Each sample was
analysed in reflected white light and fluorescence-induc-
ing blue light in oil immersion using a Zeiss incident
light microscope and a Swift point counter. A total of
500 points (macerals, minerals) were counted in each
sample. In the coal samples 14 different macerals plus
pyrite and ‘other minerals’ were recorded (Table 2).
The presence of char and pyrolytic carbon was quali-
tatively noted. Hard coal maceral identification follows
the standards in Stach et al. (1982) and ICCP (1998).
Maceral analyses of the coals were carried out contem-
poraneously with the microlithotype analysis (see
below), and a total of 57 samples were investigated.  
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Macerals

Telinite
Collotelinite
Collodetrinite
Gelinite
Corpogelinite

Sporinite
Cutinite
Liptodetrinite
Resinite
Exsudatinite

Fusinite
Semifusinite
Inertodetrinite
Macrinite
(Char)*
(Pyrolytic carbon)*

Pyrite
Other minerals

Maceral group

Vitrinite

Liptinite

Inertinite

Mineral matter

Table 2.  Macerals and minerals identified in the coal seams

* detected but not counted

           Maceral composition

       Major                     Minor

Alginite
Algodetrinite
Sapropelinite 1

Sapropelinite 11
Liptodetrinite
Resinite (A+B)

Particulate
liptinite
(mainly B)
Liptodetrinite

Vitrinite
(Collotelinite,
Humosa-
propelinite)

Inertinite

Bacterial
remnants
Sapropelinite 11

Particulate
liptinite (A+B)
Alginite
Corpogelinite

Alginite
Sapropelinite 11
Collodetrinite
Humosapropelinite

Resinite
Inertinite
Sporinite

Vitrinite

          Fluorescence
            properties

Greenish yellow for alginite

Orange to orange brown
for sapropelinite 11
Yellow for resinite (A+B)

Yellow for sporinite,
cutinite etc.

Dark brown for resinite

-

> 700

400–700

150–400

25–150

< 25

> 1.5

1.1–1.5

0.8–1.3

0.5–0.8

0.5

0.6–0.9

0.6–0.9
0.3–0.7

(for resinite)

0.7–1.1

0.8–1.0 (oil)
1.0–1.5 (gas)

No source of
hydrocarbons

 Generated
    hydro-
   carbons

Mainly oil

Mainly oil;
major gas in
higher matu-
ration
(> 1.3%Ro)

Oil and gas

Mainly gas

Minor gas
(no source
for liquid
hydro-
carbons)

Kerogen
   type

1

11a

11b

111

1V

Table 3.  Kerogen classification

From Mukhopadhyay et al. 1985

Range of
Hydrogen 

Index
(mg HC/g Corg)

 H/C
atomic
 ratio

Peak
generation

(%Ro)



The kerogen analyses were likewise carried out by
means of  point-counting. The coal maceral group ter-
minology was used to type the organic material (e.g.
Hutton et al. 1994), and the following entities were
recorded: liptinitic terrestrial organic matter (OM) and
terrestrial OM, the latter divided if possible into vit-
rinitic OM and inertinitic OM. Intimately associated
organic and mineral matter were counted as organo-
mineral matrix. Pyrite and mineral matrix were also
recorded. 

Kerogen classification was based on the scheme
developed by Mukhopadhyay et al. (1985), where each
kerogen type among other things is characterised by a
specific maceral composition and hydrogen index range
(Table 3). A total of 12 kerogen analyses were carried
out.    

Microlithotype analyses. The same equipment described
above was used for the microlithotype analysis. The
analysis was only performed on the coal samples, and
500 microlithotypes were recorded in each sample.
Analysis procedure and microlithotype identification
follow the standards described in Stach et al. (1982)
(Table 4), and 57 samples were investigated.

Screening analyses
A portion of all 215 samples were crushed to a grain
size < 250 µm for total organic carbon (TOC) determi-
nation and Rock-Eval pyrolysis. A LECO IR-212 induc-
tion furnace was used to estimate the TOC (wt%). The
samples for TOC determination were treated with HCl
at 60°C to remove carbonate-bonded carbon before
combustion. An untreated sample (about 10 mg) was
used for Rock-Eval pyrolysis on a Delsi Rock-Eval II or
Vinci Rock-Eval 5 equipment. In addition, 15 extracted
coal samples from the Søgne Basin were analysed by
Rock-Eval pyrolysis.

Organic geochemical analyses

Extraction

Solvent extracts were prepared by means of a Soxtec
instrument using CH2Cl2/CH3OH (93 vol./7 vol.) as sol-
vent. Asphaltenes were precipitated by addition of 40-
fold n-pentane. The maltene fractions were separated
into saturated, aromatic and heteroatomic compounds
by medium performance liquid chromatography (MPLC)

using a method modified from Radke et al. (1980b). A
total of 64 samples were extracted.

Gas chromatography and gas chromato-
graphy/mass spectrometry 

Saturate fractions of 64 extracts were analysed by split-
less injection gas chromatography (GC) on a Hewlett
Packard 5890 gas chromatograph fitted with a 25 m
HP-1 WCOT column and FID. In addition the saturate
fractions were analysed by coupled gas chromato-
graphy/mass spectrometry (GC/MS) using splitless injec-
tion and a Hewlett Packard 5890 series II gas chro-
matograph equipped with a 25 m HP-5 WCOT column
and coupled to a Hewlett Packard 5971A quadropole
mass spectrometer. The components emerging from
the GC were scanned for preselected fragment ions
(Selected Ion Monitoring, SIM), and speciel attention was
paid to the m/z 191 fragment ion of hopanes and the
m/z 217 and m/z 218 fragment ions of steranes.

Pyrolysis-gas chromatography

Temperature programmed pyrolysis-gas chromatography
(Py-GC) was carried out on 15 solvent-extracted sam-
ples using a custom-made stainless steel pyrolysis unit
coupled to a Hewlett-Packard 5890A gas chromato-
graph, furnished with a 50 m Chrompack CP-Sil-8CB
WCOT column and FID, using direct on-column injec-
tion. The pyrolysis unit and the column were joined by
1 m precolumn, which was used for cold trapping of
pyrolysis products in liquid nitrogen prior to chro-
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Microlithotype

Vitrite

Liptite

Inertite

Clarite

Vitrinertite

Durite

Trimacerite

Duroclarite

Clarodurite

Vitrinertoliptite

Maceral Group Composition

vitrinite > 95%

liptinite > 95%

inertinite > 95%

vitrinite+liptinite > 95%

vitrinite+inertinite > 95%

inertinite+liptinite > 95%

vitrinite, inertinite, liptinite > 5%

vitrinite > inertinite, liptinite

inertinite > vitrinite, liptinite

liptinite > vitrinite, inertinite

Table 4.  Microlithotype classification



Sedimentological description and
interpretation of the coal-bearing
intervals

West Lulu-3 well

Below the carbonaceous succession there are fining
upward, very fine-grained to fine-grained sandstones
with small-scale trough cross-lamination and ripple
cross-lamination (Figs 5, 6). Bioturbation may be pre-
sent in the uppermost part of the interval. The sand-
stones are interpreted as fluvial channel deposits
(Johannessen & Andsbjerg 1993). 

The sandstones are overlain by a succession c. 8 m
thick that is dominated by carbonaceous shales and
characterised by thin coal layers or laminae, coaly debris,
rootlets with occasionally coalified leaves and twigs, as
well as three coal seams, named from below, seams R1,
R1a and T2. Rootlets are also abundant in thin silty
intercalations and in flaser-bedded heterolithic siltstone,
which shows bioturbation. Seam R1 is c. 0.56 m thick
and it appears as bright and banded coal with pyrite
filling vertical cleats. The seam is gradually followed by
black, carbonaceous shale. Seam R1a is only c. 0.30 m
thick. Coal seam T2 is c. 0.71 m thick and contains ver-
tical pyrite veinlets.
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matography. The pyrolysis temperature program (300–
550°C at 20°C/min followed by 2.5 minutes at 550°C)
was controlled by a custom made unit. The GC tem-
perature program was: initial time 27 minutes at 30°C,
ramp from 30–300°C at 4.5°C/min, hold at 300°C for 20
minutes.

Data analysis was carried out using HP-chemstation
software. Determination of the proportions of gas-range
(C1–5) and oil-range (C6+) components was carried out
by construction of a horizontal baseline on blank-sub-
tracted pyrograms at the zero-level before elution of the
C1 peak, and splitting the integrated chromatogram into
a C1–5 (gas) and a C6+ (oil) fraction (Pepper & Corvi 1995).

Multivariate regression analysis
Multivariate regression analysis was used to evaluate the
data obtained from the petrographic and screening
analyses (Rock-Eval, LECO) carried out on 54 samples
from the coal seams in the Søgne Basin. Data from the
previously investigated West Lulu-2 well (Petersen et al.
1996) were included ending up with a total of 94 sam-
ples. The variables (macerals, maceral groups, microlitho-
types, TOC values) used in the multivariate calibration
were the normalised data from the maceral group, mac-
eral and microlithotype analyses together with the TOC
and Tmax values. The target parameter to which corre-
lation was performed was the S2 value. In a study by

Petersen et al. (1996) the hydrocarbon generative poten-
tial represented by S1+S2 was used as target parameter.
However, as S1 may vary in a way that is not entirely
related to the composition of the organic material, but
probably also due to primary migration, it was decided
in this study only to correlate to S2, which is taken to
represent the remaining hydrocarbon generative poten-
tial. The scope of the correlation is to obtain informa-
tion on the relation between the remaining generative
potential and the composition of the organic matter, and
thus to identify the petrographic constituents which are
likely to be responsible for petroleum generation in
the coal seams.

The correlation was performed with the PC software
Sirius (Kvalheim & Karstang 1987) using partial least
squares (PLS) regression analyses (Martens & Næs 1991).
The latent variables were verified by cross validation
proposed by Wold (1978), and the group memberships
were calculated using the so-called ‘Soft Independent
Modeling of Class Analogies’ (SIMCA) algorithms (Wold
1976; Kvalheim & Karstang 1992). Prior to modeling the
variables were scaled to unit variances in order to avoid
dominance from variables high in variance over vari-
ables low in variance but yet with significant influence
on the target parameter. By doing this all variables are
equally weighted with respect to variance prior to the
estimation of their importance on the model, however,
care must be taken not to model ‘noise’ from variables
with very low values.

The coals of the Bryne Formation in the Søgne Basin
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Fig. 5. Explanation of sym-
bols used in the measured
well-sections.



The carbonaceous succession is followed by a coars-
ening upward succession of heterolithic clay- and silt-
stone, and sandstone showing mainly faintly parallel-
lamination, current ripples and ripple cross-lamination.
The sediments were deposited in a lagoon or bay-head
delta (Andsbjerg 1997).

West Lulu-1 well

Lowermost in the investigated interval are well-sorted,
fine-grained, grey, sandstone beds showing trough

cross-bedding, current- and wave-ripple cross-lamina-
tion, occasionally hummocky cross-stratification, and
bioturbation structures (Fig. 7). The sediments are inter-
preted to have been deposited in a wave-influenced
minor mouth bar. 

The sandstone beds are overlain by a complex suc-
cession of carbonaceous mudstones and three coal
seams, named from below, R1, R1a and T2. Seam R1 is
c. 0.89 m thick. It starts with mainly bright–dull, banded
coal but becomes more bright towards a c. 0.11 m thick
vitrinite-rich, clayey coal layer in the upper part of the
seam (Table 5). Seam R1 ends with bright and dull coal.
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Small pyrite crystals and horizontal and nearly vertical
pyrite veinlets are observed throughout the seam. Clayey
coal and black, hard carbonaceous mudstone with vit-
rinite laminae or lenses and fusinite particles overlie seam
R1. The following approximately 0.58 m thick seam
R1a shows a trend from bright coal in the lower part
to banded coal and clayey coal with vitrinite laminae
in the upper part (Table 5). Pyrite has been observed
as vertical laminae. Carbonaceous mudstone with vit-
rinite lenses and an increasing content of clay overlies
seam R1a. The c. 0.66 m thick seam T2 consists in the
basal part of mainly dull coal, where pyrite may be
present (Table 5). The middle part is brighter and con-
tains pyrite, while the upper part is composed of hard,
dull coal, probably with pyrite. 

A 13 m thick succession of poorly sorted, mainly
fine-grained sandstone with coarser-grained intervals
overlies the organic-rich complex (Fig. 7). The sand-
stone beds in the lowermost part of the succession have
erosional bases and contain ripple cross-lamination and
current ripple structures. The sandstones are interpreted
to represent estuary channel deposits. Approximately
5 m of mainly upward coarsening, faintly parallel lam-
inated, Teichichnus bioturbated sandstone is interpreted
to represent lagoonal or flood tidal delta deposits.
Uppermost in the sandstone succession is a 4 m thick,
erosionally based sandstone unit, that shows a stepwise
upward coarsening profile. The unit consists of het-
erolithic sandstone dominated by hummocky cross-
stratification and sandstone showing swaley cross-strat-
ification and low angle cross-bedding. This unit is
interpreted as wave-dominated mouth bar and tidal
inlet deposits. 

The uppermost rooted sandstone is overlain by seam
T3, c. 0.66 m thick. The lower part of the seam is hard
and dull, but it becomes more banded and bright in
the upper part (Table 5). An erosional boundary sep-
arates it from the overlying sandstone and the c. 0.48
m thick seam T4 composed of banded coal, possibly
containing pyrite. Seam T4 is erosionally overlain by
mainly very fine-grained to fine-grained sandstone beds
showing wave ripple, hummocky cross-stratification,
current ripple and ripple cross-lamination structures.
The sediments were deposited in a shoreface envi-
ronment.

Lulu-1 well

The investigated interval constitutes part of the Inter-
distributary Bay Association of Frandsen (1986) and the

sediments were mainly interpreted to represent crevasse
splays. However, they have more recently been re-inter-
preted by Johannessen & Andsbjerg (1993) and Ands-
bjerg (1997). 

The siliciclastic sediments underlying the coal seam
R1 consist primarily of light to dark grey, mainly struc-
tureless, bioturbated silt- and sandstone beds (Fig. 8).
The sediments contain small pyrite concretions, organic
debris and coalified leaves and twigs. The sediments
are interpreted to represent estuary channel and lagoonal
deposits (Andsbjerg 1997). 

The overlying coaly interval contains grey to black
siltstone layers and thin coal layers with rootlets descend-
ing into the underlying siltstones. Seam R1 between
3599.43–3599.49 m is composed of banded to dull coal
with visible pyrite. A siltstone to very fine-grained sand-
stone with current ripples and trough cross-bedding is
overlying the coaly interval. Rootlets penetrate the sed-
iments from the overlying coal seam T2. The seam is
c. 0.56 m thick and contains a c. 0.08 m thick silt layer
approximately in the middle part. The coal below the
silt layer is bright in the basal part, and becomes dull
towards the top, whereas the coal above the silt layer
generally is dull and banded. Immediately above and
below the silt layer small pyrite concretions are present
in the coal. 

Seam T2 is overlain by a siltstone, followed by a thin
coal layer, which is erosively overlain by a bioturbated
siltstone bed. Above that is a 8 m thick coarsening
upward succession. Above a basal mudstone follow
well-sorted, very fine- to fine-grained, light to grey and
bioturbated sandstones that show wave ripples, trough
cross-bedding, current ripples and hummocky cross-
stratification. Towards the top the sandstone becomes
parallel laminated, and rootlets descend from the over-
lying seam T4. The sediments represent a prograding
shoreface and beach (Johannessen & Andsbjerg 1993).
Seam T4 is c. 0.36 m thick and consists of banded–bright
coal and dull coal with vitrinite laminae. A succession
of mainly fine-grained sandstone beds with biotubation
and predominately current ripples, hummocky cross-
stratification and faintly parallel lamination overlies
seam T4.

Amalie-1 well

The coaly interval between 5070.75 m and 5071.72 m
overlies a homogeneous mudstone, interpreted to rep-
resent a lagoonal environment, which towards the coaly
interval is black and carbonaceous with coal lenses and
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Seam T4, 0.48 m (3569.39–3569.87 m):
                   3569.39–3569.41 m, (4468A o∆):
                   3569.54–3569.59 m, (4469A o∆):
                   3569.66–3569.72 m, (4470A):

Seam T3, 0.43 m (3571.32–3571.75 m):
                   3571.32–3571.44 m:
                   3571.44–3571.49 m, (4472A o):
                   3571.49–3571.57 m, (4473A o∆):
                   3571.62–3571.70 m:
                   3571.70–3571.75 m, (4475A o∆):

Seam T2, 0.66 m (3587.98–3588.64 m):
                   3587.98–3588.08 m, (4476A):
                   3588.08–3588.11 m:
                   3588.21–3588.28 m, (4478A o∆):
                   3588.28–3588.33 m:
                   3588.33–3588.46 m, (4480A o):
                   3588.46–3588.54 m, (4481A):
                   3588.54–3588.59 m:
                   3588.59–3588.64 m, (4483A):

(3588.64–3589.05 m, carbonaceous mudstone with vitrinite lenses; not sampled)

Seam R1a, 0.58 m (3589.05–3589.63 m):
                   3589.05–3589.07 m:
                   3589.07–3589.12 m, (4485A o):
                   3589.12–3589.17 m:
                   3589.17–3589.22 m, (4487A o):
                   3589.22–3589.35 m:
                   3589.35–3589.40 m, (4489A):
                   3589.40–3589.48 m:
                   3589.58–3589.63 m, (4491A o):

3589.63–3590.29 m, hard, dark grey-black carbonaceous mudstone and clayey coal with vitrinite lenses and laminae:

                   3589.68–3589.71 m:
                   3589.76–3589.78 m:
                   3589.96–3589.99 m:
                   3590.21–3590.29 m, (4495A o):

Seam R1, 0.89 m (3590.29–3591.18 m):
                   3590.29–3590.39 m:
                   3590.52–3590.57 m, (4497A):
                   3590.57–3590.59 m, (4498A o):
                   3590.59–3590.65 m, (o):
                   3590.65–3590.70 m:
                   3590.70–3590.75 m, (4501A o):
                   3590.75–3590.80 m:
                   3590.80–3590.82 m, (4503A o):
                   3590.82–3590.87 m, (4504A):
                   3590.87–3590.93 m:
                   3590.93–3590.98 m, (4506A o):
                   3590.98–3591.08 m, (4507A o):
                   3591.08–3591.13 m:
                   3591.13–3591.18 m, (4509A):

3591.18–3591.92 m, carbonaceous mudstone:
                   3591.18–3591.23 m, (o):
                   3591.23–3591.31 m:
      

Dull-bright banded coal, possibly with pyrite
As above
Dull-bright banded to dull coal; pyrite possibly present      

Dull-bright banded coal, mainly dull
Hard and black bright to dull coal
Mainly bright coal
Hard, dull coal with vitrinite particles or laminae
Hard, dull coal

