Burial depth and post-Early Cretaceous uplift of
Lower-Middle Jurassic strata in the Fennoscandian
Border Zone based on organic maturity
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The burial depth and the magnitude of Late Cretaceous — Early Cenozoic and Neogene—Pleistocene
uplift of Lower-Middle Jurassic strata in the Fennoscandian Border Zone are estimated from mea-
surements of huminite reflectance and comparison with a regional coalification gradient. The regional
coalification curve is constructed by plotting uplift-corrected sample depths against more than
300 huminite/vitrinite reflectance values from Upper Triassic — Lower Cretaceous deposits in the
Danish Basin and the Fennoscandian Border Zone. The present sample depths are corrected for
Late Cretaceous inversion in the Sorgenfrei—Tornquist Zone and for Neogene—Pleistocene regional
uplift. A coalification curve is erected; it cuts the abscissa at 0.2 %R corresponding to the
reflectance of peat. This curve is considered to approximate to a reliable coalification profile over
much of the study area.

The Jurassic coals from the Fennoscandian Border Zone are of low rank and, based on the
regional coalification curve, they have been buried to ¢. 625-2450 m. In the eastern part of the
Ronne Graben, in the Kolobrzeg Graben and in the Arnager—Sose Fault Block, the Jurassic strata
were subsequently uplifted ¢. 290-1400 m, corresponding to the amount of Late Cretaceous —
Early Cenozoic inversion observed on seismic sections. Thus, it appears that Neogene—Pleistocene
uplift did not influence the Bornholm area significantly. The data from the Hoganis Basin and
Fyledal indicate a total uplift of ¢. 1450-2450 m, corresponding to estimates from the inversion
zone in the Kattegat. The data from Anholt, on the eastern margin of the inversion zone, indi-
cate ¢. 975 m of uplift.

Keywords: Danish Basin, Fennoscandian Border Zone, Lower-Middle Jurassic, organic maturity, coalification curve,

burial depth, Late Cretaceous — Early Tertiary inversion, Neogene—Pleistocene uplift

Geological Survey of Denmark and Greenland, Geocenter Copenhagen, Oster Voldgade 10, DK-1350 Copenbagen K,
Denmark. E-mail: hip@geus.dk

Maturation of organic matter with increasing temperature
is one of the most important parameters when evaluat-
ing the thermal history and hydrocarbon potential of a
basin. A common way to assess the maturation depth-
trend is to construct coalification curves by plotting mea-
sured huminite/vitrinite reflectances against depth.
Various attempts have been made to construct such
curves for the Danish Basin and the Fennoscandian
Border Zone (Thomsen 1980; Thomsen et al. 1983, 1987;
Schmidt 1985). However, these attempts have to some
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extent overlooked the significant amounts of post-Early
Cretaceous differential uplift that have influenced the
Danish Basin and the Fennoscandian Border Zone.
Forchhammer (1835) recognised the pronounced ero-
sional unconformity at the base of the Quaternary. The
hiatus at this surface increases significantly towards the
northern and eastern margin of the Danish Basin. It is now
widely accepted that significant regional uplift occurred
in Neogene and Pleistocene times in the North Atlantic
area and along the Norwegian west coast into the
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Fig. 1. Structural map showing the Danish Basin and the Fennoscandian Border Zone, and locations of the study wells and the out-
crop at Fyleverken Sand Pit, Fyledal, Skane (see also Fig. 9). Inset map shows the location of the wells in the Helsingor—Helsingborg
area. Studied wells and outcrops on Bornholm are shown in Fig. 6. Modified from Liboriussen et al. (1987) and EUGENO-S Working
Group (1988).

Skagerrak and the Kattegat to the Swedish coast (Manum (Fig. 1) in order to construct a reliable coalification curve
& Throndsen 1978; Jensen & Michelsen 1992; Jensen & which can be used to evaluate the thermal history and
Schmidt 1992, 1993; Nyland et al. 1992; Japsen 1993, 1998; maturation of organic matter in the Danish Basin and the

Michelsen & Nielsen 1993). In addition to the regional Fennoscandian Border Zone. The amount of uplift was
Neogene—Pleistocene uplift, significant inversion occurred primarily estimated from seismic interval velocities (Japsen
in the Sorgenfrei-Tornquist Zone in Late Cretaceous — Early 1993). The aims of the paper are: (1) to construct a regional
Cenozoic times due to right-lateral transpression coalification curve for the Danish Basin and the
(Liboriussen et al. 1987; Norling & Bergstrom 1987; Fennoscandian Border Zone and (2) to use the curve to
EUGENO-S Working Group 1988; Michelsen & Nielsen estimate the burial depth and later uplift of Lower—Middle
1991, 1993; Mogensen 1994). The amount and distribu- Jurassic strata exposed or cored in shallow wells in the
tion of the two types of uplift of the Danish Basin and Fennoscandian Border Zone by comparing huminite
Sorgenfrei-Tornquist Zone have been estimated by com- reflectances with the curve. The maturation of organic mat-
paring the lateral variation of the sonic velocities of a ter provides the best estimate of the burial and uplift his-
uniform unit of Lower Jurassic marine mudstones with tory, as measurements of sonic velocities in general are
the structural and stratigraphic development of the area not available from these localities.

(Jensen & Michelsen 1992; Japsen 1993; Michelsen &
Nielsen 1993). These estimates indicate uplift of 100-2000
m, emphasising that variable amounts of uplift have to
be considered when huminite/vitrinite reflectances are
used to interpret the thermal history and predict matu- The Fennoscandian Border Zone is divided into the
rity of undrilled sections. We have used 311 reflectance Skagerrak—Kattegat Platform and the Sorgenfrei-Torn-
measurements (corrected for uplift) from 20 well-sections quist Zone (Fig. 1; Sorgenfrei & Buch 1964; EUGENO-S

Geological setting
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Working Group 1988; Michelsen & Nielsen 1991, 1993).
The Skagerrak—Kattegat Platform is a large stable plat-
form area to the north-east where the Mesozoic suc-
cession onlaps Palaeozoic and crystalline basement
rocks and thins towards the north-east. The Sorgen-
frei-Tornquist Zone is 20-50 km wide and strongly
block-faulted. The zone demarcates the stable Baltic
Shield and forms the north-western extension of one
of Europes most prominent tectonic structures, the
Tornquist Zone. The Sorgenfrei-Tornquist Zone con-
verges at the Ronne Graben, offshore Bornholm, with
the Teisseyre—Tornquist Zone which constitutes a tec-
tonic lineament extending to the Black Sea (Ziegler
1982). The Ronne Graben is a pull-apart basin that
formed by dextral wrench-faulting in Late Carboniferous
— Early Permian times (Vejbaek 1985; Liboriussen et al.
1987). During the Late Palaeozoic — Mesozoic break-
up of the supercontinent Pangaea, the Tornquist Zone
was dominated by transtensional stress resulting in sub-
sidence and tilting of fault blocks, and deposition of
Mesozoic sedimentary successions up to 8 km thick.
The Sorgenfrei—Tornquist Zone demarcates the tran-
sition from the Baltic Shield to the WNW-ESE-trending
intracratonic Danish Basin that was formed during a Late
Carboniferous — Early Permian rift phase accompanied
by formation of both extrusive and intrusive volcanic

