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The Danish part of the Central Graben (DCG) is one of the petroliferous basins in 
the offshore region of north-western Europe. The source rock quality and maturity 
is here reviewed, based on 5556 Rock-Eval analyses and total organic carbon (TOC) 
measurements from 78 wells and 1175 vitrinite reflectance (VR) measurement from 55 
wells, which makes this study the most comprehensive to date. The thermal maturity 
is evaluated through 1-D basin modelling of 46 wells. Statistical parameters describ-
ing the distribution of TOC, hydrocarbon index (HI) and Tmax are presented for the 
Lower Jurassic marine Fjerritslev Formation, the Middle Jurassic terrestrial-paralic 
Bryne, Lulu, and Middle Graben Formations and the Upper Jurassic to lowermost 
Cretaceous marine Lola and Farsund Formations in six areas in the DCG. For the 
Farsund Formation the source-rock richness is presented for selected stratigraphic 
sequences. The upper part of the Farsund Formation is immature in the southern 
part of the Salt Dome Province, and late oil mature in and near the Tail End Graben 
and in the Søgne Basin. The lower part of the Farsund Formation is immature in 
local areas, yet post-mature in the Tail End Graben and in the Salt Dome Province. 
The Lower and Middle Jurassic shales are gas-prone in most of the DCG. The depth 
of the oil window, as defined by a VR of 0.6% Ro, ranges between 2200 and 4500 m. 
The variations are ascribed to heat flow differences in the DCG and can be modelled 
by a simple depth model, which includes the thickness of the Cretaceous to Palaeo-
gene Chalk and Cromer Knoll Groups. According to the model, a thick Chalk Group 
offsets the oil window to deeper levels, which likely can be attributed to the thermal 
properties of the highly thermally conductive chalk compared to the underlying less 
thermally conductive clays. The DCG is an overpressured basin, and high-pressure, 
high-temperature conditions are expected to occur deeper than 3.8 km except for 
the Feda and Gertrud Grabens where such conditions, due to generally lower tem-
peratures, are expected to occur deeper than around 4.7 km. 
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the Kimmeridge Clay Formation in the UK sector and 
the Mandal Formation in the Norwegian part of the 
Central Graben (Damtoft et al. 1987, 1992; Ineson et al. 
2003; Petersen et al. 2010, 2012; Verreussel et al. 2018). 
The Middle Jurassic coaly units of the Bryne and Lulu 

The Danish Central Graben (DCG) is part of the North 
Sea rift basin (Fig. 1). The main petroleum source rocks 
of this mature petroleum province are the Upper Ju-
rassic – lowermost Cretaceous marine shales, which 
are referred to as the Farsund Formation in the DCG, 
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Figure 1. Schovsbo et al. 
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Fig. 1. Structural elements and wells that reach the Jurassic sediments in the southern part of the Central Graben. Updated from 
Japsen et al. (2003). For wells included in this study, see Table 1.
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Formations constitute a secondary source, whereas 
unknown contribution may come from other source 
rocks including the Upper Jurassic Lola Formation, 
the Lower Jurassic Fjerritslev Formation, Permian 
shales and Carboniferous coals (Damtoft et al. 1987, 
1992; Petersen & Nytoft 2007a,b; Petersen et al. 2016; 
Petersen & Hertle 2018). 

The Jurassic – lowermost Cretaceous source rocks 
mainly charged the Cretaceous – Palaeogene Chalk 
Group from where the main hydrocarbon production 
occurs in the DCG (Fig. 2). Secondary production 
occurs from Middle Jurassic and Palaeogene sand-
stones and more recently also from Upper Jurassic 
and Miocene sandstones (Goffey et al. 2018; Pedersen 
et al. 2018). Exploration of other Upper Jurassic plays 
has led to the Hejre-1, Amalie-1, Svane-1 and Xana-1X 
high-pressure and high-temperature (HPHT) discov-
eries (Fig. 2). These discoveries were made in fan delta 
sandstones and offshore gravity flow deposits (Fig. 3). 
More recently, a growing interest has been seen for 
unconventional hydrocarbon resources within the 
Jurassic shales in the DCG (Galluccio et al. 2019). Efforts 
to map and quantify the resources in Central Graben 
have begun as part of the project Geological Analysis 
and Resource Assessment of selected Hydrocarbon 
systems (GARAH: Schovsbo et al. 2020).

The first regional review of the quality and matu-
rity of all Jurassic source rocks in the DCG was pre-
sented by Damtoft et al. (1987). Since then, the amount 
of source rock data and the regional stratigraphic 
knowledge has advanced considerably, with Ineson 
& Surlyk (2003) being a major milestone. A second 
major advancement in our understanding was gained 
from the ‘Jurassic Petroleum System Project’ (PETSYS) 
completed in 2014, which allowed integration of the 
seismic, bio- and lithostratigraphic framework for the 
Jurassic. In this project, geochemical databases on 
source rock quality, maturity and oil geochemistry 
were key results, allowing detailed integrated stud-
ies to be made. Important results from this project 
have been published by Johannessen et al. (2010) on 
sedimentology and by Petersen et al. (2010, 2011, 2012, 
2013) and more recently Ponsaing et al. (2018, 2020a,b) 
on source rock quality and maturity.

The remaining challenge in the DCG is to provide 
a regional overview of the source rock quality and 
maturity. The present paper aims to refine the geo-
chemical characterization of the Jurassic source rock 
succession by integrating source rock geochemistry 
with a sequence stratigraphic framework; to map the 
maturity of the Jurassic source rocks based on 1-D 
basin maturity models; and to examine the relation-
ship between the chalk thickness and the position of 
the oil window as outlined by Petersen et al. (2012).

Geological setting
The North Sea rift complex is a major east-dipping 
half-graben system consisting of a series of minor 
NW–SE trending half-grabens, which are bounded by 
the Coffee Soil Fault to the east and the Mid North Sea 
High to the west (Fig. 1; Andsbjerg & Dybkjær 2003; 
Møller & Rasmussen 2003; Japsen et al. 2003; Petersen 
et al. 2011, 2012).

The lithostratigraphy for the Jurassic to Neogene 
in the DCG is presented in Fig. 2. The Jurassic suc-
cession has been subdivided into 18 sequences based 
on integration of seismic stratigraphy and bio- and 
lithostratigraphy (Andsbjerg & Dybkjær 2003; Johan-
nessen et al. 2010). In the Early Jurassic the DCG was 
characterized by a relatively slow sea level rise and 
deposition of the grey, shallow-marine shales of the 
Fjerritslev Formation (Figs 3 and 4A; Michelsen et al. 
2003). During the latest Early Jurassic – earliest Mid-
dle Jurassic the area was uplifted and the Triassic and 
most of the Lower Jurassic succession was removed 
by erosion (e.g. Andsbjerg & Dybkjær 2003; Møller & 
Rasmussen 2003). Due to this Toarcian erosion, parts 
of the Fjerritslev Formation are not present in the 
DCG (Fig. 3). 

Mid-Jurassic rifting caused fault-controlled subsid-
ence in the east, particularly along N–S trending seg-
ments of the Coffee Soil Fault (e.g. Japsen et al. 2003; 
Møller & Rasmussen 2003; Johannessen et al. 2010; 
Petersen et al. 2011). Because of the renewed subsidence 
and subsequent flooding of the DCG, the lower part 
of the Middle Jurassic is dominated by fluvial-channel 
sandstones assigned to the Bryne Formation (Fig. 4B). 
The upper part is characterized by paralic sandstones, 
shales and coal beds, which are overlain by shoreface 
and back-barrier deposits. These sediments are, how-
ever, restricted to the Søgne Basin, the Tail End Graben 
and the Salt Dome Province (Fig. 1). The paralic and 
marginally marine upper part is generally referred 
to the Lulu Formation in the north and to the Mid-
dle Graben Formation in the south. The base of the 
Middle Jurassic strata overlies the Mid-Cimmerian 
Unconformity or the Intra-Aalenian Unconformity 
(Michelsen et al. 2003; Petersen et al. 2011; Petersen & 
Hertle 2018).

During Oxfordian – Kimmeridgian, deep-water 
conditions were created in the DCG and the marine 
shales of the Lola Formation were deposited (Fig. 
4C). The tectonic trend shifted in the Kimmeridgian 
from dominantly N–S to NW–SE oriented faulting 
and at the same time subsidence rates increased. The 
shallow-marine and back-barrier sandstones of the 
Heno Formation were deposited on the Heno and 
Gertrud plateaus during the late Kimmeridgian. The 
depositional area gradually extended westwards and 
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W Lithostratigraphic scheme
of the Danish Central Graben
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organic-rich shales to carbonate-rich and organic-lean 
shales deposited in open-marine environments. This 
transition is generally termed the Base Cretaceous 
Unconformity (BCU). The boundary marks the base 
of the deposits of the post-rift phase in the DCG, rep-
resented by the Cromer Knoll and Chalk Groups. In 
the Late Cretaceous to early Palaeogene, high sea level 
prevailed and the sedimentation shifted from silici-
clastics to chalk composed of calcareous nanofossils 
(Anderskouv & Surlyk 2011; van Buchem et al. 2017) 
and to a compressional tectonic regime.

The thickness of the Chalk Group (Hidra to Ekofisk 
Formations, Fig. 2) varies from less than 200 m on in-
verted ridges to more than 1000 m in local depocentres 

the thick, shale-dominated marine succession of the 
Farsund Formation was deposited over larger areas 
(Fig. 4D). During early Volgian, the overall transgres-
sion reached the Outer Rough and Ål basins (e.g. 
Andsbjerg & Dybkjær 2003; Johannessen et al. 2010; 
Petersen et al. 2011, 2012). 

The subsidence rates were radically reduced in the 
latest Volgian, and the deposition of the organic-rich 
and highly radioactive ‘hot shales’ of the Bo Member 
(Volgian – Ryazanian) took place in most areas of the 
DCG (Fig. 3; Ineson et al. 2003; Michelsen et al. 2003). 

The transition from the Farsund Formation to the 
overlying Cromer Knoll Group (Valhall to Rødby For-
mation, Fig. 2) marks a basinwide facies change from 
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The source rock and vitrinite reflectance (VR) data 
used here consist mostly of data produced by the 
Geological Survey of Denmark and Greenland (GEUS) 
during the last almost four decades, but also include 
quality-controlled data reported from other sources. 
The Total Organic Carbon (TOC) and Rock-Eval data 
consist of results from 5556 samples of Jurassic – low-
ermost Cretaceous shales from 78 wells in the DCG 
(Table 1). The VR database consists of results from 1175 
samples from 55 wells (Table 1) and represents mostly 
samples of Jurassic age but also includes measure-
ments from younger and older formations. 

