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Abstract The Lower Saxony Basin, Germany, is one of
the several sedimentary basins within the Central
European Basin system. In its southwestern part,
anomalously high maturity of organic matter has been
observed to reach 4.5% VRr in Upper Jurassic and
Lower Cretaceous sedimentary rocks in an area which
coincides with a magnetic and a positive gravimetric
anomaly. This anomaly was often interpreted as the
consequence of a deep-seated igneous intrusion, the so-
called Bramsche Massif. However, results obtained from
calibrated numerical modelling are not in accordance
with this scenario. Instead, a burial by approximately
4 km of now-eroded Cretaceous rocks was revealed to
be the probable cause for the anomaly. Data and mod-
elling results from six boreholes and two pseudo-wells
support this view.

Keywords Lower Saxony Basin Æ Bramsche Massif Æ
Vitrinite reflectance Æ Basin modelling Æ Temperature
history

Introduction

The Lower Saxony Basin (LSB) is one of the several
sedimentary basins within the European Basin System
(Ziegler 1982, 1990; van Wees et al. 2000). In its
southwestern part, that is, in the area of Bramsche,
evidence for extremely high thermal maturity of coaly
organic matter has been found during the past decades
(Teichmüller and Teichmüller 1951; Bartenstein et al.
1971; Koch and Arnemann 1975; Teichmüller et al.

1984). The central part of the anomaly is characterized
by anthracitization of coal in lowermost Cretaceous
sedimentary rocks (Wealden), whereas in the peripheral
area coalification in the same stratigraphic level does not
exceed the lignite stage (Teichmüller and Teichmüller
1958). In the centre of the anomaly, vitrinite reflectance
measured on organic material from Upper Jurassic
sedimentary rocks reaches values between 2.99 and
4.56% VRr, that is, the meta-anthracite rank (Barten-
stein et al. 1971). Furthermore, rank gradients in the
coal-bearing Carboniferous sequence are up to 0.16% in
this area (Teichmüller 1963; Buntebarth 1985), whereas
they are lower than 0.10% in the buried Rhenish Massif
in the south (Münsterland Swell, Teichmüller et al.
1983).

Based on the above-mentioned findings and due to
the presence of a magnetic (Schmidt 1914, cited in Bre-
yer 1971) and positive gravimetric anomaly (Kaiser
1930, cited in Flotow et al. 1931; Hahn and Kind 1971),
it was assumed that a deep-lying igneous intrusion, the
Bramsche Massif, at more than 5 km depth heated the
overlying sedimentary rocks leading to high coalification
values (Mundry 1971; Thyssen et al. 1971; Buntebarth
and Teichmüller 1979; Giebeler-Degro 1986). In accor-
dance with the lignite/subbituminous coal stage of Up-
per Campanian rocks overlying the Lower Cretaceous
units, it was concluded that the intrusion was emplaced
either in late Early Cretaceous or in early Late Creta-
ceous times (Stadler and Teichmüller 1971). Calcula-
tions for the Ibbenbüren area by Buntebarth (1985)
based on an empirical method suggested high ‘geother-
mal gradients‘ for the upper crust ranging between 65
and 92�C/km which would correspond to extremely high
heat flows between 140 and 175 mW/m2 at the time of
maximum burial, that is, the late Early Cretaceous or
early Late Cretaceous.

Contradicting opinions, however, were published
with respect to maximum burial depths and thicknesses
of now-eroded sedimentary rocks. Füchtbauer and
Müller (1970) argued that the thermo-metamorphic
alteration of Carboniferous sandstones in the area of
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Bramsche could reflect a maximum burial depth of
8,000 m. Corresponding to seismic velocity measure-
ments on Carboniferous sedimentary rocks in the
vicinity of the Bramsche anomaly, a possible uplift by
6,000 m for the centre of the LSB was assumed by Brink
(2002). More recent evaluations in the Ibbenbüren area
led to the estimation of 4,500 m subsidence (Thiermann
1980; Drozdzewski 1988), whereas Baldschuhn and
Kockel (1999) concluded an uplift of 8,000 m according
to thickness extrapolations for this area. Based on
reconstructions of missing layer thicknesses, Nodop
(1971) in contrast proposed a maximum burial depth of
the LSB of only up to 3,500 m followed by inversion
exhumation.

Detailed numerical modelling studies using data from
several wells were published for areas east and west of
the Bramsche Massif. For an area situated between the
Bramsche Massif and The Netherlands (Figs. 1, 2),
Leischner et al. (1993) suggested enhanced heat flows
during maximum burial, but the absolute values were
still very similar to those observed at present (about
80 mW/m2) at the southern margin of the LSB. The
study was based on fluid inclusion studies, fission track
data, maturity-vs-depth profiles, and numerical model-
ling. Using a similar approach, Petmecky et al. (1999)
falsified the theory of an igneous intrusion in the area of
Uchte, east of the Bramsche Massif (Fig. 2). Instead, he
postulated that deep burial during Early Cretaceous

times followed by Late Cretaceous/Tertiary uplift was
responsible for high maturation. A possible mechanistic
explanation for this evolution would be the development
of a half-graben followed by inversion (McClay 1995).

This study has the overall objective to reconstruct the
thermal and burial history of the southern part of the
LSB by testing different scenarios of basin subsidence
and uplift including emplacement of igneous intrusions.
Data from six wells and two pseudo-wells were used to
establish numerical 1D models which were calibrated by
vitrinite reflectance data. The major focus is on the
period of deepest burial when maximum temperatures
prevailed and on the following uplift period, that is, on
the Cretaceous. The study is part of the scientific priority
programme ‘Dynamics of Sedimentary Systems under
varying stress regimes: the Central European Basin
System’ of the DFG.

Geological background

The LSB is situated at the southern margin of the
Central European Basin System and flanks to the north
the London–Brabant, Rhenish, and Bohemian Massifs.
The LSB represents an E–W-striking, highly differenti-
ated Meso–Cenozoic basin (Betz et al. 1987; Baldschuhn
et al. 1991; Kockel et al. 1994) and was initiated by
rifting and/or thermal subsidence of the lithosphere

Fig. 1 Location of the study
area in western Europe
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during the Permian. The rifting centre was situated
north of the LSB (Plein 1978; Ziegler 1982; Bachmann
and Grosse 1989; Neunzert et al. 1996; van Wees et al.
2000). Economically important is the basement consist-
ing of marine Devonian and Lower Carboniferous and
coal-bearing Upper Carboniferous rocks which act as
important source rocks for natural gas (Littke et al.
1995). Based on rift and wrench tectonics in the Late
Jurassic, the LSB began to subside rapidly, bordered in
the south by the Rhenish Massif, in the west by the
Central Netherlands High, in the north by the Pompeckj
Swell, and in the east by the N–S-trending Gifhorn
Trough (Fig. 1; Kockel et al. 1994). During Coniacian
and Santonian times, the LSB was inverted and existing
normal faults became reactivated and transformed into
steep thrusts and reverse faults (Baldschuhn and Kockel
1999). A general overview on the stratigraphy is given in
Fig. 3.

