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The regional petroleum generation potential and thermal
maturity of the pre-Upper Cretaceous succession in the
study area have been assessed by the evaluation of more than
4000 data points (S1 and S2 yields, Hydrogen Index (HI),
Tmax, total organic carbon (TOC)). These are derived from
Rock-Eval pyrolysis and TOC determination of principally
cuttings samples from 33 wells situated onshore Denmark
and offshore in the Skagerrak and Kattegat areas (Fig. 1).
Most of the wells drilled the Lower Cretaceous – Triassic
succession, but pre-Permian and Permian strata were also
encountered in some wells. 

Unreliable Tmax or HI values derived from low S2 yields
(i.e. approximately <0.2 mg HC/g rock) or TOC contents
have been omitted from the data set. The following thresh-
olds for HI have been applied to evaluate the petroleum
generation capacity of the predominantly Type II kerogen
dominated source rocks (Peters & Cassa 1994): 

HI <200 mg HC/g TOC: gas-prone
HI = 200–300 mg HC/g TOC: mixed oil/gas-prone
HI >300 mg HC/g TOC: oil-prone

Determination of the thermal maturity is based on vitri-
nite reflectance (VR) and Tmax values, and the potential
source rock is considered immature for VR values <0.6%Ro

or Tmax values <435°C. The Tmax range 435–460°C defines
the oil window (Bordenave et al. 1993; Peters & Cassa
1994). Tmax is, however, also influenced by kerogen type
and the mineral matrix, and single Tmax values may there-
fore be less reliable as a maturity parameter (Peters 1986).
Average Tmax values for specific formations or members
with source rocks are therefore used. 

Pre-Permian units
Seven wells have encountered pre-Permian strata in the
Danish part of the Norwegian–Danish Basin and
Fennoscandian Border Zone. Source-rock data are available
from five of them: Frederikshavn-1, Nøvling-1, Rønde-1,
Slagelse-1 and Terne-1 (Fig. 1). Bitumen and oil stains have
been reported from Lower Palaeozoic rocks onshore Norway
and Sweden. In the Oslo Graben, bitumen has been found
in fractures in Ordovician limestones and corals, and in
southern Norway, close to the Oslo Graben, oil and gas are
trapped in Permian volcanic intrusive rocks (Pedersen et al.
2005, 2007). In southern Sweden, at Österplana, oil has
been found in Upper Ordovician carbonate rocks (Pedersen
et al. 2007). Pedersen et al. (2005, 2007) suggested that the

petroleum was generated from Lower Palaeozoic source
rocks. Lower Palaeozoic source rocks and oils are known
from the Baltic area, where Lower Silurian shales consti-
tute the principal source (Zdanaviciuté & Bojesen-Koefoed
1997). Moreover, oil has been generated from Palaeozoic
units in Sweden (Sivhed et al. 2004 and references therein). 

The up to 90 m thick Middle Cambrian – Lower
Ordovician Alum Shale, which is exposed in Skåne, on
Bornholm and in southern Norway, possesses source-rock
properties. The black marine shales are highly organic-rich
with an organic matter content locally up to 30% (Thomsen
et al. 1987; Bharati et al. 1992). In central Sweden, the Alum
Shale is immature to marginally mature and has HI values
up to above 600 mg HC/g TOC, but in the Fennoscandian
Border Zone the shales are overmature (Buchardt et al.
1986; Buchardt & Lewan 1990; Bharati et al. 1992). The
Alum Shale was encountered in the Slagelse-1 and Terne-1
wells. In the Slagelse-1 well, TOC contents are below the
reliable detection limit of the carbon analyser, but in the
Terne-1 well, TOC contents range from 5.39–10.08 wt%.
The Alum Shale in the Terne-1 and Slagelse-1 wells is,
however, overmature, with HI values <8 mg HC/g TOC
in the Terne-1 well. 

High TOC contents and HI values were recorded in the
Upper Silurian Nøvling Formation in the Rønde-1 well,
where the formation consists of interbedded basalts, grey
and red-brown claystones and sandstones with some car-
bonates (Christensen 1971, 1973). The samples are, how-
ever, contaminated by various drilling mud additives, such
as diesel, Black Magic®, and starch-based mud, which ren-
der the data unreliable. 

