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Abstract
The Intra-Sudetic Basin, a ~ 12 km deep Variscan intramontane basin, has the best preserved post-orogenic sedimentary 
record available at the NE margin of the Bohemian Massif. Apatite fission track (AFT) analyses have been performed on 16 
sedimentary and volcanic samples of Carboniferous to Cretaceous age from the Intra-Sudetic Basin to improve understanding 
of the post-Variscan thermal evolution. AFT central ages range from 50.1 ± 8.8 to 89.1 ± 7.1 Ma (Early Eocene to Conia-
cian), with 13 of them being Late Cretaceous. The mean track length values range from 12.5 ± 0.4 to 13.8 ± 0.5 (except for 
one sample 14.4 ± 0.2) µm. This relatively short mean track length together with the unimodal track length distributions and 
rather low standard deviation (0.8 to 1.7 µm) in most samples indicate a long stay in the partial annealing zone during slow 
cooling. However, in the northern part of the Intra-Sudetic Basin, samples show a wider track length distribution (standard 
deviation of 1.8 to 2.1 µm) that could indicate a more complex thermal evolution possibly related to Mesozoic reheating. 
Vitrinite reflectance data combined with thermal models based on the AFT results indicate that the Carboniferous strata 
reached maximum palaeotemperatures in the latest Carboniferous to Early Permian time, corresponding to a major coalifica-
tion event. The second phase of temperature rise occurred due to Late Mesozoic sedimentary burial, but it had no influence on 
maturation of the Carboniferous organic matter. Final cooling phase in the Late Cretaceous–Paleogene was related to tectonic 
inversion of the Intra-Sudetic Basin, which occurred after deposition of a significant thickness of Cenomanian–Turonian 
sediments. Thermal modelling demonstrates that ~ 4 km thick cover of Upper Cretaceous sediments is required to obtain a 
good match between our AFT data and modelled time–temperature paths. This outcome supports a significant amount of 
Late Cretaceous–Paleogene inversion within the Variscan belt of Central Europe.

Keywords Thermal modelling · Carboniferous · Coalification · Heat flow · Cooling · Tectonic inversion · Mesozoic · 
Variscides

Introduction

The low-temperature post-Variscan history of the Sudetes, NE 
Bohemian Massif (Fig. 1), is still a matter of debate, particu-
larly due to the sparsely preserved post-Variscan geological 
record (e.g. Maluski et al. 1995; Migoń and Danišík 2012; 
Danišík et al. 2012; Sobczyk et al. 2015; Botor et al. 2017a, 
b). Previous low-temperature thermochronological studies, 
mostly based on apatite fission track (AFT) data, suggest that 
the Bohemian Massif experienced a complex post-orogenic 
thermal evolution that may have been influenced by burial 
under Mesozoic sediments, Late Cretaceous inversion-related 
exhumation and inception of the European Cenozoic Rift Sys-
tem (Jarmołowicz-Szulc 1984; Wagner et al. 1997; Hejl et al. 
1997, 2003; Thomson and Zeh 2000; Glasmacher et al. 2002; 
Ventura and Lisker 2003; Aramowicz et al. 2006; Ventura 
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et al. 2009; Vamvaka et al. 2014; Wolff et al. 2015). Moreo-
ver, significant sedimentary burial may have caused resetting 
of zircon (U-Th)/He ages in the central part of the Sudetes 
during the Late Cretaceous (Danišík et al. 2012; Sobczyk et al. 
2015), whereas the stratigraphic record suggests less than 1 km 
of Mesozoic sedimentary cover (e.g. Milewicz 1997). The lat-
ter inspired a paleogeographic model of postulating islands 
emerging from a shallow Late Cretaceous sea (e.g. Milewicz 
1997). The aim of this study is to improve our understanding 
of the post-Variscan thermal evolution using AFT thermochro-
nology from the Intra-Sudetic Basin (ISB), a deep intramon-
tane basin having the best post-orogenic sedimentary record 

available in the Sudetes. Low-temperature thermochronologi-
cal information revealed by the AFT data supplement strati-
graphic evidence available in the basin and shed new light on 
its subsidence history as well as the post-Variscan tectonic 
evolution of the Bohemian Massif.