During the Late Carboniferous, the study area was
situated in a foredeep of the rising Variscan mountain
belt being formed towards the south. A thick coal-
bearing sedimentary sequence was deposited and partly
eroded during the Variscan (Hercynian) orogeny, that is,
during the latest Carboniferous and/or earliest Permian
(Süss 1996). The Upper Carboniferous deposits corre-
spond to a deltaic system and are characterized by flu-
vial and marine sedimentary rocks (mainly silt- and

sandstones) with intercalations of coal. Geologically, the
folded Upper Carboniferous rocks are regarded as the
basement of the Central European Basin System
including the LSB, but they are not the economic
basement since they provide major gas source rocks and
even reservoir rocks to the petroleum system. Rotliegend
deposits marking the opening of the Central European
Basin System are rare in the LSB and restricted to its
northern part; they exist in great thickness and with
abundant volcanoclastic material in the area of the
Pompeckj Swell further north (Fig. 1).

In the LSB, the transgression of the hypersaline
Zechstein Sea led to the deposition of the basal sedi-
ments covering the slightly folded Upper Carboniferous
units. The related sedimentary rocks mainly consist of
salt, anhydrite, dolomite, and limestone with decreasing
thickness towards the south. During Triassic times, the
LSB received thick post-rift sediments with clastic
material predominating during the Lower and Upper
Triassic (Bunter and Keuper) and carbonates repre-
senting the Mid Triassic (Muschelkalk). The thickness of
Triassic deposits was governed by the existence of sev-
eral NNE-striking depressions and swells. In the study
area, the thickness of Bunter clastics increases from SE
(Hunte Swell, Trusheim 1961) to NW (Emsland area).
Minor uplift events followed by terrestrial and fluvial
intercalations affected deposition during Keuper time.

Fig. 2 Coalification map of the Late Jurassic based on Bartenstein et al. (1971)
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During the Jurassic, the depositional environment
shifted to shallow marine. This evolution led to the
deposition of a sedimentary succession consisting of
shales, marls, carbonates, and sands, the latter being
more abundant in the Upper Jurassic (Gramann et al.
1997). Regression of the sea during latest Jurassic and
earliest Cretaceous times led to terrestrial intercala-
tions (‘Wiehengebirgsquarzit’, Wealden facies). Based
on strong vertical and horizontal movements along the
southern fault-bounded border of the LSB, thick
shallow marine to terrestrial sequences developed in

the Tithonian (‘Münder Marl’ and ‘Serpulit’) as well
as in the lowermost Cretaceous (‘Wealden’; Skupin
2003).

Up to the Barrêmian and earliest Aptian, dark-col-
oured clastic sediments with commonly high concen-
trations of organic matter were deposited. A change of
the depositional environment towards more ‘open-mar-
ine’ conditions and warmer (Tethyan) water occurred
during the early Aptian. Later, light-coloured marls
predominated the sedimentary sequence (Mutterlose
1992; Jendrzejewski 1995).

Fig. 3 Generalized stratigraphy
of the LSB from Permian until
recent times based on the
German Stratigraphic
Commission (2002)
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Due to inversion tectonics in theConiacian/Santonian,
the LSB developed to the Lower Saxony Tectogene.
During this inversion, the basin fill was uplifted and
overthrusted on the Münsterland Swell to the south as
well as on the Pompeckj Swell to the north (Drozdzewski
2003). Due to subsequent erosion, the sedimentary record
of the Upper Cretaceous was almost lost. Sedimentation
resumed again in the Paleocene–Oligocene. From the
Miocene onwards, minor erosion took place in the LSB.

Samples and methods

Samples

Organic matter-rich sedimentary rocks from different
stratigraphic units were sampled for petrological inves-
tigations to obtain information on the regional maturity
pattern. With respect to cores and cuttings from bore-
holes, an attempt was made to sample as many strati-
graphic intervals as possible. This goal could not always
be achieved, since for some wells sample material was
not continuously available over the entire depth range.
Collected samples consist mainly of coals and organic
matter bearing dark shales. About 30 samples yielded
valid new vitrinite reflectance data (Table 1).

Vitrinite reflectance

Reflectance of coal macerals has long been used to
evaluate coal rank (Taylor et al. 1998). Vitrinite is the

maceral most often used for this purpose because its
optical properties alter more uniformly during rank
advance than do those of other maceral groups.
Moreover, vitrinite reflectance has been the major
calibration parameter for modelling the thermal his-
tory of sedimentary rocks (Radke et al. 1997) since the
results of Lopatin were published (Lopatin 1971;
Waples 1980).

Vitrinite reflectance measurements were performed
at randomly oriented vitrinite grains using a Zeiss
universal microspectrometer and followed established
procedures as described in Taylor et al. (1998) with
two isotropic glass standards of 0.89 and 1.70%
reflectance. Random vitrinite reflectance values mea-
sured on dispersed organic material often differ from
those measured on coals and show more scatter
(Scheidt and Littke 1989). Causes for these deviations
include measurements of allochthonous vitrinites of
higher maturity, measurements on inertinite or solid
bitumen which are difficult to distinguish from vitrinite
at high coalification levels, and artefacts due to small
particle size, and a lower quality of the polished sur-
face. The standard deviation of vitrinite reflectance
values should be less than 0.1–0.2% for mean reflec-
tance values below 2.0% and increase with maturity;
however, measurements on dispersed organic material
can show standard deviations exceeding these values.
Standard deviations obtained in the framework of this
study are summarized in Table 1.