Hard, dull coal with pyrite(?) and vitrinite lenses
Hard, dull coal
Dull (to bright) coal, probably with pyrite
Mainly bright coal with pyrite
Mainly bright coal
Hard, clayey dull coal or coaly mudstone
Dull coal with vitrinite particles and lenses
Bright to dull coal with pyrite

Carbonaceous mudstone or clayey coal with vitrinite laminae
Bright-dull banded coal
Dull coal with vitrinite laminae; pyrite present
Mainly bright coal
Mainly bright coal with duller layers; pyrite present in vertical cleats
Mainly bright coal
As above
Bright coal

Hard, black and dull with vitrinite laminae
Hard and black with vitrinite laminae; fusinite particles observed
As above
Carbonaceous mudstone or clayey coal with vitrinite laminae

Dull and bright coal with clay laminae, fusinite particles present
Dull coal with vitrinite laminae, pyrite present
Mainly bright coal, small pyrite crystals present
Carbonaceous mudstone with vitrinite laminae or particles
Vitrinite-rich carbonaceous mudstone or clayey coal
Hard, dull coal
Mainly bright coal; horizontal pyrite lens and small pyrite crystals
Mainly bright coal
Mainly bright coal with pyrite in almost vertical cleats
Hard mainly dull coal
Mainly bright coal
Bright-dull banded coal; pyrite present
Bright-dull banded coal
Mainly bright coal with dull laminae

Dull carbonaceous mudstone, top more coaly
Dull carbonaceous mudstone with vitrinite lenses
 

Table 5.  Macroscopic description of samples from West Lulu-1

Samples analysed petrographically are indicated by sample number in brackets. o: sample extracted, fractionated and analysed by means of 
GC and GC/MS; ∆: sample analysed by means of Py-GC.



laminae (Fig. 9). The coaly interval consists of only an
0.08 m thick coal layer composed of dull coal with vit-
rinite laminae. The seam is overlain by a 0.22 m thick
coaly mudstone layer, and finally the 0.25 m thick coal
seam R1 of mainly dull coal with vitrinite laminae. A
23 m thick succession separates seam R1 from seam T4.
Immediately above seam R1 is a 0.5 m thick bed of het-
erolithic clay- and siltstone interpreted as deposited in
a lagoon. Above that the lower part of the succession
consists of two erosionally based, fining upward sand-
stone units that show cross-bedding, ripple cross-lam-
ination, bidirectional ripple cross-lamination, flaser-bed-
ding and wavy-bedding. Rip-up mudstone clasts are
present above basal erosion surfaces. On top of the
lowermost fining upward unit (5067.7 m) is a struc-
tureless mudstone and a 0.15 m thick coaly mudstone,
and on top of the second unit (5063.5 m) a 0.4 m thick
coaly mudstone. The fining upward sandstone units
are interpreted as tidal creek or tidally-influenced flu-
vial channel deposits, possibly with interbedded tidal
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with indication of the sampled intervals.
Sample numbers of petrographically
analysed samples shown; o: sample
analysed by GC and GC/MS; D: sample
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See Fig. 5 for legend and Fig. 1 for well
location.



22

5071

5070

5069

5068

5067

5066

5065

5064

5063

5062

5061

(m)

Amalie-1 wellA

5070.81–5070.87 m (4521A   )
5071.08–5071.12 m
5071.15–5071.18 m
5071.22–5071.27 m (  )
5071.27–5071.30 m (  )
5071.55–5071.58 m
5071.70–5071.72 m

vf   f   m    c   vc

5067.67–5067.71m (  )

5063.48–5063.50 m

5061.66–5061.74 m (  )
5061.81–5061.85 m

Offshore

Shoreface with
transgressive lag

Peat-forming and
open-water mire

Peat-forming
mire

Lagoon

Lagoon

Lake

Tidal creek/
tidally-influenced
fluvial channels

and
tidal flats

Tidal creek/
tidally-influenced
fluvial channels

Lagoon or
lake

Lagoon or
lake

Planolites

Teichichnus

Teichichnus

Teichichnus

Planolites

Planolites

Planolites

Planolites

R1

Clay Silt Sand

Fig. 9. A and B: The coal-bearing
sections of the Amalie-1 well showing
the position of seams R1 and T4, and the
interpreted depositional environments.
Sample numbers of petrographically
analysed samples shown; o: sample
analysed by GC and GC/MS; D: sample
analysed by Py-GC.
See Fig. 5 for legend and Fig. 1 for well
location.



flat sediments in the upper unit (Andsbjerg 1997).
Teichichnus and Planolites burrows have been recog-
nised in the channel deposits. Above the fining upward
units is a 2.5 m thick succession of heterolithic siltstone
and mudstone, which at the top coarsens upward to a
0.3 m thick sandstone bed. A carbonaceous mudstone
with a 0.08 m thick layer of bright coal is present at the
base of the coarsening upward unit. This succession is
interpreted to be interbedded lagoon and wash-over
deposits. The uppermost sandstone bed may represent
a transgressive shelf deposit. This succession (Fig. 9A)
is separated from the succession shown in Figure 9B
by an approximately 10 m thick generally coarsening
upward mudstone to sandstone succession interpreted
as shoreface deposits. A 2.5 m thick erosionally based
unit of very fine- and fine-grained sandstone dominated
by wave ripple cross-lamination, hummocky cross-strat-
ification, swaley cross-stratification and possibly low-
angle cross-bedding underlies seam T4 (Fig. 9B). This
uppermost coarsening upward part of the shoreface
succession is interpreted to be progradational shelf and
shoreface deposits (Andsbjerg 1997). 

The c. 0.35 m thick coal seam T4 composed of hard
and bright coal overlies the shoreface sandstones. The

seam is overlain by highly Teichichnus bioturbated clay-
and siltstone deposited in a lagoonal environment.

Cleo-1 well 

The lowermost part of the succession consists of a silt-
stone to very fine-grained sandstone. However the
crushed core interval hinders recognition of sedimen-
tary structures (Fig. 10). It is overlain by a generally
homogeneous, light grey, grey and dark grey mud-
stone, with common coal particles. Occasional sedi-
ment disruption may be related to bioturbation. Rootlets
occur in a narrow horizon characterised by coal streaks.
The mudstone is overlain by a faintly parallel-lami-
nated, but generally very disturbed, silt- to very fine-
grained sandstone with abundant coal particles, streaks
and lenses, and coalified wood. Rootlets are also pre-
sent. The succession is topped by a more sandy, but
also very coaly interval. The mudstones with evidence
of vegetation are interpreted to represent distal flood-
plain to shallow lake or pond deposits, while the over-
lying sandstones were deposited in fluvial, possibly
tidally influenced, channels.
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Sequence stratigraphic framework and
spatial coal seam distribution
A sequence stratigraphic interpretation of the coal-bear-
ing interval in the West Lulu-2 well and correlation of
the coal-bearing strata between wells within the Søgne
Basin has been presented by Petersen & Andsbjerg
(1996) and Petersen et al. (1996). These studies focused
on a detailed organic petrographic and geochemical
investigation of the six coal seams and their relation-
ship to sequence stratigraphic key surfaces and sys-

tems tracts. This sequence stratigraphic framework was
revised somewhat in the more detailed sequence strati-
graphic and sedimentological study by Andsbjerg (1997).
In the studies by Petersen & Andsbjerg (1996) and
Petersen et al. (1996) two sequences, A and B, were
recognised in the coal-bearing unit of the West Lulu-2
well, with only seam T1 situated in sequence A and the
remainding five coal seams situated in the transgressive
systems tract (TST) of sequence B (Fig. 11). Seam R1
was situated at the base of the TST and separates the
lowstand systems tract (LST) from the TST, and it was
thus correlatable to the transgressive surface (TS1).
Seam T2 was situated closely above R1 at the very basal
part of the TST, whereas seams R2, T3 and T4 were sit-
uated close to or include the correlative level to the max-
imum flooding surface (MFS). In the revised sequence
stratigraphic model of Andsbjerg (1997) sequence Bat-
1A is equivalent to sequence A of Petersen & Andsbjerg
(1996), whereas sequence B of Petersen & Andsbjerg
(1996) is subdivided into two sequences, Cal-1A and
Cal-1B. The regional sequence boundary (SB) Cal-1A
subdivides the Middle Jurassic succession into a lower
part dominated by fluvial deposits and an upper part
dominated by paralic and shallow marine deposits
(Andsbjerg 1997). Only the T1 seam, identified in the
West Lulu-2 well, is located below the Cal-1A SB in
sequence Bat-1A. The Middle Jurassic sediments above
the Cal-1A SB represent sequences Cal-1A, Cal-1B and
Cal-1C. The Cal-1B SB separates seams R1 and T2 from
seams R2, T3 and T4. However, the five seams R1 to
T4 are all located in transgressive systems tracts of their
respective sequences. Therefore, coal seams R1–R2 and
T2–T4 treated herein are located in sequences Cal-1A
and Cal-1B. 

In most wells the Cal-1A SB is located at the base
of stacked massive channel sandstones. The missing
section below the unconformity may amount to up to
c. 40 m, and the unconformity is interpreted as bound-
ing an incised valley with a relief amounting to at least
40 m. The stacked fluvial and estuarine channel sand-
stones and interbedded tidal channel and low-energy
estuary deposits that constitute the incised valley fill rep-
resent the LST and lower TST of the Cal-1A sequence.
The valley fill succession is capped by the R1 coal seam,
which is also found overlying an interfluvial bypass
surface or a very thin (0.5 m) valley-fill unit in the West
Lulu-4 well. The upper part of the Cal-1A TST is pre-
sent above seams R1 and T2 as a thin transgressive
shoreface sandstone in the easternmost wells and as a
succession of mainly estuarine deposits in the wells to
the west. A coarsening upward succession of shelf and
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shoreface deposits represents the highstand systems
tract (HST) and forced regression systems tract (FRST)
of Cal-1A in the easternmost wells (Andsbjerg 1997). In
wells in an intermediate position there is a somewhat
thinner succession of bay-head or tidal delta deposits,
whereas the HST/FRST is missing from the western-
most wells due to erosion at the Cal-1B SB. The Cal-
1B SB is located in beach deposits overlying the coars-
ening upward shoreface succession in the easternmost
wells and at the base of tidally influenced channel sand-
stones in the wells to the west. The beach deposits and
lowermost channel sandstones may represent the LST
or lowermost TST of Cal-1B. Seams R2, T3 and T4 in

the wells to the west and seam T4 seam in the wells to
the east are situated on top of these LST/lowermost
TST deposits and are thus incorporated in the TST of
the Cal-1B sequence. 

The sequence stratigraphic framework together with
the exellent lateral control provided by the character-
istic gamma ray signals of the coal seams helped cor-
relation of the coal intervals. A more detailed coal seam-
to-coal seam correlation in the Søgne Basin is possible
due to the organic petrographic and geochemical data
obtained in the present study (see p. 29). The cored
succession in the Cleo-1 well is not included in this cor-
relation; coal seams are absent and the succession prob-
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ably belongs to the LST of sequence Cal-1A (Andsbjerg
1997).   

The spatial distribution of the coal seams is shown
in the fence diagram in Figure 12. Seam T1 in sequence
Bat-1A has been observed in West Lulu-2, West Lulu-4
and possibly in Lulu-1. A coal seam is not present at
that level in West Lulu-1 and the Norwegian 3/7-4 well
and the Bat-1A sequence has been erosionally removed
in West Lulu-3. In contrast seam R1 is areally extensive

and is present in all wells, which is in accordance with
correlation of the seam with a transgressive surface
(Fig. 13). In a landward position relative to the palaeo-
coastline (West Lulu-2 and West Lulu-1 wells) seam R1
is between c. 0.85 and 0.89 m thick (Table 6). In West
Lulu-3 the seam is c. 0.56 m thick, but basinwards it
thins to about c. 0.06 m and c. 0.25 m in the Lulu-1 and
Amalie-1 wells respectively. At 0.66 m above seam R1
in both the West Lulu-3 and West Lulu-1 wells a coal
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seam named R1a occurs. It is 0.30 m thick in West Lulu-
3 and 0.58 m in West Lulu-1. Its organic petrographic
and geochemical composition (see below) is interme-
diate between seam R1 and the overlying seam T2, and
it is interpreted to be a split of seam R1. The areal
extent of the original peat mire which formed seam
R1a was limited (Fig. 14).  

Seam T2, situated close to TS1 in the basal part of
the TST of sequence Cal-1A, is also laterally extensive.
The seam is c. 1.30 m thick in West Lulu-2 and thins
to c. 0.71 m in West Lulu-3 and in a basinwards direc-
tion to c. 0.66 m in West Lulu-1 and 0.56 m, including
a c. 0.08 m thick silt layer, in Lulu-1 (Table 6). In con-
trast to the immediately underlying seam R1, seam T2
is no longer recognisable as coal in the Amalie-1 well,
and is probably developed as carbonaceous mudstone.
This corroborates the interpretation that the precursor
peat of seam R1 formed during relatively slow watertable
(base-level) rise related to initial relative sea-level rise
allowing peat accumulation to occur over a large area,
whereas the T2 peat accumulated during accelerated
watertable rise which hindered peat formation at the
position of Amalie-1 (Fig. 15; Petersen & Andsbjerg
1996).
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Table 6.  Thickness of Bryne Formation coal seams

Fig. 13. Palaeogeographic map showing the areal extent of the
precursor mire of seam R1 in the Danish part of the Søgne Basin.
Isopach-lines show the thickness of coal seam R1 and suggest
that the precursor peat deposit thinned towards the palaeo-shore-
line and that it had a rather uniform thickness parallel to the ancient
coastline. For names and location of the wells, see Fig. 1.

Fig. 14. Palaeogeographic map showing the limited areal extent
of the precursor mire of seam R1a. The mire was probably sep-
arated from a lagoonal environment towards the south-south-east
by an open-water mire or lacustrine environment. For legend,
see Fig. 13.



In West Lulu-2 a thick coal bed was interpreted to
be a composite of two seams, R2 and T3 (Fig. 11;
Petersen & Andsbjerg 1996; Petersen et al. 1996). This
division is no longer recognisable in West Lulu-1 where
only seam T3, 0.66 m thick, seems to be present. The
areal extent of seam T3 is limited, and during deposi-
tion lagoonal, barrier and offshore environments pre-
vailed east of the T3 mire (Fig. 16).  

The overlying seam T4 can be followed laterally from
West Lulu-2 to Amalie-1. In the most landward position
(West Lulu-2) relative to the palaeo-shoreline the seam
is c. 0.50 m thick, but it thins to c. 0.35 m in both Lulu-
1 and Amalie-1 (Table 6). Based on the sonic log motif
of West Lulu-3, the seam may also be present in that
well (Fig. 17).  

This suggested spatial coal seam distribution in the
Bryne Formation is restricted by the limited number of
drilled and cored wells in the Danish part of the Søgne
Basin, but wells in the Norwegian part of the Søgne Basin
indicate a much larger areal extent of the coal seams.
The fence diagram gives an idea of the distribution of
the cumulative coal seam thickness in the Søgne Basin.
The thickest cumulative seam thickness, 5.05 m, occurs
in the West Lulu-2 well positioned most landward rel-
ative to the ancient sea, and the total coal seam thick-
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Fig. 15. Palaeogeographic map showing the areal extent of the
precursor mire of seam T2. The coal seam thickens towards the
north-east where it attains a thickness of 1.3 m. For legend, see
Fig. 13.

Fig. 16. Palaeogeographic map showing the areal extent of the
precursor mire of seam T3. The areally restricted precursor mire
of seam T3 was probably protected from the offshore marine
environment to the east by barrier islands behind which lagoonal
and open-water mire environments prevailed. For legend, see
Fig. 13.



ness diminishes in a seaward direction (Fig. 12; Table
6). The part of the ancient peat mires situated closest
to the palaeo-shoreline should be favourable for the for-
mation of petroleum-prone organic components due to
a continuously high watertable and anoxic conditions
(Petersen et al. 1996). However, this may be compen-
sated for by the greater total amount of organic matter
in the more landward parts of the palaeomires.

Organic petrographic and geochemical
results

Vitrinite reflectances

The 16 vitrinite reflectance measurements from the coals
in the West Lulu-1, West Lulu-3 and Lulu-1 wells fall in
the range 0.75–0.89 %Rm with the lowest reflectance
value measured in seam T4 in West Lulu-1 and the high-
est value measured in Lulu-1 (Tables 7–9). Twelve vit-
rinite reflectance values of the West Lulu-2 well coals
are within the same range, 0.78–0.89 %Rm (Petersen et
al. 1996). The majority (22) of the 28 reflectance val-
ues, however, lie between 0.81 %Rm and 0.89 %Rm.
These reflectance values indicate that the coals within
the four wells are of high volatile bituminous B/A rank.
The 2 vitrinite reflectance values from the Amalie-1 well
are significantly higher, both 1.3 %Rm, indicating a
medium volatile bituminous rank (Table 10). Vitrinite
reflectance measurements on vitrinitic material in Cleo-
1 give values of 0.90 %Rm and 0.95 %Rm inferring a
high volatile bituminous A rank. 

Organic petrographic composition

In the following the organic petrographic composition
and lateral development of the seams is presented. With
respect to seams T1 and R2, which only occur in the
West Lulu-2 well, the reader in referred to Petersen &
Andsbjerg (1996) and Petersen et al. (1996).

Seam R1. In West Lulu-3 the seam is composed of com-
paratively high contents of vitrinite and varying amounts
of inertinite, vitrite+clarite and the inertinite-rich
microlithotypes vitrinertite+durite+clarodurite (Figs 18,
19). Detrovitrinite, including fluorescent collodetrinite,
dominates over telovitrinite. 

Pyrolytic carbon occurs throughout the seam (see
Petersen 1998), and in the interval 28–31 cm oxidised
cutinite and unsorted inertodetrinite and macrinite are
present. Liptinite constitutes between 1.0 and 4.4 vol.%
of the coal and it is composed of liptodetrinite, spori-
nite, resinite and cutinite with a liptinite maceral only
in a few cases exceeding 1.4 vol.%. Pyrite, mainly occur-
ring as minute crystals, generally constitutes 1.0 vol.%
or less. 