Upper Carboniferous strata were encountered by the
Hans-1 well, but no source-rock data are available. The
drilled redbed section consists of interbedded sandstones,
siltstones and claystones overlain by volcanic rocks and
claystones, which are regarded to have no source-rock
potential based on the lithology (Michelsen & Nielsen
1991, 1993). Upper Carboniferous coals are, however, sig-
nificant gas source rocks regionally in Northwest Europe
and the southern North Sea (Lokhorst 1998; Gautier 2003).
West of the study area, the Carboniferous has been drilled
by nine released wells in the Danish Central Graben and
the southern part of the Norwegian and UK Central Graben;
these strata are of Early Carboniferous age (Bruce &
Stemmerik 2003). Thin Lower Carboniferous coals were
encountered in the Gert-2 well, and these coals possess a
gas/condensate generation potential inherited from the

Distribution and thermal maturity of potential source rocks
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original vegetation, which is a general aspect of Car -
boniferous coals (Petersen 2006; Petersen & Nytoft 2006,
2007a, b). Reworked Carboniferous palynomorphs are
common in the Jurassic of the Norwegian–Danish Basin
suggesting that Carboniferous strata, probably coal-bear-
ing, were originally more widespread (Nielsen & Koppelhus
1990) and may be preserved below the regional Permian
unconformity in local deep grabens. These strata may thus
potentially constitute a deep-seated source for gas/con -
densate.

In summary, the well data described here do not demon-
strate the occurrence of viable source rocks in the pre-Per -
mian succession. It should be acknowledged, however, that
the Silurian is only known from the Rønde-1, Nøvling-1 and
Terne-1 wells where less than 450 m of the up to 2600 m
thick succession have been investigated (Christensen 1971,
1973; Michelsen & Nielsen 1991, 1993). Similarly, the
distribution and nature of Carboniferous strata are very
poorly known and it can be speculated that gas/condensate-
prone Carboniferous strata may be preserved in local grabens
and half-grabens, as recorded from the Central Graben
(Bruce & Stemmerik 2003). 

Permian units
Strata of Zechstein and Rotliegend age are present in nine
wells, and results of source-rock analyses are available from
five of them (C-1, Nøvling-1, Rønde-1, Slagelse-1, Sæby-1;
Fig. 1). No petroleum generation has been observed in the
analysed well sections. High TOC contents and HI values
in the Rotliegend Group in the Rønde-1 well, where the
formation is mainly composed of reddish brown sandstones
(Jacobsen 1971; Nielsen & Japsen 1991), are artefacts from
drilling mud additives. 

Cuttings samples, showing a resemblance to black shale,
from the Rotliegend section (5092–5260 m) in the Feli -
cia-1A well, yield extraordinarily high HI values (exceed-
ing 1000 mg HC/g TOC) and low Tmax from 425–440ºC
(Petersen et al. 2003b). However, these data are flawed as
the samples are contaminated by oil-based drilling mud
(Shellsol D-70), which was used below a depth of about
2000 m. Core samples collected from thin black, shaly
intervals yield HI values <32 mg HC/g TOC and Tmax val-
ues from 480–494ºC. This indicates overmaturity of the
organic matter and no source potential. Visual inspection
of the dispersed organic matter (DOM) by reflected light
microscopy (white and fluorescing-inducing blue light)
reveals lack of fluorescence of the DOM that is classified
as vitrinite (Type III kerogen) and inertinite (Type IV kero-
gen). Lack of fluorescence and visible liptinitic material is

in agreement with the high organic maturity. Tmax values
of 480–494ºC correspond roughly to a vitrinite reflectance
range of 1.6–1.9%Ro, and at this maturity level the fluo-
rescence behaviour of all types of organic matter has dis-
appeared. On the basis of presently available data, therefore,
the Permian succession does not exhibit petroleum gener-
ation potential, although it is acknowledged that data are
few and the Permian potential cannot be categorically dis-
counted. Thin black, bituminous shales possibly equiva-
lent to the Kupferschiefer in the North German Basin were
encountered in the Rønde-1 well (Jacobsen 1971) and thin
shales appear to be locally present in the Zechstein succession.
The distribution of these facies in the Norwegian–Danish
Basin is poorly known.

Triassic units
Triassic strata are dominated by continental to marginal
marine sandstones, mudstones, marls, carbonates and evap-
orites, and good quality source rocks are not common in
the Triassic. Petroleum generation potential has been detected
in Upper Triassic strata in the Hans-1, Mejrup-1, Rønde-1
and Skagen-2 wells. A few HI values up to above 500 mg
HC/g TOC have been recorded from mudstones of the
marine Oddesund Formation in the Rønde-1 well, and in
the Mejrup-1 well a c. 8 m thick interval in the brackish
Vinding Formation has HI values up to nearly 700 mg
HC/g TOC. 