The complete vitrinite reflectance data set consists
of outcrop and core samples and is a compilation of

Table 1 Results of vitrinite reflectance measurements. Northing and Easting refer to Gauss-Küger coordinates

Location Depth (m) Northing Easting Lithology Stratigraphy VRr (%) SD (%) Meas. points

E-Gehn Surface 58 12 975 34 25 750 Coal Oxfordian 3.56 0.256 60
E-Gehn Surface 58 12 975 34 25 750 Coal Oxfordian 3.76 0.235 59
W-Gehn Surface 58 11 075 34 23 700 Coal Oxfordian 4.09 0.147 50
Ibbenbüren Surface 57 97 917 34 10 482 Coal Westphalian C 1.50 0.075 60
Piesberg Surface 57 98 775 34 32 675 Coal Westphalian C 4.69 0.16 50
Piesberg Surface 57 98 800 34 33 075 Coal Westphalian C 4.73 0.163 51
Piesberg Surface 57 98 725 34 33 775 Coal Westphalian C 4.31 0.151 51
Piesberg Surface 57 98 725 34 33 775 Coal Westphalian C 4.55 0.252 60
Piesberg Surface 57 98 725 34 33 775 Coal Westphalian C 4.74 0.144 80
Vehrte Surface 58 02 075 34 42 975 Shale Toarcian 1.94 0.28 50
Well G 80 – – Shale up. Malm 2.65 0.318 48
Well G 205 – – Shale up. Malm 3.03 0.313 14
Well G 295 – – Shale Kimmeridgian 3.07 0.298 22
Well G 490 – – Shale Kimmeridgian 3.13 0.209 10
Well G 620 – – Shale Oxfordian 3.06 0.262 13
Well G 770 – – Shale Dogger 3.39 0.204 12
Well G 930 – – Shale Dogger 3.27 0.298 25
Well G 1,755 – – Shale Hettangian 3.99 0.36 35
Well G 1,872 – – Shale up. Keuper 4.26 0.297 50
Well G 1,930 – – Marlstone mid. Keuper 4.47 0.272 35
Well G 2,222 – – Marlstone up. Muschelk. 4.51 0.21 50
Well G 2,587 – – Siltstone mid. Bunter 4.65 0.171 41
Well G 3,467 – – Shale Westphalian D 4.50 0.242 30
Well G 3,486 – – Sandstone Westphalian D 4.64 0.142 50
north of Well E 1,807 – – Shale Bajocian 0.79 0.128 63
Well E 1,976 – – Shale Toarcian 0.93 0.152 67
Well E 2,318 – – Shale mid. Bunter 1.37 0.374 29
Well E 3,538 – – Shale/siltstone Carbonif. 1.99 0.199 16
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own measurements (Table 1), industrial data, data
from the VIDABA (vitrinite data base of BGR,
Hannover), and numerous published data (Bartenstein
et al. 1971; Teichmüller et al. 1979; Teichmüller and
Teichmüller 1985; Lommerzheim 1988; Günther et al.
1998). Stratigraphically, the data set covers Westpha-
lian B to Tertiary sedimentary rocks.

Thermal modelling

Since the early publications of Lopatin (1971), Waples
(1980), and Welte and Yükler (1981), the numerical
simulation of burial, erosion, and thermal histories of
sedimentary basins became a widely used method in
geology, particularly in petroleum exploration. Here, 1D
thermal modelling was applied using PetroMod software
of IES, Jülich, Germany. Thermal and burial histories
were calibrated by comparing measured and calculated
vitrinite reflectance data (Fig. 4). For the calculation of
vitrinite reflectance, the kinetic EASY%Ro algorithm
(Sweeney and Burnham 1990) was used. For a detailed
discussion of the basin modelling concept and limita-
tions see Poelchau et al. (1997) and Yalcin et al. (1997).

Discretization of geologic history, heat flow, and erosion

Each numerical simulation has to be based on a con-
ceptual model, which describes basic geologic processes,
that is, deposition, non-deposition, and erosion during
the geologic evolution of the study area, resulting in a
basic set of input data for the simulation (Welte and
Yalcin 1988). One major problem of the conceptual
model is the reconstruction of time spans which are not
represented by a physical record of sedimentary rocks,
either due to sedimentation followed by erosion or due
to periods of non-deposition.

The following description of the geologic history of
the LSB is mainly based on the work of Thiermann
(1970), Klassen (1984), Baldschuhn et al. (1999, 2001),
Mutterlose and Bornemann (2000), and the Geologi-
scher Dienst NRW (2003) and serves as base for the
conceptual model (see Table 2).

As basement of the sedimentary sequence, the West-
phalian B was selected which had been cored in the
Ibbenbüren area. About 1,500 m coal-bearing silici-
clastic sedimentary rocks (Westphalian C and D) cover
the basement, also documented in the Ibbenbüren area
wells. Between the latest Carboniferous and the earliest

Fig. 4 Scheme of the numerical
modelling procedure (see text
for further explanation)
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Permian, a period of non-deposition was assumed for a
large part of the basin. Probably, sedimentation fol-
lowed by erosion is a more likely scenario for this time
span as is well recorded for the Münsterland Swell fur-
ther south (Littke et al. 2000). However, the thermal
effect of this possible depositional period was clearly
overwhelmed by Mesozoic events, especially of Creta-
ceous time. Furthermore, the effect of this Late Car-
boniferous depositional event on gas generation from
the coal-bearing Westphalian is beyond the scope of this
study. Therefore, to keep the conceptual model as simple
as possible, non-deposition was used as input data for
this period.

Eruptive rocks were documented in the lithologic log
of Well D and Well A5 (Petmecky et al. 1999) and point
to a volcanic event during Rotliegend times in the
northern part of the study area, coinciding with the syn-
rift stage of the Central European Basin System and
certainly affecting the then deposited sequence through
elevated heat flow. Zechstein thickness increases from
200 m in the southern part up to 930 m in the northern
part of the basin. The Triassic is characterized by short
tectonic events reflected by discontinuities (e.g. Hard-
egsen- and Solling-Diskordanz; Steinmergelkeuper-Dis-
kordanz). These events were short and insignificant with
respect to burial and thermal history and, therefore,

Table 2 Input data for modelling of burial, erosion, and temperature of Well G (Fig. 2)

Event Name Thickness
[m]

Erosion
[m]

Deposition Age Erosion
Age

Lithology Water depth
[m]

SWI
[�C]

Heatflow
[mW/m2]

From
[ma]

To
[ma]

From
[ma]

To
[ma]