Seam R1 is dominated by vitrinite in the West Lulu-1
well, but the content of vitrite+clarite decreases upwards
through the seam while vitrinertite+durite+clarodurite
shows an increasing tendency (Figs 18, 19). Collotelinite
is weakly fluorescent, and fine-grained allochthonous
inertodetrinite occurs disseminated in vitrinite. The lip-
tinite content ranges between 0.8 and 3.2 vol.% and is
mainly composed of liptodetrinite, cutinite and spori-
nite. Pyrite is only present in very small amounts.
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Seam Sample
number

4380A
4383A
4385A
4386A
4387A

4393A

4396A
4397A
4400A
4401A
4402A

4388A
4389A

T2

R1a

R1

Mudstones

5.56
5.69
5.19
5.42
5.36

6.17

5.84
5.69
5.81

-
5.74

7.77
7.48

1.09
1.11
1.12
1.09
1.09

1.12

1.11
1.11
1.12

-
1.11

1.10
1.13

-
-
-
-
-

-

0.88
0.87
0.87
0.88

-

-
-

0.39
0.46
0.43
0.44
0.40

0.41

0.40
0.42
0.43

-
0.45

0.25
0.36

0.49
0.50
0.51
0.48
0.47

0.48

0.47
0.51
0.48

-
0.48

0.37
0.44

18.8
20.1
23.5
21.0
12.3

14.6

10.0
10.0
10.1

-
9.1

16.7
13.4

27.2
30.5
26.5
28.4
27.0

25.8

24.2
23.9
24.2

-
23.7

20.6
27.7

54.0
49.4
50.0
50.5
60.7

59.5

65.7
66.2
65.7

-
67.2

62.7
58.9

Pr
Ph

CPI %Rm Steranes
29αββ(S+R)

29αββ(S+R)+29ααα(S+R)
29αααS

29ααα(S+R)
%αββ

C27      C28      C29

Table 7.  West Lulu-3 well: GC data, GC/MS data and vitrinite reflectance values
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Seam Sample
number

4468A
4469A

4472A
4473A
4475A

4478A
4480A

4485A
4487A
4491A

4498A
4499A
4501A
4503A
4504A
4506A
4507A

4495A
4510A

T4

T3

T2

R1a

R1

Mudstones

3.46
3.01

3.65
3.35
3.62

3.26
2.95

3.57
3.45
3.25

3.94
3.65
3.10
3.72

-
3.71
3.77

3.50
3.45

1.06
1.05

1.04
1.06
1.06

1.05
1.04

1.05
1.04
1.04

1.04
1.04
1.04
1.05

-
1.05
1.06

1.03
1.04

0.76
0.75

-
0.78
0.77

-
-

-
-

0.86

-
-
-
-

0.86
0.87

-

-
-

0.49
0.47

0.48
0.46
0.47

0.46
0.46

0.48
0.48
0.43

0.46
0.44
0.46
0.47

-
0.48
0.47

0.45
0.45

0.62
0.59

0.60
0.63
0.61

0.57
0.55

0.57
0.57
0.51

0.49
0.47
0.51
0.54

-
0.55
0.52

0.50
0.51

31.9
31.2

31.9
31.9
31.2

29.7
30.8

29.6
31.0
24.6

17.3
17.2
22.5
23.9

-
23.0
23.6

20.7
22.1

28.7
28.6

29.0
29.3
28.2

28.4
28.4

27.8
27.7
28.7

25.5
26.1
26.6
27.8

-
26.9
27.9

25.8
26.4

39.5
40.2

39.1
38.8
40.5

41.9
40.7

42.6
41.3
46.7

57.2
56.7
50.9
48.2

-
50.1
48.5

53.5
51.6

Pr
Ph

CPI %Rm Steranes
29αββ(S+R)

29αββ(S+R)+29ααα(S+R)
29αααS

29ααα(S+R)
%αββ

C27       C28       C29

Table 8.  West Lulu-1 well: GC data, GC/MS data and vitrinite reflectance values

Seam Sample
number

4407A
4408A
4409A
4411A
4412A

4413A
4414A
4416A
4417A
4418A
4419A
4420A

4422A

T4

T2

R1

3.19
2.58
2.47
2.82
3.59

2.46
2.74
3.17
2.90
2.67

-
2.84

3.11

1.08
1.05
1.06
1.06
1.05

1.07
1.08
1.07
1.05
1.07

-
1.07

1.05

0.85
-
-
-
-

-
0.89
0.77

-
-

0.89
-

0.89

0.48
0.51
0.50
0.50
0.49

0.50
0.49
0.48
0.49
0.48

-
0.50

0.46

0.63
0.64
0.66
0.62
0.62

0.64
0.61
0.62
0.63
0.62

-
0.60

0.52

34.0
32.7
34.7
36.7
33.7

33.1
35.1
33.9
35.4
33.8

-
36.5

22.0

29.2
28.0
28.3
27.4
29.6

28.6
27.1
28.4
27.6
29.8

-
28.4

30.3

36.7
39.3
37.0
35.9
36.7

38.2
37.9
37.8
37.0
36.4

-
35.1

47.7

Pr
Ph

CPI %Rm Steranes
29αββ(S+R)

29αββ(S+R)+29ααα(S+R)
29αααS

29ααα(S+R)
%αββ

C27       C28       C29

Table 9.  Lulu-1 well: GC data, GC/MS data and vitrinite reflectance values

Seam Sample
number

4515A
4516A

4521A

4517A
4520A
4524A
4525A

T4

R1

Mudstones

-
2.56

3.57

2.96
1.26
2.38
2.56

-
1.15

1.09

1.03
1.13
1.08
1.11

1.30
1.30

-

-
-
-
-

-
0.41

0.46

0.48
0.49
0.46
0.44

-
0.49

0.60

0.56
0.58
0.54
0.55

-
34.6

35.8

29.7
23.9
35.5
36.9

-
29.6

28.3

32.8
31.8
30.7
30.1

-
35.8

35.9

37.5
44.3
33.8
32.9

Pr
Ph

CPI %Rm Steranes
29αββ(S+R)

29αββ(S+R)+29ααα(S+R)
29αααS

29ααα(S+R)
%αββ

C27       C28       C29

Table 10.  Amalie-1 well: GC data, GC/MS data and vitrinite reflectance values



In both Lulu-1 and Amalie-1 seam R1 is dominated
by vitrinite (Fig. 19). In Lulu-1 the seam contains sig-
nificant proportions of vitrite+clarite (65.6 vol.%), and
in Amalie-1 vitrinertite (35.8 vol.%), vitrite (28.0 vol.%)
and carbominerite (19.4 vol.%). Cutinite, sporinite, lip-
todetrinite and resinite are recognised in R1 in Lulu-1
whereas the high rank of the coal in Amalie-1 has only
allowed the detection of a few liptodetrinites. The pyrite
content is in both locations 0.8 vol.%.     

Seam R1a. The sample from R1a in West Lulu-3 and the
majority of seam R1a in West Lulu-1 is characterised by
high contents of vitrinite and the microlithotypes vit-
rite+clarite (Figs 19, 20). A fusinite peak in the lower
and upper part of R1a in West Lulu-1 accounts for coin-
ciding inertite peaks. Char particles have been observed
in both levels in the seam, and in R1a in West Lulu-3
pyrolytic carbon is present. The liptinite content ranges
between 1.6 and 3.6 vol.% and is composed of lip-
todetrinite, cutinite, resinite and sporinite. Generally
the content of a single liptinite maceral is less than 2.0

vol.%. The pyrite content does not exceed 1.0 vol.%,
and except for 10.2 vol.% detrital minerals and 16.6
vol.% carbominerite in R1a in West Lulu-3 the micro-
scopic visible inorganic fraction ranges between 0 and
2.0 vol.%.   

Seam T2. In West Lulu-3 seam T2 is characterised by
an increase in the contents of inertinite and inertinite-
rich microlithotypes followed by a decrease (Figs 19,
21). Total vitrinite content shows also a weak increase
but a marked decrease occurs in the level with peak
inertinite content. Vitrite+clarite exhibits varying val-
ues, however increases in the upper part of T2. The col-
lodetrinite and collotelinite macerals are fluorescent.
Char (see Petersen 1998) and oxidised cutinite and resi-
nite are present in several levels in the seam. The lip-
tinite content ranges between 1.6 and 7.8 vol.% and con-
sists of liptodetrinite, cutinite, sporinite, resinite and in
the uppermost part of the seam also suberinite. In gen-
eral the content of individual liptinite macerals does not
exceed 1.6 vol.%. The basal part of T2 is rich in detri-
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Fig. 18. Coal petrographic composition of seam R1 in the West Lulu-1 and West Lulu-3 wells.
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Fig. 19. Triangular plots showing the microlithotype and maceral group composition of seams R1, R1a, T2, T3 and T4 in the West
Lulu-3, West Lulu-1, Lulu-1 and Amalie-1 wells. 



tal mineral matter (26.0 vol.%) and carbominerite (41.4
vol.%), while the pyrite content is low or nil.

Seam T2 in West Lulu-1 shows a pronounced decrease
in the contents of vitrinite, vitrite+clarite and pyrite up
through the seam accompanied by a similar increase
in the contents of inertinite and inertinite-rich microlitho-
types, in particular inertite (Figs 19, 21). Within the
lower part of the seam the inertinite commonly occurs
as fine-grained and occasionally micrograded allochtho-
nous inertodetrinite. The liptinite content lies between
2.4 and 6.8 vol.% and consists of liptodetrinite, resinite,
sporinite and cutinite. The finely detrital liptodetrinite
may occur in association with inertodetrinite. Pyrite
varies between 0.2 and 2.0 vol.% and the content of detri-
tal minerals through the seam is, except for one sam-
ple, very low (< 1.0 vol.%).

The lower and upper part of seam T2 in Lulu-1 has
high proportions of vitrinite and vitrite+clarite while
the middle portion is dominated by inertinite and iner-
tinite-rich microlithotypes (Figs 19, 21). The vitrinite
fluoresces during blue light irradiation. The inertode-
trinite is generally very fine-grained, it may be well-sorted
and rounded, and it shows microgradation and micro-
lamination, commonly together with tiny liptodetrinite
particles (Figs 22, 23). Groundmass-like macrinite occurs
in the interval 33–38 cm, and in the uppermost part char
and fusinite occur. Pyrolytic carbon has been observed
in the interval c. 8–23 cm. Very small fluorescent par-
ticles are associated with micrinite-like particles and
inertodetrinite. The liptinite content ranges between
1.6 and 5.8 vol.%, with the majority of the samples
above 3.0 vol.%. The liptinite fraction consists of lip-
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todetrinite, resinite, sporinite and cutinite. Pyrite, which
may be framboidal,  ranges between nil and 2.6 vol.%,
while detrital minerals constitute less than 1.5 vol.% in
all samples.   

Seam T3. The seam occurs in West Lulu-1 and is char-
acterised by high contents of vitrinite and vitrite+clar-
ite, although the vitrite+clarite content decreases in the
uppermost investigated sample (Figs 19, 24). Inertinite

and inertinite-rich microlithotypes show the opposite
trend. Char is observed, in particular in the uppermost
sample. The vitrinite, generally dominated by telovitri-
nite (telinite and collotelinite), is strongly fluorescent
(Fig. 25), and bitumens are liberated from the vitrinite
during blue-light illumination. The liptinite content,
varying between 3.4 and 5.0 vol.%, is composed of lip-
todetrinite, cutinite, sporinite and resinite (Fig. 25).
Exsudatinite expelled into a small cleat has been
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Fig. 22. Photomicrographs from seam T2
in the Lulu-1 well. A and B: Examples of
microgradation starting with inertodetri-
nite and ending with increased amounts
of liptodetrinite and vitrinite (sample
4417A, 17.78–22.86 cm). C: Micro-cross-
lamination; approximate angle of cross-
lamination is indicated by puntuated
lines (sample 4418A, 12.70– 15.24 cm).
All photographs in reflected white light
and oil immersion. Scale bar ∼ 30 µm.
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Fig. 23. Photographs from seam T2 in
the Lulu-1 well. A and B: Microgradation
shown between arrows; increased
proportion of liptodetrinite towards the
top of the micrograded lamina is evident
from the abundance of tiny yellowish-
fluorescent particles (sample 4417A,
17.28–22.86 cm). Note also the fluores-
cence of the vitrinite bands. Photographs
in reflected light, blue-light irradiation
and water immersion. Scale bar ∼ 30 µm.
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observed (Fig. 25). Pyrite varies between 0.2 and 1.8
vol.% and the content of detrital minerals amounts to
6.0 vol.% (carbominerite: 19.0 vol.%).   

Seam T4. In West Lulu-1 the seam is characterised by
an increasing content of vitrinite and vitrite+clarite and
a contemporaneous decrease in inertinite and vitriner-
tite+durite+clarodurite and inertite from base to top
(Figs 19, 26). The vitrinite is strongly fluorescent, and
the inertodetrinite is generally fine-grained and allochtho-
nous. Minute and framboidal pyrite is present. 

Except for an interval dominated by inertinite and
inertinite-rich microlithotypes in approximately the mid-

dle part of T4 in Lulu-1, the seam is also in this well
characterised by high contents of vitrinite, generally
fluorescent, and vitrite+clarite (Figs 19, 26). The inerti-
nite in the inertinite-rich interval is composed of high-
reflecting pyrofusinite, semifusinite, macrinite and fine-
grained, relatively well-sorted inertodetrinite commonly
associated with liptinite. Char is observed in the upper-
most part of the seam (see Petersen 1998). Detrital min-
eral matter does not exceed 1.6 vol.% in the majority
of the seam. However, in the uppermost part it increases
to 6.6 vol.% (carbominerite 29.0 vol.%). Likewise the
pyrite content, part of which is framboidal, increases
to 4.2 vol.%. Liptodetrinite, sporinite, cutinite and resi-
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Fig. 25. Photomicrographs from seam T3 in the West Lulu-1 well. A: Contact between non-fluorescent inertodetrinite and macrinite
(dark particles), and fluorescent collodetrinite (Cd) and collotelinite (Ct) (sample 4475A, 0–5.08 cm). B: Contact between fluorescent
collotelinite with thin cutinites (left) and a mixture of fluorescent collodetrinite and liptodetrinite and non-fluorescent inertodetrinite
(right). Note the lowered fluorescence intensity due to oxidation along cleats in the collotelinite (sample 4473A, 17.78–25.40 cm). C:
Mainly liptodetrinite (Ld) in groundmass of fluorescent collodetrinite (Cd) (sample 4473A, 17.78–25.40 cm). D: Exsudatinite expelled
into small cleat (arrow) (sample 4473A, sample 17.78–25.40 cm). All photographs in reflected light, blue-light irradiation and water
immersion. Scale bar ∼ 30 µm.
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nite constitute the liptinite maceral group throughout
the seam in both wells, and the content lies between
1.8 and 7.0 vol.%. The highest content of a single lip-
tinite maceral is 4.2 vol.% (liptodetrinite, sample 4470,
West Lulu-1), but in general individual liptinite macer-
als constitute not much more than 1 vol.%.  

In Amalie-1 well T4 is again dominated by vitrinite
(76.6–88.0 vol.%) and vitrite+clarite (59.8–61.0 vol.%)
(Fig. 19). Char and pyrolytic carbon have been observed.
Due to the high rank of the coal in this well, and thus
the absence or only very weak fluorescence of the lip-
tinite macerals, the liptinites could only occasionally
be distinguished.

Mudstones. Four coaly mudstone or thin coal laminae
samples from the West Lulu-3 and West Lulu-1 wells
reveal an organic petrographic composition very simi-
lar to the main coal seams. The vitrinite maceral group
dominates (41–86 vol.%) followed by the inertinite mac-
eral group (8–29 vol.%). The liptinite content varies
from 5 to 11 vol.%. Carbominerite, vitrite, duroclarite
and vitrinertite are the primary microlithotypes.  

Screening data   

West Lulu-3. A total of 29 coal and coaly mudstone sam-
ples were analysed (Fig. 6). Tmax values range between
439°C and 447°C and average 444°C (Fig. 27). Four ex-
tracted coal samples do not provide a change in the Tmax

values compared to the untreated counterparts. In the
20 coal samples hydrogen index (HI) values range
between 118 and 331 (average: 178), but with the
majority below 200 (Fig. 27). The HI values range
between 128 and 211, average 172, in the coaly mud-
stone samples. In this well coal seam R1 has the high-
est average HI value and the highest average thermal
extracted and generated petroleum content, S1+S2 =
140.45 mg HC/g rock (Table 11). The sample with a
HI = 331 has a S1+S2 content of 253.84 mg HC/g rock,
which is considerably above the average, and the con-
tent thus has a strong influence on the average S1+S2

value of seam R1.

West Lulu-1. A total of 44 coal and coaly mudstone
samples were analysed (Table 5). The Tmax values range
between 436°C and 446°C and average 440°C (Fig. 27).
No change in the Tmax values is observed during pyrol-
ysis of extracted samples. The HI values range between
126 and 242 in 38 coal samples and between 142 and
195 in 6 coaly mudstone samples averaging 180 and 168
respectively (Fig. 27). The highest average HI values on
the basis of individual seams is found in seams T2, T3
and T4, with an average HI of 222 in seam T3 as the
maximum, and the lowest values in seams R1a and R1
(Table 11). 

Average thermal extracted and generated petroleum
contents, S1+S2, are likewise highest in seam T3 (164.11
mg HC/g rock) and lowest in seam R1 (122.85 mg HC/g
rock) (Table 11).
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Lulu-1 well. A total of 16 coal samples and 2 coaly mud-
stone samples were analysed (Fig. 8). The Tmax ranges
between 440°C and 449°C with an average of 443°C
(Fig. 27). Extracted samples and their untreated coun-
terparts show more or less similar Tmax values. In the
coal samples HI varies between 152 and 263, averag-
ing 200, and in the 2 coaly mudstones HI is 133 and
157. Seam T4 has the highest average HI (HI = 222) in
this well (Table 11). Seam T2 gives the highest average
thermal extracted and generated petroleum contents,
S1+S2 = 163.19 mg HC/g rock, and seam R1 the lowest
value (143.24 mg HC/g rock) (Table 11).

