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Abstract Apatite fission-track analyses were carried out
on outcrop and core samples from the Rhenish massif
and the Carboniferous Ruhr Basin/Germany in order to
study the late- and post-Variscan thermal and exhuma-
tion history. Apatite fission-track ages range from
291±15 Ma (lower Permian) to 136±7 Ma (lower
Cretaceous) and mean track lengths vary between
11.6 lm and 13.9 lm, mostly displaying unimodal dis-
tributions with narrow standard deviations. All apatite
fission-track ages are younger than the corresponding
sample stratigraphic age, indicating substantial post-
depositional annealing of the apatite fission-tracks. This
agrees with results from maturity modelling, which
indicates 3500–7000 m eroded Devonian and Carbonif-
erous sedimentary cover. Numerical modelling of apatite
fission-track data predicts onset of exhumation and
cooling not earlier than 320 Ma in the Rhenish massif
and 300 Ma in the Ruhr Basin, generally followed by
late Carboniferous–Triassic cooling to below 50–60�C.
Rapid late Variscan cooling was followed by moderate
Mesozoic cooling rates of 0.1–0.2�C/Ma, converting into
denudation rates of <1 mm/a (assuming a stable geo-
thermal gradient of 30�C/km). Modelling results also

give evidence for some late Triassic and early Jurassic
heating and/or burial, which is supported by sedimen-
tary rocks of the same age preserved at the rim of the
lower Rhine Basin and in the subsurface of the Central
and Northern Ruhr Basin. Cenozoic exhumation and
cooling of the Rhenish massif is interpreted as an iso-
static response to former erosion and major base-level
fall caused by the subsidence in the lower Rhine Basin.

Keywords Apatite fission-track analysis Æ Rhenish
massif Æ Ruhr Basin Æ Exhumation Æ Cooling history

Introduction

The geology of Central Europe is characterised by
Variscan consolidation and deformation of pre-Permian
rocks. These formations crop out in several fold-and-
thrust belts such as the Rhenish massif (Fig. 1), but are
partly overlain by several hundred to several thousand
metres of Permian and younger rocks, e.g. in the Ruhr
Basin (Fig. 1) and further north in the Central European
Basin System (e.g. Glennie 2001; Verweij et al. 2003).
Thermal maturation of the Pre-Permian is generally
high, i.e. the hard coal or even anthracite stage has been
reached.

Over the last two decades, the late Palaeozoic and
Mesozoic thermal history of the Variscan Orogenic Belt
in Central Europe has been subject to intense geological
investigation. Most of this work was based on the
numerical simulation studies using vitrinite reflectance
data collected from individual wells (Littke et al. 1994;
Büker et al. 1996; Hertle and Littke et al. 2000) or
pseudo-wells constructed from outcrop information
(Oncken 1991; Karg 1998; Nöth et al. 2001, see expla-
nation of concept therein). Some of the investigations
included 2D modelling (Büker et al. 1996; Karg 1998).
The results from these studies revealed that the moderate
to high level of thermal maturity, i.e. coalification, is due
to deep burial and a moderate heat flow. Calculated
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maximum burial data show a southward increase in
depth of burial from about 2,000 m to more than
6,000 m in the Ruhr area/northern Rhenish massif
(Büker et al. 1996; Littke et al. 2000). Deepest burial and
maximum palaeotemperatures were reached during the
latest Carboniferous or early Permian as indicated by a
lower thermal maturation in the overlying late Permian
(Zechstein) and Mesozoic deposits, i.e. a coalification
‘‘jump’’ can be found between the Variscan section and
overlying rocks (Lommerzheim 1994; Büker et al. 1996).
This history contrasts with that of the areas to the north
in the Central European Basin, where maximum tem-
peratures were reached during late Mesozoic or Ceno-
zoic times. For the Ruhr Basin and the northern
Rhenish massif, no systematic work to constrain the

late- and post-Variscan temperature history has been
published so far. Current reconstructions of late Vari-
scan subsidence history, heat flow and eroded overbur-
den in the Rhenohercynian, based on vitrinite
reflectance data and thermal maturity modelling, show
that up to 5,000 m of Devonian and Carboniferous
sedimentary cover has been eroded during late Variscan
orogenic phases (Büker 1996, Karg 1998, Littke et al.
2000). Borehole results from the Ruhr Basin indicate
that this denudation phase had ceased before the Zech-
stein Sea flooded the previously formed erosional sur-
face at �257 Ma. In the Rhenish massif, there are no
equivalent constraints from drilling so that the post-
Variscan thermal and denudation history has remained
poorly constrained. Some FT analyses on neighbouring
Caledonian and Variscan basement highs by Vercoutere
and van den Haute (1993) and Brix (2002) in the Bra-
bant massif and in the Meuse Valley (Belgium),
Glasmacher et al. (1998) in the Rhenish massif west of

Fig. 1 Geologic map (modified after Walter, 1995) and strati-
graphic chart of the study area with regional distribution of apatite
and zircon fission-track samples
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the River Rhine and Büker (1996) in the eastern Rhenish
massif and in the Ruhr Basin demonstrate that the FT
method has potential to provide new insight into the
post-Variscan evolution of the northern Rhenohercy-
nian zone.