rocks. After rifting, the basin subsided due to thermal
cooling (Sgrensen 1986; Vejback 1989, 1990). The post-
rift basin-fill consists of a relatively complete section of
Zechstein, Mesozoic and Cenozoic deposits which are
6-7 km thick along the axis of the basin. A gradual
shallowing of the basin towards the high-lying basement
blocks of the Ringkgbing—Fyn High to the south-west
is indicated by thinning of the section. This is most pro-
nounced for the Upper Permian (Zechstein) strata. The
Ringkgbing—Fyn High was periodically subjected to
erosion. In the Fjerritslev Trough, within the Sorgen-
frei-Tornquist Zone, an important thickness anomaly
was formed due to transtensional strike-slip movements
possibly accompanied by salt withdrawal causing rel-
atively fast subsidence and deposition (Bertelsen 1980;
Liboriussen et al. 1987; Vejbak 1990; Christensen &
Korstgard 1994). Late Early Jurassic — early Middle
Jurassic uplift of the Ringkebing—Fyn High, presum-
ably connected to the updoming of the Central North
Sea, caused north-eastwards tilting of the basin and
erosion both on the high and in the southern part of
the basin (Michelsen 1978; Koch 1983; Nielsen 1993,
1995, 2003, this volume). Extensive volcanism and uplift
occurred in Skane, possibly connected to general
updoming (Klingspor 1976; Norling & Bergstrom 1987,
F. Surlyk, personal communication 1996). In late Middle
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Fig. 3. Modelled reflectance values and selected measured
reflectance values from the Hyllebjerg-1 well. The uplift deter-
mined by basin modelling is 600 m compared to 575 m obtained
from shale velocities. This confirms that the area around Hylle-
bjerg-1 is a good reference area.

— Late Jurassic times, the Ringkgbing—Fyn High began
to subside again and gradually the basin expanded
towards the south-west, attaining its previous size
towards the end of the Early Cretaceous (Nielsen 1995).
During Late Cretaceous — Early Cenozoic times, trans-
pressional tectonism in the Sorgenfrei-Tornquist Zone
and the Ronne Graben, caused by the Alpine orogen-
esis, led to reactivation and pronounced inversion of
fault blocks in the zone, which together with Neogene—
Pleistocene regional uplift resulted in erosion of the
Mesozoic deposits (Gry 1969; Gravesen et al. 1982,
Liboriussen et al. 1987; Norling & Bergstrom 1987;
Japsen 1993, 1998; Michelsen & Nielsen 1991, 1993).
The Lower-Middle Jurassic stratigraphy of the Danish
Basin, Bornholm and Skane is shown in Figure 2. Note
that the Upper Pliensbachian — Lower Aalenian section
on Bornholm has previously been referred to the lower
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Baga Formation (Koppelhus & Nielsen 1994), but is
now assigned to the Sorthat Formation (Michelsen er al.
2003, this volume).

Prerequisites for construction of
a regional coalification curve

Construction of a regional coalification curve requires
that the following conditions are fulfilled: (1) many
geographically widespread data, (2) exclusion of data
from well-sections with an abnormal thermal history,
(3) reliable corrections for uplift and (4) a relatively
constant temperature gradient both in time and space.

Although totalling more than 300, the reflectance
measurements from the Triassic — Lower Cretaceous de-
posits in the Danish Basin and the Fennoscandian Border
Zone only partly fulfil the first condition (Fig. 1). Close
to half of the data points come from the central part of
the basin from wells such as Mors-1, Hyllebjerg-1,
Ars-1 and Farsg-1. However, this is not a serious prob-
lem because in this area there is good agreement
between uplift values determined from shale velocities
and results from modelling of the maturation history.
For example, in the Hyllebjerg-1 well (Fig. 3), the uplift
determined by basin modelling is 600 m compared with
575 m obtained from shale velocities.

Reflectance values from deposits directly overlying
salt diapirs clearly indicate a locally increased heat flow
(Uglev-1; Schmidt 1985), and have been omitted in the
construction of the regional curve.

The corrections for uplift of the selected well-sections
have been mainly calculated from seismic velocity data
(Japsen 1993). The amount of correction is further con-
trolled by the well-known stratigraphy and structures
of the area as shown by interpreted seismic sections and
preserved thicknesses of lithostratigraphic units in well-
sections.

The basin subsided due to thermal contraction after
the Permian rift phase with raised heat flow (Vejbxk
1989). The initial phase of the basin development was
probably characterised by lateral variations in heat flow,
but after the deposition of a thick sedimentary cover
of Zechstein and Lower-Middle Triassic deposits, the
lateral variations in heat flow probably ceased due to
the effect of sediment blanketing (Nielsen & Balling
1990). Recent mapping and modelling of the subsur-
face temperature at various depths demonstrate a uni-
form regional temperature distribution in the study area
(JJ. Mgller, personal communication 1997). Furthermore,
regional corrected measurements of heat flow at the sur-



face are uniform, in the range 60-70 mW/m? (Balling
1995). Based on the structural and thermal evolution
of the basin, therefore, we assume that the lateral vari-
ation in heat flow from Late Triassic to Recent times in
general was relatively small, and that lateral heat flow
variations did not influence the maturation of the organic
matter significantly.

The necessary prerequisites for the construction of
a regional coalification curve are thus fulfilled to a large
extent. In order to avoid complications due to the late
Early Jurassic — Middle Jurassic uplift of the Ring-
kobing—Fyn High and the southern parts of the basin,
the majority of the data used for construction of the curve
comes from well-sections that experienced continued
subsidence or only limited uplift and erosion during this
phase (Nielsen 1995).

Influence of temperature
on maturation

The increase in rank with depth in a well-section is
mainly caused by rising temperature with depth, and
the rate of rank increase is strongly dependent on the
geothermal gradient. In a sandstone succession, for
instance, the rank gradient is much lower than in a
mudstone succession due to the higher thermal con-
ductivity of sandstones (Damberger 1968). Raised heat
flow and thus a higher geothermal gradient also raises
the rank gradient (Teichmiller 1979; Suggate 1998).
However, in a basin with a relatively constant heat flow
and a laterally uniform lithology, the rank of coals is
primarily dependent on the maximum temperature to
which the organic matter was subjected, which corre-
sponds to the maximum burial depth. Since coalifica-
tion of organic matter is irreversible, later uplift does
not influence the measured reflectance values.

As demonstrated below, the majority of the reflectance
values from the Danish Basin and the Fennoscandian
Border Zone are interpreted to show a normal coalifi-
cation trend. The rank of the coals thus reflects the
maximum burial depth of the strata.