46 Quaternary 55 1.8 0.00 Sandstone 0 5 60
45 Oligocene �70 3.00 1.8 0 16 60
44 Miocene �84 5.3 3.00 0 16 60
43 Miocene 84 23.80 5.3 mixing 30 16 60
42 Oligocene 70 33.70 23.80 mixing 30 17 60
41 Campanian �230 71.30 33.70 0 17 60
40 Campanian 230 73.00 71.30 SHALEcarb 30 18 60
39 Malm �160 74.40 73.00 0 18 63
38 Münder Mergel �900 75.80 74.40 0 18 63
37 Serpulit Fm. �50 77.20 75.80 0 18 63
36 Wealden �700 78.60 77.20 0 19 63
35 Valanginian �300 80.00 78.60 0 19 63
34 Hauterivian �400 81.40 80.00 0 19 63
33 Barremian �300 82.80 81.40 0 19 63
32 Aptian �275 84.20 82.80 0 19 63
31 Albian �375 85.60 84.20 0 19 63
30 upper Cretaceous �525 87.00 85.60 0 19 63
29 upper Cretaceous 525 98.50 87.00 SHALEcalc 80 20 60
28 Albian 375 112.20 98.50 SHALEcalc 100 19 60
27 Aptian 275 120.00 112.20 SHALEcalc 100 18 60
26 Barremian 300 127.00 120.00 SHALEcalc 100 18 60
25 Hauterivian 400 132.00 127.00 SHALEcalc 75 18 60
24 Valanginian 300 137.00 132.00 SHALEcalc 50 18 60
23 Wealden 700 140.00 137.00 mixing 5 19 60
22 Serpulit Fm. 50 141.00 140.00 mixing 10 19 60
21 Münder Marl 900 144.00 141.00 mixing 10 19 60
20 Malm 341 146.00 144.00 mixing 20 19 60
19 Kimmeridgian 314 152.50 146.00 mixing 10 18 60
18 Oxfordian 95 156.50 152.50 mixing 10 17 60
17 Dogger �50 161.50 156.50 0 17 60
16 Dogger 525 178.00 161.50 mixing 75 14 60
15 Liassic 725 200.00 178.00 mixing 100 13 60
14 Rhät 84 209.00 200.00 mixing 5 15 60
13 mid Keuper 243 232.50 209.00 mixing 5 15 60
12 lower Keuper 36 235.00 232.50 mixing 5 15 60
11 upper Muschelkalk 36 238.50 235.00 mixing 30 9 60
10 mid. Muschelkalk 101 240.00 238.50 mixing 15 9 60
9 lower Muschelkalk 102 243.00 240.00 Marl 30 9 60
8 upper Bunter 133 244.50 243.00 mixing 20 6 60
7 mid. Bunter 79 246.00 244.50 Shale 15 6 60
6 lower Bunter 234 251.00 246.00 mixing 15 4 60
5 Zechstein 573 258.00 251.00 mixing 15 4 60
4 Westphalian D �490 305.00 258.00 0 1 75
3 Westphalian D 650 308.00 305.00 mixing 5 3 75
2 Westphalian C 850 311.00 308.00 mixing 5 3 60
1 Westphalian B 850 313.50 311.00 mixing 5 4 60
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were not included in the conceptual model (Table 2).
During Bunter times, the presence of the NNE-striking
Hunte Swell resulted in a shift of the depositional centre
westwards into the Niederrhein-Ems depression. The
cumulative thickness increases from 440 to 891 m in this
direction. Overlying Muschelkalk strata are dominated
by playa lake sediments with increasing contributions of
halite north of the line Veltheim–Lübecke–Hunteburg.
Keuper (Upper Triassic) thickness changes from the
northern margin (164 m) towards the centre of the basin
(363 m), reflecting a different tectonic setting. During
the Early Jurassic, a WNW–ESE striking graben
evolved. Subsidence was significant in the centre of the
basin, where up to 700 m Liassic and 600 m Dogger
sediments were accumulated. During the Late Jurassic
and earliest Cretaceous, subsidence increased. For
example, sedimentary rocks of Berriasian age (upper
Münder Marl/Serpulit) are more than 1,000 m thick in
the central part of the LSB. Gramann et al. (1997)
supposed rift events for the western part of the LSB
based on thickness differences of up to 1,000 m in the
Münder Marl Formation.

The Berriasian–Barrêmian sequence contains numer-
ous sandstones along the basinmargin (Osning sandstone
in the south, Bentheim and Gildehaus sandstone in the
west). The subsequent early Cretaceous succession is
dominated by a clay-rich basin facies indicating high
subsidence and high sedimentation rates. A decreasing
cumulative thickness of post-Berriasian/Lower Creta-
ceous deposits from thewestern part of the LSB (1,950 m)
towards the eastern part (1,200 m) is remarkable. In the
south, Cretaceous strata are partly or completely eroded.
The sequence of Upper Cretaceous sedimentary rocks is
incomplete in the LSB with greatest thicknesses of
Cenomanian to Santonian sedimentary rocks in the north
(up to 525 m). Due to major uplift of the LSB during the
Coniacian/Santonian inversion period, erosion of Creta-
ceous to Carboniferous deposits took place along the
Nordwestfalen-Lippe Swell and south of it. With the
beginning of the Campanian, tectonic movements almost
ceased. Deposits are rare, but recorded for the so-called
Dammer Oberkreidemulde (230 m). After a short inver-
sion and erosion phase in Maastrichtian times, sedimen-
tation resumed during the Paleocene–Miocene with
approximately 150–200 m sediments. This depositional
phase was followed by moderate erosion until recent
times.

Conceptual model and input data

Based on the geologic history, about 40 events of depo-
sition, erosion, or non-deposition were defined (Table 2).
For each event, absolute ages, thicknesses, lithologies,
and related petrophysical properties, sediment–water
interface temperatures, and heat flow values were de-
fined. The heat flow history was kept as simple as pos-
sible and the heat flow values for the period of maximum
temperatures (early Late Cretaceous) were calibratedT
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using vitrinite reflectance data; they are thus a result of
the modelling approach. Surface temperatures were cal-
culated based on the palaeolatitude of central Europe,
water depth during deposition, and general climate
information (Wygrala 1989). Present-day formation
temperatures were used to calibrate the present-day heat
flow together with the information on subsurface tem-
peratures (Haenel 1980). Absolute ages were extracted
from the geological time scale of the German Strati-
graphic Commission (2002). Thicknesses were derived
from well data, seismic profiles, and geological maps.
Average thermal conductivities were calculated using
lithological information and default thermal conductiv-
ities for major lithologies taking into account the inter-
layering of coals, shales, siltstones, sandstones, and
conglomerates. Table 3 summarizes lithologic composi-
tion and important physical properties of the formations
as defined for this study. The temperatures at the sedi-
ment–water interface were estimated using information
on the palaeolatitude, on the palaeoclimate, and on
palaeo water depths of the study area during basin evo-
lution (see Wygrala 1989 for details). These data allow to
calculate compaction and temperature field.

Calibration data

For the calibration of the models, vitrinite reflectance
data and other maturity parameters, for example, water
and volatile matter content of coals (on an ash-free ba-
sis) were used. The latter had to be converted into vitr-
inite reflectance according to Teichmüller et al. (1983).
The possible pitfalls of maturity conversions are de-
scribed in Radke et al. (1997). Vitrinite reflectance data
from eight wells are the basis for the calibration of 1D
simulations of burial and thermal history.

Results and discussion

Coalification pattern

The coalification pattern in the LSB was already de-
scribed by Koch and Arnemann (1975) and Teichmüller
et al. (1984) who published a coalification map of the
Upper Jurassic (Fig. 2). In the framework of the study
presented here, additional vitrinite reflectance measure-
ments were performed; results are shown in Table 1.
Furthermore, numerical simulation allowed to assess
coalification for different stratigraphic levels, for exam-
ple, for the top of the Carboniferous or the base Cre-
taceous, even for wells which did not drill these units.
The new coalification data basically confirm the previ-
ous results, clearly showing an increasing maturity from
the margins towards the centre of the LSB. An example
is shown in Fig. 5 for the Kimmeridgian surface. This
map is a combination of vitrinite reflectance calculated
in the course of the numerical modelling and measure-
ments as published by Bartenstein et al. (1971). The map

shows a strong maturity increase towards the centre of
the basin.