Other workers used K/Ar-dating of illite and sericite
of Palaeozoic rocks of the Stavelot–Venn massif, to
constrain deformation and cooling ages (Kramm et al.
1985; Tschernoster et al. 1995). They showed that a
major deformation phase occurred around 300 Ma. Pi-
qué et al. (1984) published K/Ar data on illites from the
Rocroi massif (Belgium) and postulates a regional
metamorphism to occur at about 330 Ma. Younger
published information, on pressure and temperature
conditions during the Variscan and partly the Caledo-
nian deformation, obtained from mineral assemblages,
illite crystallinity and vitrinite reflectance, was summar-
ised by Fielitz and Mansy (1999).

The aim of this study is to try and fill the gap in
understanding of the regional thermal history by
employing fission-track analysis to constrain the late-
and post-Variscan thermal and denudation history of
the northern Rhenish massif, east of the River Rhine
and the adjacent southern part of the Carboniferous
Ruhr Basin. Fission-track analysis is ideally suited to
this role and has been widely used to understand sedi-
mentary basin evolution (e.g. Naeser et al. 1989 and
references therein). The benefits of this method are best
realised when the data are interpreted in conjunction
with other basin analysis tools like numerical basin
modelling. By integrating FT data with the results of
basin modelling, we aim to establish a more complete
reconstruction of regional thermal and exhumation
histories for the Ruhr area/northern Rhenish massif
region.

Geologic framework and regional setting

Tectonic processes during final stages of the Variscan
orogeny caused a fundamental reorganisation of palae-
ogeography in Central Europe during late Palaeozoic
times (e. g. McKerrow et al. 2000; Tait et al. 2000). The
Variscan (Hercynian) fold-and-thrust belt extends from
northwestern Spain, France, Britain and southwestern
Ireland through central Germany into Poland in the east
(Franke 2000).

At the front of the Variscan collisional fold-and-
thrust belt, flexural bending of the stable continental
crust, induced by the topographic load of the mountain
chain itself caused the formation of the Subvariscan
Foredeep as a classical foreland basin, providing
accommodation space for a several kilometre thick
clastic, and mostly coal-bearing late Carboniferous
sedimentary succession. Ongoing and northward prop-
agation of the orogenic front (Ahrendt et al. 1983) was
the reason for major exhumation and erosion during late
Carboniferous and Permian times. From the Carbonif-
erous foreland basin in the north to the interior parts in

the Saxothuringian and Moldanubian towards the south
increasingly older sedimentary rocks with an increasing
degree of thermal alteration and metamorphism crop
out at the surface. Oncken et al. (1989, and various
citations therein) published important work on the tec-
tono–thermal evolution of the Rhenohercynian fold-
and-thrust belt at a regional scale. It is the general
understanding that, in the same sense as compression
propagated northward, metamorphic ages become
younger and the degree of thermal rock alteration
diminishes. Until now, it was widely accepted that after
this tectonism no renewal of subsidence occurred until
present day.

Sampling and analytical methods

Fifteen rock samples were selected for apatite fission-
track analysis. The majority of samples were collected
from lower Devonian to upper Carboniferous outcrops
in the Southern Ruhr Basin and the Northern Rhenish
massif. Since igneous rocks are mostly absent from the
study area, only sandstones were collected. The excep-
tion is sample 229, which was taken from a thin ben-
tonite layer in lower Carboniferous strata from the
Northern Rhenish massif. To optimise apatite yields
unweathered immature medium grained sandstones were
used for sampling. In addition, two samples are taken
from cores of an exploration well in the Lippe Anticline
(Western Ruhr Basin). A large vitrinite reflectance data
set from a 2700-m thick column of coal-bearing upper
Westfalian sedimentary rocks is available for this well,
which allows better constraints to be placed on the
sample thermal histories. The study area covers
approximately 2500 km2, which means that sample
spacing is typically in the range of tens of kilometres.
Although large, this is reasonable to identify regional
trends in cooling history and by inference denudation.
The sample stratigraphic and lithologic details are pro-
vided in Table 1.

The principal aim of this study is to use low-tem-
perature thermochronology to constrain the Mesozoic
and Tertiary thermal histories of the sampled lithologies.
As above cited workers have shown, apatite fission-track
analysis is a powerful tool to reconstruct cooling histo-
ries of rocks that have undergone thermal stress during
orogenic processes. All apatite fission-track analyses
were undertaken within the laboratories of the London
Fission-track Research Group at University College
London in collaboration with Ruhr-University Bochum.

For FT analysis, concentrates of apatite were ob-
tained using conventional magnetic and heavy liquid
separation techniques. Apatite mounting, polishing and
etching followed standard procedures of the London
Fission-track Research Group (apatite etching with 5N
HNO3 at 20�C for 20 s). Mounts were irradiated
with muscovite external detectors and dosimeter glass
CN-5 at the well-thermalised (Cd for Au>400) thermal
neutron facility of the Risø reactor, Denmark. Track
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densities were measured using a Zeiss Axioplan optical
microscope at 1,250· magnification using dry objective.
Central ages (±1r), according to Galbraith and Laslett
(1993), were calibrated by the zeta method (Hurford and
Green 1983), using a zeta factor of 339±5, determined
by multiple analyses of apatite standards following the
recommendations of Hurford (1990).