Construction of the coalification curve

A total of 311 reflectance measurements from the Upper
Triassic, Jurassic and Lower Cretaceous successions in
twenty wells from the Fennoscandian Border Zone and
the Danish Basin are used in the construction of the
coalification curve (Fig. 1. All the reflectance values are

random measurements. Samples from drill cores were
available from the Frederikshavn-1, Fjerritslev-2, Gas-
sum-1, Haldager-1, Horsens-1, Lavg-1, Skagen-2, Uller-
slev-1, Vedsted-1 and Vinding-1 wells. Where possible,
samples with coal, coaly inclusions, or dark-coloured
shales or siltstones were selected for reflectance mea-
surements as these rocks contain the best organic mat-
ter for rank determination (Thomsen 1980). Untreated
rock samples were studied as they more easily allow
identification of oxidised and bituminous organic mat-
ter (unsuitable for reflectance measurements) than is the
case for kerogen concentrates. In coal or coaly samples,
approximately 50-100 measurements were carried out
in each sample; in samples with disseminated organic
matter, as many particles as possible were measured,
usually 20-50. Core samples from the Bgrglum-1 well
were analysed in the same fashion (Schmidt 1985),
whereas coaly or dark-coloured shaly intervals were
selected from sidewall cores and core samples in the
Farsg-1 well (Thomsen 1983). Cuttings and a limited
number of core samples were available from the Ars-1
well, whereas only cuttings were available from the rest

Table 1. Correction for post-Early Cretaceous uplift

Comments on
the estimated
amounts of uplift

Well Total post-Early
Cretaceous uplift
(amount of correction)

Ars-1 558 m After Japsen (1993)

Borglum-1 1273 m After Japsen (1993)

Farsg-1 481 m After Japsen (1993)

Fjerritslev-2 1531 m After Japsen (1993)

Frederikshavn-1 1000 m By comparison to Saeby-1,997 m
(Japsen 1993)

Gassum-1 1190 m By comparison to Voldum-1,942 m
(Japsen 1993) and 248 m deeper
truncation of chalk

Haldager-1 1400 m By comparison to Barglum-1 and
Fierritslev-2

Hans-1 1733 m After Japsen (1993)

Hobro-1 550 m By comparison to Ars-1

Horsens-1 200 m By using fig. 1C in Japsen (1993)

Hyllebjerg-1 575 m After Japsen (1993)

Kvols-1 448 m After Japsen (1993)

Lave-1 1000 m By using fig. 1C in Japsen (1993)
and Stenlille-1,850 m

Mors-1 785 m After Japsen (1993)

Ronde-1 513 m After Japsen (1993)

Skagen-2 1100 m By comparison to Saby-1,997 m

Terne-1 1405 m After Japsen (1993)

Ullerslev-1 500 m By using fig. 1C in Japsen (1993)

Vedsted-1 1400 m By comparison to Berglum-1 and
Fjerritslev-2

Vinding-1 250 m By comparison to Mejrup-1,327 m,

and Vemb-1, 309 m (Japsen 1993)

615



1500 —

Depth (m)
S
8
|

* Ars-1
2300 © Borglum-1 N
N 2 Farsg-1 7]
— = Fjerritslev-2 —
_| O Frederikshavn-1 |
A Gassum-1 * Ars-1 a
N + Haldager-1 N B Farsg-1
3000 — ¥ Hans-1 — O Frederikshavn-1 *
- % Hobro-1 — 4 Gassum-1
| $* Horsens-1 _| * Hans-1
© Hyllebjerg-1 oo % Hobro-1 °
n & Kvols-1 L 7] £t Horsens-1 ¥
T 0 Lave-1 N @ Hyllebjerg-1
3500 — O Mors-1 — @ Kvols-1
| % Ronde-1 | O Lave-1
B ® Skagen-2 ¥ | o Mors-1 ¥
¢ Terne-1 * #* Ronde-1 *
7 A Ullerslev-1 o, N ® Skagen-2 X,
— & Vedsted-1 * — A Ullerslev-1 *
4000 — ¢ Vinding-1 _ ¢ Vinding-1

Fig. 4. A: Coalification profile for the 20 investigated wells (n = 311); the depths are corrected for post-Cretaceous uplift. Data from
Thomsen (1980, 1983, 1984), Schmidt (1985, 1988) and unpublished GEUS data. B: Coalification profile (uplift-corrected depths) for
15 wells in the Danish Basin, the Fennoscandian Border Zone and the Skagerrak—Kattegat Platform (n = 249). The regression line has
a correlation coefficient of 0.88, and intercepts the reflectance axis at 0.21 %R .

of the wells (Rgnde-1: Thomsen 1980; Hyllebjerg-1: being plotted against reflectance (Table 1). The correc-

Schmidt 1988; Hans-1, Hobro-1, Kvols-1, Mors-1, tion for the well-sections was based on the analysis of
Terne-1: GEUS, unpublished data). All sample depths sonic velocities of shales by Japsen (1993). The main
were corrected for post-Early Cretaceous net uplift before uncertainties related to this method are the requirement
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of a uniform shale unit covering the entire study area
and a valid reference curve (discussed in Japsen 1993).
The analyses of the velocity data provide an uplift
pattern that is compatible with structural interpretations
of seismic sections and stratigraphic well data. The pre-
sent sample depths are thus corrected by adding the
amount of uplift proposed by Japsen (1993). The uplift
of wells not included by Japsen (1993) is estimated by
comparison to nearby wells and interpolation (Table 1).
The Gassum-1 well, for example, is situated on a salt struc-
ture, in a setting comparable to the nearby Voldum-1
well, which was uplifted 942 m (Japsen 1993). The
chalk section in Gassum-1 seems to be more deeply trun-
cated than that in Voldum-1 (¢. 250 m), and an uplift of
¢. 1190 m is thus estimated for the Gassum-1 section.
The uplift of the Horsens-1 and Ullerslev-1 wells is esti-
mated to be 200 m and 500 m, respectively, by using
the general uplift map of Japsen (1993). The uplift of the
Lavo-1 well is estimated to be 1000 m based on the same
map and comparison with the Stenlille-1 well (850 m).
Two coalification trends are recognised when the
reflectance measurements are plotted against uplift-cor-
rected depths: a well-defined main trend to the right
and a less pronounced trend to the left (Fig. 4A). The
main coalification trend is based on well data from the
Danish Basin and the Skagerrak—Kattegat Platform (Fig.
4B), whereas well data from the Fjerritslev Trough
(Borglum-1, Fjerritslev-2, Haldager-1, Vedsted-1) and
the Terne-1 well define the other coalification trend.
Huminite/vitrinite reflectance is largely unaffected
by the formation of mainly isolated aromatic rings up
to a reflectance of c. 0.7 %R, resulting in a slow and
more or less linear increase in reflectance (Carr &
Williamson 1990; Suggate 1998). However, as matura-
tion proceeds past this point the formation of poly-
cyclic aromatic units significantly increases the
reflectance. As the level of coalification in the studied
sections is in the low rank range (< 0.7 %R,), it is pos-
sible to approximate this ‘straight’ section of the curve
with a linear regression line. The linear regression line
for the Danish Basin/Skagerrak—Kattegat Platform inter-
sects the %R -axis at 0.2 %R, which is the expected
reflectance at the surface (Fig. 4B; Dow 1977; Suggate
1998). The rank gradient is 0.12 %R /km. The absence
of significant anomalies indicates that the assumption
of a relatively uniform geothermal gradient in the study
area is justified, and that the corrections for uplift are
reasonable. The regression line of the coalification curve
is based on 249 samples; it has a correlation coefficient
of 0.88, and is considered to be a good approximation
of the coalification profile. This relationship can then