The high maturity of organic matter in the LSB might
result from deep burial as suggested by Petmecky et al.
(1999) for the area further east. In this case, the coali-
fication isolines of the Upper Jurassic should indicate
the palaeo-contours of the LSB at the time of maximum
burial before inversion. The different configurations of
the coalification isolines at the centre of the basin should
suggest fluctuations in thickness of the sequences
deposited between the Late Jurassic and Late Creta-
ceous rather than differences in heat flows during the
time of maximum temperatures (see below). For exam-
ple, strong subsidence and high sedimentation rates have
to be assumed for the Wiehengebirgs-flexure zone, which
has been interpreted as a swell during Late Jurassic times
(Klassen 1991; Baldschuhn et al. 2001).

Thermal modelling: the Ibbenbüren area (southern LSB
margin)

A series of simulation runs was carried out for individual
wells. Calibration was based on a comparison of mea-
sured vitrinite reflectance data and calculated vitrinite
reflectance applying the EASY%Ro algorithm (Sweeney
and Burnham 1990). This method has been successfully
used for calibration purposes and is applicable for
maturation values as high as 4.6%VRr. In the study
area, some vitrinite reflectance values are, however,
higher than 4.6%VRr. These values were integrated into
the calculated vitrinite reflectance trend by extrapolating
the calculated curve.

In the Ibbenbüren area at the southern border of the
LSB, Carboniferous rocks are mined close to the surface,
which are in the low volatile bituminous coal/anthracite
rank (about 2% vitrinite reflectance VRr). The reasons
for this high coalification level have been a matter of
debate. Based on numerical basin modelling techniques
described above, the contrasting theories about deep
burial by 8,000 m of overburden (Baldschuhn and Koc-
kel 1999) and high geothermal gradients corresponding
to high heat flows of 155 mW/m2 (Buntebarth 1985) were
tested. First, a best-fit model was developed calibrated by
the vitrinite reflectance depth trend which is of high
quality for the coal-bearing sequence drilled in
Ibbenbüren. The greatest problem for thermal modelling
of the Ibbenbüren area is the time gap from the West-
phalian until recent times, which is not documented by
any sedimentary rocks (Fig. 6a). This time gap permits
many different models explaining the high thermal
maturity, that is, maximum temperatures could have
been reached at any time between the Late Carbonifer-
ous and the Late Cretaceous. However, the close prox-
imity to the Bramsche area in the north and the
Münsterland Swell in the south suggests that maximum
temperatures are either due to Permo Carboniferous
events or to Late Cretaceous events (Leischner et al.
1993; Petmecky et al. 1999; Littke et al. 2000).
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An excellent visual fit between measured and calcu-
lated vitrinite reflectance data was achieved by applying
a heat flow of 70 mW/m2 and a thickness of eroded
sedimentary rocks of 4,407 m (Fig. 6b). In this model,
maximum burial took place during the Late Cretaceous.
A maximum burial during Late Carboniferous/Early
Permian times would yield a satisfactory fit as well, but
would require deposition of more than 4,400 m of
additional Stephanian/Upper Permian rocks. This
number is far greater than that derived for the adjacent
Münsterland Swell (2,800 m, Büker et al. 1995; Littke
et al. 2000), where maximum burial occurred during
latest Carboniferous/Early Permian. Accordingly, such
a scenario of maximum temperatures during the Car-
boniferous/Permian is not probable for the Ibbenbüren
area.

The thickness of the Permian-to-Jurassic sequence
was deduced from the thickness in adjacent areas,
especially from the Teutoburger Wald area (GK 25
Tecklenburg). In addition, 2,130 m of Cretaceous sedi-
mentary rocks had to be assumed for the Ibbenbüren
area in order to obtain a perfect visual fit. Lithologies
were also selected based on those from the adjacent
areas; as no great thicknesses of coal or salt exist (which
have a great effect on thermal conductivity) and as no
thick claystone sequences are involved (which bear some
uncertainty with respect to compaction), the results on

heat flow and thickness of eroded sedimentary rocks are
regarded as well constrained.

Alternative models were tested by using (1) the
assumption of very deep burial for the Ibbenbüren area
(8,000 m, Baldschuhn and Kockel 1999) and (2) the
assumption of very high Late Cretaceous heat flows
(155 mW/m2, Buntebarth 1985). In the first case, a very
low heat flow of 40 mW/m2 had to be applied to gain
some match (Fig. 6c). However, even with this unreal-
istic scenario, the shape of the calculated trend line dif-
fers very much from that of the trend line for measured
vitrinite reflectance data. Furthermore, the influence of a
possible thermal (magmatic) event on the maturity pat-
tern during the early Late Cretaceous was investigated
by increasing heat flow values up to 155 mW/m2

(Buntebarth 1985) during that time. If this high heat
flow is combined with the assumption of an eroded
thickness of 4,000 m, calculated vitrinite reflectance
values of 4% for surface sediments result, increasing
extremely with depth. These values are far too high. In
order to obtain a fit for the uppermost sedimentary
rocks, a much lower rate of erosion of 2,217 m was
applied (Fig. 6d). In this scenario, a fit between mea-
sured and calculated vitrinite reflectance data could be
achieved for the uppermost sedimentary rocks only, but
the reflectance gradient is completely different from that
displayed by the real maturity data. Accordingly, both

Fig. 5 New coalification map for the Upper Jurassic with major tectonic structures. Maturity information is based on vitrinite reflectance
measurements and subsequent calculations using numerical modelling techniques as described in the text
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the high heat flow and the extreme burial hypotheses
have to be discarded.

Thermal modelling: the Bramsche area (central LSB)

Well G serves as an example for the thermal history in
the central part of the maturity anomaly of the LSB
(Fig. 2). This well penetrated a succession of Upper
Jurassic to Carboniferous (Westphalian D) sedimentary
rocks and reached a final depth of 3,644 m. Vitrinite
reflectance values measured on organic-matter-bearing
shales increase with depth from 2.6 to 4.6%VRr (Ta-
ble 1, Fig. 2). These values imply that the organic
material reached the meta-anthracitic stage and experi-
enced temperatures exceeding 250�C. At such high
maturity levels, it becomes extremely difficult to distin-
guish primary and secondary organic particles such as
vitrinite, inertinite, and solid bitumen. Moreover, in
Well G vitrinite reflectance is also influenced by dis-

persed hydrothermal microveins. In this study, thermally
altered vitrinites were found within hydrothermal quartz
showing reflectance values of more than 13%. Thus, the
hydrothermal alteration took place at temperatures
much higher than 480�C and might have also influenced
the reflectance pattern in the vicinity of the veins. Such
circumstances cause a larger scatter of vitrinite reflec-
tance at great depths; for example,Teichmüller et al.
(1979) measured vitrinite reflectance values of 5.1–
5.8%VRr for the Upper Carboniferous which are higher
than those determined by other authors. Clearly, the
quality of maturity data for Well G is not as excellent as
in the case of the Ibbenbüren area. However, the effect
on the calibrated numerical models, for example, on
calculated eroded thickness and heat flow during times
of maximum temperatures is not very large.