Amalie-1 well. Five coal samples and 8 coaly mudstone
samples were analysed in this well (Fig. 9). The Tmax

varies between 459°C and 480°C with an average of
468°C (Fig. 27). The Tmax value of an extracted sam-
ple is very similar to the untreated counterpart. The HI
lies between 129 and 225 in the coal samples and
between 60 and 140 in the coaly mudstones, averag-
ing 149 and 99 respectively (Fig. 27). The highest HI
value of 225 is derived from a thin coal layer not related
to one of the established seams. Seam T4 has the high-
est average thermal extracted and generated petroleum
content of all seams in the Amalie-1 well (Table 11).
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coal and coaly mudstone samples from
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Cleo-1 well. Two vitrinite lenses (twigs ?) and 4 coaly mud-
stone samples from the cored interval were analysed
(Fig. 10). Tmax values from the core samples range between
443°C and 467°C with the lowest values obtained from
vitrinite lenses (Fig. 28; Table 12). The vitrinite lenses show
comparatively high HI values, 259 and 230, whereas the
coaly mudstones give HI values between 57 and 138.
An additional 13 side wall cores, 18 cuttings and 5
extracted cuttings derived from c. 4551–4709 m depth
are shown in Figure 28 and in Table 12. Seventy-five
per cent of the samples exhibit Tmax values between
440°C and 448°C, whereas the HI values for all samples
varies between 39 and 235 with the majority below 100.
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Table 11.  Average Hydrogen Index and average S1+S2 for
the Bryne Formation coals
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to kerogen type IV.
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Table 12.  Cleo-1 well: screening data



Extracts

A total of 12 samples in West Lulu-3, 18 samples in
West Lulu-1, 12 samples in Lulu-1 and 6 samples in
Amalie-1 were extracted for further detailed organic
geochemical analyses. The extracts from both coal and
coaly mudstone samples in all the wells are dominated
by NSO compounds which in general exceed 50%
(Fig. 29). In the West Lulu-1 and Lulu-1 wells aromatic

compounds are second and generally exceed 22%. This
picture is different from the West Lulu-3 extracts where
in only a few cases do the aromatic compounds exceed
22%, whereas the saturates in general constitute more
than 23%. Four of the extracts from Amalie-1 likewise
have a higher content of saturates, in particular in ex-
tracts from the coal samples. A single extract (4609.74 m)
from Cleo-1 is dominated by NSO compounds (79.7%)
followed by saturates (11.6%) and aromatics (8.7%).    
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Gas chromatography

The typical GC trace of the saturated fraction is char-
acterised by a light-end-biased n-alkane distribution
and a predominance of the nC14 to nC17 range (Fig. 30).
The pristane/phytane ratios (Pr/Ph) are in general higher
than 2.5 for all samples, but differences between wells
are observed. The highest Pr/Ph ratios are present in
the West Lulu-3 well, where the ratios range between
5.19 and 7.77, averaging 5.98, with the highest values
occurring in the coaly mudstones (Tables 7–10). These
high values are comparable to the values obtained in
seams R1 and R2 in West Lulu-2 (Petersen et al. 1996).
The Pr/Ph ratios decrease in a seaward direction and
average 3.47 in West Lulu-1, 2.88 in Lulu-1 and 2.55 in
Amalie-1. The carbon preference index (CPI) calcu-
lated from 2(C23+C25+C27+C29)/[C22+2(C24+C26+C28)+C30]
in any sample never exceeds 1.15 and is close to 1 for
all samples from the wells (Tables 7–10).

In the Cleo-1 well, the Pr/Ph ratio is 1.57 and the CPI
is 1.07 (Table 13).

Gas chromatography/mass spectrometry

Pentacyclic triterpanes. The distribution of the hopanes
is dominated by the regular hopanes, with a maximum
at C30, and with the concentration of extended hopanes
decreasing with increasing carbon number (Fig. 30).
The 22S/(22S+22R) epimer ratios of the 17α(H),21β(H)
C31–C35 extended hopanes range between 0.57 and
0.67, with the majority around 0.60. The ‘C35-homo-
hopane index’, defined as C35/∑C31–35 (Peters &
Moldowan 1991), varies between wells and seams and
laterally within seams (Table 14). Even though these dif-
ferences are rather small a consistent landward–sea-
ward trend is present in the data. The most landward
wells, West Lulu-3 and West Lulu-1, relative to the
palaeo-shoreline, have average indices (coal seams and
mudstones) of 0.013 and 0.017 respectively, whereas
the Lulu-1 and Amalie-1 wells situated seaward have
average indices of 0.034 and 0.044 respectively.
Individual seams likewise show increasing ratio in a sea-
ward direction, e.g. the index increases from 0.011 to
0.045 in seam R1. Except for Amalie-1, seams T2, T3
and T4 have higher indices than seams R1 and R1a. 

In the Lulu-1 and Amalie-1 wells 28,30-bisnorhopane
is present.            

Epimer ratios of C31–C35 extended hopanes lie between
0.56 and 0.63 in the single sample from the Cleo-1 well,
and the C35-homohopane index is 0.028. 

Steranes. With the exception of an outlier of 0.25, the
ααα 20S/(20S+20R) epimer ratios of the C29 steranes
range between 0.36 and 0.51, with the majority lying
between 0.45 and 0.50 (Tables 7–10). The range of the
αββ20(S+R)/[αββ20(S+R)+ααα20(S+R)] ratio is between
0.44 and 0.66, except for an outlier of 0.37, but the
majority (73%) lie between 0.50 and 0.64 (Tables 7–10). 

The relative proportions of C27αββ, C28αββ and C29αββ
compared to the total amounts of the three steranes are
shown in  Figure 31 and Tables 7–10. The coals of the
West Lulu-3 well are characterised by the highest con-
tents of C29 sterane and the lowest contents of C27 ster-
ane averaging 59.2% and 15.0% respectively. In the
coals of the West Lulu-1 well the C29 sterane content
has fallen to an average of 45.2% and the C27 sterane
content has increased to an average of 27.0% (Fig. 31).
These trends are continued in the coals of the Lulu-1
and Amalie-1 wells where the average C29 sterane con-
tent has decreased to 38.0% and 35.8% respectively and
the average C27 sterane content has increased to 33.5%
and 35.8% respectively (Fig. 31). Thus, generally the
average content of C29 steranes in a well decrease and
that of C27 steranes increase in a seaward direction, and
this is also valid within a seam if it is followed laterally
in a landward–seaward direction (e.g. seam R1, Fig. 31;
Tables 7–10). Furthermore, it is evident that T-seams
(seams T2, T3 or T4) compared to R-seams (seams R1
and R1a) in a well generally have a higher content of
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Table 13.  Cleo-1 well: GC data and composition of
solvent extract fraction (asphaltene-free)

T4
T3
T2
R1a
R1

Mudstones

Average*

-
-

0.016
0.012
0.011

0.010

0.013

0.023
0.021
0.020
0.016
0.013

0.013

0.017

0.037
-

0.034
-

0.020

-

0.034

0.034
-
-
-

0.045

0.047

0.044

Well
Seam

W.  Lulu-3 W.  Lulu-1 Lulu-1 Amalie-1

*average of coals and mudstones

Table 14.  Average of C35-homohopane index
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Fig. 31. Normalised C27–29 sterane distribution in samples from
coal seams R1, R1a, R2, T1, T2, T3 and T4 in the West Lulu-3,
West Lulu-2 (data from Petersen et al. 1996), West Lulu-1,
Lulu-1 and Amalie-1 wells. In general the T-seams formed
during an accelerated relative sea-level rise contain a higher
proportion of C27 sterane. This suggests increased marine
influence on the mires during peat deposition compared to
the precursor peats of the R-seams.



C27 steranes. However, this difference diminishes in a
seaward direction as shown in the Amalie-1 well (Fig.
31; Table 10).

The ααα 20S/(20S+20R) epimer ratio of the C29 ster-
anes in the Cleo-1 well sample is 0.44, while the
αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratio is 0.53.
The distribution of the C27, C28 and C29 regular steranes
are 11%, 23% and 66% respectively.

Pyrolysis-gas chromatography

A total of 15 coal samples were selected from the West
Lulu-3, West Lulu-1, Lulu-1 and Amalie-1 wells. The

sample set thus represents a landward (West Lulu-3) to
seaward (Amalie-1) transect with respect to the palaeo-
shoreline. The samples were selected from seams R1
(West Lulu-3 and Lulu-1 wells), T2 (West Lulu-3, West
Lulu-1, Lulu-1 wells), T3 (West Lulu-1 well), and T4
(West Lulu-1, Lulu-1, and Amalie-1 wells). Pyrograms
of the samples are shown in Figure 32. Generally, the
overall pyrolysate composition is very similar for all
samples, but minor differences between individual
seams may be detected in the detailed pyrolysate com-
positions. Except for sample 4397A from West Lulu-3,
pyrolysates of seam R1 show very modest proportions
of unresolved components, and prominence of a num-
ber of low molecular weight aromatic/phenolic com-
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Fig. 32. Pyrograms of the 15 solvent-extracted coal samples from four wells in the Søgne Basin. The pyrolysates are characterised by
low molecular weight aromatic/phenolic compounds and normal alkanes/alkenes.



pounds, notably benzene, alkyl-benzenes, phenol, alkyl-
phenols, naphthalene, alkyl-naphthalenes, and ‘unknowns’
compared to normal alkanes/alkenes. Normal alka-
nes/alkenes are present at least up to chain-lengths of
26 carbon atoms. Sample 4397A, which was collected
close to the top of seam R1, shows some resemblance
to samples of the overlying seam T2. T2 samples gen-
erally yield higher proportions of n-alkanes/alkenes,
which may be present up to chain lengths of at least
35 carbon atoms, and a minor envelope of unresolved
components centred around nC25. Aromatic and phe-
nolic moieties are of minor importance compared to
n-alkyl moieties. Samples of seam T3, which was sam-
pled only in the West Lulu-1 well, are somewhat depleted
in n-alkyl moieties compared to the T2 samples discussed
above, both with respect to abundance relative to other
resolved components, and with respect to maximum
chain-length. This is even more pronounced in samples
of seam T4.                  

Although n-alkyl components are prominent in a
number of samples, aromatic/phenolic moieties and
‘unknowns’ tend to predominate. In particular, this is
observed in the sample collected from the Amalie-1
well, which is of higher rank or maturity compared to
the remainder of the samples. Higher rank/maturity
will tend to increase the proportion of aromatic and phe-
nolic moieties.  

Results of the multivariate regression
analysis
The multivariate regression analysis was carried out in
order to create a model explaining as high a propor-
tion of the variation of S2 as possible. A model explain-
ing 87% of the variation of S2 was created, but includes
only 51 out of 94 samples (= objects) (Fig. 33, class A).
The following 19 variables are regarded as important
to the variation of S2: TOC, vitrinite (Vit), vitrite (V), clar-
ite (Cl), duroclarite (DC), clarodurite (CD), carbominerite
(CM), telinite (Tel), collotelinite (Collotel), collodetrinite
(Collodetr), corpogelinite (Corpo), sporinite (Sp), cuti-
nite (Cu), liptodetrinite (Lipto), resinite (Res), fusinite
(Fus), semifusinite (Semif), inertodetrinite (Inerto) and
macrinite (Mac). In contrast to an earlier model based
only on data from West Lulu-2 (Petersen et al. 1996),
the Tmax values can be deleted from the model without
any loss of information. Petersen et al. (1996) drew
attention to the uncertainty by correlating Tmax due to
the small variance in maturity, and this fact may also
be valid for the present data set which only shows lim-
ited variance in Tmax. With a correlation coefficient of
0.94 and an average prediction error on S2 of 11, the
predictive ability of the model is good (Fig. 33, class
A). The relatively low slope of 0.88 indicates, however,
a lack in the models response, which implies that the
petrographic composition together with the TOC val-
ues cannot fully explain the variation in S2.

46

0

100

50

150

200

2001501000 50
Measured (S2)

Class B

Pr
ed

ic
te

d 
(S

2)

Slope = 0.884
Interc. = 15.901
Corr. = 0.940

50

100

150

200

20015010050
Measured (S2)

Class A

Pr
ed

ic
te

d 
(S

2)

Slope = 0.883
Interc. = 16.081
Corr. = 0.940

Fig. 33. Predicted vs. measured S2 for classes A and B. The predicted values are responses from the partial least squares regresssion
(PLSR) model. Correlations of 0.94 are considered to be reasonable, though slopes of 0.88 indicate a lack in the model’s response.



Another model, comprising the same variables as
the first model, was formed. This model included 26 of
the remaining 43 samples. The predictive ability of this
model is in the same order as the previous model (Fig.
33, class B), but with a somewhat higher (16) average
prediction error. The difference between the two mod-
els was studied using SIMCA. The discrimination power
of the individual variables indicates that the separation
into two classes is primarily caused by duroclarite
together with minor contributions from clarite, cor-
pogelinite, cutinite and fusinite. Examination of the raw
data did not reveal a clear trend in the dataset, which
could satisfactory explain the separation into two classes.
The bar graph shows the membership of individual
samples to either class A or class B (Fig. 34). The sam-
ples exhibit a slightly higher membership to their own
class than to the other class. The separation is however
weak, and the separation into two classes cannot be
justified from these results. 

Consequently a third group was formed comprising the
samples from classes A and B, with the same variables
as used above. A few extra samples could be added to
the combined group, ending with 81 of the 94 samples
included in the model. The consequence of including
more samples in the model is a weaker correlation, and
only 71% of the variation in S2 can be explained. The
response is much weaker with a correlation coefficient
of 0.85 and a slope of 0.73 (Fig. 35). The average pre-
diction error is satisfactory at 14, but the variation in the
prediction error is high. The general applicability of the
model is, however much higher than for the previous
two models, since more samples covering a wider span
of variance are included. The low slope in the response
line emphasises that other factors than the petrographic
composition and the TOC values have significant influ-
ence on the S2 value. Although the model appears to
be relatively weak, it is possible to study the relations
between the remaining petroleum generative potential
and the petrographic characteristics, and it is possible
to identify individual parameters with major influence
on S2, and those with little or no influence.

Samples not fitting the model were regarded as out-
liers. The raw data for the outliers were studied in order
to explain why they did not fit the model. The outliers
fell into two major groups: those having very high S2

values and those having very low S2 values. The first
group comprises samples 291941, 291943, 291997
(Petersen & Andsbjerg 1996) and 4400A which all have
S2 values above 200. The second group comprises sam-
ples 291945, 291969, 291974, 4515A, 4516A and 4521A
which have S2 values around 100 or very low values.
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It is likely that the inclusion of more samples with S2

values in the low and high end would result in inclu-
sion of the outliers in the model due to broadening of
the models ‘tolerance’.

Three other samples that do not fit the model are
4407A, 4487A and 4504A. Extreme S2 values cannot
explain these outliers, but some other ‘extraordinary’
characteristics compared to the samples fitting the model
could be the reason: sample 4407A has an unusually
low TOC value (48.24 wt%), sample 4487A has a rela-
tively high clarite content (14 vol.%) together with a low
inertinite content (9 vol.%), and finally 4504A has a
high TOC value (80.1 wt%) combined with a relatively
low S2 value (101.4 mg HC/g rock).

Discussion

Peat-forming mires and depositional
development of the coal-bearing succession

The types of mire environments indicated to the right
on each coal seam log (Figs 18, 20, 21, 24, 26) is based

on Petersen (1994). Type 1 is a wet, open mire repre-
sented by a limnic coal facies characterised by allochtho-
nous organic components and a high content of allo-
genic inorganic components (> 20 vol.%). Type 2 is a
low-lying, wet and generally anoxic mire, commonly
isolated from active siliciclastic depositional systems, and
represented by a vitrinite-rich coal facies formed by
autochthonous peat accumulation. The vitrinite con-
tent is > 50 vol.%, the inertinite < 40 vol.% and the min-
eral content < 20 vol.%. The Type 2 mire is called Type
2(I) if considerable amounts of allochthonous, hypal-
lochthonous or in situ formed pyroinertinite is present.
The Type 3 mire environment is the driest of the three
types and can be divided into two subenvironments,
Type 3a and 3b. Both are represented by inertinite-rich
coal facies: in Type 3a the vitrinite content is < 30 vol.%
and the inertinite content > 60 vol.%, and in Type 3b
the vitrinite content is between 30 and 50 vol.% and
the inertinite content between 40 and 60 vol.%. These
coal facies were formed due to a fluctuating watertable
in the precursor mires, maybe associated with doming
of the peat surface, which favoured periodic oxidation
of the organic matter.

The siliciclastic sediments encasing the coal seams
in the wells indicate that peat accumulation occurred
in the vicinity of the palaeo-coastline in a coastal plain
setting, and peat formation thus took place in coastal
mires occasionally influenced by saline water (see
below; Figs 6–9). The laterally extensive seam R1 is in
the most landward position relative to the ancient shore-
line overlying fluvial channel (West Lulu-3) and fluvial
or tidal channel (West Lulu-2; Petersen & Andsbjerg
1996) deposits, and in a seaward direction shoreface
or strandplain (West Lulu-1) and lagoonal (Lulu-1,
Amalie-1) deposits. The seam represents in the four
wells a wet type 2 mire environment characterised by
high contents of vitrinite and fluctuating but generally
high contents of vitrite+clarite (Fig. 18). However,
although part of the inertinite in R1 in West Lulu-1 is
composed of allochthonous inertodetrinite, a tendency
to a decrease in the amount of vitrinite-rich microlitho-
types coupled with an increase in inertinite-rich
microlithotypes towards the top of the seam may sug-
gest an incipient evolution towards drier conditions.
The peat mire evolution at this location would thus be
similar to the evolution observed in the West Lulu-2 well
(Petersen & Andsbjerg 1996). Varying proportions of iner-
tinite and inertinite-rich microlithotypes in R1 in West
Lulu-3 may likewise be attributed to temporarily drier
conditions, probably caused by an unstable watertable
in the precursor mire. This is further supported by the
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of variance are included.



presence of unsorted possibly oxidation-derived iner-
todetrinite and macrinite in the seam together with
pyrolytic carbon, which may record ignition by light-
ning strikes, possibly exacerbated during drier periods.
Pyrite, which may indicate a marine influence during
peat formation (e.g. Cohen et al. 1984; Brown & Cohen
1995), is only present in low amounts or is absent indi-
cating a mainly freshwater precursor mire of seam R1.

This is also indicated by the predominance of C29 ster-
ane (particularly in West Lulu-3), which is often attrib-
uted to terrestrial contributions to the organic matter
(Huang & Meinschein 1979; Philp 1994), over C27 ster-
ane, which is mainly related to marine algae (e.g. Hunt
1996; Figs 31, 36; Tables 7–10). Seaward, equal amounts
are achieved in Amalie-1 (Fig. 36), although the higher
maturity of the Amalie-1 coals may have influenced the
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Fig. 36. Evolution in the proportion of
steranes C27 and C29 in seams R1, T2 and
T4 from a landward to a seaward
position relative to the palaeo-coastline.
A general decrease in the proportion of
C29 sterane and associated increase in
the proportion of C27 sterane towards
the palaeo-shoreline in all three seams
suggests stronger brackish–marine
influence on the coastal reaches of the
ancient mires. In addition, seams T2 and
in particular T4 contain a higher
proportion of C27 sterane than seam R1,
indicating stronger brackish–marine
influence on the precursor peat mires of
seams T2 and T4. 



sterane distribution (Dzou et al. 1995). Similarly the
seam is, with the exception of Amalie-1, characterised
by relatively lower C35-homohopane indices than the
other seams, in particular the T-seams (Table 14). The
highest index is present in Amalie-1, i.e. in a seaward
position. A high homohopane index is believed to indi-
cate highly reducing marine conditions (Peters &
Moldowan 1991). In a basinward direction, 28,30-bis-
norhopane in seam R1 in Lulu-1 and Amalie-1 may also
indicate marine-influenced anoxic conditions during
peat deposition in this part of the precursor mire (e.g.
Peters & Moldowan 1993).