A factor influencing the annealing behaviour of
apatite is chemical composition. The annealing suscep-
tibilities of F-apatite, Sr–F-apatite, and OH-apatite are
similar and can be approximated by F-apatite data,
whereas chlorapatites are significantly more resistant to
annealing (Barabarand et al. 2003a, b; Ketcham et al.
1999). For this study, chemical composition was moni-
tored using a combination of etch pit diameter (Done-
lick et al. 1999) and analysis by JEOL electron
microprobe, using an accelerating voltage of 15 KV and
a beam current of 29 nA, with a 20 lm defocused elec-
tron beam to avoid problems associated with apatite
decomposition. In each sample, the majority of grains
were found to have a restricted range in composition
<0.5 wt % Cl.

The abundance of vitrinite reflectance data combined
with maturation modelling studies provides a useful
addition to this study and serves to independently con-
strain parts of the sample thermal history. Those data
are not discussed in detail, as they are described and
interpreted by Büker (1996), Karg (1998), Littke et al.
(2000) and Nöth et al. (2001).

Results and interpretation

Ideally, FT data suitable for quantitative FT analysis
should have >15–20 single grain ages and >50–100
track-length measurements based on the horizontal

confined fission-tracks. In this study, the quality of
apatite data is generally good and can be modelled to
constrain likely thermal histories. Most of the apatite
FT central ages, as documented in Table 2, represent
single grain age populations; only samples 52 and 47
from the Remscheid Anticline and the southern Ruhr
Basin, respectively (Fig.1), show marginally significant
dispersion in grain ages. The central ages range from
136±7 Ma (lower Cretaceous) to 291±15 Ma (Perm-
ian–Carboniferous boundary). All samples have central
ages younger than sample depositional age (Fig. 2)
indicating that post-depositional annealing has taken
place to a more or lesser extent. The level of post-
depositional annealing can be better investigated by
looking at radial plots (Galbraith 1990), which show
sample single grain ages relative to their sample depo-
sitional age (Fig. 3a). In five of the plots (samples 43,
46, 51, 52 and 229), the single grain age of the sample
is displayed relative to its stratigraphic age, showing
that the majority of apatite grains are significantly
younger than depositional age and must therefore have
experienced substantial post-depositional annealing.
This observation is consistent with vitrinite reflectance
data from organic-rich shales of the same stratigraphic
age within the study area (Karg 1998; Littke et al.
2000) and FT data for the eastern Rhenish massif
(Büker 1996).

Comparison between sample central age and mean
track length in general shows no systematic relationship
(Fig. 2), as would be expected from a region that expe-
rienced a uniform denudation history. The oldest central
ages, between 291±15 Ma and 238±17 Ma (sample 46
from the Ruhr Basin and samples 41, 43 and 229, from
the northern rim of the Rhenish massif). They record
moderately long mean track lengths (MTL) consistent
with long-term residence at moderately low tempera-

Table 2 Apatite fission-track analytical data

Sample No. grains Dosimeter
tracks

Spontaneous
tracks

Induced
tracks

Age
dispersion

Central
Age ±1r

Mean track
length ±1r

SD No. tracks
counted

qd Nd qs Ns qi Ni P(v2) RE % (Ma) (lm) (lm)

34 21 1.124 6,232 1.391 852 1.668 1,022 15 10.6 159±9 13.90±0.20 1.33 46
35 22 1.124 6,232 1.536 613 1.694 676 40 13.9 171±11 13.07±0.28 2.07 54
36 20 1.124 6,232 1.799 581 1.966 635 40 4.9 172±10 12.91±0.21 1.97 89
41 7 1.124 6,232 3.474 496 2.725 389 15 3.4 238±17 12.43±0.23 1.44 41
43 14 1.124 6,232 2.902 1,243 2.106 902 40 5.1 257±13 12.54±0.20 1.76 76
46 20 1.124 6,232 3.517 2,179 2.244 1,390 3 15.2 291±15 11.98±0.18 1.79 103
47 20 1.124 6,232 2.947 1,969 3.341 2,232 <1 19.4 167±9 11.65±0.17 1.82 122
50 16 1.203 6,667 2.351 909 3.478 1,345 32 8.2 136±7 11.66±0.23 2.33 103
51 13 1.203 6,667 4.021 875 3.768 820 77 1.7 214±11 12.88±0.18 1.76 99
52 9 1.203 6,667 2.337 434 2.164 402 2 20.8 216±22 12.69±0.26 2.20 72
229 25 1.205 6,679 1.696 1,093 1.213 782 44 6.6 280±14 13.44±0.14 1.57 122

(i) Track densities are (·106 tr cm�2) numbers of tracks counted
(n) shown in brackets
(ii) Analyses by external detector method using 0.5 for the 4p/2p
geometry correction factor
(iii) Ages calculated using dosimeter glass CN-5 (apatite); analyst
Carter nCN5 =339±5; nCN2 =127±5Calibrated by multiple
analyses of IUGS apatite age standards (see Hurford 1990)

(iv) Pv2 is probability for obtaining v2 value for m degrees-of-free-
dom, where m = no. of crystals�1
(v) Central age is a modal age, weighted for different precisions of
individual crystals (see Galbraith and Laslett, 1993)
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tures and by implication shallow crustal depths. Samples
with ages between 216±22 Ma and 159±9 Ma (34, 35,
36, 51 and 52) has longer mean track lengths indicative
of later cooling and residence also at shallow crustal
depths. Borehole samples 47 and 50, from the central
and the southern Ruhr Basin, respectively, have young
FT ages (167±9 Ma and 136±7 Ma) and significantly
shorter MTL’s of 11.7 lm with a standard deviation of
2.3 lm.