The quality of the VR measurements is quite vari-
able. The number of VR measurements for each sample 

in northern Tail End Graben, the Gertrud Graben and 
on the Heno Plateau (Fig. 5D). Deep burial of the Juras-
sic succession took place in the Paleocene to Neogene 
(Rasmussen et al. 2005), and the depth to the top of the 
Chalk Group and top Jurassic ranges from 1600 to 3400 
m and 2200 to 5000 m, respectively (Fig. 5). 

Database, analytical methods and 
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Source rock, pressure and temperature 
databases

Figure 5. Schovsbo et al.
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Fig. 5. Depth structure maps and chalk isochore map. A: Depth to Top Chalk Group; B: Depth to Base Chalk Group; C: Depth to 
Base Cretaceous Unconformity (BCU); D: Chalk Group isochore map. Updated from Japsen et al. (2003) and Vejbæk et al. (2007).
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Table 1. Well data included in this work
Well Area RE VR P T 1D
A-2X Salt Dome Province X   X  

ADDA-1 Salt Dome Province X   X  

ADDA-2 Salt Dome Province    X  

ALMA-1X Salt Dome Province X X  X X

ALMA-2X Salt Dome Province X   X  

AMALIE-1 Søgne Basin X X X X X

ANNE-3 Salt Dome Province X X  X X

BARON-2 Tail End Graben X X  X X

BERTEL-1A Feda/Gertrud Graben X X X X X

BO-1X Salt Dome Province X X  X X

BOJE-1 Salt Dome Province X   X  

CLEO-1 Søgne Basin X X  X X

DEEP ADDA-1 Salt Dome Province X   X  

DIAMANT-1 Feda/Gertrud Graben X X  X X

E-1X Salt Dome Province X X  X X

EAST ROSA FLANK-1 Salt Dome Province    X  

EAST ROSA-1 Salt Dome Province    X  

EAST ROSA-2 Salt Dome Province    X  

EAST ROSA-3 Salt Dome Province    X  

EDNA-1 Heno Plateau X X  X  

EG-1 Heno Plateau X   X  

ELIN-1 Tail End Graben X X X X X

ELLY-1 Heno Plateau X  X X  

ELLY-2 Heno Plateau X X  X X

ELLY-3 Heno Plateau X   X  

ELNA-1 Salt Dome Province    X  

EMMA-1 Salt Dome Province X  X X  

FALK-1 Heno Plateau X X  X X

FASAN-1 Salt Dome Province X X  X X

G-1X Salt Dome Province X X  X X

GERT-1 Feda/Gertrud Graben X X X X X

GERT-2 Feda/Gertrud Graben X X  X X

GERT-3 Feda/Gertrud Graben    X  

GERT-4 Feda/Gertrud Graben X X   

GITA-1X Søgne Basin X X   

GULNARE-1 Tail End Graben X X  X X

GWEN-2 Feda/Gertrud Graben X   X  

HEJRE-1 Feda/Gertrud Graben X X X X X

HEJRE-2 Feda/Gertrud Graben X  X X  

I-1X Tail End Graben X X  X X

IRIS-1 Tail End Graben X X X X X

ISAK-1 Feda/Gertrud Graben X   X  

JENS-1 Salt Dome Province X X X X X

JEPPE-1 Feda/Gertrud Graben X X  X X

JETTE-1 Feda/Gertrud Graben X   X  

JOHN FLANKE-1 Salt Dome Province X X  X  

JOHN-1 Salt Dome Province    X  

KARL-1 Feda/Gertrud Graben X X  X X

KIM-1 Outer Rough X X X X X

LILJE-1 Outer Rough X   X  

LIVA-1 Outer Rough X   X  

LONE-1 Feda/Gertrud Graben X X  X X

LULITA-1X Søgne Basin X X  X  

LULU-1 Søgne Basin X X  X X

LULU-2 Søgne Basin X   X  

M-1X Salt Dome Province    X  

M-8X Salt Dome Province X X  X X
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wells analysed for pressure do not represent all avail-
able wells but have been selected based on availability 
of pressure data in the Jurassic section. The pressure 
and temperature data are all from drill reports avail-
able to the public from GEUS via the Frisbee portal 
(http://frisbee.geus.dk/). The reported pressure data 
have all been quality controlled and temperature 
measurements have been ‘Horner corrected’ accord-
ing to the correction procedures presented by Waples 
et al. (2004). 

varies from 1 to more than 100 and the associated 
standard deviations typically range between ± 0.02 
and 0.11% Ro (Petersen et al. 2012). Histograms of the 
original measurement population are available for 
most samples, but no re-assessment of the measure-
ments has been made for this study. 

A total of 312 down-hole pressure measurements 
from 22 wells, typically from a repeat formation tester 
(RFT) tool, and 261 bottom-hole temperature measure-
ments from 97 wells are evaluated here (Table 1). The 

Table 1 (Continued)       
Well Area RE VR P T 1D
MIDDLE ROSA-1 Salt Dome Province    X  

MIDDLE ROSA-2 Salt Dome Province    X  

MONA-1 Feda/Gertrud Graben X X  X X

N-22 Salt Dome Province X   X  

NORA-1 Tail End Graben X X X X X

NORTH JENS-1 Salt Dome Province X X  X X

NW ADDA-1X Salt Dome Province X  X X  

O-1X Salt Dome Province X X   X

OLGA-1X Salt Dome Province X X  X X

OPHELIA-1 Feda/Gertrud Graben X X  X X

OTTO-1 Tail End Graben    X  

P-1X Outer Rough    X  

PER-1 Salt Dome Province    X  

Q-1X Feda/Gertrud Graben X X  X X

RAVN-1 Heno Plateau X X  X X

RAVN-2 Heno Plateau X X  X X

RITA-1X Feda/Gertrud Graben X X  X X

ROBIN-1 Outer Rough X  X X  

RUTH-1 Salt Dome Province    X  

S.E. ADDA-1X Salt Dome Province    X  

S.E. IGOR-1 Salt Dome Province X X  X X

SAXO-1 Outer Rough X  X X  

SINE-1XP Salt Dome Province    X  

SKARV-1 Heno Plateau X X  X X

SKJOLD FLANK-1 Salt Dome Province X X X X  

STEN-1 Feda/Gertrud Graben X X  X X

STORK-1 Tail End Graben X X  X X

SVANE-1 Tail End Graben X X X X X

T-1X Tail End Graben    X  

T-3X Tail End Graben    X  

TABITA-1 Tail End Graben X   X  

TORDENSKJOLD-1 Outer Rough X X  X X

TOVE-1 Salt Dome Province    X  

U-1X Salt Dome Province X X X X X

UGLE-1 Salt Dome Province X  X X  

V-1X Salt Dome Province    X  

VAGN-2 Salt Dome Province    X  

W-1X Heno Plateau X X  X X

WESSEL-1 Outer Rough X  X X  

WEST LULU-1 Søgne Basin X X X X  

WEST LULU-2 Søgne Basin X X  X  

WEST LULU-3 Søgne Basin X X  X  

WEST LULU-4 Søgne Basin    X  

XANA-1X Søgne Basin X X X  X

RE: Rock Eval; VR: Vitrinite reflectance; P: Pressure; T: Temperature; 1D: 1D basin model
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control standard being run for every 10 samples to 
ensure the stability of the instrument. This procedure 
serves to assure that different generations of data are 
comparable.

Based on the Rock-Eval pyrolysis, the Hydrogen 
Index (HI; mg HC/g TOC) was calculated from the S2 
yields in mg HC/g sample by normalising the S2 yield 
by TOC ((S2 /TOC) × 100). Tmax represents the tempera-
ture at which the maximum rate of the hydrocarbon 
generation (S2) occurs. The S1 peak is not considered 
here due to the mixed dataset of non-extraction-treated 
and extracted-treated samples.

VR (random) measurements were carried out follow-
ing standard procedures (Taylor et al. 1998). Analysts 
were all accredited and certified by the International 
Committee for Coal and Organic Petrology (ICCP). 
Since 2011 measurements were conducted using a Leitz 
Orthoplan reflected-light microscope equipped with a 
50× oil objective and the Diskus Fossil System (Hilg-
ers Technisches Büro). VR readings were taken at 546 
nm (monochromatic light) and before measurement 
the microscope was calibrated against a YAG 0.903% 
Ro standard with integrated optical zero standard. 
The number of measurements in each sample varied 
depending on lithology and organic-richness (TOC 
content) but in general at least 20 measurements were 
made.

Statistical and regression analysis
For the analysed formations the TOC, HI and Tmax 
frequency distributions are skewed, and representa-
tive statistical properties cannot be calculated by as-
suming a normal distribution. Instead, to provide the 
best descriptive statistical properties, modelling of the 
cumulative density frequencies were made assuming 
a log-normal distribution. Fitting was made with the 
SigmaPlot® version 14 from Systat Software, which al-
lows iterative modelling to be made in order to obtain 
the mean and standard deviation of the log-normal 
distribution. The match of the data and model was 
evaluated from the goodness of fit (r2). All accepted 
models had r2 > 0.98. Based on the obtained mean and 
standard deviation of the log-normal distribution the 
population mean, standard deviation, and various 
percentiles (P) of the population were calculated using 
standard procedures. 

The Partial Least Squares (PLS) multivariate re-
gression method was used to examine relationships 
between VR and depth with respect to the sea floor, 
top Chalk Group, base Chalk Group and the Base Cre-
taceous Unconformity in order to develop predictive 
models. The PLS regression allows direct correlations 
to be modelled between y and the multivariate x data, 
compensating for debilitating co-linearity between 

Published data in the source rock and VR databases 
include data previously presented by Thomsen et al. 
(1983), Damtoft et al. (1987, 1992), Østfeldt (1987), Pe-
tersen & Rosenberg (1998), Petersen et al. (1998, 2000, 
2010, 2011, 2012, 2013), Petersen & Brekke (2001), Ineson 
et al. (2003) and Ponsaing et al. (2018, 2020a,b). Included 
VR measurements outside of the DCG are from the 
Norwegian wells 2/11-7, 2/5-9 and 2/12-1 (Petersen et 
al. 2012) that borders on the northern part of the DCG 
(Fig. 1). 