Although a slight marine influence may be observed
in a basinward direction the limited marine signature
and prevailing ‘terrestrial’ nature of the seam compo-
sition is in good agreement with the interpretation of
the depositional conditions for seam R1 in West Lulu-2
(Petersen & Andsbjerg 1996; Petersen et al. 1996). The
seam marks the boundary between a lowstand systems
tract or early transgressive systems tract and a trans-
gressive systems tract, and peat-formation occurred dur-
ing early relative sea-level rise and accordingly a low
rate of base-level rise. In a landward direction a gen-
erally lower regional watertable may have favoured
watertable fluctuations promoting both oxidation of the
organic matter and wildfires. Seaward a continuously
higher-standing watertable caused by a larger influence
from the rise in relative sea-level diminished the influ-
ence from watertable fluctuations thereby reducing the
amount of coal facies recorded in seam R1 in that area. 

Continued watertable rise outpaced peat accumula-
tion and in the location of Lulu-1 and Amalie-1 lagoonal
conditions were established, whereas open-water mire
and lake conditions were established more landward
(Figs 6–9). However, presumedly a restricted watertable
rise was not able to outpace the rate of peat accumu-
lation at the position of West Lulu-2, where the precursor
peat of seam R1 continued to accumulate peat. Peat for-
mation was resumed in part of the previously flooded
areas when conditions suitable for peat formation were
re-established. This resulted in the split of seam R1,
and the formation of  seam R1a. Seam R1a carries many
of the petrographic characteristics of seam R1, and in
the position of West Lulu-1 the uppermost part of the
seam accumulated in a type 3a mire environment char-
acterised by an inertinite-rich coal facies (Fig. 20). Char
particles derived from heat-effected, degassed humi-
fied organic matter (peat) and pyrolytic carbon, both
indicative of wildfire, have been observed in R1a. In
its organic geochemical composition R1a however,
records an increased marine influence on the mire envi-

ronment by having higher C27 sterane contents and
C35-homohopane indices than seam R1 (Fig. 31; Tables
7, 8, 14).

Following deposition of the laterally restricted seam
R1a continued relative sea-level rise caused a regional
rise in the watertable level resulting in formation of
open-water mires and lakes, occasionally with deposi-
tion of splay sediments, in an area from West Lulu-2
seaward to Lulu-1 (Figs 6–9). Possibly a relative sea-
level fall exposed the coastal plain, and a renewed
base-level rise linked to a rise in relative sea-level cre-
ated once again favourable conditions for peat accu-
mulation due to a stagnant high standing watertable
and sediment starvation over a large area. However,
the transgressive sea hindered peat accumulation in the
Amalie-1 area where lagoonal, estuarine channel, tidal
flat, possibly lacustrine, shoreface and offshore depo-
sition prevailed after deposition of seam R1 (Fig. 9). An
open-water mire may, however, have been estab-
lished temporarily (carbonaceous mudstone and thin
coal, c. 5062 m on Fig. 9). It is possible that this level
may be correlatable landward to one of the coal seams,
but a correlation is not attempted on the basis of the
available data.

According to Petersen & Andsbjerg (1996) the pre-
cursor peat of seam T2 accumulated during an acceler-
ated rate of relative sea-level rise which resulted in a more
‘wet’ coal seam composition. Seam T2 in West Lulu-2
has a variable coal facies composition representing a
rather complex succession of mire environment types,
including the drier type 3b. This pattern is also seen in
West Lulu-3 and West Lulu-1 (Fig. 21). In West Lulu-3
an increase in the content of inertinite and inertinite-
rich microlithotypes up through the major part of the
seam and a decrease in pyrite content towards the top
suggests a freshwater mire with an unstable watertable,
at least during deposition of the middle part (type 3b
→ type 2 → type 3b) of the coal seam. Char and oxi-
dised cutinite and resinite are additional evidence for
temporarily drier conditions. Likewise T2 in West Lulu-
1 shows an evolution from a wet type 2 mire environ-
ment towards a dry type 3a mire characterised by a pro-
nounced content of inertite. Allochthonous fine-grained
and occasionally micrograded inertodetrinite, which
may be associated with detrital liptinite, may charac-
terise the coal facies of the type 2 mire environment.
Such a coal facies with abundant inertodetrinite (well-
sorted, rounded, micrograded, microlaminated) also
characterises the inertinite-rich interval in T2 in Lulu-1
(Fig. 21), and represents a type 2(I) mire environment.
The presence of char, fusinite and pyrolytic carbon

50



points to an in situ wildfire-deriviation of part of the iner-
tinite. Wildfires may lower the peat surface down to the
groundwater table, which may promote redeposition of
inertodetrinite and possibly the introduction of saline
water (pyrite peak between 0.33–0.38 m in Lulu-1).

Despite the petrographic evidence for temporarily
drier peat-forming conditions the nearly constant pres-
ence of pyrite, including framboidal forms, suggests
that the T2 prescursor mire was generally wetter and
more strongly influenced by the nearby sea than the
precursor mires of both seams R1 and R1a. This would
be in agreement with recent studies on the Changuinola
peat deposit in Panama which suggests that coals with
a distinct transgressive signature are likely to have a sig-
nificant content of pyrite (Phillips & Bustin 1996). A more
severe saline water influence on the T2 precursor mire
is further indicated by the sterane distribution and the
homohopane index (Fig. 31; Tables 7–9, 14). The rela-
tive proportion of C29 sterane is generally lower than in
seams R1 and R1a and that of C27 sterane generally
higher, and equal proportions are present in the Lulu-1
well (Fig. 36). Likewise, in a landward–seaward trans-
ect the homohopane index of seam T2 increases and
in the wells it shows higher values than recorded in
seams R1 and R1a. In the Lulu-1 position 28,30-bis-
norhopane is also present in the coal.

A continued rise in relative sea-level caused drown-
ing and transgression of the T2 precursor mire. The
coastal reaches of the mire in the Lulu-1 area was trans-
gressed by the sea and shoreface and offshore envi-
ronments were established followed by shoreface and
foreshore environments (Fig. 8). Landward, in the West
Lulu-1 area, estuarine channels were established after
peat mire termination (Fig. 7). Later lagoonal and flood
tidal delta systems were formed. Further landward flu-
vial or tidal channels and bay-head deltas dominated
(Fig. 6). The siliciclastic depositional systems thus reflect
a marine transgression which reached the Lulu-1 area
during maximum extent, whereas a diminished marine
influence is recorded west of this area (West Lulu-1, West
Lulu-2 and West Lulu-3) by sediments of marginal marine
and paralic depositional systems.     

In West Lulu-2, a c. 2 m thick coal bed was divided
into two seams, R2 and T3, on the basis of organic pet-
rography and geochemistry (Petersen & Andsbjerg 1996;
Petersen et al. 1996). The R2 seam presumably has a
very restricted areal extent and it has not been observed
in the other wells. In West Lulu-2 seam T3 is charac-
terised by a significant content of sulphur (average:
4.5%) which must reflect prolonged infiltration of saline
water (Phillips et al. 1994). Seam T3 is present in West

Lulu-1 and represents a wet type 2 mire environment
(Fig. 24).The transgressive signature of T3 in this well
is demonstrated by the presence of pyrite combined with
high C27 sterane contents and a comparatively high
homohopane index (Figs 24, 31; Tables 8, 14).      

Peat accumulation in the precursor mire of seam T3
was terminated by deposition of siliciclastic sediments.
Re-establishment of peat-forming conditions favoured
deposition of seam T4 over a large area. The seam is pre-
sent in all wells except West Lulu-3 (Fig. 12). In a land-
ward–seaward transect from West Lulu-2 to Amalie-1 the
seam is vitrinite- and vitrite+clarite-rich, and it repre-
sents a wet type 2 mire, occasionally enriched in fine-
grained, allochthonous inertodetrinite or high-reflect-
ing pyrofusinite (type 2(I) mire; Fig. 26). The pyrofusinite
and char observed in Lulu-1 and Amalie-1, and in the
latter also pyrolytic carbon, indicate that wildfires were
active in the mire, probably mainly crown fires burn-
ing aerial plant tissues due to the generally high
watertable suggested by the petrography. Framboidal
and minute pyrite indicates marine influence during
peat formation as does relatively high proportions of
C27 sterane and homohopane indices (Fig. 31; Tables 8
–10, 14). Approximately equal proportions of C29 and C27

steranes occur in T4 seaward in Lulu-1 and Amalie-1
(Fig. 36), where 28,30-bisnorhopane is also recorded,
in particular in the latter well. In addition, the T4 seam
exhibits the highest homohopane index of all seams in
the West Lulu-1 and Lulu-1 wells. Seam T4 marks the
last extensive peat accumulation in the Søgne Basin
before the sea transgressed over the area. Above seam
T4, lagoonal deposits overlain by transgressive shoreface
and shelf deposits are preserved in Amalie-1, whereas
transgressive shoreface and shelf deposits directly over-
lie seam T4 in Lulu-1 (Figs 7–9). The most landward
part of seam T4 in the West Lulu-2 well is overlain by
tidal channel and delta sediments followed by beach
and outer shelf and offshore deposits.

Varying, but commonly high inertinite contents are
a general feature of the Bryne Formation coals. Periods
with comparatively slow watertable rises, possibly occa-
sionally combined with doming of the peat surface,
may have promoted watertable fluctuations, which may
have favoured the formation of oxidation-derived iner-
tinite as recently demonstrated in the Palangkaraya peat
deposit, Kalimantan Tengah, Indonesia (Moore et al.
1996). However, the presence of char and pyrolytic car-
bon and the occurrence of pyroinertinite in all seams
also imply a generally high frequency of wildfires in the
mire systems. Thus, a seasonal climate with temporar-
ily drier periods would enhance the possibility for drops
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in the watertable level below the peat surface and the
ignition of fires. Reconstruction of precipitation sug-
gests a seasonal wet climate for the region during the
Early–Mid Jurassic (Parrish et al. 1982; Hallam 1985),
and this is corroborated by annual rings in Lower–Middle
Jurassic wood from Jameson Land in East Greenland
and the island of Bornholm in the Baltic Sea (Fig. 1;
Höhne 1933; Harris 1937; Nielsen 1995; Surlyk et al.
1995). Additionally, Cope (1993) observed an abun-
dance of charcoalified material in cores from deltaic
sediments of the Middle Jurassic Brent Group in the
North Sea. Inertinite in mid-Cretaceous coals in the
Gates Formation, Canada, was likewise interpreted to
be exclusively fire-derived; formation occurred during
periodic drought in the wetland settings (Lamberson
et al. 1996). The somewhat uneven distribution of the
inertinite in the Bryne Formation coals is probably to
some degree related to the level of the watertable (wet-
ness of the peat), but investigations of recent mire sys-
tems show that wildfires also may be related to the
vegetation (Cohen & Stack 1996).    

Influence of relative sea-level changes on
coal composition

Siliciclastic deposits suggest a progressive southward
transgression of the deeper eastern part of the Søgne
Basin during the Bathonian–Callovian which during the
Callovian gradually flooded the western part of the
basin (Johannessen & Andsbjerg 1993; Andsbjerg 1997).
Peat mires were established on the coastal plains west-
south-west off the palaeo-shoreline. In particular the
organic geochemistry of the coal seams support this
interpretation. Increased proportions of C27 sterane and
higher homohopane indices towards the palaeo-coast-
line is strong evidence for prolonged infiltration of
saline water into the peat mires from a sea lying to the
east. The coal seams in the West Lulu-3 well generally
exhibit the strongest terrestrial signature by having the
highest relative proportion of C29 sterane and the low-
est homohopane indices of all samples. This area of the
mire systems was thus least influenced by the marine
environment to the east. Likewise the landward step-
ping nature and overall transgressive trend of the coal-
bearing succession is reflected in the vertical succes-
sion of the coal seams which shows an increased saline
influence in the organic geochemical composition from
seam R1 to T4. These observations support the assump-
tion that relative sea-level changes may exert an impor-
tant control on peat accumulation in coastal mires. This

is caused by the hydrological contact between sea water
and groundwater in coastal settings, where the level of
groundwater table and sea level more or less coincide
(Diessel 1994). A relative sea-level rise will raise the
watertable or base level on the coastal plain creating
the necessary accommodation space for peat accumu-
lation in a large, low-lying area with stagnant water
and sedimentary bypass or ponding upstream, condi-
tions very suitable for peat formation (e.g. Arditto 1991;
Hartley 1993; Kosters & Suter 1993; Aitken 1994; Flint
et al. 1995; Petersen & Andsbjerg 1996). The part of the
precursor mires located closest to the palaeo-shoreline
was most strongly influenced by base-level rise and the
rate of peat accumulation was therefore more rapidly
outpaced by the rate of watertable rise than in mire areas
situated landward. This is reflected in the thinning of
the coal seams in a seaward direction (Table 6). Thus,
the rate of base-level rise and the position of the coal
seams in the sequence stratigraphic framework may be
reflected in their organic petrographic and geochemi-
cal composition (e.g. Diessel 1992; Banerjee et al. 1996;
Petersen et al. 1996, 1998), which may have implica-
tions for the petroleum generative potential. For exam-
ple, coal facies cycles formed by watertable rises or
inundations linked to relative sea-level changes on
Hochstetter Forland, North-East Greenland, are charac-
terised by liptinite-enrichment towards the top of each
cycle (Petersen et al. 1998). This has resulted in coal facies
(dull lithotype) with extraordinarily high HI values (aver-
age: 464), and thin intercalated carbonaceous mudstones
have an average HI of 459. Furthermore, Petersen et al.
(1996) noticed a tendency to higher HI values and ther-
mally extracted and generated hydrocarbon contents,
S1+S2, in the T1–T4 seams compared to seams R1–R2 in
the West Lulu-2 well. The highest avarage HI values in
West Lulu-1 are likewise recorded in seams T2–T4, and
the highest S1+S2 contents were obtained from seam T3.
In the Lulu-1 seam T4 has the highest average HI value
and seam T2 gives the highest S1+S2 contents. 

Organic maturity

The majority of the vitrinite reflectance values obtained
from the coal seams in West Lulu-3, West Lulu-1, Lulu-1
and West Lulu-2 (West Lulu-2 data from Petersen et al.
1996) range between 0.81 %Rm and 0.89 %Rm, while a
minor proportion yields slightly lower values, 0.75–0.78
%Rm (Fig. 37). The latter values are measured in sam-
ples from coal seams T1, T3 and T4 and except for one
outlier these coal samples are characterised by high vit-

52



rinite contents (up to c. 84 vol.%) or high pyrite con-
tents (up to c. 3 vol.%), or both. The retarded reflectance
values are primarily related to hydrogen-enriched vit-
rinite, which has matured at a reduced rate (Petersen
& Rosenberg 1998). The vitrinite precursor material was
hydrogen-enriched during early diagenesis due to anoxic
and occasionally marine-influenced conditions in the
ancient mires. Tmax values obtained from extracted coal
samples, representing the total vitrinite reflectance range
shown by the coals, do not indicate Tmax suppression.
However, Tmax values obtained from hydrogen-enriched
vitrinite concentrates show a slight Tmax suppression
compared to Tmax values obtained from concentrates of
‘normal’ vitrinite (Petersen & Rosenberg 1998). 

All reflectance values correspond to high volatile
bituminous B/A rank and with respect to thermal matu-
rity the coals are situated within the maturity range of
peak oil generation in the ‘oil window’ (early catagen-
esis maturation stage) (Fig. 37). The oil window is sit-
uated between vitrinite reflectances of c. 0.5 %Rm and
1.3 %Rm with peak oil generation occurring between
c. 0.8–1.0 %Rm (Hunt 1996). The average Tmax values,
ranging from 440°C to 444°C in the West Lulu-3, West
Lulu-1 and Lulu-1 wells, are compatible with the
reflectance values and confirm the coals to be in the
early catagenesis stage of maturation (Hunt 1996, fig.
10-38, p. 389). 

Tmax values obtained from vitrinite lenses in Cleo-1
are comparable to the above results, while coaly mud-
stones yield higher pyrolysis temperatures. These lat-
ter samples are, however, also characterised by lower
HI values possibly suggesting the presence of oxidised
(inert) organic matter which may increase Tmax (Peters
1986). The approximately 1000 m deeper burial depth
of the organic matter in the Cleo-1 well compared to

coals in the West Lulu-1, -2 and -3 wells and in Lulu-1
may on the other hand render a higher maturity.
Excluding the two vitrinite lenses, the average Tmax value
is 456°C, i.e. approximately equivalent to a vitrinite
reflectance of 1.1 %Rm (cf. Hunt 1996, fig. 10-38, p. 389),
which may seem to be a reliable value compared to the
Amalie-1 well (discussed below). A reflectance of 1.1 %Rm

suggests a level of maturity in the late oil window.
The reflectance values of 1.3 %Rm obtained from

seam T4 in Amalie-1 indicate that the organic matter with
respect to thermal maturity is at the end of the oil win-
dow and is entering the late catagenesis maturation
stage where mainly condensates and wet gas are formed.
The coals are thus post-mature for oil generation. An
average Tmax value of 468°C is in very good agreement
with the reflectance values. The high level of thermal
maturity of the coals in the studied Amalie-1 succession
is related to burial of c. 5000 m. The proposed reflect-
ance value of 1.1 %Rm for the organic matter in Cleo-1
and the reflectance value of 1.3 %Rm in Amalie-1 would
thus be in agreement with the c. 400 m deeper burial
of the Amalie-1 well coals. According to the vitrinite
reflectance values obtained from Amalie-1 and sug-
gested for Cleo-1, a significant vitrinite reflectance
increase is observed from c. 3500–5000 m burial depth.
The higher rate of reflectance increase is a function of
the exponential nature of vitrinite reflectance, in par-
ticular caused by the formation of polycyclic aromatic
units above a reflectance value of 0.7 %Ro (Carr &
Williamson 1990; Levine 1993).              

The homohopane C31–C35 epimer ratios between
0.57 and 0.67, with the majority of C29 sterane ratios
between 0.45 and 0.50, and the majority of the
αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratios between
0.50 and 0.64 indicate that the transformation ratios of
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these organic geochemical parameters have reached
equilibrium (cf. Waples & Machihara 1991; Peters &
Moldowan 1993) in the West Lulu-1, West Lulu-2, West
Lulu-3, Lulu-1, Cleo-1 and Amalie-1 wells. The ratios are
thus consistent with the level of maturity yielded by the
vitrinite reflectance and Tmax values. CPI values close
to 1 indicate the absence of odd carbon-numbered n-
alkane predominance in the heavy-end range, which
is related to cleavage reactions at this level of maturity
(Radke et al. 1980a).    

Petroleum generative potential

The coals of the West Lulu-1 and -3 wells and the Lulu-
1 well with respect to thermal maturity are in the phase
of peak oil generation within the oil window. Despite
the fact that the level of maturity indicates the coals have
been depleted in hydrogen, they yield HI values above
200. Total average HI values for all coal samples within
each of the wells West Lulu-1, West Lulu-3 and Lulu-1
are 180, 178 and 200, respectively, suggesting the coals
are still capable of generating liquid and gaseous petro-
leum (Fig. 27). The coaly mudstones have HI values
within the same range as the coals. This is related to
the composition of the disseminated organic material,
which is composed of macerals similar to the coals.
Therefore, no evidence for a higher generative poten-
tial of the intercalated coaly mudstones can be demon-
strated, a result in agreement with observations by Cook
& Struckmeyer (1986). 