Geological setting

The ISB, situated at the NE flank of the Bohemian Massif, is 
one of the largest intramontane throughs widespread along 
the Variscan belt of Europe (Figs. 1, 2; e.g. Awdankiewicz 

Fig. 1  Tectonic setting of the Intra-Sudetic Basin within the Vari-
scan belt of Europe ( modified from Franke et  al. 1995). a Geo-
logical sketch of the northern part of the Bohemian Massif. b Main 
tectonic units of the Variscan belt. BV Brunovistulicum, GSM Góry 
Sowie Massif, ISB Intra-Sudetic Basin, ISF Intra-Sudetic Fault, KIM 
Karkonosze–Izera Massif, KPB Krkonoše Piedmont Basin, MGCH 
Mid-German Crystalline High, MO Moldanubian Zone, MS Moravo-

Silesian Zone, OF Odra Fault, OSM Orlica-Śnieżnik Massif, PHF 
Poříčí-Hronov Fault, RH Rhenohercynian Zone, SBF Sudetic Bound-
ary Fault, ST Saxothuringian Zone, TB Teplá-Barrandien Zone, 
VF Variscan deformation front, WLH Wolsztyn–Leszno High. Age 
assignments: Pt3 Late Proterozoic, Cm Cambrian, Or Ordovician, S 
Silurian, Pz1 Lower Palaeozoic, D Devonian, C Carboniferous, Cr 
Cretaceous
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1999a; Ulrych et al. 2006; Opluštil and Cleal 2007; Mazur 
et  al. 2007). The ISB constitutes a large fault-bounded 
synclinorial structure, 70 km long and 35 km wide, which 
extends in the WNW–ESE direction (Fig. 2). The total thick-
ness of the basin fill attains ~ 12 km. The basin is framed 
by various crystalline basement units of Variscan age and 
by other Late Palaeozoic sedimentary basins. The Pořící-
Hronov Fault Zone and the Struga Fault separate the ISB 
from the Karkonosze Piedmont Basin and the Świebodzice 
Basin, respectively (Fig. 2; e.g., Porębski 1981; Awdankie-
wicz 1999a; Ulrych et al. 2004, 2006).

Development of the ISB was initiated in the Mid-Viséan 
(Turnau et al. 2005; ~ 336 Ma) as an intramontane depres-
sion bounded by tectonically active margins (Teisseyre 
1968). The Lower Carboniferous extensive fluvial sequence 
of the ISB consists of the Middle–Upper Viséan clastic sedi-
ments (Turnau et al. 2005; Fig. 3) that are succeeded by the 
Upper Viséan deposits of a marine transgression (Fig. 3; 
Żakowa 1963; Teisseyre 1968, 1975). Tectonic uplift at the 
transition from the Early to Late Carboniferous led to marine 
regression and accumulation of an Upper Carboniferous con-
tinental succession, typical of alluvial environment (Fig. 3; 
Dziedzic 1971; Dziedzic and Teisseyre 1990; Bossowski 
and Ihnatowicz 1994). This succession of predominantly 
coal-bearing character is well known for bituminous and 
anthracite coal deposits (Kwiecińska 1967; Mastalerz and 
Jones 1988; Mastalerz and Smyth 1988; Mastalerz and 
Wilks 1992; Nowak 1993, 1996). The Autunian (lower Per-
mian) sediments of the ISB (Fig. 3) include clastic deposits 
of alluvial fan, fluvial and lacustrine environments (Dzied-
zic and Teisseyre 1990). Intense tectonic activity during 
the Saxonian led to significant uplift of the ISB frames and 
substantial erosion of its elevated margins (Dziedzic and 
Teisseyre 1990; Awdankiewicz 2004). The Carboniferous 
and Permian development of the ISB was associated with 
three Variscan stages of volcanic/magmatic activity during: 
(1) Middle Viséan, (2) Late Westphalian and Stephanian and 
(3) Early Permian, the latter corresponding to a peak of vol-
canic activity (Awdankiewicz 1999a, b, 2004; Ulrych et al. 
2011; Opluštil et al. 2016). The Late Palaeozoic magmatism 
included widespread volcanic complexes of lavas, shallow-
level intrusions and volcaniclastic deposits interstratified in 
Permian–Carboniferous sedimentary successions (Awdank-
iewicz 1999a, 2004; Mazur et al. 2007).