0.00 0.60 1.20

1600 —
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Fig. 5. Modelled reflectance values and measured reflectance val-
ues from the Borglum-1 well. The amount of uplift determined
by basin modelling is 800 m compared to the 1300 m obtained
from shale velocities. It is suggested that the uplift of the wells
in the Fjerritslev Trough (and the Terne-1 well) determined from
the shale velocities is overestimated due to the sand-rich nature
of the succession in these wells.

be used to estimate the maximum burial depths and later
uplift of Jurassic coal seams in the Fennoscandian Border
Zone. The reasonable and stratigraphically consistent
estimates are taken as indirect evidence of the reliabil-
ity of the coalification curve, and the coalification curve
is considered as a valid approximation of the matura-
tion trend over most of the study area.

The data from Borglum-1, Fjerritslev-2, Haldager-1,
Vedsted-1 and Terne-1 form an atypically steep coali-
fication trend which was investigated by modelling of
the basin development. Modelled vitrinite reflectances
for the Borglum-1 well are shown in Figure 5, together
with the measured values. The basin modelling indi-
cates uplift of only 800 m, compared with 1300 m
derived from shale velocities. Interval velocities for the
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chalk section in the Fjerritslev Trough are low, and new
data based on Chalk Group velocities yield significantly
lower uplift values (Japsen 1998). The data suggest cor-
rection for uplift of only 817 m for Bgrglum-1, 1012 m
for Fjerritslev-2, and 644 m for Haldager-1. If the pre-
sent depths of these wells are uplift-corrected accord-
ing to the new Chalk Group data, the huminite re-
flectance values would fit the coalification curve shown
in Figure 4B.

This suggests that uplift values determined from shale
velocities are probably overestimates. The relatively
high shale velocities in this area (Japsen 1993) may be
the result of an increased coarse-grained component
within the lowermost Fjerritslev Formation than is typ-
ical of the rest of the basin.

Estimation of burial depth and later
uplift of Lower-Middle Jurassic coal
seams in the Fennoscandian Border
Zone

Determination of coal rank

The rank, or the level of thermal maturity, of the coals
was determined by random reflectance measurements
on eu-ulminite, the brown coal equivalent of colloteli-
nite, following the standard procedure outlined in Taylor
et al. (1998). Up to 100 measurements were made on
each sample and a mean reflectance (%R ) was calcu-
lated. Parameters obtained by organic geochemical
methods, when available, were used to support the
estimation of the maturity.

Rock-Eval pyrolysis was used to determine the T
value which is the temperature at which maximum
pyrolysis occurs (Peters 1986). The value of 7 in-
creases with increasing maturity of the organic matter,
but is also influenced by the composition of the organic
matter, as a high content of inert components may result
in an elevated T,

Biomarker data were obtained from the saturated
fraction of solvent extracts from the coal samples using
gas chromatography/mass spectrometry. Pentacyclic
hopanes were identified by detecting the most charac-
teristic fragmentation ion, the m/z 191. The occurrence
of the thermally unstable hopenes and 178(H),218(H)
forms in the coals is indicative of immaturity, and the
C,;,-homohopane 22S/(22R+22S) epimerisation ratio
approaches an equilibrium value of approximately 0.6
with increasing maturity. The sensitivity of the hopanes

to thermal influence at low maturity levels may be a

value.
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valuable criterion when evaluating the validity of matu-
rity differences obtained by reflectance measurements.

The carbon preference index (CPD) was calculated
from traces obtained from gas chromatography. The
CPI is a measure of the predominance of odd carbon
numbered n-alkanes calculated over a specified range
(Bray & Evans 1961; Cooper & Bray 1963). In the pre-
sent study, the range was from 7nC,, to nCs,. The dom-
inance of odd carbon numbered 7-alkanes together
with a prominent heavy-end fraction are characteristic
features of terrestrially derived organic matter (Isaksen
1995). However, increasing maturity seems to minimise
the CPI due to alkane cleavage reactions and dilution
of the odd carbon numbered 7-alkanes (Radke et al.
1980). Hence, the CPI tends to reach an equilibrium of
1 with increasing maturity.

Huminite reflectances of the coals

The following section focuses on the degree of coali-
fication of Lower and Middle Jurassic coal seams and
strata from the island of Bornholm, the Rgnne and
Kolobrzeg Grabens (offshore Bornholm), Skane, the
Presund area, and Kattegat in order to present the rank
distribution.

Hettangian—Sinemurian Renne Formation,
Bornholm

Two coal seams in the Hettangian Munkerup Member
of the Rgnne Formation in the Arnager—Sose Fault Block
have reflectances of 0.40 %R_ and 0.41 %R (Figs 2, 6;
Table 2). However, samples from carbonaceous seams
in the overlying Hettangian—Sinemurian Sose Bugt
Member display significantly lower reflectance values
(0.28 %R and 0.30 %R ) (Figs 2, 6; Table 2).

The coal seam in the Sinemurian Galgelpkke Member
of the Rgnne Formation at the Galgelpkke coastal cliff
(Rgnne-Hasle Fault Block) has a reflectance of 0.38
%R, (Figs 2, 6; Table 2). The Galgelpkke-2 well was
drilled close to the Galgelgkke cliff and cored ¢. 400 m
of Hettangian—Sinemurian strata (Nielsen 1995). A
Hettangian coal seam situated at a depth of 383 m has
a reflectance value of 0.42 %R . This is compatible
with a 7, value of 427°C and a C,;-homohopane
228/(228+22R) epimerisation ratio of only 0.06. The coal
seam is estimated to lie 50-75 m above the base of the
Jurassic, as suggested by log correlations between the
Galgelpkke-2, Pernille-1 and Stina-1 wells (Nielsen 1995).



Fig. 6. Geological map of Bornholm
showing the investigated localities:

1, exposed Munkerup Member (Rgnne
Formation); 2, type section of the Sose
Bugt Member (Rgnne Formation);

3, type section of the Galgelpkke
Member (Rgnne Formation) at the
Galgelpkke coastal exposures and the
Galgelpkke-2 well; 4, Korsodde coastal
cliff, Sorthat Formation; 5, Levka-1 well,
Sorthat Formation; 6, Hasle Klinkerfabrik
clay pit, upper Baga Formation. Modified
from Gravesen et al. (1982).