Based on rank data, coals in the Amalie-1 well are
post-mature with respect to liquid petroleum genera-
tion, but gas potential may still be present. The high
rank of the coals results in generally low HI values and
S1+S2 yields caused by exhaustion of the petroleum
potential. However, HI values at c. 130 at the present
level of maturity suggest that the coals may have gen-
erated liquid petroleum at a lower level of maturity.     

With the exception of the vitrinite-lens samples and
four sidewall core samples, HI values of samples from
Cleo-1 are below 130 (Fig. 28; Table 12). This indicates
a generally poor generative potential of the organic mat-
ter. Core samples represent floodplain and possibly
tidally-influenced fluvial channel environments. Both
environments may be well-drained, with the possibility
for the disseminated organic debris to be redistributed
and oxidised. This would account for gas-prone kero-
gen types III and IV with a small generative potential.

Seams T3 and T4 generally yield the highest aver-
age HI values and average thermal extracted and gen-

erated petroleum content, S1+S2, in West Lulu-3, West
Lulu-1 and Lulu-1 (Table 11). Thus, generally the T-seams
in individual wells show the higher HI values and S1+S2

yields and the R-seams the lower values. The extraor-
dinary high value of HI=331 in West Lulu-3 contributes
to the high average values of seam R1 in this well. In
addition, for individual seams an increase in the aver-
age HI values is generally recorded in a seaward direc-
tion. These observations strongly suggest an influence
of the depositional setting on the generative potential
of the seams. The T-seams are interpreted to have
formed during a comparatively fast rise in relative sea-
level promoting a continuously high-standing watertable
in the precursor mires and favouring prolonged influ-
ence of saline water, particularly in the low-lying reaches
of the mires towards the palaeo-shoreline. Such con-
ditions would, in general, create an anoxic peat mire
with high activity of anaerobic bacteria, which favours
the preservation of hydrogen-enriched vitrinitic pre-
cursor material and lipid substances (e.g. Khorasani
1987; Hunt 1996). Hydrogen-enriched (per-hydrous)
vitrinite or vitrinite impregnated with absorbed bitu-
men may in particular be important progenitors of petro-
leum generation (Petersen & Rosenberg 1998), the for-
mation of which is shown by development of secondary
fluorescence. The general fluorescence of both col-
lotelinite and collodetrinite thus suggests petroleum
generative capability of the vitrinite, which may partly
compensate for the low content of liptinite macerals in
the coals (Fig. 25). Comparison of the seams in all wells
reveals that the coal seams have the strongest terres-
trial signature (highest Pr/Ph ratios, highest proportion
of C29 steranes, lowest average homohopane index) in
West Lulu-3. Thus, the landward position of West Lulu-3
and the general isolation from marine influence in this
area during peat formation are not ideal conditions for
the formation of hydrogen-enriched vitrinite, and this
may explain why low or the lowest HI values and S1+S2

yields are recorded in this location.  
These findings are corroborated by the multivariate

regression analysis. The influence of the variables on
S2 is illustrated by the target coefficients, where the
explained variances of the variables are projected on
S2 (Fig. 38). The target projection can be used to study
the relation of each variable to S2, that is a large bar in
a negative direction indicates a variable with strong
negative correlation to S2, whereas a positive bar indi-
cates a positive correlation to S2. Intercorrelation between
the variables is introduced by the closed data set, and
the target projection can thus only be interpreted with
an understanding of this limitation. The TOC content
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has a strong positive influence on the generative poten-
tial, as have vitrinite-rich components, in particular vit-
rite, clarite, duroclarite, collotelinite, telinite and the vit-
rinite maceral group (Fig. 38). Generally collodetrinite
is considered to be more oil-prone than collotelinite due
to its close association with liptinite and because of the
lower reflecting, commonly fluorescent vitrinite parti-
cles hinting the presence of absorbed hydrocarbons.
However, in this study and also in the earlier study by
Petersen et al. (1996) the significance of collodetrinite
alone on the remaining generative potential is nil,
whereas the structured, frequently fluorescent telinite
and in particular collotelinite macerals seem to be very
important components. The absolute effect of telinite
may, however, be limited due to the generally low con-
tent of this maceral. The combined effect of all the dif-
ferent vitrinite macerals on the generative potential is
significant, and this is also stressed by the positive cor-
relation between S2 and the vitrinite-rich microlitho-
types. These results emphasise the importance of the
vitrinite components on the petroleum generative poten-
tial of coal-bearing strata.

Of the liptinite macerals only resinite shows an impor-
tant influence on the remaining generative potential
(Fig. 38). Sporinite exhibits a weak positive correlation,
but surprisingly cutinite shows a strong negative cor-
relation to the remaining S2. The absolute effect of cuti-
nite is small as 48% of the samples only contain from
0 to 0.3 vol.% of cutinite. Due to the wide range of acti-
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Fig. 38. Target projection of the partial least squares regression
(PLSR) model, which gives a measure of the correlation between
individual variables and S2. The TOC content, vitrinite, vitrite,
clarite, duroclarite, collotelinite and telinite are in particular
positively correlated to the remaining generative potential S2.
TOC = total organic carbon; Vit = vitrinite maceral group; V = vit-
rite; CL = clarite; DC = duroclarite; CD = clarodurite; CM = car-
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collodetrinite; Corpo = corpogelinite; Sp = sporinite; Cu = cuti-
nite; Lipto = liptodetrinite; Res = resinite; Fus = fusinite; Semif
= semifusinite; Inerto = inertodetrinite; Mac = macrinite.
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vation energies of the different macerals in coals they
do not release petroleum simultaneously, but genera-
tion of individual components is dependent on the ther-
mal history of the coal (Boreham & Powell 1993). It may
tentatively be suggested that the generative capacity of
cutinite at the present level of maturity is limited, result-
ing in a negative correlation to S2. 

As expected the carbon-rich and hydrogen-poor iner-
tinite macerals exhibit a negative correlation to S2 (Fig.
38). Likewise the mineral-rich microlithotype car-
bominerite has a negative impact on the generative
potential.      

Using the classification scheme of Larter (1985), which
is based on Py-GC, the pyrolysates from the 15 sol-
vent-extracted Bryne Formation coals closely resemble
the “II/IIIpp type” kerogen. This kerogen type is recog-
nised by the presence of abundant aliphatic as well as
aromatic/phenolic moieties in the pyrolysate, and is
held to be present mainly in marine deposits contain-
ing high proportions of predominantly vitrinitic and
liptinitic terrestrial organic debris. The abundance of
aliphatic moieties is generally accounted for by the
presence of highly aliphatic liptinite macerals such as
cutinite and alginite, whereas the aromatic phenolic
moieties are assumed to originate from vitrinite and
sporinite. However, in the present case, none of the coal
samples contain notable proportions of liptinite mac-
erals, and the abundance of aliphatic moieties may thus
also point to the presence of hydrogen-enriched (per-
hydrous) vitrinite or submicroscopical liptinite.

The oil-prone nature of the Bryne Formation coals
discussed in previous paragraphs is strongly supported

by evidence from Py-GC. An estimate of the fractions
of TOC of oil-prone, gas-prone and chemically inert car-
bon may be computed by combining Rock-Eval and Py-
GC data (Pepper & Corvi 1995). This calculation shows
that although most carbon contained in the coals is
chemically inert in the sense that it will not contribute
to the petroleum product potentially generated during
thermal maturation, between 13 and 30% of the carbon
may, at the present level of maturity, potentially par-
ticipate in the formation of petroleum products, i.e. oil
and gas (Fig. 39). All pyrograms show the presence of
very high proportions of oil-range components (C6+),
which constitute from 72.4% to 82.0% of the total
pyrolysate (Figs 32, 39). Gas-range components (C1–5)
are but minor constituents, which constitute from 18.0%
to 27.6% of the pyrolysate. 

There is a tendency towards increased proportions
of oil-like components in pyrolysates from the more
marine-influenced Lulu-1 well coals. Furthermore, the
fractions found for the partitioning of ‘gas’ and ‘oil’ com-
ponents correspond well to the results of Pepper &
Corvi (1995), which show ‘gas’ fractions of 0.2 to 0.3
for samples with HI values similar to those of the sam-
ples analysed in this study. With respect to petroleum
generation, the maturity of the samples is compara-
tively high. However the data indicate that consider-
able generation of petroleum remains to take place
before the full potential is eventually realised. This
observation corroborates the idea of  progressive gen-
eration over a wide span of thermal maturities from
rocks dominated by terrestrial kerogen (e.g. Bordenave
et al. 1993).
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Fig. 40. An example of an oil/conden-
sate derived from the Bryne Formation
in the West Lulu-3 well. A typical
terrestrial composition is shown by a
Pr/Ph ratio of 4.24, a hopane distribution
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sterane distribution dominated by the
C29 sterane (44%). The compositional
similarity to the coal extracts shown in
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on GC-trace refer to n-alkane carbon
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S30: C27–30αββ regular steranes, 
S: C29ααα (20S), R: C29ααα (20R).



The discussion on the ability of coals to expel liq-
uid petroleum was discussed earlier, and implications
for the expulsion capability of the West Lulu-2 coals was
discussed in Petersen et al. (1996). Two commercial
gas and oil accumulations in the Harald Field (expected
reserves, oil: 7 million m3, gas: 25 billion Nm3; Danish
Energy Agency 1997) and the Lulita discovery (which
contains a high-wax terrigenous oil; GEUS, unpublished
data) are indirect evidence for the capability of the
coals to expel petroleum. As described above no pet-
rographic or geochemical data point to a better gener-
ative potential of the intervening carbonaceous mud-
stones rendering the coals the likely source rock. Three
oil/condensate samples recovered from Bryne Formation
sandstones in West Lulu-1 and West Lulu-3 display sim-
ilar maturity as the coals and they have a typical ter-
restrial composition (Fig. 40), including Pr/Ph ratios
between 4.09 and 4.24, a hopane distribution which max-

imises at C30, and bulk isotope δ13C ratios of up to or
greater than −26‰, which is significantly heavier than
the common oils generated from the marine Farsund
Formation (Petersen et al. 1995, 1996). The Harald Field
oil/condensate samples also differ from Farsund
Formation derived oils by having a higher proportion
of C29 sterane. However, the sterane distribution of the
oil/condensate samples is very similar to the sterane dis-
tribution of the Bryne Formation coal extracts (Figs 30,
40,  41). Sterane distribution of intercalated coaly mud-
stone extracts is likewise dominated by C29 sterane. In
Amalie-1, a condensate recovered from the Bryne
Formation likely consists of a mixture of material gen-
erated from terrestrial and marine source rocks (Statoil,
unpublished data; GEUS, unpublished data). The con-
densate has a bulk isotope δ13C ratio of  –25.26‰ and,
based on gas from the same test, a maturation level cor-
responding to a vitrinite reflectance of 1.3 %R was
assumed, a maturity which corresponds exactly to the
vitrinite reflectance values obtained from the coals (Fig.
37). Thus, this evidence supports the contention that
petroleum has been released from the coals. Hunt (1996)
describes a ‘migration index’ (MI) defined as S1/TOC
and suggests MI values between 0.1 and 0.2 for oil
expulsion. According to this index all coal seams and
carbonaceous mudstones are able to expel liquid petro-
leum (Table 15). The West Lulu-2 coals show MI val-
ues from 0.23 to 0.27, whereas the MI values of the coals
in the West Lulu-3, West Lulu-1 and Lulu-1 wells range
from 0.15 to 0.21. The West Lulu-3 well exhibits the low-
est values, which is in agreement with generally lower
HI values and S1+S2 yields of the seams in this well (Table
11). Seams R1 and T4 in Amalie-1 show lower MI val-
ues which are related to the high thermal maturity. MI
values of the mudstones are lower or similar to the MI
values of the coals, which again reject the intercalated
carbonaceous mudstones as a more significant source
rock than the coals.
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Fig. 41. Normalised C27–29 sterane distribution in 58 Bryne
Formation coal extracts (including West Lulu-2 data from Petersen
et al. 1996), 8 Bryne Formation coaly mudstone extracts, 3 Harald
Field derived oils/condensates and 19 Farsund Formation derived
oils (data from Bojesen-Koefoed et al. 1994). Extracts from both
the coals and the intercalated mudstones are dominated by C29

sterane, and show a sterane distribution very similar to the ster-
ane distribution of the Harald Field oils/condensates. The ster-
ane distribution of the Farsund Formation derived oils differ by
having a higher proportion of C27 sterane.
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Middle Jurassic (Central Graben Group) strata outside
the Søgne Basin

Sedimentological description and
interpretation of the measured core-
intervals

Alma-1x well

The deepest part of the measured succession consists of
light grey, homogeneous silty mudstone with a single
coaly horizon (Fig. 42B). Upwards the silty mudstone
becomes faintly parallel-laminated, and sediment dis-
turbances are occasionally present. Coal particles and
streaks are common together with coalified leaves and
twigs. The silt content gradually decreases, and the silty
mudstone is overlain by a homogeneous, dark grey mud-
stone. This is followed by a light grey, slightly more silty,
homogeneous mudstone with rare sediment disruption.

The shallower part of the cored interval starts with
a dark grey, homogeneous mudstone, which upwards
changes to a faintly parallel-laminated heterolithic mud-
and siltstone (Fig. 42A). The heterolith is increasingly
dominated by silt, and gradually changes to a siltstone,
followed by a weakly parallel-laminated very fine-
grained sandstone. Small-scale faults and sediment dis-
ruptions are common. Towards the top the very fine-
grained sandstone again changes to a parallel-laminated,
heterolithic mudstone and siltstone. The uppermost
heterolith contains coal particles and streaks, and plant
fossils as coalified leaves and twigs. The sedimentary
succession is interpreted to have been deposited in a
floodplain environment. 

Anne-3a well

Only cuttings have been investigated from this well.    

Elly-3 well

The succession starts with a dark grey, homogeneous
to very faintly parallel-laminated mudstone with rare
small pyrite concretions (Fig. 43). Towards the top the
mudstone becomes black and carbonaceous and finally
turns into a coaly interval with visible vitrinitic organic
matter. Thin light grey beds of homogeneous siltstone

and very fine-grained sandstone overlie the coaly level.
These are followed by a new homogeneous mudstone
interval, which in the lower part is black and carbona-
ceous. Coal particles and streaks are common, and coal-
ified leaves (probably from ferns) and twigs are pre-
sent in a narrow interval. The mudstone is overlain by
a light grey, generally homogeneous clayey siltstone unit
with abundant coal particles, coalified twigs, and prob-
ably rootlets. Towards the top of the clayey siltstone
the abundance of coal particles increases, possibly asso-
ciated with an increase in rootlets, and it gradually turns
into a black, carbonaceous mudstone.   

A succession consisting of more or less homogeneous
heterolithic mudstone and siltstone, commonly with coal
particles and coalified wood fragments, overlies the car-
bonaceous mudstone. The sediments were deposited in
a low-energy coastal plain setting dominated by flood-
plain, lakes and lagoons. A mire environment is repre-
sented by the coaly level at about 4088 m. 

Falk-1 well

The lower part of the succession consists of homoge-
neous brownish, dark grey mudstone and black, dull
carbonaceous mudstone (Fig. 44). The latter contains
vitrinite lenses and streaks, and small vertical pyrite
cleats are seen in the lenses. Up to millimetre-thick hor-
izontal and bifurcating vertical rootlets are present
together with coal particles and coalified leaves and
twigs in the upper part of the mudstone interval. The
mudstone is succeeded by a grey heterolithic parallel-
to faintly parallel-laminated siltstone and mudstone with
occasional poorly developed small-scale cross-lamina-
tion and intercalated homogeneous dark grey mud-
stones. Sediment disruption is common. Coal particles
and streaks, and coalified leaves and twigs are abun-
dant in the heterolith, and small pyrite concretions may
occur. The very fine-grained sandstone bed between
4118 and 4119 m is slumped and structureless with
abundant ‘floating’ organic debris. A dark, carbona-
ceous mudstone with coal streaks and lenses, and a coal
horizon overlies the heterolith. Except for the upper-
most part the rest of the measured succession is com-
posed of grey faintly parallel-laminated and homoge-



neous heterolithic mudstone and siltstone, and black
carbonaceous mudstone. Coal particles and streaks
together with plant remains are present. The upper-
most carbonaceous mudstone contains silt streaks and
lenses, and a coaly horizon contains a level with very

coarse-grained sand and gravel. The mudstone is ero-
sionally overlain by a clast-supported conglomerate
with grain sizes up to c. 2 cm. The deposits are inter-
preted as deposited in a low-energy coastal plain set-
ting with open-water mires and lakes.   
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Fig. 42. A and B: Sedimentological logs of the measured parts
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analysed sample; O: sample analysed by GC and GC/MS. See
Fig. 5 for legend and Fig. 1 for well location.
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M-8 well

Only cuttings have been investigated from this well. 

Skjold Flank-1 well

Section A consists primarily of a mainly dark grey to
blackish grey, homogeneous, silty mudstone succes-

sion (Fig. 45A). The upper part is rooted by simple
roots composed of one main string with small side-
roots. Towards the top the mudstone is developed as
3–6 cm thick, red brown to dark grey, rhythmic bands.
The silty mudstone is erosionally overlain by siltstone
and sandstone beds with flaser-bedding, sediment dis-
ruption and organic matter. The uppermost part of sec-
tion A is developed as a strongly bioturbated heterolithic
mudstone and siltstone. The mudstone succession is
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interpreted to represent lagoon or lake deposits, whereas
the siltstone and sandstone beds are interpreted to have
been deposited in fluvial channels which may have
been tidally influenced.  

The lowermost part of section B is a homogeneous
dark grey to black and occasionally carbonaceous mud-
stone (Fig. 45B). Small (millimetre-scale) spherical pyrite
concretions have been observed in one of the car-
bonaceous intervals. Small-scale faults and bioturba-
tion is present. The mudstone is erosionally overlain by
homogeneous and micro-flaser-bedded silty or very
fine-grained to fine-grained sandstone beds with abun-
dant organic debris and coal laminae. The sandstone
beds are succeeded by a heterolithic mudstone and
siltstone or very fine-grained sandstone. The lowermost
part of the heterolith is weakly parallel-laminated and
disturbed, whereas in general the rest is homogeneous.
Organic matter in particular is present in the more sandy
intervals, while bioturbation occurs where mudstone
dominates. The sediments of section B are interpreted
to represent lagoonal or lacustrine and ?tidally-influenced
fluvial channel deposits.