In the Hans-1 well, where parts of the Gassum Formation
consist of aggrading parasequences of coastal plain deposits
with coal beds, a c. 10 m thick interval possesses gas gen-
eration potential. In the Skagen-2 well, the uppermost part
of the Gassum Formation and the lowermost part of the
F-I member of the Fjerritslev Formation comprise lagoonal
sediments with a restricted capacity to generate liquid petro-
leum (see below). In the Mejrup-1 well, the Gassum
Formation is more fine-grained than normal, and certain
mudstone intervals have HI values up to 534 mg HC/g
TOC; the average HI value for a c. 73 m thick mudstone-
dominated section is 216 mg HC/g TOC. This unusual
development of the formation in Mejrup-1 is probably
related to the position of the well in the secondary rim syn-
cline of the Vejrum salt dome, in the centre of the basin.
Movement of salt influenced depositional patterns at many
locations in the basin, as shown by seismic data, but only
few wells have drilled rim synclines and none show a devel-
opment similar to that of the Gassum Formation in the
Mejrup-1 well. However, detailed seismic mapping of the
Upper Triassic may determine if similar depositional situ-
ations and sufficient burial of Upper Triassic potential 
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source rocks occur adjacent to other salt structures. 
In summary, apart from a few local occurrences of Upper

Triassic units with a limited potential, the Triassic does not
possess a petroleum generation potential.

Lower Jurassic units
With the sole exception of the C-1 well, the Lower Jurassic
offshore marine mudstones of the Fjerritslev Formation

have been encountered in all the investigated wells. All four
members of the Fjerritslev Formation (F-I – F-IV) are,
however, not present in all wells due to Middle Jurassic
uplift and erosion over much of the basin (Andsbjerg et al.
2001; Nielsen 2003). As a result of the uplift and associ-
ated erosion, the F-I member at the base of the formation
is regionally the most widespread, being present in all but
one well, whereas the F-IV member in the uppermost part
of the formation is only present in 20 of the 33 wells. The
F-II and F-III members are present in 25 of the wells. 
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plot of 497 samples from the F-I
member of the Lower Jurassic Fjerritslev
Formation. The F-I member is a poor
source rock, generally with HI values
<100 mg HC/g TOC.
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F-I member
Only in the Skagen-2 well does the F-I member possess a
potential for petroleum generation (Fig. 23). As noted
above (Triassic units), a 10 m thick interval spanning the
uppermost part of the Gassum Formation and the lower-
most part of the F-I member shows HI values ranging from
255–273 mg HC/g TOC. This interval is interpreted to
consist of stacked lagoonal deposits that are only locally devel-
oped (Sequence Fj 9 of Nielsen 2003).

F-II member
A marginal petroleum generation potential has been recorded
in the F-II member in the Farsø-1 and Mors-1 wells, whereas
the member in the Hobro-1 well shows a somewhat bet-
ter potential (Fig. 24), albeit over a very narrow interval.
Within a 6 m thick interval in Hobro-1, the HI values
range from 203–340 mg HC/g TOC. The topmost 10 m
of the F-II member in Mors-1 has an average HI value of
183 mg HC/g TOC, whereas the average HI value of the
member in Farsø-1 is 156 mg HC/g TOC. The F-II mem-
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ber in the latter two wells can thus principally be regarded
as gas-prone. In the other wells, the mudstones of the F-II
member possess no source-rock potential. Generally, the
source-rock potential of the F-II member can thus be
regarded as limited and primarily gas-prone.

F-III and F-IV members
The distribution of the F-III and F-IV members is controlled
by post-depositional erosion related to the regional early
Middle Jurassic uplift that influenced most of the
Norwegian–Danish Basin and the Fennoscandian Border
Zone. The map in Fig. 15 displays the area within which
sediments of F-III or F-IV are preserved; in some wells the
combined thickness of the F-III and F-IV members amounts
to nearly 400 m (Fig. 25A; see also Table 2). The isopach
map suggests that the largest combined thicknesses occur
in the Himmerland Graben (Fig. 25B). The entire strati-
graphic interval is only preserved in the Sorgenfrei–Tornquist
Zone. The analyses of the 33 well sections show that the
average quality of the F-III and F-IV members, in terms
of potential source rocks for oil generation, is highly vari-
able both stratigraphically and geographically (Figs 26, 27). 