Analytical methods
Both oil- and water-based drilling mud systems have 
been used in the DCG. Oil-based mud (OBM) systems 
are known to have a severe impact on data quality 
if the mud is not properly removed prior to analysis 
(Petersen et al. 2017). In wells drilled using an OBM 
system, preparative solvent extraction treatment of 
samples prior to analysis was made. Samples were 
washed with several batches of dichloromethane 
until the cuttings appeared clean. The 0.25–4.0 mm 
size fraction was subsequently recovered by sieving 
and exhaustively treated by solvent extraction for 
seven full days using soxhlet instrumentation and a 
dichloromethane-methanol mixture (93 vol% – 7 vol%) 
as solvent. In wells drilled using a water-based mud 
system, cuttings were washed with rinsing tap water. 
Examination under microscope was made to ensure 
that the cuttings were completely cleaned. 

Since 1992 cuttings for subsequent analysis have 
been prepared from the 1–4 mm size fraction and 
ground to less than 0.25 mm for Rock-Eval-type  
analysis. The selection of this size fraction minimizes 
the impact of cavings that tend to be larger and rather 
irregular in shape. For older analyses no specific size 
fraction was used, but the cuttings are typically from 
the less than 2 mm size fraction. Samples for VR meas-
urements were not powdered but embedded directly 
in epoxy.

The TOC content was determined by combustion in 
a LECO CS-200 induction furnace after elimination of 
carbonate-bonded carbon by two stages of HCl treat-
ment. In-house and international standards are meas-
ured during analysis and the analytical reproducibility 
is 0.1 wt% TOC. Rock-Eval pyrolysis was carried out 
using several types of instrumentation. Most data were 
produced using a Source Rock Analyzer instrument 
manufactured by Humble Instruments and Services 
(presently Weatherford). Newer analyses were pro-
duced by a HAWK instrument (Wildcat Instruments, 
USA). Older data were produced by a Rock-Eval 6 in-
strument or even a Rock-Eval 2 instrument. Calibration 
was done using the IFP-160000 or IFP-55000 standards, 
with sets of one blank and one in-house (Marl Slate) 
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facies variation and other available information. The 
boundary conditions are palaeo-water-depth, sedi-
ment–water-interface temperature and basal heat flow. 
The boundary conditions define the basic energetic 
conditions for the temperature development for all 
layers, especially the source rock intervals and, con-
sequently, the maturation of organic matter through 
time. The palaeo-water-depths through time were 
constructed using information on depositional set-
tings, palaeo-environmental information from wells 
and sediment thickness maps.

Results
The analysed wells in the DCG are grouped into six 
areas with a basin development as internally similar as 
possible in order to illustrate the differences in source 
quality and maturity in the DCG (Japsen et al. 2003; 
Møller & Rasmussen 2003; Rasmussen et al. 2005). With 
reference to structural elements presented in Fig. 1 
the areas are: 1) the Salt Dome Province including the 
Rosa Basin and Poul Plateau, 2) the Tail End Graben 
including the Arne-Elin Graben, 3) the Feda Graben, 
the Gertrud Plateau and Graben including the Inge 
High and the Lindesnes and Gert ridges, 4) the Søgne 
Basin, 5) the Heno Plateau and 6) the Outer Rough 
Basin including the Ål Basin and the Mid North Sea 
High and Robin High (Fig. 6A). For some wells (see 
Table 1), the division between the areas are somewhat 
arbitrary depending on emphasis of the Jurassic or the 
Cretaceous development. This includes the Diamant-1, 
Gwen-2, Jette-1 and Q-1 wells, which are assumed to 
represent the Feda–Gertrud Graben.

Source rock quality and Tmax variation 
within the Danish Central Graben
Within each of the six areas outlined above (Fig. 6A), 
the source rock quality and maturity for the follow-
ing formations are presented below (see Fig. 3 for 
stratigraphy): 

1)  The Lower Jurassic (Hettangian – Pliensbachian) 
marine Fjerritslev Formation. 

2)  The Middle Jurassic to lowermost Upper Jurassic 
(Aalenian – Oxfordian) floodplain to estuarine 
Bryne, Lulu and Middle Graben Formations 
(hereafter treated together as ‘Middle Jurassic 
source rocks’).

3)  The Upper Jurassic (Oxfordian – Kimmeridgian) 
marine Lola Formation. 

4)  The Upper Jurassic to lowermost Cretaceous 
(Kimmeridgian – Ryazanian) marine Farsund 
Formation.

x-variables (Esbensen & Swarbrich 2018). A PLS re-
gression model depends on proper validation, which 
is here based on a test set prepared before modelling 
by randomly splitting the data into two independent 
data sets, i.e. the training versus the test set, securing a 
realistic prediction performance validation (Esbensen 
& Geladi 2010; Esbensen & Swarbrich 2018). All data 
were auto-scaled by subtracting the average and divid-
ing with the standard deviation and the modelling was 
performed in the software package Unscrambler® 10.5 
by CAMO.

Basin modelling
Basin modelling was made with the PetroMod® soft-
ware (Integrated Exploration Systems GmbH, Aachen, 
Germany; v2015.2). The software is used for integration 
of geological, geophysical, geochemical and petro-
physical data and for testing hypotheses regrading 
origin and evolution of the petroleum resources. In 
such models the thermal maturity of the source rock 
succession is crucial when the timing and extent of 
source rock maturation is assessed (see e.g. Magoon 
& Dow 1994 for case studies).

The main object of the basin modelling in this study 
was to examine the maturity using 1-D basin maturity 
modelling on 46 wells (Table 1) and four pseudo-wells. 
Based on the ‘most likely’ input parameters the regional 
maturity trend and the position relative to the oil win-
dow was investigated, where the oil window is defined 
as VR between 0.55 and 1.3% Ro, and the gas window 
as VR between 1.3 and 4.0% Ro. However, in the DCG 
the oil window for a Type II kerogen is believed to cor-
respond to what in PetroMod is called ‘Main oil’, i.e. 
the 0.7–1.0% Ro interval. The 1-D models use a tectonic-
stratigraphic framework allowing the 1-D PetroMod to 
quantify all important basin processes as a function of 
time, including thermal history calibration based on 
VR and temperature measurements. Event-splitting of 
the Upper Jurassic – lowermost Cretaceous successions 
is based on a sequence stratigraphic framework (Fig. 3). 
The Lower Cretaceous is treated as one event, i.e. the 
Cromer Knoll Group, while the Chalk Group is divided 
into two events. The post Chalk Group is subdivided 
into 11 Palaeogene – Neogene events based on maps 
published by Rasmussen et al. (2005) and three Pleis-
tocene events based on in-house (GEUS) subdivisions. 
The adapted modelling concept was adjusted for the 
Farsund Formation by applying the Pepper & Corvi 
(1995) organofacies classification. Absolute ages for 
the Mesozoic are based on Gradstein et al. (2012, 2014) 
and absolute ages for the post Chalk Group strata are 
based on unpublished GEUS data. 

The PetroMod standard lithofacies library was used 
and is based on adapted information on depositional 
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the end of the oil window is assumed to be at a Tmax 
of 470°C (equivalent of 1.4% Ro). However, matured 
source rocks will have their TOC and HI lowered due 
to generation of hydrocarbons and thus this approach 
inherits a weakness in assessing mature to over-ma-
ture samples. Likewise, many maturity parameters, 
and particularly Tmax, depend on the kerogen type and 
thus the onset of the oil window is not necessarily the 
same for all formations. 

Fjerritslev Formation 
The Fjerritslev Formation was originally defined in the 
Danish Basin where its maturity and source rock prop-
erties are well described (Thomsen et al. 1987; Petersen 
et al. 2008). In the DCG the formation is known only 
as erosional remnants due to extensive mid-Jurassic 
erosion. Maximum thickness drilled is 257 m found 
in the Edna-1 well (Michelsen et al. 2003). The forma-
tion is dominated by dark grey, slightly calcareous 
shales with the lower parts being more calcareous and 
silty (Michelsen et al. 2003). The Fjerritslev Formation 
has been drilled and analysed in both the Salt Dome 
Province and on the Heno Plateau (Fig. 7). The unit is 
probably present also in the Tail End Graben but has 
not been drilled (Fig. 4A). 

The TOC content and source rock properties on 
the Heno Plateau (the Edna-1 and Skarv-1 wells) are 
good with an average TOC of 1.3 wt% (median 1.3 

For the Farsund Formation, the source rock data 
are also tabulated for specific stratigraphic intervals 
including the Volg-1, the Volg-4 and the Ryaz-1 se-
quences (Fig. 3), as these sequences are known to have 
better source rock qualities than the general quality in 
the remaining part of the succession (Ineson et al. 2003; 
Petersen et al. 2010, 2017; Ponsaing et al. 2018, 2020a,b). 

The population statistics have been calculated 
assuming a log-normal distribution that has been 
fitted to the cumulative frequency distributions as 
shown in Fig. 6B. The source rock characteristics for 
each formation are presented as histograms for each 
of the six areas in Fig. 7 and as population statistical 
parameters (mean, median (P50), low (P90) and high 
(P10)) in Table 2. 

The source-rock richness is evaluated from a com-
bination of TOC content and HI with respect to the 
present-day maturity as indicated by the Tmax. The 
nomenclature follows Peters (1986); for shales with 
dominantly marine kerogen, TOC below 0.5 wt% is 
considered poor, 0.5–1.0 wt% fair, 1.0–2.0 wt% good 
and above 2.0 wt% very good. For evaluation of the 
generative potential we use the HI (evaluated from 
immature sample); HI below 150 mg HC/g TOC is 
considered gas-prone; 150–300 mg HC/g TOC mixed 
oil/gas-prone and above 300 mg HC/g TOC oil-prone. 
The onset of the oil window is assumed to be at a Tmax 
between 435 and 445°C (equivalent of 0.6% Ro) and 
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Table 2. Source rock characteristics of  Jurassic – lowermost Cretaceous formations and selected sequences in the Farsund Formation

Area Formation / sequence TOC (wt%) HI (mg HC/g TOC) T
max

 (oC)