To fully understand the significance of the data, they
need to be considered in terms of sample location.
Apatite length distributions for the entire study area
are shown in Fig. 4 in relation to the geologic position
of each sample. MTL vary between 11.6 lm and
13.9 lm and standard deviations between 1.3 lm and
2.3 lm, respectively (Table 2). Consequently, most

Fig. 2 Left Apatite fission-track central age versus sample strati-
graphic age. All samples fall in the area left of the line, indicating
that each sample has undergone significant annealing after
deposition. Right Confined spontaneous track length versus
fission-track age. Samples with the shortest confined tracks were
all taken in wells from the Ruhr Basin, indicating most recent
departure from the partial annealing zone (relative to the central
age). Squares Samples from Rhenish massif; filled circles samples
from Ruhr Basin

Fig. 3 Radial plots of apatite samples mentioned in the text. The
position of each point on the x-scale records the uncertainty of
individual age estimates, while each point has the same standard
error on the y-scale (illustrated as ±2r). The shaded segment on
the plots represents the sample depositional age. For explanations,
see text
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measured tracks have experienced annealing, as they
show significant shortening with respect to their initial
length.

Thermal histories

Thermal history modelling is based on the mathematical
models that describe track shortening at elevated tem-
peratures for different time intervals. Those models al-
low prediction of fission-track age and length for any
given thermal history (Green et al. 1989). Apatite com-
position, especially chlorine content, has a major influ-
ence on track annealing, hence, the importance of using
an annealing model that is appropriate to the apatite
sample composition. We used Laslett and Galbraith
(1996) and compared our results against the multi-
compositional annealing model of Ketcham et al. (1999).
To recover sample thermal histories, we adopted the
procedure developed by Gallagher (1995). This is a
numerical search routine based on a data driven ap-
proach using Monte Carlo and genetic algorithm
methods. Randomly generated thermal histories predict

FT age and length parameters that are compared with
measured data. The results are ranked and the best-fit
selected using maximum likelihood. The time–tempera-
ture search space is unrestricted and therefore no search
boxes are shown in Fig. 5. The only time-temperature
restrictions used are sample depositional age, vitrinite
reflectance data, unconformities, and present-day depth
(either zero for surface samples or the respective bore-
hole depth as reported for the sample was set). We as-
signed a present-day mean temperature of 10�C for
surface samples. Because the modelling procedure is
weighted towards the form of the track length distribu-
tion, modelling is only applied to those samples where
the length distribution is adequately defined. For this
reason, we did not model samples 34, 35 and 41.
Examples of best-fit models are shown in Fig. 5. The
shaded region on the plots shows represents the 2r
uncertainty extrapolated between error boxes. The
dashed line on the plots shows the regions that are not
constrained by the FT data.

Palaeozoic temperature history

Reconstruction of late Palaeozoic thermal histories is
only possible for those samples which were not subjected
to significant levels of heating during the Mesozoic and
Tertiary. Sample 46 taken from well H in the Lippe
Syncline, Ruhr Basin (Fig. 1) has a vitrinite reflectance
value of 0.67%, which indicates only moderate levels of
post-burial heating. The modelling results (Fig. 5) show

Fig. 4 Apatite fission-track results in their regional context. Here,
frequency distributions of confined track lengths (spontaneous).
The abscissa of the histograms represents the track length in lm;
on the ordinate the percentage of individual tracks within the
histogram classes are shown. l mean track length and relative error,
s standard deviation, n number of counted tracks. For signatures in
geologic map, see Fig. 1. Geologic map modified after Walter
(1995)
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that sample 46 experienced peak temperatures soon after
deposition, during the late Carboniferous or early
Permian. Although this sample represents only partial
thermal resetting, modelling results are reported, here, as
they agree very well with results of 1D thermal basin
modelling of this location. Karg (1998) calibrated the
thermal history of this well using a detailed set of
vitrinite reflectance data measured within the upper
Carboniferous sequence. It could be shown that a
thickness of 1400 m of Westfalian C and Westfalian D/
Stefanian sediments had been removed during the
Permian. Erosion must have occurred during the Early

Permian, thus soon after sample deposition, as Zechstein
sediments are preserved on top of the Westfalian C,
forming an erosional unconformity. While the fission-
track modelling results do not constrain maximum
temperatures they do show that subsequently, cooling
occurred at a moderately slow rate.