Cretaceous sedimentary rocks are missing in the
central part of the LSB around Well G (Fig. 7a), but are
preserved in more marginal parts of the LSB. Cumula-
tive thickness of preserved Cretaceous sedimentary

a b

c d

Fig. 6 Results of numerical modelling for the Ibbenbüren area near the southern border of the LSB. a Shows the time gap in the
sedimentary sequence. b Shows the best-fit model with a former, now-eroded overburden of 4,407 m and a heat flow of 70 mW/m2. In (c)
the theory of an additional overburden of 8,000 m after Baldschuhn and Kockel (1999) is tested and (d) depicts the assumption of an
igneous intrusion (after Buntebarth 1985) with a heat flow of 155 mW/m2 and additional overburden of 2,217 m
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rocks in the vicinity of the area is about 3,300 m. This
value gives a first indication on eroded sediment thick-
ness, but may be misleading, because the layer thickness
can increase significantly towards the basin centre (e.g.
Petmecky et al. 1999). A good fit between measured and
calculated reflectance was achieved assuming a heat flow
of 63 mW/m2 during maximum burial. Furthermore, the
now-eroded overburden has a thickness of 3,985 m
(Cretaceous: 3,825 m) according to the best-fit model
(Fig. 7b). This eroded thickness was attributed to
Tithonian to Coniacian sedimentary rocks (see Fig. 7a)
and is about 1,655 m higher than the thickness of the
same stratigraphic interval calculated for adjacent areas
(2,330 m in the Ibbenbüren area). Accordingly, a max-
imum heat flow/minimum erosion scenario and a mini-
mum heat flow/maximum erosion scenario were created.
According to these alternative models, a heat flow of at
least 60 mW/m2 and at most 65 mW/m2 can be assumed
to have occurred during the time of maximum temper-

ature and maximum burial, that is, during the early Late
Cretaceous. These values are in any case far lower than
heat flows resulting from a large igneous intrusion (100–
200 mW/m2; Poelchau et al. 1997). Furthermore, the
minimum thickness of eroded Cretaceous sedimentary
rocks is 3,725 m and the maximum thickness is 3,925 m
(including the Münder Marl formation). These values
indicate that, similar to the southern margin of the LSB
further east, huge sedimentation followed by erosion
affected the central/southern LSB. Additionally, alter-
native models with (1) a former overburden thickness of
only 2,960 m (according to Klassen 1984, Fig. 7c) and
(2) an intrusive model with heat flows of 155 mW/m2

(Fig. 7d) during the early Late Cretaceous were tested.
In both cases, a fit between measured and calculated
vitrinite reflectance data could be achieved for the up-
permost sedimentary rocks only, but not for the deeper
strata because the calculated vitrinite reflectance–depth
gradient differs significantly from the measured gradient.

a b

c d

Fig. 7 Results of numerical modelling for the Bramsche area in the centre of the LSB. a Time gap in the sedimentary sequence between
Late Jurassic and Tertiary for this area. b Best-fit model for Well G with a heat flow of 63 mW/m2 and a former overburden of 3,985 m. c
No fit achieved with a cumulative former overburden thickness of only 2,250 m (after Klassen 1984). d No fit achieved with assumptions
of high heat flow due to an igneous intrusion (heat flow of 155 mW/m2)
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Thermal modelling: the northern LSB margin

In the northern part of the LSB, the missing stratigraphic
section is much smaller than in the central and southern
part; for example, in Well D only the Valanginian to
Eocene section ismissing (Fig. 8a).Good calibration data
are available for this well from the Hauterivian to the
Carboniferous interval allowing to establish a valid
maturity trend (Fig. 8b). This trend can be modelled with
a heat flow of 60 mW/m2 during maximum temperature/
maximum burial and a thickness of eroded Cretaceous
sedimentary rocks of only 1,275 m. These results indicate
that only the central part of the LSB was a deep depo-
centre during Early Cretaceous and early Late Cretaceous
times, whereas the southern and northern margins were
areas of moderate subsidence.

Thermal modelling: synthesis of results, and general
discussion

The modelling technique described above was applied to
a total of six wells and two pseudowells in the study
area. The concept of pseudowells is described in detail in
Noeth et al. (2001). Results are summarized in Figs. 9
and 10 as well as Table 4.

In the best-fit models calibrated by vitrinite reflec-
tance data, palaeo-heat flows of 60–70 mW/m2 had to be
assumed for the time of maximum burial and tempera-
ture, that is, the early Late Cretaceous. This combina-
tion exceeds and overwhelmed the thermal effect of the
volcanic event during Rotliegend times. After Bodri and
Bodri (1985), the heat flow data for the time of maxi-
mum burial imply a crustal thickness of 31–35.5 km. For
some areas such as the Piesberg, only maturity infor-
mation from surface outcrops was available, but no
vitrinite reflectance–depth profile. In this case, the heat
flow results from the closest well nearby was used as
input data in the modelling; in these cases, only the

eroded thickness is a modelling result and not the heat
flow. It should also be noted that in general only heat
flow during time of maximum temperature (Late Cre-
taceous) may be derived from modelling, because vitri-
nite reflectance is mainly affected by the maximum
temperature reached during burial. Accordingly, periods
during which temperatures were by more than 20–30�C
below the maximum temperature did hardly affect vitr-
inite reflectance values (Burnham and Sweeney 1989;
Barker and Pawlewicz 1994). Therefore, considering
only vitrinite data, there are only few constraints on heat
flow evolution during pre-Cretaceous times, other than
the exclusion of exceptionally high vitrinite reflectance
modifying ‘thermal spikes’. For the latest Cretaceous
and Tertiary, it seems to be reasonable to assume heat
flows of about 60–70 mW/m2 which are similar to both
the modelled Cretaceous heat flows and the present-day
heat flows (Haenel 1980).