  Mean P90 P50 P10 Mean P90 P50 P10 Mean P90 P50 P10

Salt Dome Province             

 Farsund Formation 1.8 0.8 1.6 3.2 231 186 228 280 431 426 431 436

     Ryaz-1 3.6 1.7 3.2 6.0 364 213 341 546 428 422 428 433

     Volg-4 1.9 1.0 1.7 2.9 222 102 195 374 430 427 430 433

     Volg-1 1.9 1.0 1.7 2.9 189 85 165 322 432 428 432 435

     Farsund other* 1.7 0.8 1.5 2.8 178 83 157 298 431 427 431 436

 Lola Formation 1.5 0.9 1.4 2.1 138 82 130 205 434 427 434 441

 Bryne/Lulu/M.G. Formations 3.3 1.1 2.6 6.2 94 54 88 142 439 428 439 450

 Fjerritslev Formation 2.1 1.2 2.0 3.2 Bimodal distribution 436 428 436 444

Tail End Graben             

 Farsund Formation 2.8 0.9 2.2 5.2 171 63 141 313 439 433 439 445

     Ryaz-1 4.7 2.2 4.1 7.8 283 156 261 437 438 434 438 442

     Volg-4 2.4 1.0 2.0 4.2 180 80 157 308 439 436 439 443

     Volg-1 1.8 1.1 1.7 2.6 119 49 102 211 443 433 443 453

     Farsund other* 2.2 1.0 1.9 3.8 128 64 115 208 439 431 439 447

 Lola Formation 1.2 0.2 0.7 2.7 104 48 92 175 434 424 434 445

 Bryne/Lulu/M.G. Formations 1.4 0.5 1.2 2.7 55 22 47 98 not defined

Feda and Gertrud Grabens             

 Farsund Formation 3.5 1.5 3.0 6.1 238 106 207 405 439 433 439 445

     Ryaz-1 5.0 2.2 4.3 8.5 369 223 347 542 439 434 439 444

     Volg-4 3.2 1.4 2.8 5.6 249 127 226 401 440 435 440 445

     Volg-1 3.2 1.5 2.9 5.3 232 91 194 415 440 433 440 446

     Farsund other* 3.4 1.5 3.0 5.9 212 104 189 346 439 432 439 445

 Lola Formation 2.0 0.6 1.5 3.8 168 85 152 270 440 430 440 450

Søgne Basin             

 Farsund Fm 1.6 0.8 1.4 2.7 161 63 135 290 437 430 437 443

     Farsund other* 1.6 0.8 1.4 2.7 156 63 132 277 437 430 437 443

 Lola Fm 1.8 1.0 1.7 2.9 144 78 133 225 438 431 438 444

 Bryne/Lulu/M.G. Fms (TOC< 20%) 3.5 0.7 2.2 7.6
171 99 160 256 444 436 444 452

 Bryne/Lulu/M.G. Fms (TOC> 20%) 69.6 51.7 69.6 87.4

Heno Plateau             

 Farsund Formation 3.2 1.5 2.8 5.2 207 94 181 351 438 434 438 442

     Ryaz-1 5.6 1.8 4.4 10.6 379 180 336 628 435 432 435 439

     Volg-4 4.9 2.8 4.6 7.6 238 133 220 364 438 435 438 442

     Volg-1 3.5 1.8 3.2 5.8 193 86 168 329 439 435 439 442

     Farsund other* 2.7 1.6 2.5 3.9 178 93 162 283 439 435 439 442

 Lola Formation 2.1 0.8 1.7 3.8 161 84 146 256 439 431 439 447

 Fjerritslev Formation 1.3 1.0 1.3 1.7 64 35 59 98 447 435 447 459

Outer Rough             

 Farsund Formation 2.9 1.9 2.8 4.2 213 77 174 393 441 432 441 450

     Volg-4 3.3 2.6 3.3 4.2 235 108 207 397 439 432 439 446

     Farsund other* 2.7 1.6 2.5 3.9 199 63 155 383 442 433 442 451

*Excluding Volg-1, Volg-4 and Ryaz-1. M.G.: Middle Graben Formation. P10 indicates the value that 10% of  the population will exceed; P50 indicates the 
median of  the population; P90 indicates the value that 90% of  the population will exceed. Calculated based on modelled log-normal distributions. For wells 
included, see Table 1.
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values for proximal lacustrine deposits (Petersen & 
Hertle 2018), indicating an original mixed oil/gas to oil 
generative potential as documented by liquid–source 
rock correlations (Petersen et al. 1996, 2000).

Lola Formation
The Lola Formation is present in the eastern and 
southern parts of the DCG where it may attain a thick-
ness of c. 1 km (Michelsen et al. 2003). The formation 
consists of dark olive-grey to grey shales deposited 
in a low-energy offshore open marine environment. 
The average TOC content is fair to good as it varies 
between 1.2 and 2.1 wt% (median 0.7–1.7 wt%), with 
the highest concentrations reached on the Heno Pla-
teau and the lowest in the Tail End Graben (Table 2). 
The average HI in the immature Salt Dome Province 
(average Tmax 434°C) is 138 mg HC/g TOC, suggesting 
a gas-prone nature of the kerogen, which agrees with 
previous assessments (Michelsen et al. 2003; Ponsaing 
et al. 2018).

Farsund Formation 
The Farsund Formation is present throughout the 
DCG and correlates partially with the Kimmeridge 
Clay Formation and the Mandal Formation in the 
UK and Norwegian Central Graben (Michelsen et al. 
2003; Petersen et al. 2010, 2013; Verreussel et al. 2018). 
The thickness of the succession may exceed 3 km in 
the Tail End Graben. The Farsund Formation consists 
of medium grey to dark shale with numerous thin 
beds of brownish dolomite. Deposition took place in 
a relatively deep marine environment, and sandstones 
only occur either as turbidites or as gravity flow 
deposits, especially towards the deeper parts of the 
basin (Fig. 4C). 

Within the uppermost of the Jurassic to lowermost 
Cretaceous sequences (Volg-4 to Ryaz-1 sequences, 
Fig. 3) of the Farsund Formation, a unit with a con-
spicuously high gamma ray response occurs, the Bo 
Member (in older literature the ‘Hot Unit’, Michelsen et 
al. 2003). The member is present throughout the DCG 
although it is typically absent (eroded) on structural 
highs. Thicknesses vary from less than 10 m in the Salt 
Dome Province to more than 100 m in the Tail End 
Graben (Ineson et al. 2003). The Bo Member is domi-
nated by black to dark-brown laminated organic-rich 
claystone deposited in a low-energy oxygen-deficient 
environment (Michelsen et al. 2003).

For the entire Farsund Formation the average TOC 
ranges from good to very good (average 1.8–3.5 wt%, 
median 1.4–3.0 wt%) with the lowest values in the 
Søgne Basin and the highest values in the Feda and 
Gertrud Grabens (Table 2). The average HI of the Far-
sund Formation in the immature Salt Dome Province 
is 231 mg HC/g TOC, suggesting an overall mixed oil/

wt%). The average HI is 64 mg HC/g TOC but as the 
formation is mature (average Tmax 447°C), this hampers 
direct evaluation of the generation potential. In the 
Salt Dome Province (the Jens-1, John Flanke-1, M-8X, 
N-22X, Olga-1X, O-1X and U-1X wells), the formation 
attains better source rock properties with average TOC 
values of 2.1 wt% (median 2.0 wt%). The formation is 
immature (average Tmax 436°C). The HI distribution 
is, however, bimodal and no meaningful formation 
average can be calculated. The formation includes oil-
prone beds as the HI ranges up to more than 400 mg 
HC/g TOC (Fig. 7). As the measurements were made 
on extraction-treated cuttings samples, these high HI 
values are assumed to reflect the kerogen composition 
of the rock. A mixed oil/gas generative potential is 
thus assumed for the formation. 

Middle Jurassic source rocks
The Bryne, Lulu and Central Graben Formations are 
treated here as one unit with respect to the source rock 
evaluation. Of these formations, the source rock qual-
ity of the coals and coaly shales of the Bryne and Lulu 
Formations have recently been reviewed by Petersen 
& Hertle (2018) for the Harald-Lulita-Trym area (Fig. 1, 
the West Lulu-1, -2, -3, Lulu-1, Lulita-1 and 3/7-4 wells), 
and we refer to this publication for specific details on 
the occurrence in this area. 

The Middle Jurassic succession may attain thickness 
up to several hundred metres and include marine to 
paralic sandstones interbedded with coaly claystone, 
and also coal seams up to 5 m in thickness (Michelsen 
et al. 2003; Andsbjerg & Dybkjær 2003; Petersen & 
Hertle 2018). Deposition took place in a variety of envi-
ronments including fluvial, floodplain, lacustrine and 
estuarine (Fig. 4B). The Middle Jurassic source rocks 
have been sampled in all areas except for the Feda and 
Gertrud Grabens and the Outer Rough Basin. Except 
for the Søgne Basin, the samples generally have less 
than 20 wt% TOC (Fig. 7) and represent rather thin 
coaly beds or sediments with disseminated coal. The 
kerogen type is dominantly terrestrial and the aver-
age TOC is in the range 1.4–3.3 wt% with the lowest 
values measured in the Tail End Graben. Here only 24 
samples are available from the Nora-1 well. Because 
of this, no population statistics could be established 
for the Tmax (Table 2). In the Søgne Basin, a bimodal 
TOC distribution is seen. For samples with less than 
20 wt% TOC the average content is 2.2 wt%, and for 
samples with TOC above 20 wt% the average content 
is 69.6 wt%. The average HI of the Middle Jurassic 
source rocks is in the range 55–171 mg HC/g TOC 
with the highest values measured in the Søgne Basin 
(Tmax 444°C). Restoring the source rock to its original 
HI values (pre-generative level) suggests that these 
were around 270 mg HC/g TOC with even higher 
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the interval in the early mature Feda and Gertrud 
Grabens (average Tmax 439°C) and the Heno Plateau 
(average Tmax 435°C). On the Heno Plateau the HI 
ranges up to 628 mg HC/g TOC (P10), suggesting that 
the HI was initially richer in this area and thus that 
a considerable regional variability in the oil richness 
exist. On the Heno Plateau the TOC ranges up to 13 
wt% (P05, Fig. 8). 

The Volg-4 sequence shows almost the same overall 
source-rock richness on the Heno Plateau as the Ryaz-
1 sequence, but for other areas the Ryaz-1 sequence 
richness is not matched by the Volg-4 sequence (Fig. 

gas generative potential, which agrees with previous 
assessments for this area (Damtoft et al. 1987, 1992; 
Petersen et al. 2012). 

The lowermost Cretaceous (Ryaz-1 sequence) part of 
the formation has very good TOC values (TOC average 
3.6–5.6 wt%, median 3.2–4.4 wt%) with highest values 
reached on the Heno Plateau and lowest values in the 
Salt Dome Province (no occurrence in the Søgne Basin 
and Outer Rough Basin). The HI in the immature Salt 
Dome Province (average Tmax 428°C) is 364 mg HC/g 
TOC, suggesting oil-prone kerogen. A high average 
HI index (369–379 mg HC/g TOC) also characterises 
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Figure 8. Schovsbo et al.  
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Elsewhere, the interval has only good TOC levels in 
the Tail End Graben (mean 1.8 wt%). In the immature 
Salt Dome Province, the average HI is only 189 mg 
HC/g TOC, suggesting a rather limited oil generat-
ing potential. In the mature and TOC-rich Feda and 
Gertrud Grabens and the Heno Plateau, the average 
HI is in the range 193–232 mg HC/g TOC, suggesting 
a higher initial oil generative potential in these areas 
compared to the Salt Dome Province (Fig. 8, Table 2). 