Another example providing insight into late Palaeo-
zoic thermal history is the bentonite sample 229 from the
northern rim of the Rhenish massif. The eruption age for
this sample lies between 333 Ma and 350 Ma. The cen-
tral age of 280±14 Ma indicates post-depositional
annealing, supported by vitrinite reflectance values

Fig. 5 Results of numerical
simulation of fission-track
thermal histories, using the
approach of Gallagher (1995).
Present-day mean
temperatures, relative sample
position to unconformities and
thermal maturity data were
taken as geological constraint.
The shaded region on these plots
represents the 2r-uncertainty
extrapolated between error
boxes. The dashed segments of
the lines in the plots indicate
that these parts are not well
constrained by the FT data
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ranging between 2.0% and 2.5% measured in nearby
stratigraphically equivalent organic-rich shales (Karg,
1998). However, few grains were detected that show ages
equal to, or older than, the sample stratigraphic age.
This suggests some minor partial resetting of older
detrital apatite ages. Best-fit thermal histories for this
sample indicate that peak post-depositional heating oc-
curred prior to 300 Ma, followed by late Carboniferous–
Triassic cooling to below 50–60�C. The subsequent
Mesozoic thermal history of sample 229 is discussed in
the next section.

Moving south, sample 43 from the Elspe Syncline in
the eastern Rhenish massif shows a track length dis-
tribution similar to that of 229, but track lengths are
more strongly reduced, implying a longer residence
time within the partial annealing zone. The central age
of the sample 43 is 257±13 Ma and was obtained from
14 grains, belonging to a single population of grain
ages. The central age, being significantly younger than
the stratigraphic age of 367 Ma, and vitrinite reflec-
tance values around 2% indicate total thermal resetting
of the sample after deposition. Related maximum pal-
aeotemperatures of 200�C for this sample were calcu-
lated through maturity modelling and were constrained
by fluid inclusion measurements from the same sample
(Karg 1998). The mean track length of 12.5±0.2 lm
has a unimodal distribution comprising 76 measure-
ments. The observed track length distribution infers
recent departure from the apatite partial annealing
zone.

Modelling strategy of this sample involves time–
temperature boxes with a maximum degree of uncer-
tainty, as no t–T constraints were available, except the
depositional age. The results of fission-track modelling
provide a good fit to the measured data and the
modelled mean t–T evolution path indicates that the
sample reached maximum temperatures of >120�C
prior to 320 Ma, followed by rapid cooling to tem-
peratures of approximately 110�C, i.e. within, the
deeper limit of the partial annealing zone, around
310 Ma. The sample then remained in a slowly cooling
environment (cooling rate 0.1–0.2�C/Ma) within the
partial annealing zone until the late Cretaceous/early
Tertiary.

Sample 41 from the Southern Ruhr Basin exhibits
poor apatite data results and therefore could not be
modelled. However, the fission-track parameters are
very similar to sample 43, making a similar thermal
history style with rapid late Carboniferous cooling
likely.

Mesozoic–Tertiary temperature history

In the Rhenish massif, few sedimentary deposits of post-
Variscan times are available to reconstruct its post-Pal-
aeozoic evolution. Mesozoic deposits are known from
the subsurface of the lower Rhine Basin, the north-
western rim of the Rhenish massif and the northern

Ruhr Basin, where undeformed sediments of Zechstein
age rest on top of the erosional upper Carboniferous
surface.

Looking at the fission-track age data, it can be seen
that nearly every sample has a central age between
136±7 Ma and 257±13 Ma. These ages are inter-
preted as mixed ages as in most of the samples single
grains with Palaeozoic ages are preserved. The ob-
served spectrum of central ages thus reflects multiphase
cooling since late Variscan with significant thermal
resetting during Mesozoic times. Exceptions to this are
samples 46 (291±15 Ma) and 229 (280±14 Ma),
which clearly reflect early onset of cooling at late
Carboniferous times. Both samples display incomplete
thermal resetting as some grains with ages older than
the sample stratigraphic age were observed. It is note-
worthy that apatite pooled ages from samples of the
Linksrheinisches Schiefergebirge (west of the river
Rhine), published by Glasmacher and Zentilli (1998),
display a very similar age spectrum between
130±22 Ma and 239±26 Ma.

Modelling the fission-track data, different Mesozoic
thermal histories can be derived and partly related to the
geographic sample origin.

The southernmost samples taken in the study area are
lower and middle Devonian sandstones from the
northern Siegen anticline (no. 35), the Bensberg anticline
(no. 34) and the Paffrath syncline (no. 36). All three
samples were collected in outcrops of lower to Middle
Devonian rocks (Fig. 1) and have in common their
proximity to a fault system, limiting the Tertiary lower
Rhine Basin against the Rhenish massif and a complete
thermal resetting of all provenance-related fission-tracks
during Palaeozoic times, ascertained by the high rank of
organic maturation, measured in associated pelitic rocks
(see Table 1). Samples 34, 35 and 36 show a very similar
track length and age distribution. However, only sample
36 was found to be suitable for modelling. Twenty
individual grain ages were determined, each belonging to
a single statistical population with a central age of
172±10 Ma and with no major component of inherited
tracks. Fission-track and vitrinite data of the sample
clearly indicate effective thermal resetting. According to
modelling, the sample remained at high palaeotemper-
atures (>120�C) at least until late Triassic times and
stayed within the partial annealing zone until the upper
Cretaceous. Considering the mean t–T path, cooling
occurred at constant rates of about 0.1–0.2�C/Ma
throughout the Mesozoic. For the late Tertiary, we can
only estimate cooling rates by extrapolating to the
present-day. This gives an average rate of �0.5�C/Ma,
slightly faster than in the Mesozoic. Although cooling
has to be extrapolated, we cannot rule out the possibility
that cooling in the Tertiary may have been faster for
some samples. However, the borehole samples (46 and
47), which have remained in the partial annealing zone
and were therefore sensitive to changes in Tertiary
cooling, show no evidence that this has really taken
place.
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The results of the previously described samples fit
very well into the modelling results for sample 229 (see
the previous paragraphs) implicating that this sample
underwent Triassic–Jurassic reheating to temperatures
between 70�C and 80�C. For the time since the Jurassic,
FT results require that the sample has remained at low
temperatures (<60�C).