The resulting heat flows during maximum burial and
temperature in the Cretaceous show a slightly increasing
trend towards the south and a regional maximum in the
area of Ibbenbüren and Osnabrück. Increasing heat
flows are associated with periods of lithospheric
stretching and thinning as well as asthenospheric rise
(Yalcin et al. 1997). Correlation of heat flow variation
and crustal thickness would allow to suggest a crustal-
thinning event from the northern margin (35.5 km) to-
wards the southern basin (31 km). After Allen and Allen
(1990), this is in accordance with an active syn-rift event
in an extensional basin. The calculated average tem-
perature gradient for the upper 5–8 km of the crust
during time of maximum burial varied between 43�C/km
on the margins and 47�C/km in the centre of the basin.
Thus, the palaeotemperatures at the top of the Car-
boniferous during maximum burial varied between
207�C (southern margin) and 224�C (northern margin),
reaching up to 375�C in the centre of the study area.

All modelled Cretaceous heat flow values are in the
range of normal continental heat flows and also in the

a b

Fig. 8 Result of numerical modelling for the northern part of the LSB. a Time gap between the Valanginian and Tertiary. b Best-fit model
with a former overburden of 1,275 m and a heat flow of 60 mW/m2
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range of heat flows currently present in the study area.
None of the modelling results is in accordance with
coalification being due to a magmatic intrusion. This
conclusion does, however, not exclude the presence of a
deep-seated intrusion. Such an intrusion would not

necessarily have had any influence on the maturation
pattern. For example, it could be of Permian age, for
which large-scale extension in the Central European
Basin system is postulated; in this case, it would have
affected the deep-lying Pre-Permian rocks only, but the

Table 4 Modelled, now-eroded, former overburden and calculated heat flow values for wells in the LSB

Well D G H pseudowell I K L M pseudowell N
Heat flow [mW/m2] 60 63 65 60 60 70 70 70

Former overburden thickness in [m] (in parentheses the preserved ‘thickness)
Total: 1,275 3,985 5,150 5,905 5,525 4,407 7,266 4,417
kro 525 525 525 525 525 600 525 600
kru 750 (298) 1,650 1,650 1,650 1,650 1,360 1,950 1,410
Berriasian 1,650 2,050 1,700 1,650 170 1,850 750
jo 160 (590) 925 (75) 750 750 500 800 500
jm 450 450 260 490 260
ju 750 500 (248) 440 625 440
k 80 (230) 225 300 225
m 152 150 152
s 500 400 80 (377)
z 200 176

Fig. 9 Vitrinite reflectance calibration for different wells within the LSB with the algorithm of Sweeney and Burnham (1990)
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effect on the uppermost Carboniferous units, lying close
to Earth surface at that time, would have been small.
This small additional maturation would have been later
overprinted by deep burial during the Cretaceous. In
summary, the present-day coalification pattern with
anthracitic organic matter outcropping at the surface
may well be explained by deep burial of the strata.

Best-fit models also reveal a cumulative thickness of
eroded sedimentary rocks between 1,275 m (northern
margin) and 7,266 m (Piesberg area). The latter value is
similar to that favoured by Füchtbauer and Müller
(1970), who already estimated 8,000 m erosion based on
compaction of Carboniferous sandstones cropping out
at the Piesberg. Reconstructed rates of erosion would
have been 0.53 mm/a on the top of the broadly anticlinal
Nordwestfalen-Lippe-Swell and 0.091 mm/a on its
northern margin [for comparison: Eastern Himalaya:
erosion of 2.9 mm/a; Western Himalaya: 1 mm/a (Galy
and France-Lanord 2000)]. These erosion rates are
based on the assumption of continuous erosion at con-
stant rates between the onset of uplift (Coniacian; about
89 mya) and the end of Santonian times. In reality,
erosion rates were certainly variable, reaching much
higher values over short times. The numbers above do,
however, demonstrate that no exceptionally high erosion
rates have to be assumed for this area. Accommodation
space for the voluminous eroded sediments was avail-
able towards the south in the Münsterland area and
towards the north in the area of the Pompeckj Swell
both of which were subsiding during Late Cretaceous
times.

In order to construct burial history curves, informa-
tion on eroded thickness for individual stratigraphic
successions was deduced from data on the thickness of
geological formations still preserved in other wells
within the LSB or in outcrop areas at its southern
margin. The thickness of eroded Cretaceous units was
calculated from the difference between modelled cumu-

lative eroded thickness and the thickness of all eroded
pre-Cretaceous units (see Table 4). This calculation re-
sults in up to 4,225 m of eroded Cretaceous sedimentary
rocks (including the upper Münder Marl; see Table 4)
and up to 5,150 m of eroded Cretaceous plus Upper
Jurassic rocks. The highest values were deduced for the
Gehn area near Bramsche.

For the Late Jurassic and Cretaceous, a very high
thickness results in the central LSB, for example, at Well
G or in the Piesberg area. A much lower thickness is
calculated for these stratigraphic units at the northern
and southern margin (Wells D, L, and N), whereas the
adjacent Münsterland Swell and Pompeckj Swell were
uplifted during this period. The differences of eroded
thicknesses represent variable synsedimentary subsi-
dence within the LSB during late Jurassic and early
Cretaceous times. Two different scenarios can explain
the subsidence pattern.

The first simpler possibility is a classical, roughly E–
W trending extensional basin, with the Pompeckj Swell
and the Münsterland Swell acting as graben shoulders of
the LSB, which were uplifted by at least several hundred
metres during Late Jurassic/earliest Cretaceous times. In
this case, secondary halfgraben and graben systems
should follow the trend of the basin. The same can be
imagined for the general trend of the isolines of coalifi-
cation, as may be seen in the right (eastern) part of
Fig. 2, if a secondary structure was formed homoge-
neously within a short time over its whole length.
However, this is not necessarily the case always. The
main gradient of coalification (within one layer) should
generally be oriented perpendicularly to the basin
direction and should display sudden changes near the
boundary faults of secondary grabens or half grabens,
but only small changes along strike. Resulting differ-
ences in maturity can be explained as well by a normal as
by an asymmetric basin fill. The main boundary faults of
the basin in this configuration, however, do not trend

Fig. 10 Geological map and modelling results on eroded thickness along two profiles through the LSB

220



E–W, but WNW–ESE and display in some places an en-
echelon pattern, indicating the involvement of a shear
component in the formation of the basin. Therefore, a
second, but more complicated model must be considered
as well.

The alternative possibility is a pull-apart basin
created due to horizontal movements between Pom-
peckj Swell/LSB and LSB/Münsterland Swell. In such
a context, the fracture pattern may include master
faults with associated syn- and antithetic strike-slip
faults as well as additional normal faults or thrusts in
specific orientations, resulting in a strongly differenti-
ated and asynchronous basin fill (see, e.g. the Variscan
Saar–Nahe basin, Hertle and Littke 2000). Variations
in synsedimentary subsidence are observed especially
near the tips of strike-slip faults, where small lateral
offsets may lead to considerable vertical displacements
(Drozdzewski and Wrede 1994; Voigt et al. 2002). The
resulting thickness and maturation pattern does no
longer reflect the regional distribution of source areas
and the general basin configuration, but instead the
geometry of commonly rhomboid fault-bounded
troughs and blocks. Such a pattern seems to be indi-
cated by the isolines of coalification in the left (wes-
tern) part of Fig. 2.