Cretaceous

Lower—Middle Jurassic
Sorthat Formation and
Middle Jurassic Bagd Formation

Lower Jurassic Hasle Formation

/00000 EE

Lower Jurassic Renne Formation

Ranne

Upper Triassic Kagerdd Formation Graben
Lower Palaeozoic ~
Arnager—Sose
Precambrian crystalline basement Fault Block
Fault
Table 2. Maturity data, estimated burial depth/magnitude of later uplift
Locallity Age Average Number of Average T .. C,,-homohopane Maximum Net uplift
reflectance  mean random (€9 225/(22S+22R) burial depth (m)
%R reflectances (n) (m)

Sose Bugt section Hettangian—Sinemurian 0.29 2 - - 625 625"
Anholt well* Lower Jurassic 0.33 12 - - 975 975
Levka-1 well / Upper Pliensbachian — 0.36 13 420(60) 0.06-0.1 1210 1210
Korsodde section™* Lower Toarcian
O@resund-15 well* Sinemurian 0.36 1 419(1) - 1210 1210
Galgelgkke section Sinemurian 0.38 2 - - 1400 1400
Q@resund-5 well* Bajocian 0.39 1 421(2) - 1450 1450
Fyleverken Sand Pit Bajocian 0.39 2 430(2) - 1450 1450
Munkerup section Hettangian 0.41 2 - - 1660 1660
Galgelokke-2 well Hettangian 0.42 1 427(1) 0.06 1700 1320
Hasle KI. Clay Pit Bathonian 0.42 6 - - 1700 1700
Oresund-7 well* Bajocian—Bathonian 0.43 5 418(9) 0.05-0.09 1875 1875
Oresund-13 well* Hettangian—Sinemurian 0.46 1 426(1) 0.23 2100 2010
Oresund-18 well* Hettangian—Sinemurian 0.51 2 426(7) 0.37-0.42 2440 2440

# The average reflectance is calculated from mean random reflectance (nos of analyses).
A mean random reflectance value is based on c. 100 measurements in each sample.

*  Data from Nielsen et al. (2003, this volume).
**  Data from Petersen & Nielsen (1995).

*  Data from Petersen (1994).

e Post-Early Cretaceous uplift: 290 m (Petersen et al. 1996)
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Upper Pliensbachian — Lower Toarcian part
of the Sorthat Formation, Bornholm

Reflectance values of coal seams from the Upper Pliens-
bachian — Lower Toarcian part of the Sorthat Formation
in cores from the Levka-1 well and in the Korsodde
coastal cliff (Renne-Hasle Fault Block) average 0.36
%R, (Figs 2, 6; Table 2). T/ __values average 421°C, and
C,,-homohopane 225/(225+22R) epimerisation ratios
for eight samples from the Levka-1 well are in the range
0.06-0.1, which conforms with low rank coals. Thermally
sensitive hopenes and RR-forms occur, and CPI values
greater than 3 are compatible with immature low rank
coals (Petersen & Nielsen 1995).

Bathonian part of the Baga Formation, Bornholm

The coal-bearing Aalenian—Bathonian Baga Formation is
exposed in the Hasle Klinkerfabrik Clay Pit (Figs 2, 0).

The clay pit is situated in the Ronne—Hasle Fault Block,
close to the faulted margin of the Ronne Graben.
Reflectance values from eight coal seams in the upper-
most part of the Baga Formation (Bathonian) are in the
range 0.36-0.46 %R , averaging 0.42 %R (Table 2).

Lower Jurassic in the Rgnne and Kolobrzeg Grabens

The Lower Jurassic from the western part of the Rgnne
Graben is represented by the Pernille-1 well, and from
the Kolobrzeg Graben by the Stina-1 well (Fig. 7). In
Pernille-1, the Lower Jurassic from 9801470 m is referred
to the Hettangian-Sinemurian Rgnne Formation (Nielsen
1995). The reflectance values show a well-defined coali-
fication trend with increasing depth (Fig. 8).

In Stina-1, the Lower Jurassic from 180-560 m pos-
sibly includes the Hettangian to Upper Pliensbachian
(Nielsen 1995). The reflectance values vary between
0.31 %R, and 0.40 %R, (Fig. 8).

Kolobrzeg
Graben

Graben

Hano Bay half-graben

Ustki Fault

Fig. 7. Structural map showing the block
mosaic of the Bornholm region and the
position of the Pernille-1 and Stina-1
wells. The relative significance of the
faults is indicated by varying line
thickness. Slightly modified from

25 ki
L= M Hamann (1994).
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Bajocian Fuglunda Member of Skdne

Bajocian coal-bearing sediments of the Fuglunda Member
(Mariedal formation) are exposed in the Fyleverken
Sand Pit, Fyledal at Eriksdal (Figs 1, 2). The sediments
are part of a 400-600 m thick succession that was
deposited close to the boundary between the Vomb
Trough and the Palaeozoic Colonus Trough (Fig. 9). Two
coal samples from the lower part of the Fuglunda
Member show reflectance values of 0.38 %R_and 0.39
%R, (Table 2), and 7, _values of 427°C and 433°C.

max

Jurassic of the northern @resund

Knowledge of the Jurassic in the Helsinggr—Helsingborg
area is derived from sea cliff and quarry exposures,
from tunnel excavations, and from cored shallow wells
in the @resund and Skane (Fig. 1). The deposits belong
to the fault- and flexure-bounded Hoganis Basin within
the Sorgenfrei—Tornquist Zone (Fig. 9).
Hettangian—Sinemurian sediments occur in the
@resund-13 and -18 wells. A coal seam in the former
well yielded a reflectance of 0.46 %R, whereas a coal
seam in the latter well yielded a reflectance of 0.51 %R
(Table 2). A Sinemurian coal seam in the Jresund-15
well has a reflectance of 0.36 %R (Table 2). The rela-
tively low reflectance value of the seam from the
@rresund-15 well may be suppressed, as the pronounced
content of huminite and the presence of pyrite indicate

%R,

0.0 0.2 0.4 0.6
0 ! TR TR L
B ® Pernille-1
1 O Stina-1
500 —

Depth (m)
)
8
\

_ Stina-1/

corrected

2000 —

Fig. 8. Coalification profiles for the Lower Jurassic in the Pernil-
le-1 well in the Rpnne Graben and the Stina-1 well in the Kolobrzeg
Graben. The regional coalification profile for the Danish Basin/
Skagerrak—Kattegat Platform is also shown. The profile from
Pernille-1 falls on the regional trend indicating that the section has
not been uplifted. The Stina-1 section has been uplifted ¢. 900 m.

Fig. 9. Structural map of Skane showing
the present distribution of Rhaetian and
Jurassic deposits. Modified from Norling
& Bergstrom (1987).