The overall trend that the PAZ was not left prior to
upper Cretaceous times is confirmed by most of the
samples. Sample 43, from the Attendorn–Elspe Synline
in the eastern part of the Rhenish massif, did not pass
the 60�C isotherm before upper Cretaceous/early Ter-
tiary times and modelling implies very low cooling rates
between 0.1�C/Ma and 0.2�C/Ma throughout the
Mesozoic. Suggesting continuous cooling during the
early Tertiary, accelerated cooling rates, averaging at
about 0.7�C/Ma, are inferred by extrapolation of the
modelled t–T path to present-day temperatures. This
sample also exhibits some grains older than the sample
stratigraphic age.

Samples 50, 51 and 52 show similar thermal histories.
However, sample 50 is similar to samples 34, 35 and 36,
which indicate late cooling below 120�C. This sample
(50) has experienced total resetting during upper Car-
boniferous subsidence. Best-fit between observed and
modelled fission-track data was achieved under the
assumption that the sample stayed within the PAZ
throughout the entire Mesozoic period and was cooled
below 60�C not before the late Tertiary. As t–T boxes
for modelling have been kept with a maximum degree of
uncertainty, even Tertiary reheating of the sample 50
cannot be excluded.

A very similar thermal history style is observed in
samples 51 and 52 from the southern Ruhr Basin and the
northern rim of the Rhenish massif, respectively. Both
samples have been totally reset after deposition and the
observed fission-track distributions can best be ex-
plained by assuming a long residence time within the
PAZ covering the entire Mesozoic era. Following the
modelled average t–T path, it can be concluded that
sample 52 from the northern Rhenish massif entered the
PAZ earlier than was the case in the adjacent Ruhr
Basin (sample 51). Cooling below the 60�C isotherm
occurred not before the early Tertiary; thus, Tertiary
cooling might have been accelerated compared to
Mesozoic cooling.

Discussion

Measured apatite fission-track central ages range from
291±15 Ma (lower Permian) to 136±7 Ma (lower
Cretaceous, see Table 2). All apatite FT ages are
younger than sample stratigraphic ages, indicating
substantial post-depositional annealing. The distribu-
tion of apatite FT ages shows no relation to the geo-
graphic distribution of the samples. However, the
stratigraphically oldest samples (lower and middle
Devonian) taken from the central Rhenish massif, have

notably younger ages (from 172±10 Ma to
159±9 Ma), while the stratigraphically youngest sam-
ples, from the central Ruhr Basin and the northern tip
of the Rhenish massif (Figs. 1, 4), have the oldest fis-
sion-track ages of 291±15 Ma (sample 46) and
280±14 Ma (sample 229) (upper Westfalian and Vis-
ean stratigraphic ages, respectively). This indicates that
the central Rhenish massif has experienced a greater
amount of erosion than the central Ruhr Basin and the
northern tip of the Rhenish massif. Mean confined
track lengths range from 11.6 lm to 13.9 lm and
typically show unimodal to slightly skewed distribu-
tions consistent with moderate to slow cooling through
the apatite partial annealing zone. The qualitative evi-
dence for significant post-depositional annealing based
on the reduced central ages and MTL is consistent with
a large vitrinite reflectance dataset from Devonian and
Carboniferous organic-rich shales (Karg 1998; Nöth
et al. 2001; Littke et al. 2000) that indicates erosion of
a substantial thickness of Palaeozoic sedimentary
rocks. Based on the vitrinite reflectance data presented
by Karg (1998), it has been estimated that in the
Northern Rhenish massif and the Ruhr Basin eroded
thicknesses vary between 3,000–5,000 m and 1,500–
3,500 m, respectively. These estimates of erosion re-
quire sedimentation to have lasted significantly longer
than presumed by earlier workers (e.g. Patteisky et al.
1962). According to average late Carboniferous sedi-
mentation rates, as published by Drozdzewski (1993)
subsidence and deposition within major synclines could
not have ended before the Early Stephanian. This is
consistent with the FT thermal history results from
sample 46 with a central age of 291±15 Ma. As the
erosional level is stratigraphically deeper in the Rhenish
massif, where sedimentary rocks of Devonian age crop
out, it is more difficult to estimate the duration of
Palaeozoic sedimentation in this area. There is some
evidence that sedimentation in the Rhenish massif only
ended in the Namurian (or even later); otherwise ero-
sion of �3000 m of Palaeozoic sedimentary cover, as
was deduced from calibration of organic maturation
data (e.g. Nöth et al. 2001), is difficult to explain. This
is supported by the modelled mean t–T path of sample
43, indicating entry into the partial annealing zone at �
320 Ma (upper to lower Namurian boundary) and thus
marking the onset of Variscan denudation in this
portion of the Rhenish massif. A temporal shift of the
onset of Variscan denudation and cooling from
Namurian times in the Rhenohercynian till late West-
falian or even Stefanian times in the Subvariscan
Foreland areas is consistent with the widely accepted
model of a northward propagating uplift and folding
characterising final stages of Variscan orogeny in
Middle Europe (compare Ahrendt et al. 1983; Oncken
1989; Drozdzewski 1993).