In the Kvols-1 and Rønde-1 wells, part of the F-III
member constitutes an excellent potential oil source rock
(Fig. 26). The uppermost alginite-bearing 40 m of the
member in Kvols-1 has an average TOC content of 2.95
wt%, and the interval displays HI values consistently >300
mg HC/g TOC, with a maximum value of 529 mg HC/g
TOC and an average value of 429 mg HC/g TOC (Fig.
28, 29A). The marine mudstones in this interval contain
abundant algal-derived organic material composed of flu-
orescing, amorphous organic matter (AOM) and alginite
of the Tasmanites and Leiosphaeridia types (Fig. 28).
Associated framboidal pyrite testifies to the oxygen-defi-
cient, organic-rich conditions in the sediment during depo-
sition. This highly oil-prone section overlies a c. 25 m thick

interval with an average HI value of 243 mg HC/g TOC.
In Rønde-1, the topmost c. 18 m of the F-III member are
highly oil-prone, with HI values ranging from 263–428 mg
HC/g TOC, averaging 355 mg HC/g TOC (Fig. 29B).
Similarly, the F-III member in the Haldager-1 well con-
tains a c. 25 m thick oil-prone interval, with HI values
reaching 425 mg HC/g TOC and averaging 323 mg HC/g
TOC (Fig. 30A). 

In a number of other wells, the F-III member also posses -
ses a variable petroleum generation potential. The Farsø-1
and J-1 wells show maximum HI values around 300 mg
HC/g TOC and average HI values of 214 mg HC/g TOC
and 202 mg HC/g TOC, respectively, indicating a limited
liquid petroleum generation potential (Fig. 30B). The
Mors-1 well has an average HI value of the same order, but
the maximum HI value only reaches 266 mg HC/g TOC
(Fig. 31A). In the Hobro-1 well, a c. 12 m thick interval
of the F-III member has an average HI of 233 mg HC/g
TOC (Fig. 31B). The F-III member in Fjerritslev-2,
Hyllebjerg-1 (Fig. 32A) and Voldum-1 (Fig. 32B) contains
intervals with average HI values around 190 mg HC/g
TOC, whereas in the Års-1 well, the average value is only
156 mg HC/g TOC. The F-III member of these latter four
wells is considered to be principally gas-prone.

In the Rønde-1 well, the F-IV member (55 m thick) is
an excellent, organic-rich (average TOC of 3.58 wt%), oil-
prone source rock with an average HI value of 435 mg
HC/g TOC and a maximum HI value of 543 mg HC/g
TOC (Figs 27, 29B). The organic material in this highly
oil-prone interval consists of abundant fluorescing AOM,
detrital liptinite and Leiosphaeridia type alginite (Fig. 33).
Both the AOM and detrital liptinite are probably com-
posed of degraded algal material. The occurrence of fram-
boidal pyrite is indicative of oxygen-deficient conditions
during deposition of the organic-rich shales. A nearly 50
m thick section of the F-IV member in the Hyllebjerg-1
well has an average HI value of 210 mg HC/g TOC, with
a maximum HI value of 371 mg HC/g TOC (Fig. 32A).

Table 2.  Net source-rock (SR) thicknesses, F-III and F-IV members of the Fjerritslev Formation

Well F-III Net SR F-III Gross F-III F-IV Net SR F-IV Gross F-IV Sum Net SR  Sum Gross Sum Average HI*, Net SR interval
 (m) (m) Net/gross (m) (m) Net/gross (m) (m) Net/gross (number of samples)

Haldager-1 31 117 0.26 9 127 0.07 40 244 0.16 294 (7)
Hobro-1 19 154 0.12 7 32 0.22 26 186 0.14 229 (4)
Hyllebjerg-1 35 228 0.15 21 55 0.38 56 283 0.20 246 (14)
J-1 19 98 0.19 0 43 0 19 141 0.13 267 (2)
Kvols-1 79 201 0.39 4 18 0.22 83 219 0.38 369 (28)
Mors-1 118 147 0.80 5 25 0.20 123 172 0.72 221 (17)
Rønde-1 48 145 0.33 44 55 0.80 92 200 0.46 404 (12)
Skagen-2 7 59 0.12 0 29 0 7 88 0.08 203 (1)
Sæby-1 0 53 0 4 38 0.11 4 91 0.04 261 (1)
Voldum-1 14 111 0.13 0 0 0 14 111 0.13 215 (2)

* Average HI in Net SR intervals based on HI values ≥200 mg HC/g TOC
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Fig. 25. A: Thickness of the Lower Jurassic lithostratigraphic F-III and F-IV members in the Fjerritslev Formation in the studied wells; the base of
each schematic stratigraphic column is located at the well site. B: Isopach map of the combined thickness of the F-III and F-IV members. The largest
thicknesses occur in the Himmerland Graben.
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A marginal gas generation potential is shown by the mem-
ber in the J-1 well (Fig. 30B), where the average HI value
is only 130 mg HC/g TOC and the maximum HI value is
178 mg HC/g TOC. 