In the Farsund Formation excluding the Volg-1, 
Volg-4 and Ryaz-1 sequences (‘Farsund other’ in Fig. 
8 and Table 2), the average TOC content varies from 
1.6 to 3.4 wt% with the lowest value measured in the 
Søgne Basin and the highest value measured in the 

8). In general, the Volg-4 sequence interval ranges be-
tween good and very good TOC values (mean 1.9–4.9 
wt%, median 1.7–4.6 wt%). The lowest TOC content is 
measured in the Salt Dome Province where it is very 
close to the average value of the Farsund Formation. 
The HI in the immature Salt Dome Province suggest a 
mixed oil/gas-prone generative potential (average 222 
mg HC/g TOC). However, the HI in the more mature 
parts of the DCG is similar to that of the immature 
Salt Dome Province, suggesting an initially unequal 
distribution in oil richness within the DCG. 

For the Volg-1 sequence, only the Feda and Gertrud 
Grabens and the Heno Plateau have very good TOC 
contents (average 3.2–3.5 wt%, median 2.9–3.2 wt%). 
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interval corresponding to the earliest oil window and 
to the middle oil window (0.6–0.8% Ro), the range in 
depth is even higher. The depth range for a VR meas-
urement of 0.6% Ro is thus 2200–4500 m (Fig. 9A). In 
general terms, the shallowest depths occur in the Salt 
Dome Province (the Bo-1X and M-8X wells) and the 
deepest in the Søgne Basin (Gita-1 well) and the Feda 
and Gertrud Grabens (Jeppe-1 well).

The depth range of the 0.6–0.8% Ro interval is re-
duced somewhat if the sample depth is plotted with 
reference to the top Chalk Group, the base of the Chalk 
Group or the BCU (Fig. 9B–D). This suggests that the 
depth of the oil window reflects differences in the 
subsidence history, notably the depth of the top and 
base of the Chalk Group. It also appears that the top 
of the Chalk Group is immature to slightly mature, 
as the range in VR for the top of the Chalk Group is 
0.3–0.6% Ro (Fig. 9B). In a similar manner, the base of 
the Chalk Group is observed typically to be within 
the oil window (0.4–0.8% Ro, Fig. 9C). 

For the BCU level, the range in VR is 0.4–1.0% Ro 
with the lowest measured in the Salt Dome Province 
and the highest in the Tail End Graben (Fig. 9D). The 
depth range of the oil window (i.e. 0.6% Ro) suggests 
that it lies up to 1000 m below the BCU in the Salt 
Dome Province, whereas for the remaining areas, 

Feda and Gertrud Grabens (Table 2). The second-
lowest TOC content is from the immature Salt Dome 
Province. Here the average HI is 178 mg HC/g TOC, 
indicative of a mixed oil/gas generative potential. 

Vitrinite reflectance
A total of 1175 samples from 55 wells have been ana-
lysed (Table 1). The VR measurements exhibit a strong, 
statistically significant (r2 = 0.81, n = 1175) linear in-
crease with depth when plotted on a semi-logarithmic 
scale as is by custom done for this type of data (Fig. 9). 
Based on the relation in Fig. 9A, a regional model for 
the DCG can be established according to equation 1: 

Regional VR-model:

VR (% Ro) = 10 (0.000122 · depth – 0.617)    (1)

where depth is measured vertically in metres below 
sea floor.

The VR slope intercepts at sea floor between 0.1 and 
0.25% Ro as expected for non-uplifted basins (see also 
Petersen et al. 2017). There is, however, a considerable 
spread around the correlation line amounting to about 
1500 m (±750 m) for each Ro value (Fig. 9A). For the VR 
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bottom hole temperatures from wells in the Feda and 
Gertrud Grabens tend to cluster at low temperatures 
(Fig. 10B), suggesting that these areas are relative cold 
compared to other areas in the DCG. One particular 
group of relatively shallow samples from the Salt 
Dome Province (samples from 1–2 km depth in Fig. 
10B) appear to be much warmer than predicted from 
a geothermal gradient of 39°C and thus suggest that 
this part of the DCG received an extraordinary heat 
contribution. For the Central Graben it is generally 
known that the presence of salt imparts a higher 
conductivity to the section as a whole and elevates the 
gradients in shallow strata (Kubala et al. 2003), and we 
suspect that this is what is seen in Fig. 10B.

As part of the 1-D basin modelling workflow, the 
temperature measurements for the 46 analysed 1-D 
PetroMod models have been converted to heat flow 
at the well position (Fig. 11). The heat flow in the DCG 
is in the range ~45 to ~70 mW/m2, with an increasing 
trend of heat flow values from low values in the Feda 
and Gertrud Grabens in the north to high values in 
the Salt Dome Province in the south, as also reflected 
in the temperature data itself (Fig. 10B). According to 
the review of temperatures and heat flow in the North 
Sea presented by Kubala et al. (2003), this distribution 
is as expected with lowest heat flow in basin centres 

the top of the oil window lies either slightly above 
or within the topmost 200 m of the Jurassic interval 
(Fig. 9D). 

Fluid pressure and down-hole temperature
The pressure versus depth trend of 312 measurements 
from 22 wells (Table 1) in the DCG is presented in Fig. 
10A. The fluid pressure measurements exhibit a linear 
increase with depth (r2 = 0.97, n = 312) (Fig. 10A) with 
a pressure versus depth trend described by: 

Pressure (MPa) = 24.9 kPa/m · depth – 27.2 MPa   (2)

where depth is measured vertically below sea surface 
in kilometres.

As expected, the measurements are enclosed by 
the hydrostatic pressure gradient (9.8 kPa/m) that 
represents a water density of 1.0 g/cm3, and the litho-
static pressure gradient (22.6 kPa/m) that represents 
a rock density of 2.3 g/cm3 (Fig. 10A). Within the 
reservoirs, the fluid pressure measurements follow 
the hydrostatic gradient, whereas the occurrence of 
pressure seals leads to more rapid increases in pres-
sure than expected from the hydrostatic gradient. 
The pressure versus depth profiles have been shown 
in great detail by Petersen et al. (2012) for wells in the 
northern part of the DCG. In our data these features 
are clearly identified in all of the areas in the DCG as 
exemplified by the Gert-1 (Feda/Gertrud Graben) and 
the Jens-1 (Salt Dome Province) wells. Samples from 
the shallowest part of the wells follow the hydrostatic 
trend whereas samples in the deeper parts are offset 
to higher pressures (Fig. 10A). At depths of more than 
3 km all wells follow the same overall pressure level, 
suggesting that all basin areas attain the same high 
pressure at depths, being just 10% lower than the 
lithostatic pressure predicts (Fig. 10A).

The bottom-hole temperature versus depth relation-
ships were examined in 97 wells in the DCG (Table 
1, Fig. 10B). The temperature exhibits a strong linear 
increase (r2 = 0.87, n = 261) that follows equation 3:

Bottom-hole temperature (°C) = 
33.2°C/km · depth + 16.9°C    (3)

where depth is measured vertically below the sea 
floor in kilometres.

Assuming an average sea floor temperature of 
8°C, the bulk of the temperature measurements can 
be confined between a low geothermal gradient of 
28°C/km and a high geothermal gradient of 39°C/km 
as shown in Fig. 10B. These gradients are well within 
the range of geothermal gradients in the North Sea 
(Kubala et al. 2003). At depths of more than 3 km the 

Figure 11. Schovsbo et al. 
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Fig. 11. Heat flow at the well position calculated from 1-D basin 
models in the Danish Central Graben. Note the general increase 
in the average values from north to south.
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and highest on basin highs associated with conduc-
tive rock types. Additional heat is also expected to 
be associated with fluid migration, which within the 
DCG supposedly occurs from the high-pressured 
areas in the north and to low-pressured areas in the 
south (Japsen 1998; Vejbæk et al. 2005).

Maturity modelling 
1-D basin modelling
The thermal burial history of 46 well locations was 
calibrated against the measured VR data and present-
day temperatures by adjusting the heat flow history 

to reach an acceptable match. In our evaluation we 
used three kinetic models; the Easy% Ro by Sweeney 
& Burnham (1990), the Easy% Ro DL by Burnham et 
al. (2017) and the Basin% Ro by Nielsen et al. (2015) to 
illustrate the possible ranges in modelled VR. 

The most widely used kinetic model is the Easy% 
Ro. This model, however, has been shown to generally 
result in calculated higher VR values compared to 
other models (Nielsen et al. 2015). Therefore, a more 
shallow depth to the start of the oil window (0.6% 
Ro) was modelled using Easy% Ro. This is illustrated 
for four selected wells where the oil window (0.6% 
Ro) is in the range 2.9–3.9 km using Easy% Ro, 3.6–4.5 
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Figure 12. Schovsbo et al. 

Fig. 12. 1-D basin models of four 
wells showing modelled VR based 
on the kinetic models: Easy% Ro 
(Sweeney & Burnham 1990), Easy% 
RoDL (Burnham et al. 2017) and 
Basin% Ro (Nielsen et al. 2015). The 
grey intervals represent minimum 
and maximum model depths of VR 
of 0.6% Ro. For stratigraphic units, 
see Fig. 2. 
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late Palaeogene and reached the main oil window 
within the last c. 5–10 Ma (Fig. 13). 

Maturity maps for the Jurassic source rocks
The VR maturities obtained for the 46 1-D models have 
been compiled into three maturity maps showing the 
present-day lateral maturity variation for the upper 
and lower Farsund Formation and for the Middle Ju-
rassic source rocks (Fig. 14). The maps show that the 
present day maturity for the upper Farsund Formation 
(the Volg-3–Ryaz-1 sequences) ranges from immature 
in the southern part of the Salt Dome Province to late 
oil-mature in and near the Tail End Graben and in the 
Søgne Basin (Fig. 14A), which is in good agreement 
with previous maps (Damtoft et al. 1987; Thomsen et 
al. 1990).

The underlying part of the Farsund Formation 
(the Kimm-3–Volg-3 sequences) are immature in 
local areas but are post-mature with respect to oil 
generation in the Tail End Graben and the Rosa Basin 
within the Salt Dome Province (Fig. 14B). The Middle 
Jurassic Bryne, Lulu and Middle Graben Formations 
are gas-prone in most of the DCG area (Fig. 14C). No 
maturity maps are presented for the Lower Jurassic 

km using Basin% Ro and 3.3–4.8 km using Easy% Ro 
DL (Fig. 12). For each well the model differences in 
the start of the oil window are in the range c.700–900 
m, with the largest difference for the Amalie-1 (900 
m) well and the lowest difference for the Gert-1 and 
Nora-1 wells (c. 700, Fig. 12).