25 km Rhaetian and Jurassic
present distribution

* Reverse fault
b

Normal fault
Fault of unknown type

Sand Pit
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that anoxic and possibly occasional saline conditions
were present in the precursor mire. This may have
resulted in the formation of hydrogen-enriched humi-
nite, which matures at a lower rate (Petersen & Rosen-
berg 1998). The T, is also low (419°C). The T, value
of the coal from the @resund-13 well is 426°C and the
values from the @resund-18 well are 424-428°C. The
C,,-homohopane 225/(225+22R) epimerisation ratio is
0.23 for the Presund-13 well, whereas the ratio is in
the range 0.37-0.42 for the @resund-18 well. Together
with the reflectance values, these data are consistent with
a higher rank of the coals from the @resund-18 well
compared to the coal from the @resund-13 well.

The Bajocian—Bathonian coal from the @resund-5
well has a reflectance of 0.39 %R, and the coals from
the @resund-7 well have reflectances in the range
0.41-0.46 %R, averaging 0.43 %R_ (Table 2). Relative
proportions of the thermally unstable hopenes and -
forms are high in the @resund-7 coals, and the C,;-
homohopane 22S/(22S+22R) epimerisation ratios are
low (0.05-0.09). The average 7, value and the hopane
ratios are similar to the values obtained from the Upper
Pliensbachian — Lower Toarcian (Sorthat Formation) coal
seams in the Levka-1 well on Bornholm. However, the
reflectance values of the coal seams from the @resund-7
well are higher, possibly due to increased oxidation dur-
ing the humification process in the early stages of bio-
chemical gelification (Diessel 1992; Hao & Chen 1992).

Lower—Middle Jurassic Fjerritslev and
Haldager Sand Formations, Kattegat

Approximately 200 m of Lower and Middle Jurassic
deposits of the Fjerritslev and Haldager Sand Formations
overlain by ¢. 100 m of Quaternary deposits were cored
by a shallow well on the island of Anholt located in the
Kattegat (Figs 1, 2). Reflectance measurements by Nielsen
et al. (2003, this volume) give an average value of 0.33
%R, (Table 2).

Estimation of burial depths and later uplift

The average reflectance values of the coals and the
constructed regional coalification curve are used to esti-
mate the maximum burial depth of the coal-bearing
Lower and Middle Jurassic strata in the Fennoscandian
Border Zone. The amount of later uplift equals the max-
imum burial depth in most cases as the majority of the
samples were collected close to present sea level.
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Bornholm

A burial depth of ¢. 1660 m is suggested for the out-
cropping coals of the Hettangian Munkerup Member,
whereas the data from the overlying Hettangian to
Sinemurian Sose Bugt Member (both of the Rgnne
Formation) indicate only ¢. 625 m of burial (Fig. 10; Table
2). The thickness of the non-exposed section between
the seams in the Munkerup Member and those in the
Sose Bugt Member is less than a few tens of metres (Gry
1969; Gravesen et al. 1982); a difference of approximately
1000 m in estimated burial depth between the seams
is therefore impossible. The reflectance values from the
Munkerup Member are considered to be too high, pos-
sibly due to hydrothermal influence; this aspect is dis-
cussed further below. The Sose Bugt Member in the
Arnager—Sose Fault Block is overlain by at least 60 m
of sediments assigned to the Hasle Formation (Gravesen
et al. 1982; Surlyk et al. 1995), which in turn are uncon-
formably overlain by Lower Cretaceous sediments. The
base of the Lower Cretaceous was buried to ¢. 290 m
followed by a similar amount of uplift (Petersen et al.
1996). This suggests that part of the uplift experienced
by the Sose Bugt Member was related to the Middle
Jurassic uplift event, which influenced the areas outside
the Sorgenfrei-Tornquist Zone (Andsbjerg et al. 2001,
Nielsen 2003, this volume), and only ¢. 290 m of the total
uplift was caused by post-Early Cretaceous uplift.

The coal seams of the Sinemurian Galgelpkke Member
exposed at the Galgelgkke coastal cliff have been buried
to ¢. 1400 m with a later uplift of the same magnitude
(Fig. 10; Table 2). The Hettangian coal seam at a depth
of 383 m in the nearby Galgelgkke-2 well was buried
to ¢. 1700 m, corresponding to a burial depth for the
base of the Jurassic of ¢. 17501775 m with a later uplift
of ¢. 1320 m. The difference in estimated burial depths
of the two seams is thus ¢. 300 m which corresponds
reasonably well with the estimated thickness of ¢. 400 m
of the intervening strata.

The coal seams in the Upper Pliensbachian — Lower
Toarcian part of the Sorthat Formation have been buried
to ¢. 1210 m (Fig. 10; Table 2). The difference between
the estimated burial depths of the seam from the Galge-
lokke coastal cliff and the seams from the Levka-1 and
Korsodde sections is ¢. 200 m which conforms well
with an estimated thickness of 225-290 m of interven-
ing strata. However, it should be noted that the estimated
burial depth of the Levka-1 and Korsodde coals may
be an under-estimate as the reflectance values of the
coals may be slightly suppressed (Petersen et al. 2003,
this volume).
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The data from the Bathonian coal seams in the
uppermost Baga Formation indicate a burial depth of c.
1700 m (Fig. 10; Table 2). This corresponds to ¢. 800 m
deeper burial than the Levka-1 and Korsodde sections,
and is unrealistic considering the structural and strati-
graphic development of the two localities (Gry 1969;
Gravesen et al. 1982; Jensen & Hamann 1989). Hence,
it is likely that the high reflectance values of the coals
in the upper part of the Baga Formation were caused
by an additional factor linked to the proximity of the
major Rgnne—Hasle Fault as discussed below.

These estimates suggest that the base of the Jurassic
in the Renne-Hasle Block at Galgelpkke-2 was buried
to ¢. 1750-1775 m and later uplifted ¢. 1320 m. This is
consistent with the seismic interpretation by Hamann
(1994) indicating up to 1400 m of inversion along the
Rgnne—Hasle Fault. The maximum burial depth of
1750-1775 m is compatible with the likely cumulative
thicknesses of the Jurassic—Cretaceous section in the
Ronne—Hasle Block. In Pernille-1, for instance, the
Jurassic—Cretaceous section has a minimum thickness
of ¢. 1450 m, comprising ¢. 600 m of Lower Jurassic

@resund-18 well (0.51 %R ; Hettangian—Sinemurian)

deposits overlain by ¢. 850 m of probable Lower to
Upper Cretaceous deposits. In the Ronne—Hasle Block,
the cumulative thickness may have been up to 2000 m,
as ¢. 1000 m of Jurassic deposits are preserved, and the
original thickness of the Cretaceous succession may
have been up to ¢. 1000 m, as suggested by reference
to the adjacent Nyker Block and Pernille-1.