The average HI values in the F-III and F-IV members,
calculated from the entire thickness of the members, clas-
sify the majority of well-sections as gas-prone and a few as
gas-/oil-prone (Fig. 34). The source-rock quality of the
F-III and F-IV members, as shown above, varies consider-
ably between wells and within the members in individual
wells; average values thus mask specific oil-prone intervals.
To illustrate further the evaluation of the source rocks in
the F-III and F-IV members, a ‘net quality map’ was con-
structed showing the cumulative thickness of intervals with

HI values >200 mg HC/g TOC (Fig. 35A; Table 2) and
the net/gross ratio (cumulative thickness/total thickness of
F-III + F-IV members). The map thus displays the occur-
rence and thickness of source rocks with a mixed gas/oil or
oil generation potential and suggests that the thickest cumu-
lative source-rock section with HI >200 mg HC/g TOC
occurs in the basin centre (Kvols-1, Mors-1 and Rønde-1
wells), where the best source-rock quality also occurs. The
Kvols-1 and Rønde-1 wells contain about 80–90 m net
oil-prone source rock with average HI values of 369 and
404 mg HC/g TOC, respectively. It is also notable that
the Haldager-1 well in the Sorgenfrei–Tornquist Zone con-
tains c. 40 m net source rock with an average HI of 294
mg HC/g TOC. The thinner net source-rock thicknesses

400 450 500

0

100

200

300

400

500

600

700

Børglum-1

F-1 

Farsø-1

Felicia-1

Fjerritslev-2

Flyvbjerg-1

Frederikshavn-1

Frederikshavn-2

Haldager-1

Hobro-1

Hyllebjerg-1

J-1

K-1

Kvols-1

Mejrup-1

Mors-1

Rødding-1

Rønde-1

Skive-1

Sæby-1

Terne-1

Vedsted-1

Voldum-1

Års-1

H
yd

ro
ge

n 
In

de
x 

(m
g 

H
C

/g
 T

O
C

)

Tmax (°C)

Type II

Type III

Fig. 26. Hydrogen Index versus Tmax

plot of 364 samples from the Toarcian
F-III member of the Fjerritslev
Formation. The F-III member is
principally a good, mixed gas/oil-prone
source rock, but with some wells
containing highly oil-prone intervals
with HI values >350 mg HC/g TOC.
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in the Hobro-1, Hyllebjerg-1 and Voldum-1 wells, which
are also situated centrally in the basin, may partly be
explained by erosion of the upper part of the F-IV mem-
ber during the Middle Jurassic uplift event. In other cen-
trally placed wells, such as Mejrup-1, Rødding-1 and
Skive-1, the entire F-IV member and most of the F-III
member have been eroded, resulting in potential source
rocks being thin or absent in these areas. 

The limiting factor for the petroleum potential of the
study area is the thermal maturity of the richest source-rock
units, the F-III and F-IV members. It has been shown that
the depth to the top of the oil window, corresponding to
a VR of 0.6%Ro, is about 3050–3100 m (Figs 20A, 22A).
Using this threshold, the F-III and F-IV members are ther-

mally immature in the investigated wells, also demonstrated
by the Tmax values (Fig. 35B). The largest discrepancy
between Tmax and VR values is observed in the Terne-1
well, which compared to the other wells also yields unusu-
ally low VR values (Figs 18, 19, 21). The notable lack of
hydrocarbon shows in the wells drilled in the study area,
including the central deep part, supports the suggestion that
the F-III and F-IV source rocks had not, prior to post-
Early Cretaceous uplift, been buried to the necessary depth
for petroleum generation to occur. The Mors-1 and Års-1
wells represent locations where the Fjerritslev Formation
has been buried below the depth of the top of the oil win-
dow, but in both wells the petroleum generation potential
of the sediments is relatively poor to non-existent.
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Fig. 27. Hydrogen Index versus Tmax