After rapid late Variscan cooling, FT thermal his-
tories show that the samples generally remained in a
slowly cooling environment (cooling rate 0.1–0.2�C/
Ma), departing from the FT partial annealing zone in
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the late Cretaceous/early Tertiary. Estimation of
denudation rates based on the fission-track results is
difficult since, given the regional polyphase geological
history, a regionally and temporally constant geother-
mal gradient is unlikely. Heat flow would have changed
during orogenic thickening of the Variscan crust during
late Carboniferous and Permian times and during
various phases of Mesozoic and Cenozoic mineralisa-
tion. However, late Variscan heat flow and the total
thickness of eroded Palaeozoic sedimentary rocks are
well constrained by coalification studies and previous
maturity modelling. Estimates of palaeo-heat flow
range between 45 mW/m2 and 60 mW/m2 for the
Namurian and Wesphalian, with a tendency to decrease
southwards (Littke et al. 2000; Nöth et al. 2001).
Cooling rates derived from fission-track modelling are
low to moderate and consequently denudation rates
would have to have been low as well. Higher geother-
mal gradients would result in lower denudation rates.
Assuming normal and constant geothermal gradients of
30�C/km since onset of sample cooling results in
denudation rates for the Mesozoic of around 0.07 mm/
a. These low erosion rates are similar to the fission-
track results from Palaeozoic sandstones of the Rhen-
ish massif west of the river Rhine (Glasmacher et al.
1998). In this study, estimated denudation rates for the
Triassic and Cretaceous were 0.01 mm/a and 0.05 mm/
a, respectively. Glasmacher et al. (1998) also inferred a
‘‘normal’’ and stable geothermal gradient since late
Palaeozoic times.

Because the high level of burial related heating in the
Rhenish massif has reset the apatite FT system, we
cannot use samples from this region to constrain the
time of maximum heating. Consequently, the question
whether cooling continued without interruption or
whether renewed subsidence and heating took place
in some areas during the Triassic and/or Jurassic (see
Table 4) cannot be answered from the FT data alone.

With respect to the Mesozoic temperature history,
apatite FT modelling in general indicates high temper-
atures for most of the samples, supporting Triassic/
Jurassic reheating. Modelling of the partially reset
sample 229 confirms this. However, the question whe-
ther reburial or elevated geothermal gradients have
caused the elevated temperature in this and other sam-
ples (34, 35 and 36) is difficult to resolve and if it were to
resolve, probably would require a much larger number
of fission track samples. However, it seems geologically
reasonable not to exclude Triassic/Jurassic sedimenta-
tion. Sedimentary relics of this stratigraphic age are
preserved on the opposite bank of the Rhine River, in
the Eifel Depression to the south, and in the Central and
Northern Ruhr Basin (e.g. at the locations of wells I3
and ‘‘H’’, Fig. 1). The fission-track results, and in par-
ticular those of samples 229, 34, 35 and 36, thus make it
likely that Mesozoic sediments have transgressed over
the northern and western rims of the Rhenish massif.
Those sediments might have been deposited within a
south to north elongated and fault-bounded accumula-

tion space, as was already postulated by Murawski et al.
(1983).

A similar Mesozoic thermal history pattern, derived
from apatite fission-track data was reported from Büker
(1996) at the eastern rim of the Rhenish massif. These
data indicate elevated Mesozoic temperatures reached
their maximum during the Jurassic. In analogy to the
fission-track analysis results obtained from this study,
this is interpreted as reheating related to the subsidence
of the Hessian Depression, forming the eastern border of
the Rhenish massif. In this area, thicknesses of eroded
Triassic/Jurassic deposits remain speculative, but will
probably not have exceeded a few hundred metres. It is
therefore difficult to explain the average Mesozoic tem-
peratures obtained from fission-track modelling only by
subsidence, even if it is considered that a significant pile
of Palaeozoic rocks might still have covered the samples
during the Jurassic.

With respect to the question, whether samples have
experienced reheating or reburial during the Triassic/
Jurassic, it is interesting to compare these new results
with earlier published FT age data. The similarity of the
data presented in this study (136±7 and 257±13 Ma,
except samples 46 and 229) to the data published by
Glasmacher et al. (1998) for the western Rhenish massif
(130±22 and 239±26 Ma) has already been pointed
out. Nearly identical ages between 146±15 Ma and
209±13 Ma were obtained by Vercoutere and van den
Haute (1993) in the Brabant massif of Belgium. Ver-
coutere and van den Haute (1993) assign these ages to
thermal processes related to North Sea rifting and the
opening of the North Atlantic. In this context, it is
noteworthy that many post-Variscan hydrothermal ore
deposits are found in the European Variscides ranging in
age from 200 Ma to 130 Ma (Hagedorn 1992; Lüders
et al. 1993; Jenkin et al. 1994; O‘Reilly et al. 1997),
which probably accounts for a regional or fault-related
thermal perturbation of the Variscan crust at this time.