In all 1-D basin models it was difficult to obtain 
a reasonable match between the modelled VR and 
the measured VR in the Post Chalk Group (Fig. 12); 
this is possibly caused by high contents of reworked 
organic matter, as observed during biostratigraphic 
studies (Karen Dybkjær, personal communication 
2019), which generally tends to result in too high VR. 
The main emphasis was therefore to obtain a proper 
calibration match in the Mesozoic sequence using a 
constant heat flow model through time, as sensitivity 
studies showed that constant and variable heat flow 
models provided equally good matches. 

Figure 13 shows VR maturity histories obtained us-
ing the Easy% Ro kinetic model in the Hejre-1 (Gertrud 
Graben), the Amalie-1 (Søgne Basin), the Iris-1 and the 
Svane-1 wells (both Tail End Graben). For these wells, 
the VR maturity of the uppermost source rock interval 
(the Ryaz-1 sequence) entered the oil window in the 
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window (here assumed at 0.55% Ro) in the late Palaeogene and reached the main oil window within the last c. 5–10 Ma.
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input parameters: the depth below the sea floor, the 
depth with reference to the top and base of the Chalk 
Group and the depth with reference to the BCU, i.e. 
the main stratigraphic levels. For modelling, we ap-
plied the PLS regression method as described in the 
Statistical and regression analysis section. 

In the PLS VR-model presented in Fig. 15, a one-
component model (Fig. 15B) based on the depth 
variables predicts the VR with satisfactory validation 
results as seen in the prediction versus reference plot 
in Fig. 15C (slope 0.88; r2 = 0.88), suggesting that the 
PLS VR-model leads to better VR estimates than com-

Fjerritslev Formation and we can only infer that the 
formation will be more mature than what is mapped 
for the Middle Jurassic source rocks.

Modelling of VR based on the stratigraphic 
depths
The 1-D PetroMod modelling of the VR depends on 
kinetic considerations among many things (see the 
Basin modelling section); however, VR modelling can 
also be made solely as a data-driven exercise. For this 
type of modelling we use the stratigraphic depths as 
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Formation (Volg-3–Ryaz-1 sequences); B: The lower part of the Farsund Formation (Kimm-3–Volg-2 sequences); C: the Lower 
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Ponsaing et al. (2020b).
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model (equation 1), four wells (Jens-1, Amalie-1, Nora-
1, and Gert-1) are shown in Fig. 17. In the diagrams, the 
measured VRs indicate that the top of the oil window 
(0.6% Ro, black arrows) is in the range 2.9–4.2 km, with 
the Jens-1 well (Fig. 17A, Salt Dome Province) and the 
Gert-1 well (Fig. 17D, Feda and Gertrud Grabens) as 
the shallowest and deepest examples, respectively. 

monly achieved from any conventional depth plots 
such as those presented in Fig. 9. In the PLS VR-model, 
the depth below the sea floor is strongly positively 
correlated with the VR, as expected, and the depths 
with reference to the stratigraphic levels are negatively 
correlated with the VR (Fig. 15A).

The PLS VR-model can be expressed in a manner 
similar to the regional VR-model (equation 1) as: 

VR (% Ro) = 10 (0.000126 · depth – b)    (4)

where depth is measured vertically below sea floor in 
metres. The constant b is calculated as:

b = 0.339 + 3.24·10-5 · Chalktop + 3.11·10-5 · Chalkbase 
+ 3.15·10-5 · BCU    (5)

where Chalktop is the depth in metres below the sea 
floor of the top of the Chalk Group, Chalkbase is the 
depth in metres below the sea floor of the base Chalk 
Group and BCU is the depth in metres below the sea 
floor of the BCU. The constants are derived from the 
PLS model.

The depth (in metres below the sea floor) to a spe-
cific VR value can be found by a simple reorganisation 
of equation 4:

Depth (m) = (logVR + b) / 0.000126   (6)

The PLS VR-model predictions for the analysed wells 
versus depth are shown in Fig. 16A. In the model, 
wells from the Salt Dome Province generally plot 
with higher VR than wells from other areas in the 
DCG. Wells with the lowest VR for a given depth are 
from the Feda and Gertrud Grabens. This feature is 
also seen in the original VR data (Fig. 9) and reflects 
the difference in geological development, notably the 
Chalk Group thickness. The residual from the PLS 
VR-model calculated as the difference between meas-
ured and modelled VR is generally less than ± 0.1% Ro 
(Fig. 16B). The PLS VR-model appears to significantly 
underestimate the VR for Middle Jurassic samples in 
the Lulu area and for samples in the Lola, Bryne and 
Middle Graben Formations in the Nora-1, Svane-1, 
Amalie-1 and Jens-1 wells (Fig. 16B). This reflects that 
the PLS VR-model is not fine-tuned to specific local 
conditions. The Lulu area appears to be warmer than 
generally anticipated and therefore has a different 
VR-gradient (Petersen et al. 2011). The underestima-
tion of the VR in the Lola, Bryne and Middle Graben 
Formations may reflect differences in facies types or 
preservation of the organic matter that the model does 
not account for. 

To further illustrate the performance of the PLS 
VR-model (equation 4 and 5) versus the regional VR-

Figure 15. Schovsbo et al. 
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Fig. 16. A: PLS VR-model versus depth below present sea floor; B: Residual VR analysis, calculated as Residual VR = Measured 
VR – PLS VR-model. 
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Table 3. Stratigraphic depths, depth below seafloor (TVDSF) of  VR=0.6% Ro, and the b constant

Well Area Top Chalk  
Group

m, TVDSF

Base Chalk 
Group

m, TVDSF

Top  
BCU

m, TVDSF

Depth to  
0.6% VR*
m, TVDSF

b**

BERTEL-1 Feda/Gertrud Graben 3046 4165 4221 3809 0.701

DIAMANT-1 Feda/Gertrud Graben 2950 3594 3599 3487 0.660

GERT-1 Feda/Gertrud Graben 3037 3820 3905 3642 0.680

GERT-2 Feda/Gertrud Graben 3035 3825 3899 3641 0.680

GERT-4 Feda/Gertrud Graben 3032 3804 3860 3625 0.678

HEJRE-1 Feda/Gertrud Graben 2996 3594 4194 3647 0.681

JEPPE-1 Feda/Gertrud Graben 3060 4074 4279 3804 0.700

KARL-1 Feda/Gertrud Graben 2956 4084 4164 3751 0.694

LONE-1 Feda/Gertrud Graben 2879 3185 3414 3321 0.639

MONA-1 Feda/Gertrud Graben 2927 3343 3893 3492 0.661

OPHELIA-1 Feda/Gertrud Graben 3065 4023 4339 3808 0.701

Q-1X Feda/Gertrud Graben 2972 3865 3907 3636 0.679

RITA-1X Feda/Gertrud Graben 2967 3336 3665 3443 0.655

STEN-1 Feda/Gertrud Graben 2951 3161 3926 3462 0.657

2/12-1 Feda/Gertrud Graben 3014 3824 3895 3634 0.679

2/11-7 Feda/Gertrud Graben 2980 3525 3678 3497 0.662

´2/5-9 Feda/Gertrud Graben 3168 3992 4046 3753 0.694

EDNA-1 Heno Plateau 2643 2932 2991 3091 0.611

ELLY-2 Heno Plateau 2782 3422 3425 3357 0.644

FALK-1 Heno Plateau 2821 3523 3523 3417 0.652

RAVN-1 Heno Plateau 2969 3712 3712 3549 0.668

RAVN-2 Heno Plateau 2976 3651 3651 3521 0.665

SKARV-1 Heno Plateau 2655 3293 3318 3266 0.633

W-1X Heno Plateau 3001 3673 3673 3538 0.667

KIM-1 Outer Rough 3048 3803 4003 3665 0.683

TORDENSKJOLD-1 Outer Rough 2778 3240 3303 3280 0.634

ALMA-1X Salt Dome Province 1979 2425 2487 2668 0.557

ANNE-3 Salt Dome Province 1786 2276 2357 2549 0.542

BO-1X Salt Dome Province 1981 2199 2467 2608 0.550

E-1X Salt Dome Province 1977 2413 2890 2766 0.570

FASAN-1 Salt Dome Province 2019 2370 2660 2708 0.562

G-1X Salt Dome Province 1927 2134 2311 2539 0.541

JENS-1 Salt Dome Province 2305 2580 2814 2873 0.583

JOHN-FLANKE-1 Salt Dome Province 1480 1618 1618 2122 0.489

M-8X Salt Dome Province 1761 2119 2201 2465 0.532

NORTH-JENS-1 Salt Dome Province 2019 2141 2352 2575 0.546

O-1X Salt Dome Province 1787 2234 2311 2527 0.540

OLGA-1X Salt Dome Province 1868 2436 2569 2663 0.557

S.E. IGOR-1 Salt Dome Province 1944 2013 2051 2448 0.530

SKJOLD FLANK-1 Salt Dome Province 2050 2694 2779 2829 0.578

U-1X Salt Dome Province 2152 2400 2424 2691 0.560

AMALIE-1 Søgne Basin 2946 3903 4096 3686 0.685

CLEO-1 Søgne Basin 2732 3219 3219 3243 0.630

Gita-1 Søgne Basin 3158 3985 4026 3744 0.693

LULITA-1X Søgne Basin 2822 3261 3261 3287 0.635

LULU-1 Søgne Basin 2656 3148 3148 3187 0.623

WEST LULU-1 Søgne Basin 2771 3398 3398 3342 0.642

WEST LULU-2 Søgne Basin 2813 3515 3515 3410 0.651

WEST LULU-3 Søgne Basin 2774 3423 3423 3355 0.644

XANA-1X Søgne Basin 3009 4108 4232 3788 0.698

BARON-2 Tail End Graben 2725 2852 3321 3175 0.621

ELIN-1 Tail End Graben 2636 2855 3453 3186 0.623

GULNARE-1 Tail End Graben 2883 3839 4219 3685 0.685

I-1X Tail End Graben 2670 2757 3266 3124 0.615

IRIS-1 Tail End Graben 2806 3117 3832 3390 0.648

NORA-1 Tail End Graben 2511 2813 3389 3128 0.615

STORK-1 Tail End Graben 2838 3862 3925 3606 0.675

SVANE-1 Tail End Graben 2859 3700 4003 3590 0.673

*Calculated from equation 4. **Calculated from equation 3. TVDSF: Total vertical depth below sea floor.
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wells (Fig. 18; Table 3). In the Salt Dome Province, the 
start of the oil window is modelled to occur between 
2.2 and 3.2 km, whereas deeply positioned oil win-
dows are modelled in the northern part of the DCG, 
especially in the Feda and Gertrud Grabens and in the 
northern Tail End Graben where depths down to c. 3.8 
km are seen for Bertel-1, Jeppe-1, and Ophelia-1 (Fig. 
18, Table 3). The modelling agrees with Petersen et al. 
(2012) who also demonstrated a considerable depth 
to the top of the oil window in this part of the DCG. 