More detailed analysis of the basin fill and the fault
inventory with respect to the evolution of stress will be
carried out in the framework of a current research
programme (DFG SPP 1135) and should help to dis-
criminate and explain the patterns described above in
detail. At present, the controversial debate is going on
with respect to the role of horizontal movements in the
CEBS. Furthermore, salt movements might have modi-
fied the subsidence pattern dramatically. At present,
little Permian salt is present in the LSB, whereas it is
known in great thickness in the area of the Pompeckj
Swell, forming large salt domes and salt walls. As salt
can flow over large horizontal distances (Diegel et al.
1995), the possibility cannot be excluded that much
more salt was initially present in the LSB which escaped
northwards during Late Jurassic/Cretaceous times,
leading to an enforced subsidence in the LSB and a
contemporaneous uplift of the Pompeckj Swell.

Uncertainties in modelling results

In numerical modelling of complex systems, analysis of
uncertainties is necessary in order to evaluate the range
of possible models which would still fit the observations.
Important uncertainties in basin modelling studies are
related to petrophysical properties, mode of heat trans-
fer, calibration data, and/or the algorithm of calculation
for calibration data.

With respect to petrophysical properties, the thermal
properties heat conductivity and heat capacity are trea-
ted here. Others, such as porosity evolution and com-
paction or permeability distribution as related to fluid
flow are beyond the scope of this study. Thermal rock

properties were not directly measured for this study, but
calculated based on lithology (see above). As there is
little salt and coal in the Mesozoic sedimentary se-
quence, the greatest uncertainty is probably the heat
conductivity of sandstones. The latter differ in heat
conductivity due to their quartz content, this mineral
having a much higher heat conductivity than feldspars
and clay minerals (Yalcin et al. 1997). The default values
used for conductivity of sandstones in the PetroMod
software are according to experience (e.g. Hertle and
Littke 2000) either correct or lower than the real values,
that is, the default values are at the lower end of the
probable variation. The effect of high sandstone con-
ductivities on modelling results is tested in the following:
if sandstone conductivity would be 30% higher than the
one used in this simulation and if it is assumed that these
sandstones of higher conductivity represent 20% of the
sedimentary sequence, a heat conductivity for the entire
sequence would result which is 6% higher than the one
used in the best-fit models. As gradT= Q/K with Q
being the heat flow and K being the heat conductivity,
such a misfit would lead to calculated heat flows during
maximum burial which are slightly (6%) lower than
those given above (Table 4). This difference would not
influence the conclusions in this paper.

Also, an alternative mode of heat transfer should not
affect the presented conclusions. In principle, water flow
(convection) can disturb the temperature field in sedi-
mentary basins significantly. However, to be efficient
such convective processes need highly permeable path-
ways; the generally clay-rich Lower Cretaceous units do
not seem to be suitable for this (Table 2). Furthermore,
there is ample evidence that the entire LSB was strongly
heated during the Cretaceous and not only those units
adjacent to permeable fractures. Another option would
be the assumption of high radiogenic heat production
within the LSB, leading to a rise in temperature. This
factor is taken into account by the software; any addi-
tional radioactive heating effect would demand more
than the average percentages of radioactive elements.
No evidence for this is available. If there had been a
greater radiogenic heat production, slightly lower heat
flows than those presented in Table. 2 and 4 would re-
sult. This modification would not influence the conclu-
sions presented here.

The third uncertainty is the quality of calibration
data used in the modelling. Here, excellent calibration
data were available for some areas (e.g. Ibbenbüren, see
Fig. 6) and also for other wells. High-quality data could
be obtained from literature and own measurements.
Even if some of the data would be false, an excellent
data set would remain unchallenged.

The greatest uncertainty seems to be lying in the
algorithm to calculate vitrinite reflectance. Here, the
equations of Sweeney and Burnham (1990) were used
which are at present regarded as state-of-the-art (Waples
et al. 1992; Yalcin et al. 1997). However, this method is
not well tested for the very high levels of coalification
which are found in the central and southern parts of the
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LSB. In order to address this concern the algorithms of
Lopatin (1971, TTI) and Yamaji (1986) were tested and
provided additional evidence for deep burial rather than
magmatic intrusion. The lowest overburden (eroded
Cretaceous thickness) resulted from the method of
Barker and Pawlewicz (1994). Their equation, applied to
the data of well G, results in only 3,685 m of overburden
rather than 3,985 m in the best-fit model (Fig. 11),
assuming an average temperature gradient in the up-
permost crust at the time of maximum temperature
(early Late Cretaceous) of �43�C/km. Although the
best-fit model presented here is clearly preferred, even
the results reached by applying the latter approach
would not affect the general conclusions.

Conclusions

Numerical simulations of burial history for various deep
wells and two outcrop areas at the basin margin as well
as detailed coalification studies in the LSB revealed the
following:

– Basin inversion caused uplift and erosion of Mesozoic
sedimentary rocks. Eroded thicknesses ranged from
approximately 1,275 to approximately 7,266 m with a
southward increasing trend. Erosion occurred during
Coniacian or post-Coniacian times. Reconstructed
rates of erosion were 0.53 mm/a on the top of the

broadly anticlinal Nordwestfalen-Lippe Swell and
0.091 mm/a on the northern margin.

– Heat flow values during maximum burial range from
60 to 70 mW/m2. These values imply a concurrent
crustal thickness of 31–35.5 km. The crustal heat flow
increases from the northern basin margin towards the
Nordwestfalen-Lippe Swell.

– Coalification is pre-kinematic with respect to the
inversion and reflects the former accumulation set-
tings. The generally observed NW–SE striking matu-
rity pattern of the Kimmeridgian strata can be
explained by different sedimentation patterns. This is
due to the fact that there are still not enough data to
characterize the tectonic regime clearly.

– A thermal influence of a magmatic intrusion in the
study area is not evident from the modelling ap-
proach. Thus, the theory of an igneous Cretaceous
intrusion as cause for the coalification pattern appears
not to be supported by the results of this modelling
study. Fission track analysis on apatites and zircons is
currently being performed and will provide additional
information on the maximum temperature and the
cooling and uplift history.
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terkreide Nordwestdeutschlands: Ablagerungsmilieu und Zyk-
lik. Ber Forschungszentrum Jülich 3134:1–211
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704

Teichmüller M (1963) Die Kohlenflöze der Bohrung Münsterland
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