One important observation of this study is that the
majority of fission-tracks in apatite have been signifi-
cantly shortened in the partial annealing zone; i.e. the
host rocks have remained at temperatures between 60�C
and 120�C for a long period (see detailed discussions of
samples in the previous paragraphs). The moderate to
low Mesozoic and early Tertiary cooling rates (Table 4),
as predicted from modelling FT data, imply that epiro-
genetic rather than rapid tectonic movements or thermal
events caused erosion and cooling during this period.
For Oligocene to Recent times, regional erosional
cooling is probably linked to the development of the
nearby Rhine Graben (Utescher et al. 2002). Continuous
fall in regional base level with subsidence of the lower
Rhine Basin could have triggered accelerated denuda-
tion and sediment discharge from the adjacent Rhenish
massif.

A possible alternative cooling history, with cooling at
a constant rate from the Permian or Triassic, when
samples were cooled below 120�C, until recent time,
when samples were exposed at the surface, would imply
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that samples left the apatite FT partial annealing zone
some 100–150 Ma before present. This would require
that a high percentage of fission-tracks were not short-
ened and is not consistent with our observations.

Conclusions

– Apatite fission-track ages range from 291±15 Ma
to136±7 Ma and are much younger than deposi-
tional ages for all samples from the Ruhr Basin and
the northern Rhenish massif. This observation indi-
cates that the Carboniferous and Devonian rocks
were heated to temperatures sufficient to totally an-
neal apatite fission-tracks at temperatures above
120�C and is in accordance with the moderate to high
levels of thermal maturity of the rocks.

– Exceptions to this trend are represented by samples
229 and 46, where some apatite grains with central
ages older than the stratigraphic age, are observed.
Thus, thermal resetting during late Palaeozoic times
was incomplete. Sample 47 remained within the PAZ
until present-day.

– Quantitative modelling of the apatite fission-track
data predicts that samples from the Ruhr Basin
experienced cooling from maximum temperatures
during the latest Carboniferous/earliest Permian.
Thereafter, temperatures remained below the tem-
perature of total apatite fission-track annealing
(<120�C).

– For the Rhenish massif modelled apatite fission-track
data indicate significant Variscan denudation, caused
by major rock uplift. This most likely occurred during
the Namurian or Westfalian. The results imply that
sedimentation in the Rhenish massif, where late to
early Devonian rocks crop out at present, lasted until
the late Carboniferous. Future palaeogeographic
maps should consider this.

– Apatite fission-track modelling indicates that some
samples from both the Ruhr Basin and the Rhenish
massif remained in the apatite partial annealing zone
for a significant time. This may be explained by several
hundred metres of now eroded sedimentary rocks or
elevated heat flow during the Triassic/early Jurassic.

– The Mesozoic thermal history reconstructed, in this
study, fits into the regional context and confirms that
Palaeozoic rocks of the Rhenohercynian Zone of
central Europe (Belgian and German territories) re-
mained at temperatures within the PAZ during most
of the Mesozoic and that latest uplift and denudation
did not start before upper Cretaceous times.

– High Mesozoic temperatures are supposed to corre-
spond to Triassic–early Jurassic reburial subsidence
and sedimentation as well as to a rise of the regional
thermal regime due to crustal extension and basin
forming processes affecting Central Europe at
Mid-Jurassic times.

– Mesozoic cooling rates were low (<1�C/Ma), re-
gardless as to whether Triassic/Jurassic sedimentation

is either assumed or not. Cooling rates were ac-
celerated during the Tertiary and average at about
0.7�C/Ma.

Acknowledgements Financial support by the German Research
Foundation (DFG) is gratefully acknowledged. This study was
part of the DFG priority programme, ‘‘Simulation orogener
Prozesse am Beispiel der Varisziden’’. We thank F. Hansen and
K. Poddig for mineral separation and sample preparation for
fission-track analysis. The comments of Dr. Stuart Thomson and
an anonymous reviewer helped to improve the manuscript con-
siderably.

References

Ahrendt H, Clauer N, Hunziker JC, Weber K (1983) Migration of
folding and metamorphism in the Rheinisches Schiefergebirge
deduced from K–Ar and Rb–Sr age determinations. In: Martin
H, Eder FW (eds) Intracontinental fold belts: case studies in the
Variscan belt of Europe and the Damara belt, Namibia.
Springer, Berlin, Heidelberg, New York, pp 323–338

Barbarand J, Carter A, Wood I, Hurford AJ (2003b) Composi-
tional and structural control of fission-track annealing in apa-
tite. Chem Geol 198:77–106

Barbarand J, Carter A, Hurford T, Wood, I (2003a) Compositional
and structural control of fission-track annealing in apatite.
Chem Geol 198:107–137

Brix M (2002) Thermal history of Palaeozoic rocks in the Meuse
Valley between Charleville-Méziéres and Namur assessed from
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des Ruhrbeckens und des Rechtsrheinischen Schiefergebirges.
Diss Univ Bochum, 212 S

Büker C, Carpitella F, Littke R, Welte D-H (1996) Burial and
thermal history of Carboniferous sediments in Well Floverich
2E-1 (Aachen-Erkelenz coal district, Germany). Zentralblatt für
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