Discussion
Representativeness of the source rock 
database

The data used for this study represent nearly four 
decades of analytical work. There has been no funda-
mental change in analytical concepts, and although in-
struments have changed over time, they have all been 
calibrated in the same way. Experience shows that 
the variability in data output between instruments 
generally is within the analytical precision. Hence, 
data are generally comparable over time. More impor-
tant and often overlooked are variations introduced 
by the drilling operations and subsequent sampling 
for analysis, i.e. prior to analysis in the laboratory 
(Minkkinen 1987). Our data derive from analysis of 
both cuttings and core samples. For obtaining repre-
sentative average compositions for a formation, using 
cutting samples are not problematic if the sampling 
is unbiased, i.e. if all lithologies have equal chances 
of being sampled. Biases may occur if the lithologies 
have very different behaviours towards the drill bit. 
In a mixed shale–sand sequence, less cemented sandy 
beds may thus be under-represented in the analysed 
cuttings fraction. Similarly, in shales with cemented 
limestone beds the latter may be over-represented 
in the cuttings fraction. In addition, cavings may 
obscure the lithological information of the cutting 
sample. These effects are here sought minimized by 
selecting a specific size fraction for analysis, namely 
the 1–4 mm fraction. Hence, both large-size cavings 
and very tiny recycled fractions from the drilling mud 
system are removed. 

The second major cause for uncertainty stems from 
under- or over-sampling of the lithological variation. 
The minimum sampling frequency aimed at here is 
1 sample every 10 m. For the whole sample database, 
the average is 1 sample every 8 m, as the 5537 samples 
were picked from a cumulated 44.5 km long interval. 
However, this estimate does not include the total in-
terval depth and the real sampling frequency is less. 

For all wells, the regional VR-model (equation 1, red 
arrows) predicts the top of the oil window to be at 3.2 
km, whereas in the PLS VR-model (equation 4 and 5, 
green arrows) it is in the range 2.9–3.8 km (Fig. 17). 
Based on the PLS VR-model, a thin Chalk Group as 
in the Jens-1 well leads to a more shallow position of 
the oil window, whereas a thick Chalk Group as en-
countered in the Amalie-1 and Gert-1 wells (Fig. 17C, 
D) will lead to a deeper position of the oil window as 
compared to the regional VR-model. The thickness of 
the Cromer Knoll Group also affects the oil window 
position by shifting it to deeper levels as seen in the 
Nora-1 well (Fig. 17C).

Compared to the 1-D basin models for the VR 
development (Fig. 12), the PLS VR-model for the start 
of the oil window is within their range for the Jens-1, 
Amalie-1 and Nora-1 wells but is several hundred 
metres too shallow with respect to predicting the on-
set of the oil window in the Gert-1 well (Fig. 17). This 
demonstrates that the PLS VR-model should only be 
used as a first guide to the VR development. However, 
once established, the model can also be applied to 
regional depth structure maps as presented in Fig. 5 
that will allow for between-wells maturity prediction. 

Based on the PLS VR-model, the depth to the oil 
window (0.6% Ro) has been mapped in the investigated 

Figure 18. Schovsbo et al. 
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3. See Fig. 1 for map legend.
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Lower Jurassic source rocks
The amount of data on the Fjerritslev Formation has 
increased little since the reviews by Damtoft et al. (1987, 
1992). The Toarcian part of the Fjerritslev Formation 
is considered absent in DCG (Fig. 3; Damtoft et al. 
1987, 1992). Elsewhere in north-western Europe this 
stratigraphic level includes highly oil-prone intervals 
assigned to the Posidonia Shale Formation, which is a 
stratigraphic equivalent to the Fjerritslev Formation. 
The Posidonia Shale Formation is the most important 
source rock for oil onshore Germany and the source 
rock of the Mittelplate field in the German North 
Sea, which is the largest German oil field situated in 
the Wadden Sea (Müller et al. 2020). In the southern 
North Sea area, the Posidonia Shale Formation is 
only preserved in Mesozoic rift basins and in deeper 
subsided basin parts in the Central Graben (Lokhorst 
1997). Remnants of the Posidonia Shale Formation are 
also assumed to be present in the German Central 
Graben but are not confirmed by wells (Arfai & Lutz 
2018). In the DCG the Fjerritslev Formation has oil/
gas generative potential (Table 2) and may provide an 
additional source. The main uncertainties with regard 
to this source are the lack of special oil chemistry that 
may serve to identify a possible contribution, and the 
very patchy distribution of the formation in the DCG 
(Michelsen et al. 2003). 

Middle Jurassic source rocks
One of the major changes in source rock understand-
ing in the DCG since the review by Damtoft et al. (1987) 
is the recognition of the Middle Jurassic Petroleum 
System (see review by Petersen & Hertle 2018). The 
coaly source rock is primarily gas-prone but has an 
average restored HI of about 280 mg HC/g TOC which 
illustrates the ability to generate liquid hydrocarbons. 
Paralic parts of the coal beds have a higher generative 
potential than the landward parts, however the most 
significant impact on source rock quality is the pres-
ence of sapropelic lacustrine facies (Petersen & Hertle 
2018). The source rock type is proven as an efficient 
petroleum system in the DCG in the Harald East and 
Harald West gas/condensate fields and the Lulita oil 
field. Outside the DCG it is proven in the Norwegian 
Trym gas/condensate field and in the UK sector in the 
large Culzean Field (Petersen et al. 2019). 

Upper Jurassic–lowermost Cretaceous source rocks
Variation of kerogen type and richness for the DCG 
was mapped by Damtoft et al. (1987), based on just a 
few wells combined with a conceptual approach in 
which the depositional depth had a strong control on 
the maceral types. Hence it was assumed that the most 
oil-prone kerogen and TOC rich sources occurred in 
the deepest parts of the basin, where alginites were 

Moreover, the sample count includes core sections 
where the sampling frequence is much higher than 
in un-cored sections, resulting in a relative over-
representation. In most cases, the sampling has ex-
cluded in particular sandy intervals, thus directing 
the sampling towards the shaly part of the formations. 
However, the definition of the unsampled lithology is 
not necessarily the same for a sample database such as 
the one examined, which reflects decades of sampling. 
Likewise, we note that in a few cases the reported 
samples were filtered to exclude samples with less 
than 0.5 wt% TOC. 

Currently, the effects of the above-mentioned er-
rors and biases on our calculated formation averages 
cannot be quantified. Hence, our interpretations come 
with this uncertainty. However, comparing core data 
with data obtained from cuttings is one way to probe 
the errors associated with some of the drill processes. 
Also, the resulting organic-richness interpretation can 
be compared to similar interpretations obtained from 
carefully calibrated well logs following models such 
as the delta log R technique of Passey et al. (1990), as a 
judgment based only on the natural gamma log alone 
is not advisable (Petersen et al. 2017). This method will 
also be highly valuable in cases where an oil-based 
mud system has made source rock analysis impossible, 
as seen in the Jude-1 well from the DCG (Petersen et 
al. 2017).

Source rock quality
As advised by Cornford et al. (1998), we have used 
a log-normal distribution model to calculate the 
population statistics, as the distributions are right-
end skewed and thus not compatible with a normal 
distribution. Using the arithmetic mean ± standard 
deviation will result in an underestimation of the 
source rock properties because the standard deviation 
ignores the extreme distributions that are captured 
by a log-normal distribution. Hence, the statistical 
properties presented in Table 2 of the present-day 
properties allow a much better representation of the 
data for further analysis. 

Compared to the estimation of source-rock richness 
and quality of the Farsund Formation published by 
Ponsaing et al. (2018), it should be noted that Ponsaing 
et al. (2018) only used a limited data set (13 wells) and 
that the samples were filtered to include only samples 
with HI > 200 mg HC/g TOC in order to focus the 
analysis on oil-prone samples and to limit the effects 
of maturity on the averages (Ponsaing et al. 2018). 
Compared to the tabulation presented in Table 2 this 
means that their TOC and HI estimates are within the 
P50–P10 range reported here.
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regional variation suggests that tectonic control also 
played a major role in determining the source rock 
quality and we thus consider structural topography 
and the location of sediment input centres to be the 
ultimate controlling factors, as also put forward by 
Ineson et al. (2003) and Ponsaing et al. (2018).

Factors influencing the depth of the oil 
window
The depth of the oil window, as defined by a VR of 
0.6% Ro, is in the range 2200–4500 m in the DCG (Fig. 
9A). This depth variation can be modelled by using a 
simple depth model, the VR PLS-model, that includes 
the thickness of the Palaeogene to Cretaceous Chalk 
and Cromer Knoll Groups in the VR prediction (Fig. 
15). According to this model, a thick Chalk Group 
offsets the oil window to deeper levels as expected 
from a regional point of view. An explanation that 
links a deeply positioned oil window to areas with a 
thick Chalk Group (see Fig. 5D) was put forward by 
Petersen et al. (2012), based on wells in the northern 
part of the DCG. These authors attributed the effect 
to the thermal properties of the highly thermally 
conductive chalk, in contrast to the underlying lesser 
thermally conductive clays. In addition to this, they 
also invoked a highly overpressured system at the 
base of the Chalk Group to cause an additional down-
ward displacement of the oil zone, following Carr 
(1999). Nielsen et al. (2015) modelled some of the wells 
analysed by Petersen et al. (2012) and did not find any 
overpressure effects on the position of the oil window. 
Instead, they attributed the deep position of the oil 
window solely to thermal conductivity differences 
between chalk and shale. 

Our analysis of the temperature and pressure 
data (Fig. 10) does not indicate that specific parts of 
the deeper DCG is more pressurised, as all wells at 
depth follow the same overall trend. Instead, we find 
that the temperature and its translation into heat flow 
(Figs 10B, 11) within the DCG varies in a manner that 
mirrors the depth differences to the top of the oil 
window. We therefore also consider that temperature 
differences are the main cause of the depth differences 
of the top of oil window (Fig. 18).