Rgnne and Kolobrzeg Grabens

The reflectance values of the Rgnne Formation in
Pernille-1 plot on the trend of the coalification curve
(Fig. 8). Thus the present depth of the Jurassic deposits
corresponds to the maximum burial depth. This con-
trasts with the interpretation of a seismic section through
the Pernille-1 well indicating ¢. 270 msec (¢. 400 m) of
inversion relative to the stable Skurup Block (Fig. 11).
The data from the Stina-1 section situated in the
Kolobrzeg Graben suggest a burial depth of ¢. 1500 m
for the base of the Jurassic and ¢. 900 m of later uplift
(Figs 7, 8). Seismic interpretation suggests a similar

623



Basement [=

TWT (sec)
N

4

Pernille-1 E

Fig. 11. Interpreted seismic section through the Pernille-1 well showing c. 270 msec of inversion corresponding to ¢. 400 m (interval
velocity = 2942 m/sec; Nielsen & Japsen 1992). Slightly modified from Vejback et al. (1994).

amount of uplift during the inversion phase (Hamann
1994; Vejback et al. 1994). Stina-1 is located close to the
section shown in Figure 12B, which indicates inversion
of 1000-1100 m within the Kolobrzeg Graben. Evidence
of inversion is also prominent on a SW-NE section east
of Bornholm (Fig. 12C).

The Lower Jurassic strata in the Pernille-1 and Stina-1
wells were buried to the same depth in the two areas
prior to uplift at Stina-1. The Lower Jurassic is uncon-
formably overlain by Quaternary deposits in Stina-1,
whereas the Lower Jurassic is overlain by ¢. 850 m of
Upper Cretaceous deposits in Pernille-1; this is consis-
tent with the estimate of ¢. 900 m of uplift at Stina-1.

Fyleverken Sand Pit, Fyledal, Skdne

The reflectance values of the Bajocian coals from Fyledal
suggest a burial depth of ¢. 1450 m in the Eriksdal area
and a similar amount of later uplift (Fig. 10; Table 2).
In the Vomb Trough, crystalline basement is overlain by
up to 200 m of Jurassic — Lower Cretaceous strata and
¢. 1000 m of Upper Cretaceous deposits, but much of
the Santonian—Campanian succession accumulated con-
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temporaneously with the inversion of the Sorgenfrei—
Tornquist Zone (Erlstrom & Guy-Ohlson 1994). The
thickness of the Santonian—Campanian succession thus
reflects the relative fault movements and not directly
the uplift. In the Fyleverken Sand Pit section in Fyledal,
the post-Bajocian Jurassic section is ¢. 400 m thick, and
the Lower Cretaceous — Turonian section was probably
¢. 200 m thick before tilting during Santonian—Campanian
inversion (Norling & Bergstrom 1987). Erlstrom (1994) sug-
gested that ¢. 300 m of Maastrichtian deposits were
eroded during Neogene uplift. The Jurassic—Cretaceous
succession may thus have been ¢. 900 m thick. Paleo-
cene and Eocene deposits seem to be confined to the
basin south-west of the Helsingborg—Romele Fault.
However, Cenozoic deposits may have covered east-
ern Skane and are thought to be present in the Hano
Bay area (Lidmar-Bergstrom 1982; Norling & Bergstrom
1987). It is thus very difficult to evaluate in detail the
thickness of strata that has been removed on the basis
of the preserved stratigraphy, and to support the bur-
ial estimate of ¢. 1450 m. In addition, hydrothermal influ-
ence on the rank cannot be precluded (see below).
The amount of inversion in the north-western part of
the Sorgenfrei— Tornquist Zone is typically suggested to
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Fig. 12. Geosections around Bornholm (see inset map) with depths in two-way travel time (TWT), based on interpreted seismic sec-
tions. A: Note the lack of significant inversion relative to the Skurup Platform at the western margin of the Rgnne Graben in contrast
to the marked inversion relative to the Arnager Block in the south-eastern part of the graben. B: Note the very significant inversion of
the Kolobrzeg Graben relative to the Hano Bay Basin. Stina-1 is located in the Kolobrzeg Graben close to the Koszalin Fault. C: Inversion

of the Kolobrzeg Graben is also evident on the SW-NE section, east of Bornholm. Slightly modified from Vejback et al. (1994).

be up to 1000 m (Jensen & Michelsen 1992; Japsen 1993;
Michelsen & Nielsen 1993). Extension of the regional
trend of Neogene uplift shown by Jensen & Michelsen
(1992) and Japsen (1993) into Skane may suggest
1000-1500 m of uplift in this area. However, this trend
is mainly based on data to the north-west of Skane and
thus may not be directly applicable.

Northern @resund

In the Hogands Basin, the data from the Hettangian—
Sinemurian coal seams in the @resund-13 and -18 wells
indicate burial depths of ¢. 2100 m and 2440 m respec-
tively (Figs 1, 9, 10; Table 2). Uplift in the @resund area
was evaluated by modelling of a pseudo-well, based
on a stratigraphic reconstruction from the shallow wells

(Fig. 13) and the stratigraphic information given in plate
21 of Larsen et al. (1968). The modelling shows that the
differences in reflectance (%R ) can be explained by the
thickness of the intervening strata with the exception
of the @resund-15 well. The low value obtained from
this well may be due to suppression, as mentioned ear-
lier. The basin modelling indicates an uplift of 1200 m
for the Presund-1 well location, corresponding to uplift
of 2100 m at the @resund-13 well location and 2550 m
at the @resund-18 well location. This is in close agree-
ment with the values determined from the coalification
curve and is compatible with the stratigraphy (Fig. 13;
Larsen el al. 1968, plate 21).

Reflectance values of three Hettangian coal samples
from the nearby Helsingborg railway tunnel range from
0.48 %R_ to 0.57 %R, and dispersed huminite from
Hettangian deposits in the nearby Ramlosa-1b well gives
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Fig. 13. A: Reconstructed stratigraphic columns at the location of the @resund-1 well. The reconstructions are based on the geological
profiles along the tunnel transect (column D and the bridge transect (column II) shown on plate 21 in Larsen et al. (1968). B: Modelled
reflectance values from the constructed pseudo-well compared to measured values.

a value of 0.48 %R (Ahlberg 1994). These data suggest
burial depths between 2250 m and 3050 m.

The Bajocian—Bathonian coal seams in the Ore-
sund-5 and @resund-7 wells situated immediately west
of the inversion zone, were buried and later uplifted
¢. 1450 m and c. 1875 m, respectively, corresponding to
modelled values of ¢. 1400 m for the Presund-5 well and
c. 1500 m for the @resund-7 well (Figs 10, 13; Table 2).

Anholt well, Kattegat

The Lower-Middle Jurassic strata encountered in the
Anholt well were buried and uplifted c. 975 m (Fig. 10;
Table 2). The island of Anholt is located on the bound-
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ary between the Skagerrak—Kattegat Platform and the
inversion zone. The uplift is mainly interpreted as being
of Neogene—Pleistocene age, and the degree of uplift
is slightly less than that inferred for the Szeby-1 well
(Japsen 1993; Michelsen & Nielsen 1993). Approximately
1000 m of uplift was estimated by Nielsen ez al. (2003,
this volume) based on the same reflectance data but
utilising a general North Sea coalification curve.