Section C starts with a succession of homogeneous
to faintly parallel-laminated mudstone and siltstone
beds (Fig. 45C). The succession is erosionally overlain

by a well-sorted, medium-grained, cross-bedded sand-
stone, followed by a homogeneous fine- to medium-
grained sandstone. The sandstones are topped by an
erosion surface characterised by carbonate particles
and many shell fragments. Overlying the erosion sur-
face is an interval of fine- to medium-grained sand-
stones and intraformational conglomerates of layered
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rip-up mudstone clasts. Coaly matter occurs in a weakly
flaser-bedded interval. The succession is followed by a
unit of mainly fine-grained sandstone beds showing
flaser-bedding, cross-bedding, parallel-lamination and
occasional herringbone-lamination and small-scale cross-
lamination. Coal material may occur on foresets and as
laminae. The sandstones are succeeded by siltstone and

heterolithic mudstone and siltstone showing faintly par-
allel-lamination, sediment disruption and small-scale
faults. Bioturbation is common. The uppermost homo-
geneous mudstone is overlain by a poorly sorted medium-
grained sandstone rich in coal particles, which in the
lower part is bioturbated. This is followed by a mainly
homogeneous, greyish, fine-grained sandstone, and an
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Fig. 45. A–C: Sedimentological logs of the measured parts of the
Skjold Flank-1 well showing the interpreted depositional envi-
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intraformational conglomerate of rip-up mudstone clasts.
An interval above the conglomerate is dark olive-grey,
and contains abundant coal particles and mudstone clasts.
A fine-grained sandstone showing interference of wave-
current ripples and wavy-bedding overlies an erosion sur-
face. The rest of section C is fining-upwards and the
sandstones may show faintly parallel-lamination and

small-scale cross-lamination with concentrations of coaly
material in the small-scale troughs. In the uppermost
part a light grey, rooted sandstone is overlain by a black,
carbonaceous mudstone. The sediments of section C are
interpreted to have been deposited in a possibly tidally
influenced coastal plain setting with ?tidally-influenced
fluvial channels, lagoons and ?tidal flats.  
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* vitrinitic and liptinitic organo-mineral matrix; ter. = terrestrial
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Table 16.  Alma-1x: kerogen compositions and vitrinite reflectance value
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Organic petrographic and geochemical
results

Alma-1x well

A vitrinite reflectance from 3644.6 m depth gives a value
of 0.79 %Rm, inferring a rank of high volatile bitumi-
nous A for the organic matter (Table 16). The kerogen
composition at the same depth is dominated by terrestrial
OM and organo-mineral matrix composed of vitrinitic
and liptinitic organic material intimately associated with
mineral matter. Liptinic terrestrial OM amounts to 3
vol.%. The TOC is 1.85 wt% and the HI 162 (Table 17).
The organic matter content in a sample from a depth
of 3650.67 m is lower (TOC = 0.96 wt%). The kerogen
is dominated by liptinitic terrestrial OM, and the HI is
121. Based on organic matter composition and HI val-
ues the two kerogens are classified as type III/IIb and
type III respectively (cf. Mukhopadhyay et al. 1985).

Tmax values from core samples vary between 441°C
and 456°C, averaging 449°C, while the cuttings show
Tmax values between 431°C and 445°C, averaging 439°C
(Fig. 46; Table 17). TOC contents are in general below
1.5 wt%, and HI values from core samples and cuttings
range between 31 and 162 with the majority below 120.
Thermally extracted and generated petroleum contents,
S1+S2, only occasionally exceed 2 mg HC/g rock.  

Extracts from two samples (3644.6 and 3650.67 m;
Table 18) show a dominance of polar components fol-
lowed by saturates. The Pr/Ph ratios are 4.31 and 2.47,
respectively, and CPI values 1.09 and 1.00. 

The 22S/(22S+22R) epimer ratios of the 17α(H),21β(H)
C31 and C32 extended hopanes range between 0.57 and
0.63. The ααα 20S/(20S+20R) epimer ratio of the C29
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Table 17.  Alma-1x well: screening data
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2.27
2.03
1.96

1.09
1.00

1.04
1.05
0.96
1.00

1.05
0.98
1.01
1.01
1.01
1.03

1.00
1.20
1.03

51
50

17
33
10
37

57
30
28
39
24
30

46
37
34

39
37

18
19
9

17

23
28
19
23
35
28

18
33
31

13
9

12
20
18
17

20
7

19
15
21
11

24
5

11

48
54

70
61
73
66

57
65
62
62
44
61

58
62
58

Well Depth Pr/Ph CPI EOM Sat Aro Polars

(m) (%) (%) (%)

Table 18.  GC data and composition of solvent extract fractions (asphaltene-free)
from the Alma-1x, Elly-3, Falk-1 and Skjold Flank-1 wells



sterane lies between 0.45 and 0.48, while the
αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratio is 0.55
(Table 19). The relative proportion of the C27αββ, C28αββ
and C29αββ steranes is characterised by high contents
of the C29 sterane (Fig. 47). 

Anne-3a well

Only cuttings are available from this well. TOC contents
are within 1.09–11.51 wt%, and the Tmax values range
between 438°C and 443°C (Table 20). HI values range
between 68 and 186 (Fig. 46), averaging 114, and ther-
mally extracted and generated petroleum contents,
S1+S2, are within the range 0.77–23.42 mg HC/g rock,
but with the majority < 4 mg HC/g rock.

Elly-3 well

A single vitrinite reflectance measurement carried out
on a sample from 4087.93 m depth shows a reflectance
value of 1.13 %Rm indicating that the organic matter has
just entered the medium volatile bituminous coalifica-

tion stage (Table 21). The sample has a TOC content
of 32.92 wt% and the kerogen is composed of terres-
trial OM and vitrinitic organo-mineral matrix, occa-
sionally associated with framboidal pyrite (Fig. 48;
Tables 21, 22). Two other kerogen samples (4080.26 and
4080.92 m) have TOC contents of 8.58 wt% and 4.24
wt% respectively, and show dominance of terrestrial OM
and minor contents of liptinitic OM. Kerogen typing is
difficult due to the rank of the organic matter. However,
based on the present kerogen composition and HI val-
ues between 107 and 137, the kerogen is classified as
type III and possibly IIb.

The TOC contents of the core samples vary between
0.56 wt% and 32.92 wt% and Tmax values range from
447°C to 495°C (Fig. 46; Table 22). Except for the three
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Fig. 47. Normalised C27–29 sterane distribution in extracts from
the Alma-1x, Elly-3, Falk-1 and Skjold Flank-1 wells. The major-
ity of the samples are dominated by sterane C29 suggesting a high
content of terrestrial organic matter.

Well Depth
(m)

3644.60
3650.67

4080.26
4080.92
4087.93
4089.20

4112.10
4116.35
4116.40
4116.45
4123.60
4124.10

4280.38
4282.95
4303.19

Alma-1x

Elly-3

Falk-1

Skjold Flank-1

0.45
0.48

0.47
0.45
0.46
0.46

0.52
0.45
0.48
0.48
0.46
0.46

0.26
0.40
0.43

0.55
0.55

0.60
0.60
0.59
0.57

0.63
0.63
0.60
0.61
0.63
0.60

0.41
0.53
0.57

Steranes                      
29αββ(S+R)

29αββ(S+R)+29ααα(S+R)
29αααS

29ααα(S+R)

Table 19.  Alma-1x, Elly-3, Falk-1 and Skjold Flank-1 wells:
sterane isomerisation ratios

Cuttings   3441
3450
3460
3469
3478
3487
3496
3505
3519
3530
3533

2.38
2.20
3.98
3.20
2.75
4.23
3.07

11.51
4.80
1.46
1.09

440
441
443
441
440
441
441
438
441
439
438

0.24
0.33
0.26
0.24
0.17
0.44
0.25
2.02
0.24
0.05
0.03

3.11
2.10
3.98
3.16
3.06
6.47
3.61

21.40
5.99
1.05
0.74

131
95

100
99

111
153
118
186
125
72
68

0.07
0.14
0.06
0.07
0.05
0.06
0.06
0.09
0.04
0.05
0.04

Sample Depth TOC Tmax S2S1 HI PI
type (m) (wt%) (°C) (mg HC/g rock)

Table 20.  Anne-3a well: screening data



investigated kerogen samples thermally extracted and
generated petroleum contents, S1+S2, are below 1 mg
HC/g rock.   

Extracts are dominated by polar compounds fol-
lowed by a tendency to dominance of aromatics over

saturates (Table 18). The Pr/Ph ratios are between 1.14
and 2.08, and CPI ratios close to 1.

The range of the 22S/(22S+22R) epimer ratios of the
17α(H),21β(H) C31 and C32 extended hopanes is
between 0.56 and 0.64. The ααα 20S/(20S+20R) epimer
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4080.26
4080.92
4087.93

* vitrinitic

-  
-  

1.13

82
84
30

0
1
1

0
0

10

2
3
0

16
12
59

111/(11b?) 
111/(11b?) 
111/(11b?) 

Depth
(m)

%Rm Mineral
matrix

Pyrite Organo-mineral
matrix

(vol.%)

Liptinitic
ter. OM

Terrestrial
OM

Kerogen
Type

Table 21.  Elly-3 well: kerogen compositions and vitrinite reflectance value

*

P

P

P

P

V

V

V

I

I

I

Fig. 48. Photomicrographs of kerogen
from the Elly-3 well (sample 4300A,
4087.93 m). A: Framboidal pyrite (P) in
vitrinite. B: Detrital vitrinite groundmass
(V) with few inertodetrinite (I) particles
and mineral matter. Black and white
photographs in reflected white light 
and oil immersion. Scale bar ∼ 35µm.

A

B



ratio of the C29 sterane is around 0.46, while the
αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratio ranges
from 0.57–0.60 (Table 19). With the exception of a sin-
gle sample with about equal relative proportions of the
C27αββ and C29αββ steranes, the C29 is the dominant ster-
ane (Fig. 47). 

Falk-1 well

Vitrinite reflectance values range between 1.05 %Rm

and 1.11 %Rm, inferring a rank of late high volatile bitu-
minous A (Table 23). Microscopically investigated kero-
gens, having TOC contents from 7.98 to 69.90 wt %
(Table 24), are dominated by vitrinitic OM (Fig. 49), of
which the majority in the sample from 4116.40 m depth
is fluorescent (Table 23). The samples have varying
amounts of inertinitic OM, liptinitic OM and organo-min-
eral matrix (Fig. 49), which may be mainly vitrinitic or
liptinitic. The samples contain from 2 to 5 vol.% pyrite.
The HI values of the 4 petrographic investigated sam-
ples range between 167 and 243 (Table 24). The sam-
ples are accordingly classified as kerogen type III.
However, the two samples from depths of 4112.10 m

and 4116.40 m can, based on petrography and TOC con-
tent, be classified as humic coal.

The Tmax values from the core samples vary between
453°C and 461°C, averaging 457°C, while 5 cuttings
only average 442°C (Fig. 46; Table 24). HI values range
between 80 and 341 with more than 50% having val-
ues greater than 160. Thermally extracted and gener-
ated petroleum contents, S1+S2, are highest for the
organic-rich samples (Table 24).

Extracts are dominated by polar compounds fol-
lowed by saturates (Table 18), and Pr/Ph ratios range
between 2.01 and 4.06. CPI ratios are close to 1.

Five of the six investigated samples yield 22S/(22S+22R)
epimer ratios of the 17α(H),21β(H) C31 and C32 extended
hopanes in the range 0.52–0.68, whereas an outlier
yields 0.47 and 0.87. The ααα 20S/(20S+20R) epimer
ratios and the αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)]
ratios of the C29 sterane range from 0.45–0.52 and
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Core      4080.26
4080.92
4086.86
4087.93
4088.79
4089.20
4090.77
4091.92
4092.78
4093.39

8.58
4.24
1.94

32.92
1.04
0.56
1.01
0.90
1.08
1.02

456
449
465
457
447
477
457
494
461
495

1.03
0.45
0.15
4.08
0.17
0.13
0.23
0.21
0.23
0.25

9.63
4.54
0.91

45.12
0.52
0.45
0.67
0.71
0.77
0.72

112
107
47

137
50
80
66
79
72
71

0.10
0.09
0.14
0.08
0.25
0.22
0.26
0.23
0.23
0.26

type                          

Table 22.  Elly-3 well: screening data

Sample Depth TOC Tmax S1 S2 HI PI
(m) (wt%) (°C) (mg HC/g rock)

4112.10
4116.35
4116.40
4116.45
4123.60
4124.10

* vitrinitic organo-mineral matrix; **mainly liptinitic organo-mineral matrix; # mainly fluorescing; ter. = terrestrial

-  
-  

1.05
1.11

-  
1.07

2
30
1
-

78
-

5
2
2
-
2
-

0
13
0
-
5
-

1
0
4
-
2
-

51
52
93

-
9
-

41
3
4
-
4
-

Depth
(m)

%Rm Mineral
matrix

Pyrite Organo-mineral
matrix

(vol.%)

Liptinitic
ter. OM

Vitrinitic
OM

Inertinitic
OM

111
111
111

-  
111

-  

Kerogen
type

Table 23.  Falk-1 well: kerogen compositions and vitrinite reflectance values

**

*
#

Core      4111.22
4111.65
4112.10
4112.45
4112.55
4113.85
4114.20
4116.35
4116.40
4116.45
4123.60
4124.10

Cuttings  

  

6.31
7.32

69.90
5.23
5.79
6.16

15.92
27.75
51.37
35.24
7.98

22.40

2.36
2.45
2.87
6.65
2.46

461
460
453
460
461
458
455
453
454
455
461
453

437
438
442
449
442

2.19
2.26

12.35
1.33
1.66
1.52
3.79
5.00
9.78
5.89
2.45
7.52

1.50
1.21
1.79
2.69
1.46

6.12
8.00

116.76
4.18
5.08
9.82

26.82
54.46

124.82
61.86
15.66
76.38

4.27
2.82
3.47
7.65
3.96

97
109
167
80
88

160
168
196
243
176
196
341

181
115
121
115
161

0.26
0.22
0.10
0.24
0.25
0.13
0.12
0.08
0.07
0.09
0.14
0.09

0.26
0.30
0.34
0.26
0.27

Sample Depth TOC Tmax  S2S1  HI PI
type (m) (wt%) (°C) (mg HC/g rock)

Table 24.  Falk-1 well: screening data

  4051  
4081  
4111  
4141  
4171  



0.60–0.63 respectively (Table 19). With the exception
of a single sample with about equal relative proportions
of the C27αββ and C29αββ steranes, the C29 constitutes
above 59% of the steranes in the remainder of the sam-
ples (Fig. 47). 

M-8 well

Only cuttings are available, and they have TOC con-
tents between 1.27 wt% and 11.27 wt% (Table 25). Tmax

values range from 437–445°C. HI values and thermally
extracted and generated petroleum contents, S1+S2, are

in the ranges 76–156 and 1.46–20.14 mg HC/g rock,
respectively (Fig. 46; Table 25). The majority of the
S1+S2 contents are, however, < 3 mg HC/g rock.

Skjold Flank-1 well

Two reflectance measurements both yield the value of
1.22 %Rm indicating a medium volatile bituminous rank
(Table 26). Microscopic kerogen analyses of three sam-
ples, having TOC contents between 0.84 wt% and 1.53
wt% (Table 27), reveal a dominance of terrestrial OM and
small proportions of organo-mineral matrix (Table 26).

69

Ct

I

I

V

M

V

V

Fig. 49. Photomicrographs of kerogen in
the Falk-1 well (sample 4334A, 4116.35 m).
A: Collotelinite band (Ct) surrounded by
detrital vitrinite and mineral matter. 
B: Detrital vitrinite (V) intimately associ-
ated with mineral matter (M) and a few
inertodetrinite (I) particles. Black and
white photographs in reflected white light
and oil immersion. Scale bar ∼ 35µm.

A

B



The pyrite content ranges from 1 to 5 vol.%. Kerogen
composition and HI values in the range 127–225 for the
three samples suggest the kerogen should be classified
as type III and possibly also type IIb for the sample from
4280.38 m depth. 

Tmax values from core samples range between 458°C
and 489°C; the majority are in the range 462–468°C
(Fig. 46; Table 27). Cuttings with TOC contents between
1.23 wt% and 11.89 wt% show, except for two samples,
significantly lower Tmax values (Fig. 46; Table 27). HI
values are also generally lower, while thermally extracted
and generated petroleum contents, S1+S2, vary between
1.21 and 6.38 mg HC/g rock.

Three core extracts are dominated by polar com-
pounds (Table 18). In the two samples containing kero-
gen type III saturates are second, whereas aromatics are
second in the sample (4280.38 m) containing kerogen
type III and possibly type IIb. The Pr/Ph ratios lie
between 1.96 and 2.27 and the CPI ratios close to 1.

The 22S/(22S+22R) epimer ratios of the 17α(H),21β(H)
C31 and C32 extended hopanes yield, except for a

single outlier (0.28), values between 0.55 and 0.62.
The ranges of the ααα 20S/(20S+20R) epimer ratios
and the αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratios
of the C29 sterane are, with the exception of a single
outlier (0.26 and 0.41, respectively), from 0.40–0.43 and
0.53–0.57 respectively (Table 19). The relative propor-
tions of the C27αββ, C28αββ and C29αββ steranes show
a general dominance of C27 sterane followed by C29

sterane (Fig. 47). 
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Sample   Depth TOC Tmax S2S1 HI PI
type  (m) (wt%) (°C) (mg HC/g rock)

     3100
3109
3118
3127
3136
3146
3155
3164
3173
3182

1.48
1.52
1.72

11.27
5.57
2.63
1.80
1.38
1.27
1.39

439
441
441
443
445
445
441
440
437
441

0.52
0.54
0.63
2.88
1.99
0.88
0.61
0.42
0.77
0.63

1.88
1.92
2.22

17.26
7.58
3.24
1.76
1.04
1.98
2.02

127
126
129
153
136
123
98
76

156
145

0.22
0.22
0.22
0.14
0.21
0.21
0.26
0.29
0.28
0.24

Cuttings

Table 25.  M-8 well: screening data

4276.80
4280.38
4282.95
4283.08
4303.19

* mainly vitrinitic; ter. = terrestrial

1.22
-
-

1.22
-

-
81
90

-
87

-
5
1
-
1

-
1
0
-
2

-
0
0
-
0

-
13
9
-

10

-    
111/(11b?)