plot of 142 samples from the Toarcian
F-IV member of the Fjerritslev
Formation. The F-IV member is
principally a good, mixed gas/oil-prone
source rock, but with the Hyllebjerg-1
and Rønde-1 wells containing consider-
ably richer intervals with HI values
reaching c. 450–550 mg HC/g TOC in
Rønde-1.
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Fig. 28. Paired photomicrographs (reflected light, oil immersion; scale bar is c. 30 µm) of the organic material in the oil-prone F-III member in the
Kvols-1 well; left (a, c, e): white light; right (b, d, f ): fluorescence-inducing blue light. a-d: Fluorescing, amorphous organic matter (AOM; proba-
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pyrite (P) are also present. TOC = 2.56 wt%, HI = 416 mg HC/g TOC. e, f: Fluorescing AOM (probably algal-derived) and several alginites with
Leiosphaeridia (L) morphology in cuttings from c. 2012 m. Abundant framboidal pyrite (P) present. TOC = 3.57 wt%, HI = 487 mg HC/g TOC.
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Fig. 29. Plots showing well logs, Hydrogen Index (HI) values, S2 yields, sequence stratigraphic key surfaces and formations in the Kvols-1 (A) and
Rønde-1 (B) wells. Note the oil-prone upper part of the F-III member in Kvols-1 and the oil-prone F-IV member in Rønde-1. DT, sonic velocity;
MFS, maximum marine flooding surface; SB, sequence boundary; TS, transgressive surface. Bø., Børglum; Fj., Fjerritslev; H.S., Haldager Sand.
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Fig. 30. Plots showing well logs, Hydrogen Index (HI) values, S2 yields, sequence stratigraphic key surfaces and formations in the Haldager-1 (A)
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Fig. 31. Plots showing well logs, Hydrogen Index (HI) values, S2 yields, sequence stratigraphic key surfaces and formations in the Mors-1 (A) and
Hobro-1 (B) wells. Note the c. 125 m thick interval in the F-III member in Mors-1 in which HI values exceed 200 mg HC/g TOC. DT, sonic
velocity. For further abbreviations, see Fig. 29.
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Fig. 32. Plots showing well logs, Hydrogen Index (HI) values, S2 yields, sequence stratigraphic key surfaces and formations in the Hyllebjerg-1 (A)
and Voldum-1 (B) wells. In Hyllebjerg-1, note the increased HI values in the upper part of the F-III member and in the middle part of the F-IV
member. DT, sonic velocity. For further abbreviations, see Fig. 29.
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Middle Jurassic units
In the Yme Field in the Egersund Basin, where the Bryne
Formation (equivalent to the Haldager Sand Formation)
is thickly developed, the formation contains shales that
show a good to excellent oil generation potential with TOC
values of 2–13 wt% and HI values of 100–480 mg HC/g
TOC. Coal seams within the Middle Jurassic – lower Upper
Jurassic of this field are also oil-prone in places, with HI
values exceeding 400 mg HC/g TOC. Similarly, Middle
Jurassic coals and carbonaceous lacustrine–brackish shales
of the Lulu Formation are considered to have sourced the
oil and gas/condensate accumulations in the Lulita and
Harald Fields in the Søgne Basin of the North Sea. In this
area, the type of generated petroleum is considered to have
been controlled by lateral coal facies variations related to
the proximity of peat formation to the coeval coastline

(Petersen et al. 1998, 2000; Petersen & Brekke 2001).
Coals formed in the coastal reaches of the mires are more
oil-prone than their more landward equivalents. 

In the study area, the Middle Jurassic Haldager Sand
Formation is dominated by fluvial, estuarine and shallow
marine sandstones interbedded with marine and lacustrine
mudstones and thin coal seams (Nielsen 2003). The gen-
eration potential of the formation is low, with only a few
exceptions. In the Haldager-1 well, two samples from a
4–5 m thick marine mudstone have high HI values (342
and 637 mg HC/g TOC), and the Terne-1 well shows HI
values of 260 mg HC/g TOC. Both wells are situated in
the Sorgenfrei–Tornquist Zone where the Middle Jurassic
is thickest.

There may thus be a relationship between the gross
thickness of the Middle Jurassic succession, the palaeo-
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Fig. 33. Paired photomicrographs (reflected light, oil immersion; scale bar is c. 30 µm) of the organic material in cuttings sample (c. 2152 m) from
the oil-prone F-IV member in the Rønde-1 well; left (a, c): white light; right (b, d): fluorescence-inducing blue light. The cuttings contain an abun-
dance of fluorescing, amorphous organic matter (AOM) and detrital liptinite (probably algal-derived) together with Leiosphaeridia (L) and Tasmanites
(T) alginite. P, framboidal pyrite. TOC = 5.81 wt%, HI = 543 mg HC/g TOC. 
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geographic position and the occurrence of shales and coals
with an oil generation potential. Oil-prone coals in the
Middle Jurassic may be best developed in areas with most
pronounced subsidence and hence relatively large rates of
formation of accommodation space during deposition.