Hydrothermal influence on the
maturation of organic matter

The vast majority of the reflectance values provide rea-
sonable estimates of burial depths that are consistent



with stratigraphic thicknesses and other evidence of
burial depths. However, the rank of the coals from the
Munkerup Member, the uppermost Baga Formation,
and possibly the Fuglunda Member appear anomalously
high. A mechanism other than thermal influence with
burial depth is needed to explain these anomalies.

The precursor peats of the uppermost Baga Formation
coals were formed in a relatively well-aerated envi-
ronment, which may have produced hydrogen-poor
and oxygen-rich huminite precursor material that
matured at an enhanced rate (Hao & Chen 1992).
However, this explanation cannot be applied to the
coals of the Munkerup Member, and may not be suffi-
cient to explain the large difference in reflectance
between the coals from the Sorthat and Baga Formations
on Bornholm. Therefore, it is proposed that the elevated
maturity was the result of a local rise in temperature
due to hydrothermal activity.

Hydrothermal processes associated with fault move-
ments have been proposed to explain the occurrence
of sideritic iron ores and copper mineralisation along
the Fyledal Fault Zone and zeolites in Campanian
deposits in the Vomb Trough (Norling & Bergstrom
1987; Erlstrom 1994). Middle Jurassic volcanic activity
occurred in Skane along fault and fracture zones, and
hot brines influenced the diagenesis of Rhaetian and
Lower Jurassic sandstones and caused anomalously
high vitrinite reflectances (Klingspor 1976; Norling &
Bergstrom 1987; Ahlberg 1994; Ahlberg & Goldstein
1994). The silica-cemented Ho6r Sandstone (a lateral
equivalent of the Hoganis Formation, Fig. 2), which has
not been buried more than a few hundred metres, was
indurated at temperatures from 100-200°C, and the
organic matter shows reflectance values that locally reach
0.9 %R corresponding to a burial depth of c¢. 5700 m.
Bottomhole temperatures in the Hans-1 well in the
Kattegat were high in Lower Jurassic strata at very shal-
low depths (45°C at 316 m) whereas normal tempera-
tures were recorded at deeper levels. The real
temperature of the Jurassic deposits is even higher than
indicated by the borehole measurement, because of
the cooling effect of the drilling mud. The occurrence
of hydrothermal activity along faults and the effect on
the diagenesis of organic as well as siliciclastic deposits
is thus well-documented. Some of the observed anom-
alies in the Jurassic coals may therefore be related to
the Middle Jurassic volcanic activity in Skane.

The uppermost Baga Formation coals are situated
close to the fault that separates the Rgnne Graben from
the crystalline basement of the Bornholm High, and it
is possible that hot formation waters expelled from

deeply buried deposits percolated upwards along the
fault and into the coal-bearing strata. The occurrence
of abundant epigenetic pyrite in the coals and large
pyrite nodules in sand interbeds lend support to this
interpretation, as the most likely source of the sulphur
is saline formation water from older sediments con-
taining salt and gypsum (Petersen et al. 2003, this vol-
ume). A similar situation has been reported from the
Carboniferous St. Rose and Chimney Corner coalfields
in Nova Scotia, Canada (Beaton et al. 1993).

The Munkerup Member coals occur close to the
northern and eastern bounding faults of the Arnager—
Sose Fault Block, and these faults may also have func-
tioned as conduits for hot formation waters, thus explain-
ing the high rank of the coals.

Discussion and conclusions

A well-constrained, uplift-corrected coalification curve
has been constructed from reflectance data represent-
ing a wide range of burial depths of the Upper Triassic
— Lower Cretaceous succession in the Danish Basin and
the Fennoscandian Border Zone. We suggest that this
curve may be used as a standard with which new data
can be compared. The reflectance values from wells in
the Fjerritslev Trough and the Terne-1 well deviate from
the main coalification trend. Basin modelling and veloc-
ity data from the Chalk Group (Japsen 1998) suggest that
the uplift correction may be erroneous due to overesti-
mation of the burial depth based on Fjerritslev Formation
sonic velocities in these wells. These data have thus not
been incorporated in the standard curve.

Average reflectance values from the Lower—Middle
Jurassic coals in the Fennoscandian Border Zone range
from 0.29 %R_to 0.51 %R (Table 2), which are com-
patible with low rank coals, and directly indicate rela-
tively shallow burial depths. The use of the regional
curve to assess the burial depths and later uplift of coal-
bearing Lower—Middle Jurassic strata in the Fenno-
scandian Border Zone has provided reliable and
consistent results (Table 2). Hydrothermal activity related
to the Middle Jurassic volcanic event may locally have
influenced the maturation of the coals in the Het-
tangian—Sinemurian of the Hoganis Basin, and possi-
bly the coals in the Fuglunda Member at Fyledal. The
rank of the coals in the Munkerup Member (Ronne
Formation) and uppermost Baga Formation on Born-
holm was probably raised by hot formation waters
expelled from deeply buried layers.
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The reflectance data indicate c¢. 900-1400 m of post-
Early Cretaceous uplift of the Jurassic succession in the
Ronne—Hasle Fault Block and the Kolobrzeg Graben
(Table 2). This degree of uplift is compatible with the
amount of Late Cretaceous — Early Cenozoic inversion
based on seismic interpretation (Hamann 1994; Vejbak
et al. 1994), and is similar to the 550-1000 m of inver-
sion that has been interpreted from the Sorgenfrei—
Tornquist Zone further to the north-west (Japsen 1993;
Michelsen & Nielsen 1993). Thus the total post-Early
Cretaceous uplift in the Bornholm area determined from
reflectance values can be explained by inversion alone,
without the need for significant Neogene—Pleistocene
uplift. The data from the Arnager—Sose Fault Block indi-
cate Early Jurassic burial of 625 m followed by a simi-
lar magnitude of Middle—Late Jurassic uplift and erosion.
Post-Early Cretaceous uplift only amounts to 290 m.

The estimated uplift of the Jurassic section in the
Hoganis Basin, reflecting both inversion and Neogene—
Pleistocene uplift, is a minimum of 2010 m (Table 2).
This is similar to the total uplift of 1730-2000 m of the
Hans-1 well-section in the Kattegat (Japsen 1993;
Michelsen & Nielsen 1993). The c. 1450-1875 m of uplift
indicated by the @resund-5 and -7 data is a function of
both Neogene uplift and drag along the inversion zone.
The rank of the Bajocian Fuglunda Member coal bed
suggests ¢. 1450 m of total uplift, which appears to be
a reasonable estimate based on the likely overburden
and regional evidence, but it cannot be precluded that
the rank has been increased due to hydrothermal influ-
ence. The total uplift of the Anholt well-section is esti-
mated to be ¢. 975 m, rather than the > 1200 m suggested
by Jensen & Michelsen (1992) but in agreement with
the ¢. 1000 m of Nielsen et al. (2003, this volume). The
data from Anholt and Bornholm may suggest that the
amount of Neogene—Pleistocene uplift in Skane was
relatively small compared to the northern part of the
Danish Basin and the Fennoscandian Border Zone, but
further data are needed for confirmation.
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