In basin modelling, the onset of the oil window can 
be assessed after the model has been calibrated against 
particularly heat flow, thermal conductivities and ki-
netic models. The most widely used kinetic model is 
the Easy% Ro kinetic model by Sweeney & Burnham 
(1990). However, due to uncertainties regarding the ki-
netic model for the calculation of VR based on a given 
temperature history, alternative kinetic models have 
been developed over the last years (Nielsen et al. 2015). 
These models address various issues such as compu-

expected predominantly to accumulate. In contrast 
to this, more lean shales dominated by vitrinite and 
waxy land plant cuticles were expected to accumulate 
more shorewards (Damtoft et al. 1987). 

Damtoft et al.’s (1987) model predictions are quite 
similar to the geographical variation in source rock 
quality and richness documented here (Table 2). How-
ever, their stratigraphic constraints were poor, and 
we apply a much more precise sequence stratigraphic 
frame that allows us to analyse the source rock vari-
ation with an unprecedented high level of detail. We 
can thus unambiguously show that the south-to-north 
increase in TOC content exists not only for the topmost 
Bo Member (i.e. the Volg-4 to Ryaz-1 sequence, Ineson 
et al. 2003) but also for all other analysed sequences 
in the Farsund Formation (Fig. 8). This suggests that 
long-lasting controls on the accumulation exerted a 
first order control on the quality. This control was 
likely related to the depositional depth of the differ-
ent basin areas which influences the sea-floor oxygen 
conditions and depositional energy by preserving 
the organic matter from decomposition and allows 
more fine-grained particles to settle. High HI thus 
reflects dominance of well-preserved marine organic 
matter, whereas low HI reflects mixed organic matter 
types and least well-preserved marine types. Such 
regional variation in source rock quality and richness 
is not surprising, given that a similar considerable 
variation has been mapped in a succession that is 
time-equivalent to the Farsund Formation, namely 
the Draupne Formation in the South Viking Graben 
(Justwan et al. 2005). 

We have not reconstructed the source rock quality 
to its original pre-productive state, and the regional 
changes in generative potential is somewhat over-
printed by maturity effects (Ponsaing et al. 2020a,b).
We thus clearly observe that all analysed mature 
sequences have similar or slightly lower HI values 
compared to the immature Salt Dome Province (Fig. 
8). The present-day mixed oil/gas generative potential 
of most mature sequences was thus likely much more 
oil-prone in the northern part of the DCG, as our data 
in Table 2 suggest. Studies of the kerogen types in the 
DCG have mostly focused on the stratigraphic control 
on the oil richness and little regional comparison has 
been made (Petersen et al. 2010, 2017; Ponsaing et al. 
2018, 2020a,b). According to these studies, the strati-
graphic variation in oil richness, as expressed by the 
HI, is mimicked by changes in the organic macerals 
type, such as amorphous organic matter. Overall, 
the Kimmeridgian, i.e. the Lola Formation to lower 
Farsund Formation, witnessed a transition from more 
terrestrial-influenced to more open marine conditions 
which followed the transgression of the DCG (Ands-
bjerg & Dybkjær 2003; Johannessen et al. 2010). The 
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Source rocks quality and oil types

Oil sourced from Middle and Upper Jurassic source 
rocks can be clearly distinguished from each other 
and from Permian sources based on oil chemistry 
(Petersen et al. 2016; Schovsbo et al. 2018). Among the 
marine Jurassic oil types (type 1 of Schovsbo et al. 
2018), four subtypes have been recognised. Of these, 
two subtypes have contributed significantly to the 
accumulated oils, namely a ‘Tail End type’ (1A type) 
that occurs in all fields bordering the Tail End Gra-
ben and in the Siri Canyon, and a ‘Salt Dome type’ 
(1D type) that occurs in the southern part of the Salt 
Dome Province (Fig. 19). Compared to our findings 
on source rock quality and maturity variation in the 
DCG, the two main types can be related to both the 
stratigraphic and the regional variation in source rock 
quality and maturity. Type 1A is thus characterised 
by high bisnorhopane biomarker content indicative of 
strong marine anoxic conditions as typically found in 
the Bo Member (Ineson et al. 2003; Petersen et al. 2016; 
Ponsaing et al. 2020a,b). Type 1D has a similar affinity 
to marine anoxic conditions but has less bisnorhopane. 
The dominance of type 1A in the Tail End Graben 
thus reflects both the thick succession with excellent 
source rock qualities here and the mature nature of 

tational time, effects of pressure and importance of 
vitrinite suppression due to differences in deposition 
conditions and maceral interactions. During the last 
years, it has been argued that the Easy% Ro kinetic 
model has some weaknesses and that the calculated 
values are higher than the measured values. Thus, it is 
currently uncertain whether a universal algorithm for 
VR prediction exists, because maturation of vitrinite 
and oil-prone kerogen may require local/basin-wide 
corrections for the individual kerogen types, as differ-
ent calibrations of the kinetic model will be required 
for vitrinite in coals and oil-prone organic matter 
(Schenk et al. 2017).

The PLS VR-model applied here in addition to the 
kinetic-based VR-models offers an independent and 
data-driven approach to VR-modelling. This type of 
modelling has shown to provide results comparable to 
the kinetic-based models for predictions of the present 
day maturity profiles (Fig. 17), but it does not provide 
any understanding of the timing or dynamics in the 
maturity development, as the kinetic models do (Fig. 
13). Instead, data-driven models such as the PLS VR-
model applied here may help to provide constraints 
on the boundary conditions and other needed input 
parameters to more sophisticated models that properly 
constrained will outperform simpler models.

Predicted source 
rock depth (m)
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intra-chalk seals, Lower Cretaceous shales and intra-
Jurassic shales. This leads to rapid fluid pressure 
build-ups and mean fluid pressures considerably 
higher than hydrostatic (Japsen 1998; Dennis et al. 
2005; Vejbæk 2008; Petersen et al. 2012), as shown in 
Fig. 10. 

HPHT hydrocarbon exploration in the DCG is by 
some authors considered to include areas with fluid 
pressures above 70 MPa and temperatures above 
150°C (i.e. Smithson 2016). Following this definition, 
the required pressure regime based on our observa-
tions in Fig. 10A is expected to occur from below 3.8 
km depth. Likewise, temperatures above 150°C are 
expected to be reached at around the same depth in 
most areas of the DCG except for the Feda/Gertrud 
Graben, where it is expected to be reached around 
4.7 km (Fig. 10B). Using these depths as guideline, 
the HPHT regime includes the Hejre Field and the 
Amalie-1, Svane-1 and Xana-1X discoveries (Fig. 2).

Conclusions
The Danish Central Graben is a mature petroleum 
province with the principal petroleum source rocks 
being the Upper Jurassic – lowermost Cretaceous 
marine Farsund Formation shales and with minor 
contributions from Middle Jurassic coaly units of the 
Lola, Bryne and Lulu Formations. 

Statistical parameters (average, median, low (P90) 
and high (P10) percentiles) describing the present 
day distribution of TOC, HI and Tmax are presented 
for the Lower Jurassic marine Fjerritslev Formation, 
the Middle Jurassic Bryne, Lulu, and Middle Graben 
terrestrial-paralic formations, and the Upper Jurassic-
lowermost Cretaceous marine Lola and Farsund 
Formations in six areas in the DCG. In calculating the 
parameters a log-normal distribution model has been 
used, allowing a strongly improved representation of 
the data for further analysis.

Within the DCG a clear south-to-north increase in 
TOC level exists not only for the topmost Bo Member 
of the Farsund Formation but also for all other ana-
lysed sequences in the Farsund Formation. 

Two maturity maps of the upper and lower part 
of the Farsund Formation and one representing the 
Middle Jurassic formations show that the upper Far-
sund Formation is immature in the southern part of 
the Salt Dome Province and in the late oil mature in 
and near the Tail End Graben and the Søgne Basin. 
The lower part of the Farsund Formation is immature 
in local areas but post-mature in the Tail End Graben 
and in the Rosa Basin within the Salt Dome Province. 
The Lower Jurassic and the Middle Jurassic Bryne, 

the unit. The presence of type 1D oil in the Salt Dome 
Province is interpreted to reflect other sources than 
the uppermost Farsund Formation as this is generally 
immature here and has less good source rock qualities 
(Ponsaing et al. 2020a). 

The oil type potentially generated from the Fjer-
ritslev Formation is poorly known in the DCG, as the 
biomarker compositions are only described from five 
source rock extracts (Schovsbo et al. 2018). Of these, 
the biomarker composition of two source rock extracts 
(from the M-8X and Skarv-1 wells) cannot be matched 
with any reservoired oil, whereas of three source rock 
extracts one is a pure terrestrial (type 3, U-1X well), 
one has a marine anoxic signature ‘Tail End type’ 
(type 1A, Jens-1 well), and one is an oil type known 
to occur in the Adda and Boje fields (type 1C, N-22X 
well). Currently, it is not known if this variability 
reflects the rock itself or migrated oils from other 
source rock levels. Based on the source rock screening 
data, the compositional variation may be a reflection 
of the bimodal HI distribution, which suggests that 
the formation has both terrestrial mixed oil/gas-prone 
and highly oil-prone generative potential (Fig. 7). 
Unpublished GEUS data suggest that the highly oil-
prone Toarcian part of the Posidonia Shale Formation 
in south-west Germany has a biomarker composition 
different from those in the DCG (Peter Nytoft, per-
sonal communication May 2019). The Toarcian part of 
the Fjerritslev Formation is also not considered to be 
present in the DCG (Fig. 2), and further studies will 
aim at characterising the Lower Jurassic source rock 
biomarker signature.

Terrestrial-influenced oils (type 2 and 3 of Schovsbo 
et al. 2018) are, among many other features, charac-
terised by much higher pristane/phytane ratios than 
the fully marine Jurassic types (Petersen et al. 2016; 
Schovsbo et al. 2018). Type 2 occurs in the Søgne Basin, 
including the northern part of the Tail End Graben, 
and on the eastern Heno Plateau (Fig. 19). These oc-
currences are within the Middle Jurassic Petroleum 
System and reflect oil sourced from the Bryne and 
Lulu Formations, as recently reviewed by Petersen & 
Hertle (2018). Type 3 has been documented from oil 
stains in the Alma-2, Bertel-1, Gert-1and Rita-1 wells 
(Fig. 19), and from source rock extracts it is known to 
occur in the Middle Jurassic Bat-1 to Upper Jurassic 
Kimm-3 sequences (Schovsbo et al. 2018). These se-
quences all contain terrestrial-dominated, gas-prone 
kerogen (Table 2; Ponsaing et al. 2018). 

High-pressure, high-temperature conditions 
within the Danish Central Graben
The DCG is an overpressured basin with several 
known pressure seals including Paleocene shales, 
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