111
-    
111

Depth
(m)

%Rm Mineral
matrix

Pyrite Organo-mineral
matrix

(vol.%)

Liptinitic
ter. OM

Terrestrial
OM

Kerogen
type

Table 26.  Skjold Flank-1 well: kerogen compositions and vitrinite reflectance values

*

*

Core        4274.01
4276.80
4280.38
4282.95
4283.08
4302.99
4303.19
4304.03
4304.28
4315.16

Cuttings    4173
4188
4218
4234
4249
4264
4279
4295
4310
4325
4340
4356
4371

Extracted  4203
cuttings     4389

       

7.21
40.96
0.84
1.18

60.98
1.99
1.53
7.48
1.98
0.90

1.37
1.32
2.59
2.25
2.32
5.68
4.04
4.90
2.58
2.59
1.45
1.23
2.16

1.96
11.89

468
464
470
462
466
463
463
464
458
489

446
442
440
443
445
447
455
448
442
428
446
442
448

446
475

1.61
3.75
0.36
0.33
5.79
0.36
0.38
1.01
0.51
0.22

0.81
0.92
1.34
1.33
1.44
2.04
1.35
1.53
1.71
1.97
0.85
0.48
0.94

0.16
0.21

4.70
50.86
2.14
2.06

89.42
2.38
1.94
5.14
0.52
1.16

1.00
0.90
1.42
1.57
1.80
2.95
2.55
3.92
2.43
2.95
1.10
1.01
1.37

1.05
6.17

65
124
255
174
147
120
127
69
26

128

73
68
55
70
78
52
63
80
94

114
76
82
63

54
52

0.26
0.07
0.14
0.14
0.06
0.13
0.16
0.16
0.50
0.16

0.45
0.51
0.49
0.46
0.44
0.41
0.35
0.28
0.41
0.40
0.44
0.32
0.41

0.13
0.03

Sample Depth TOC Tmax S2S1 HI PI
type (m) (wt%) (°C) (mg HC/g rock)

Table 27.  Skjold Flank-1 well: screening data



Discussion

Organic maturity

The two wells from the Heno Plateau, Elly-3 and Falk-1,
yield vitrinite reflectance values between 1.05 %Rm and
and 1.13 %Rm from a depth of about 4 kilometres (Tables
21, 23). The Tmax values from the Elly-3 well show a
wide range. However, the three most organic-rich sam-
ples show values from 449 to 457°C. This range and
the comparatively narrow range of Tmax values (aver-
age 457°C) from core samples of the Falk-1 well, are
in good agreement with the vitrinite reflectances (Table
24). Higher Tmax values may be related to interference
by mineral matrix or the nature of the organic matter
(inertinite) (Peters 1986). The lower temperatures
obtained from cuttings from the Falk-1 well may be
caused by lignite added to the drilling mud. Biomarker
ratios are, as expected at this level of maturity, close to
equilibrium (Table 19). Thus, with respect to thermal
maturity the organic matter has passed the peak of oil
generation (approximately between 0.8 and 1.0 %R, cf.
Hunt 1996), and is found in the late oil window.  

The remaining wells are situated in the Salt Dome
Province in the southern part of the Danish Central
Graben. The Skjold Flank-1 well yields two vitrinite
reflectance values of 1.22 %Rm at approximately 4280 m
depth, and the majority of the Tmax values derived from
core samples range from 462 to 468°C indicating a level
of maturity of the organic matter close to the end of
the oil window and the start of condensate generation
(Tables 26, 27). The measured vitrinite reflectance val-
ues match perfectly the modelled reflectance values
from a depth of about 4300 m (GEUS, unpublished
data). Cuttings yield lower Tmax values which may be
caused by drilling mud additives like lignite. Biomarker
ratios are slightly below equilibrium and show lower
values than modelled epimerisation ratios (Table 19).
This may imply influence from migrated products. 

The Alma-1x, Anne-3a and M-8 wells exhibit lower
maturities. A vitrinite reflectance value from a depth of
about 3645 m in Alma-1x yields a value of 0.79 %Rm

(Table 16). This value is in good agreement with the
average Tmax value (439°C) of the cuttings, and to some
degree also with modelled vitrinite reflectance values
for this depth (GEUS, unpublished data). However, core
samples show higher values (average 449°C; Table 17),
and core samples with comparatively high TOC con-
tents (1.85 and 7.48 wt%) and HI values (162 and 174)
probably give reliable Tmax values of 449°C and 445°C
suggesting that the vitrinite reflectance value may be

too low. A vitrinite reflectance value corresponding to
these Tmax values would be between 0.9 and 1.0 %Rm.
The highest Tmax values are commonly associated with
low HI values implying interference from inert organic
matter. In the Alma-1x well the biomarker ratios have
nearly reached equilibrium (Table 19). 

Cuttings from approximately 3440–3530 m depth in
Anne-3a show similar Tmax values as the cuttings from
Alma-1x (Table 20), thus corresponding to a vitrinite
reflectance between 0.7 %Rm and 0.8 %Rm. This is slightly
more than measured and modelled vitrinite reflectance
values from a depth of about 3500 m in the Anne-3a
well (Thomsen et al. 1995). Cuttings from the interval
3100–3182 m in M-8 also yield similar Tmax values (Table
25), but here measured vitrinite reflectance values (%Rm

about 0.77; Thomsen et al. 1995) match the pyrolysis
temperatures. 

The maturity parameters indicate that the organic mat-
ter in the Alma-1x, Anne-3a and M-8 wells is within the
early catagenesis stage of maturation and is close to or
within the peak oil generation range in the oil window.

Petroleum generative potential

Organic maturity parametres from the Elly-3 well indi-
cate a level of thermal maturity corresponding to the
late oil window. Some core samples from the Elly-3 well
still have HI values above 100 and give high S2 yields,
but generally the organic matter is depleted in hydro-
gen and only a limited generative potential remains
(Table 22). The Tmax versus HI diagram suggests the core
samples follow the pathway of kerogen type II (Fig. 46),
and petrographic investigations of the organic material
suggest a composition of kerogen type III and possi-
bly IIb (Table 21). The high relative proportion of C29

sterane in the majority of the samples from Elly-3 indi-
cates a strong input of terrestrial organic matter from
higher land plants (Huang & Meinschein 1979; Philp
1994; Fig. 47). Influence from kerogen type II material
is however suggested by the comparatively low Pr/Ph
ratios (Table 18), in particular in the sample from 4089.20
m depth which has a Pr/Ph ratio of 1.14 and further-
more exhibits a slight dominance of C27 sterane, which
is considered to be a marine indicator (e.g. Hunt 1996).
These observations could imply an initially good gen-
erative potential of the organic matter in Elly-3. In that
context it is notable that a terrigenous oil has been
recovered in the nearby Elly-2 well: the Pr/Ph ratio is
2.06 and relative proportions of C27 and C29 steranes are
24% and 52% respectively (GEUS, unpublished data).
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The coal seams of the Bryne
Formation in the Søgne Basin
1. Peat accumulation occurred in coastal mires. In-

creased marine influence is observed in the Lulu-1
and Amalie-1 wells, where lagoonal, estuarine chan-
nel, shoreface and offshore siliciclastic sediments
dominate. 

2. The cumulative coal seam thickness decreases in a
seaward direction from 5.05 m in the West Lulu-2
well, to 3.27 m in West Lulu-1 and 1.57 m in West
Lulu-3, decreasing to 0.98 m in the Lulu-1 well, and
to 0.60 m in the Amalie-1 well. This thinning of the
seams towards the palaeo-shoreline is related to a

more rapid outpacing of the rate of peat accumu-
lation by the watertable rise linked to a relative sea-
level rise.

3. A spatial coal seam distribution shows that the
seams R1 and T4 are the most extensive; the pre-
cursor mires occupied the majority of the Danish
part of the Søgne Basin. A seam split of seam R1,
named R1a, is only present in the West Lulu-1 and
West Lulu-3 wells. The precursor mire of seam T2
was also extensive, but did not reach the southern
part (Amalie-1 well) of the basin. The mires repre-
sented by seams T1 and T3 had a limited extent and
were restricted to the north-western part of the
Danish Søgne Basin.

The Elly discovery, expected to be set in production in
1999, contains primarily gas (expected reserve: 5 bil-
lion Nm3) and minor oil (expected reserve: 1 million
m3; Danish Energy Agency 1997).

The organic matter in the Falk-1 well has a similar
level of thermal maturity as that observed in Elly-3. The
maturity level infers exhaustion of the petroleum gen-
erative potential. However, high S2 yields indicate that
generative potential still remains (Table 24), and sev-
eral HI values close to or above 200 indicate a good
generative capacity (Fig. 46). Although petrography and
Pr/Ph ratios generally above 3 support a classification
of the organic matter as kerogen type III, the deposi-
tion in low-energy, open-water mires or lakes with
restricted oxygen availability, as shown by the car-
bonaceous mudstones, and the presence of organo-
mineral matrix and liptinitic terrestrial organic matter may
account for the comparatively high HI values and the
ability to generate petroleum at this level of maturity
(Fig. 44; Tables 18, 23).

Several HI values between 100 and 200 obtained
from core samples from Skjold Flank-1 and relatively
high S2 yields imply that the organic matter, constituted
by kerogen type III and possibly type IIb, may possess
the capability to generate condensate and gas even at
the present level of thermal maturity (Fig. 46; Table 27).
This is corroborated by computed petroleum genera-

tion depth trends for kerogen types II and III which
show that in the Central Graben Group these kerogen
types are within the condensate/gas window (GEUS,
unpublished data). It is likely that the marine influ-
enced coastal plain (as shown by dominance of C27 ster-
ane, Fig. 47) with a variety of depositional environments,
like lakes and lagoons, in places favoured the sedi-
mentation and preservation of petroleum-prone organic
matter.

The petrographic composition of the organic matter
in the Alma-1x well is composed mainly of kerogen type
III and some type IIb. However, although the organic
matter with respect to thermal maturity is within the peak
oil generation range the generally low HI values and
S2 yields suggest a rather poor petroleum generative
potential (Fig. 46; Table 17). The overall floodplain
environment seems in general to have been unfavourable
for deposition of oil-prone organic matter.            

The HI values from the Anne-3a and M-8 wells only
in a few cases exceed 140 implying a limited petroleum
generative capacity of the organic matter (Fig. 46; Tables
20, 25). The position of the cuttings in the HI versus Tmax

diagrams does not indicate a depth trend, but the pres-
ence of kerogen type II could be implicated. The com-
paratively low generative capacity, however, is proba-
bly related to a dominance of kerogen type III in the
cuttings.
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4. Petrographically the seams are characterised by low
contents of liptinite (R-seams: 0.8–4.4 vol.%, T-
seams: 1.6–7.8 vol.%), fluctuating but frequently
important amounts of either allochthonous or in situ
derived inertinite, and significant amounts of gen-
erally fluorescent vitrinite. The intimate association
of the macerals creates a complex microlithotype
composition. Towards the palaeo-coastline the coal
facies generally represents a wet peat-forming envi-
ronment due to a continuously high-standing
watertable, whereas coal composition implies that
the precursor peats may have been more subjected
to a fluctuating watertable and desiccation land-
ward of the palaeo-coastline. The presence of
pyroinertinite, char and pyrolytic carbon in the
seams is evidence for wildfires in the ancient mires,
probably ignited by lightning. A stronger prolonged
marine influence on the coastal reaches of the
ancient mire systems is reflected by increased pro-
portions of sterane C27 compared to sterane C29 and
increased C35-homohopane indices in all seams
towards the palaeo-shoreline. This is supported by
the recording of 28,30-bisnorhopane in seams R1,
T2 and T4 in Lulu-1 and Amalie-1, which suggests
marine-influenced anoxic conditions. In contrast, the
seams in West Lulu-3 have the highest proportions
of C29 sterane and the highest Pr/Ph ratios (aver-
age: 5.98) implying that this area of the precursor
mires were least effected by the marine environment. 
Compared to the seams formed during a compar-
atively slow relative sea-level rise (seams R1, R1a
and R2) the seams formed during an accelerated rel-
ative sea-level rise (seams T2, T3 and T4), which
favours waterlogged, anoxic conditions due to a
continuously high-standing watertable, have several
characteristics suggesting an overall stronger marine
influence on the precursor mires. These character-
istics are: a) in general a higher content of pyrite
in the T-seams, b) in general a higher proportion
of C27 sterane in the T-seams in all well-sites, c) in
a landward–seaward direction equal proportions
of C27 and C29 steranes are obtained earlier (Lulu-1
well, seams T2 and T4, compared to Amalie-1 well,
seam R1), and d) higher C35-homohopane indices
in the T-seams. Additionally, the C35-homohopane
index shows a vertical increase from the lowermost
to the uppermost seam in each well reflecting the
backstepping nature and overall transgressive trend
of the coal-bearing succession. The depositional
environment, in particular watertable (base-level)
rise in the mires linked to relative sea-level rise, is

thus recorded by the organic petrographic and geo-
chemical composition of the coal seams.

5. The composition (macerals) of the organic matter
in the coaly mudstones is similar to the composi-
tion of the coal seams.

6. Vitrinite reflectance values from the coals in the
West Lulu-1, West Lulu-3 and Lulu-1 wells are in the
range 0.75–0.89 %Rm indicating a high volatile bitu-
minous B/A rank. Average Tmax values in the wells
range between 440°C and 444°C. Thus with respect
to thermal maturity the coals are situated within the
maturity range of peak oil generation in the oil win-
dow. The coals in the Amalie-1 well yield a vitrinite
reflectance value of 1.3 %Rm indicating a medium
volatile bituminous rank. The average Tmax value is
468°C, and the coals with respect to thermal matu-
rity are at the end of the oil window and are enter-
ing the late catagenesis maturation stage where
mainly condensates and wet gas are formed. The
organic matter in the Cleo-1 well has likewise a
maturity level corresponding to the late oil window.

The homohopane C31–C35 epimer ratios between
0.57 and 0.67, the majority of the C29 sterane ratios
between 0.45 and 0.50, and the majority of the
αββ20(S+R)/[αββ20(S+R)+ααα 20(S+R)] ratios be-
tween 0.50 and 0.64, indicate that the transforma-
tion ratios of these organic geochemical parameters
have reached equilibrium.

7. The average HI values from the coals in the West
Lulu-3, West Lulu-1 and Lulu-1 wells are 178, 180
and 200 respectively; coaly mudstones yield aver-
age HI values of 172, 168 and 145 respectively. The
highest average HI values (on seam basis) are gen-
erally obtained from the T-seams (in particular
seams T3 and T4) as are the highest average S1+S2

contents, and for individual seams an increase in
the average HI values is generally recorded in a sea-
ward direction. The tendency to higher HI values
and S1+S2 contents in the T-seams emplies an influ-
ence of the depositional environment on the gen-
erative potential of the seams. The deposition of the
precursor peats of the T-seams during a compara-
tively faster relative sea-level rise may have: a) pro-
moted a continuously high-standing watertable and
the creation of an anoxic peat mire, b) favoured pro-
longed influence of saline water, particularly in the
low-lying reaches of the mires towards the palaeo-
coastline, and c) increased microbic activity of anaer-
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obic bacteria. Such conditions will favour the preser-
vation of hydrogen-enriched vitrinitic precursor
material and lipid substances, which are important
in petroleum generation. Thus, the general isola-
tion from marine influence on the mire systems in
the West Lulu-3 area may explain why low or the
lowest HI values and S1+S2 yields are recorded in
this location. 

The coaly mudstones exhibit a lower generative
potential or a similar potential as the coals. The
organic matter in the Cleo-1 well has a general
small generative potential, and is mainly gas-prone.

8. The coals are, despite their level of thermal matu-
rity, capable of generating liquid and gaseous petro-
leum. About 13–30% of the carbon in the coals will
participate in petroleum formation during matura-
tion, and Py-GC data from the coals indicate that the
generated petroleum will consist of 72.4–82.0% liq-
uid petroleum and only 18.0–27.6% gas. Lower HI
values and S1+S2 contents for the coals in Amalie-1
are caused by the significantly higher level of matu-
rity, but Py-GC derived pyrolysates reveal that the
coals are still capable of generating oil.

9. Multivariate statistical modelling of the data yielded
a model explaining 71% of the variation in the
remaining generative potential represented by S2.
The correlation coefficient is 0.85. However the
low slope of 0.73 of the response line emphasises
that other factors than petrographic composition
and the TOC content influence S2. Components
with a significant positive influence on S2 are the
TOC content, the vitrinite maceral group, the vitri-
nite macerals collotelinite and telinite, the vitrinite-
rich microlithotypes vitrite, clarite and duroclarite,
and the liptinite maceral resinite. The small amount
of liptinite macerals in the coals restricts the absolute
importance of this maceral group in the model.
Components with a negative influence on the gen-
erative potential are the fusinite, semifusinite, iner-
todetrinite and macrinite macerals, and the min-
eral-rich microlithotype carbominerite.

10. The coals from the West Lulu-3, West Lulu-1 and
Lulu-1 wells yield migration index (S1/TOC, cf.
Hunt, 1996) values between 0.15 and 0.21, whereas
the West Lulu-2 coals yield indices between 0.23 and
0.27. These values are very favourable according
to the suggested 0.1–0.2 range for oil expulsion. The
coaly mudstones yield lower or similar values.

11. The C27–29 sterane distribution of three oil/conden-
sate samples recovered from Bryne Formation sand-
stones in the West Lulu-1 and West Lulu-3 wells is
typically terrestrial (dominance of C29 sterane) and
it is very similar to the sterane distribution of the
coal extracts. The oil/condensate samples are also
of similar maturity and display typical terrestrial
signatures like Pr/Ph ratios between 4.09 and 4.24
and bulk isotope δ13C ratios of up to or greater than
−26‰. A condensate from the Amalie-1 well has a
bulk isotope δ13C ratio of  −25.26‰, and a matu-
ration level corresponding to a vitrinite reflectance
of 1.3 %R, which is similar to the vitrinite reflectance
of the Amalie-1 coals.

12. The sum of the evidence implies that the Bryne
Formation coals may act, and have acted, as a source
for liquid and gaseous petroleum. No data support
a better generative potential for the intervening car-
bonaceous mudstones.

Central Graben Group deposits
1. The examined deposits from the wells were gen-

erally deposited in a low-energy coastal plain envi-
ronment with floodplains, lakes, lagoons and flu-
vial channels, which occasionally may have been
tidally influenced.

2. The organic matter in the deposits is predominantly
terrestrially derived and can be classified as kero-
gen type III or IIb. Pr/Ph ratios are typically greater
than 2, with the highest ratio of 4.31. Except for
Skjold Flank-1, where the distribution of C27–29 ster-
anes show a general dominance of C27, the steranes
are dominated by the C29 steranes. 

3. Maturity parameters indicate that the kerogen in
Alma-1x, Anne-3a and M-8 (Salt Dome Province) is
close to or within the peak oil generation range in
the oil window. With respect to thermal maturity
the kerogen in Elly-3 and Falk-1 (Heno Plateau) is
in the late oil window, whereas the kerogen in
Skjold Flank-1 (Salt Dome Province) is close to the
end of the oil window.  

4. Heno Plateau wells. The kerogen in Elly-3 is depleted
in hydrogen and only a limited generative poten-
tial remains. However, an initially good petroleum
potential may have been present. A terrigenous oil
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