Upper Jurassic – Lower Cretaceous units
In most wells, the uppermost Jurassic – lowermost Creta -
ceous Frederikshavn Formation is dominated by shallow
marine and paralic siltstones and sandstones (Michelsen et
al. 2003) with no petroleum generation potential. The
average HI of the entire Frederikshavn Formation indi-
cates a gas-prone source potential (Fig. 36), but the formation
contains intervals with good to excellent oil generation po -
tential, as demonstrated by the Gassum-1, Hyllebjerg-1,
Skagen-2, Sæby-1, Terne-1 and Voldum-1 wells (Figs 37,
38A; Table 3). The section in Terne-1 is particularly note-
worthy, with HI values >1100 mg HC/g TOC, although
these values in part reflect contamination by gel mud and
cement applied during drilling. Nevertheless, solvent-
extracted samples are still encouraging, with a cumulative
net source-rock unit of c. 150 m containing on average 5.7
wt% TOC and HI values of the extracted samples reach-

ing 580 mg HC/g TOC, averaging 478 mg HC/g TOC
(Fig. 38A; Table 3). Microscopical kerogen analyses show
an abundance of amorphous algal organic matter in the form
of filamentous lamalginite and alginite with morphology
similar to the extant fresh to brackish water Botryococcus algae
(Type I kerogen; Fig. 39). Brackish, oxygen-deficient con-
ditions during deposition are suggested by the abundance
of framboidal pyrite associated with the organic matter
(Fig. 39). The probable lacustrine origin of these deposits
in Terne-1 suggests a local development, as the formation
is typically of shallow marine to offshore origin (Michelsen
et al. 2003). 

The Skagen-2 well contains a c. 78 m thick net source-
rock interval with an average HI value of 241 mg HC/g
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Fig. 36. Average source-rock quality of the entire uppermost Jurassic – lowermost Cretaceous Frederikshavn Formation.

Well Net SR Gross Net/ Average HI*, Net SR interval
 (m) (m) gross (number of samples)
Gassum-1 17 101 0.17 320 (3)
Hyllebjerg-1 29 146 0.20 243 (4)
Skagen-2 78 176 0.44 241 (7)
Sæby-1 10 105 0.10 329 (1)
Terne-1 150 258 0.58 478 (10)
Voldum-1 26 66 0.39 257 (3)
* Average HI in Net SR intervals based on HI values ≥200 mg HC/g TOC

Table 3.  Net source-rock (SR) thicknesses, Frederikshavn Fm
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TOC and a maximum value close to 350 (Fig. 38A). In the
Gassum-1 well, most HI values are low but a few samples
yield HI values >300 mg HC/g TOC (Fig. 38A); these
high values are abnormal compared to the general trend and
may reflect thin layers with higher quality kerogen in an
otherwise sand-dominated succession. The Hyllebjerg-1
well has a c. 29 m thick net source-rock section with an aver-
age HI value of 243 mg HC/g TOC, whereas the average
HI value of c. 26 m net source rock in the Voldum-1 well
is 257 mg HC/g TOC (Fig. 38A; Table 3). 

The Frederikshavn Formation thus locally contains good
to excellent oil source rocks in the study area. Towards the
west in the Egersund Basin, the broadly time-equivalent Tau

Formation is known as the principal source for oil, and in
the North Sea the uppermost Jurassic – lowermost Creta -
ceous marine shales of the Farsund Formation and equiv-
alents (Kimmeridge Clay, Mandal and Draupne formations)
are well known as the primary oil source rocks (e.g. Ineson
et al. 2003). As for the Lower Jurassic Fjerritslev Formation,
the major problem in the Danish area is to find areas where
the Frederikshavn succession is sufficiently buried to be
thermally mature with regard to petroleum generation. VR
values from 0.36–0.53% Ro and the majority of Tmax val-
ues <430–435°C indicate that the potential source rocks
are thermally immature (Fig. 38B).
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of 68 samples from the uppermost
Jurassic – lowermost Cretaceous
Frederikshavn Formation. In the Terne-1
well, in particular, the Frederikshavn
Formation constitutes an excellent oil-
prone source rock with HI values
exceeding 500 mg HC/g TOC.
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Fig. 39. Paired photomicrographs (reflected light, oil immersion; scale bar is c. 30 µm) of the organic material in the oil-prone lacustrine Frederikshavn
Formation in the Terne-1 well; left (a, c, e) white light; right (b, d, f ): fluorescence-inducing blue light. a-f: Abundance of fluorescing, filamentous
lamalginite (FL) and Botryococcus-type alginites (B) of varying size in cuttings from c. 200–210 m. Abundant framboidal pyrite (P) has been formed
within the large Botryococcus-type alginite bodies. TOC = 7.30 wt%, HIextracted = 498 mg HC/g TOC. 
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Lower Cretaceous units
In general, the Lower Cretaceous succession of the study
area contains few and relatively thin potential oil source
rocks. Three wells, the Lavø-1, Sæby-1 and Års-1, contain
intervals in the Lower Cretaceous (Vedsted Formation or
undifferentiated Lower Cretaceous) with a petroleum gen-
eration potential. In the Sæby-1 well, a c. 20 m thick
organic-rich interval has TOC contents up to 5.28 wt%
and HI values from 320–472 mg HC/g TOC, averaging

388 mg HC/g TOC; the interval is thus an excellent poten-
tial oil and gas source rock. Similarly, a c. 20 m thick inter-
val in the Års-1 well possesses a mixed oil/gas generation
potential, although the potential is poorer than in Sæby-1
as the HI values range from 210–411 mg HC/g TOC,
averaging 294 mg HC/g TOC. In the Lavø-1 well, a c.18
m thick potential source-rock interval with HI values from
175–242 mg HC/g TOC is present. The Lower Cretaceous
is, however, thermally immature in all well sections. 

Potential reservoirs

The principal sedimentary units of interest with respect to
potential reservoirs in the Norwegian–Danish Basin are
the sandstones of the Upper Triassic – lowermost Jurassic
Gassum Formation and the Middle Jurassic Haldager Sand
Formation. The growth of salt pillows caused local topo-
graphic relief that influenced the deposition of these two
reservoir units, as well as the intervening Fjerritslev For -
mation. The units thicken into rim synclines as indicated,
for example, by the Felicia-1/1A section, and may thin
considerably over salt pillows. These principal potential
reservoirs are reviewed below with respect to their gross dis-
tribution, thickness development and properties.

A number of secondary potential reservoir units are also
known from the Norwegian–Danish Basin and the
Fennoscandian Border Zone, including the Lower Triassic
Bunter Sandstone, the Lower–Upper Triassic Skagerrak
Formation, the Lower Jurassic F-II member of the Fjerritslev
Formation, the Upper Jurassic Flyvbjerg Formation and the
uppermost Jurassic – lowermost Cretaceous Frederikshavn
Formation. These secondary reservoir units are briefly
described after the principal reservoirs.

Gassum reservoir
Shoreface and fluvial–estuarine sandstones interbedded
with marine mudstones, lagoonal heteroliths and mud-
stones, lacustrine mudstones and thin coal seams occur in
the Gassum Formation (Nielsen 2003). In the Himmerland
Graben, the Sorgenfrei–Tornquist Zone and the Skagerrak
–Kattegat Platform, sandstones are commonly the domi-
nant lithology, and petrophysical log evaluations typically
show net-to-gross ratios of 0.3–0.7 and porosities of
15–25%. The formation is more sand-poor in the central
part of the basin with net-to-gross ratios of 0.1–0.2 (e.g.
Mejrup-1, Nøvling-1, Vemb-1, Vinding-1). The sand-

stones are predominantly well to moderately sorted, fine-
to medium-grained, locally coarse-grained and slightly
pebbly. The shoreface sandstones occur as widespread
sheets, 4–30 m thick, separated by marine transgressive
mudstones and lagoonal heteroliths. Thick fluvial–estuarine
sandstones mostly overlie the major SB 5 sequence bound-
ary (Figs 10, 12; Nielsen 2003). 

The formation is 50–150 m thick in central parts of the
Norwegian–Danish Basin, its thickness being influenced
by proximity to salt structures and faults. The formation
thickens to 170–200 m in the fault-bounded Himmerland
Graben and the northern part of the Sorgenfrei–Tornquist
Zone. It thickens further to more than 300 m in the south-
ern part of the fault zone where deposition of sand con-
tinued from the Triassic until the Early Sinemurian (Nielsen
2003). The thickness ranges from 69–205 m in the F-1,
K-1, Felicia-1/1A and J-1 wells (Fig. 1). The large thick-
ness (205 m) of the formation in Felicia-1/1A, with thick
mudstones in the middle part of the formation, probably
reflects an excess of accommodation space in the rim syn-
cline associated with the nearby large salt pillow. The thick-
ness decreases to 10–80 m on the Skagerrak–Kattegat
Platform.

It is generally assumed that the siliciclastic material was
mainly supplied from the Baltic Shield to the north and
east. However, the dominance of mineralogically mature
and better sorted sandstones in the Stenlille area and in the
Ullerslev-1 well suggests that sand may have been supplied
from the erosion of older sediments, such as the Triassic
Bunter Sandstone on the Ringkøbing–Fyn High (Larsen
1966; Nielsen 2003).

The Gassum Formation is utilised in geothermal energy
installations onshore Denmark at a depth of c. 1200 m
(Thisted, northern Jylland) and is used for storage of nat-
ural gas in a structure at c. 1550 m depth in the eastern
part of the basin (Stenlille area; Fig. 1). 