In post-Variscan times, the basin fill succession was over-
lain by ~ 100 m Lower Triassic continental and up to 900 m 
(present-day thickness) Upper Cretaceous shallow marine 
deposits (Figs. 2, 3). Fine-grained sandstones, siltstones, cal-
crete and gypsum horizons of Late Permian–Early Triassic 
age are interpreted as an indication for peneplanation of the 
Variscan basement blocks (Lorenz and Mroczkowski 1978; 
Malkovský 1987; Feist-Burkhardt et al. 2008). Since the 
Bohemian Massif formed a large and coherent high between 

the Middle Triassic and Middle Jurassic (Ziegler and Dèzes 
2007), no sediments of the Middle Triassic to Early Creta-
ceous age are recorded in the ISB. During the Cenomanian, 
a transgression covered large parts of the Bohemian Mas-
sif and a system of rapidly subsiding basins formed along 
reactivated Variscan shear zones, where a thick succession 
(up to ~ 1200 m) of shallow marine sediments was depos-
ited (Skoček and Valečka 1983; Uličný 2001; Scheck et al. 
2002; Uličný et al. 2009; Wojewoda et al. 2016). In the Late 
Turonian to Paleocene, the Bohemian Massif was affected 
by transpressional deformation induced by far-field stresses 
from the Europe-Africa plate convergence (e.g. Kley and 
Voigt 2008). This led to reactivation of the NW–SE strik-
ing Variscan basement faults within the Elbe Fault System 
with vertical offsets reaching 4 km (Scheck et al. 2002; 
Otto 2003), formation of thrust-related uplifts, erosion of 
elevated basement blocks and inversion of the Cretaceous 
basins (Kley and Voigt, 2008). This is evidenced by the 
deformation of the Cretaceous strata, the abrupt cessation 
of sedimentation in the Late Cretaceous sedimentary basins 
and also by a distinct cooling phase recorded by thermo-
chronological data in the western and central parts of the 
Sudetes (Skoček and Valečka 1983; Jarmołowicz-Szulc 
1984; Jarmołowicz-Szulc et al. 2009; Ziegler 1987; Uličný 
2001; Aramowicz et al. 2006; Ventura et al. 2009; Danišík 
et al. 2010; Sobczyk et al. 2015).

Subsequently, the Bohemian Massif was subjected to 
intense weathering and erosion, resulting in the develop-
ment of a peneplain locally overlain by thin Late Eocene 
to Oligocene fluvial and lacustrine sediments (Migoń and 
Lidmar-Bergström 2001). At the same time, the Oligo-
cene–Miocene and Pliocene basaltic volcanism penetrated 
the Sudetes and adjacent areas (Birkenmajer et al. 2004; 
Badura et al. 2005; Ulrych et al. 2011). Mid-Miocene to 
recent uplift and deformation of the Bohemian Massif can be 
attributed to lithospheric buckling and transpressional reac-
tivation of pre-existing crustal discontinuities in response to 
the Neogene build up of intraplate compressional stresses 
that reflect increasing collisional coupling between the East 
Alpine–Carpathian orogenic wedge and its northern foreland 
(Ziegler et al. 2002; Ziegler and Dèzes 2007).

Studies on regional metamorphism within the Variscan 
belt showed that geothermal gradient reached 40–60 °C/km 
near subvolcanic intrusions, where coal was locally formed 
(Teichmüller and Teichmüller 1986). However, the intense 
heat production of Variscan intrusions could raise this value 
locally to 90 °C/km in the ISB (Kułakowski 1979). The low-
est values of vitrinite reflectance are recorded around the 
basin margins (0.6%  Rr), while the highest ones appear in the 
centre (exceeding 4% Rmax). Vitrinite reflectance gradients 
are high, reaching locally 0.6% per 100 m in the centre of the 
basin (Mastalerz and Jones 1988; Nowak 1993, 1996). The 
most intense coalification presumably took place during the 
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Fig. 2  Geological sketch map of the Intra-Sudetic Basin with AFT 
and zircon-helium (Sobczyk et  al. 2015) data (geology is based 
on various sources including Grocholski and Augustyniak (1971), 

Sawicki (1995), Bossowski and Ihnatowicz (2006). PHF Poříčí-
Hronov Fault, SF Struga Fault
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Westphalian A–B. The coalification temperature was esti-
mated to be at least ~ 160–170 °C with a geothermal gradient 
of 80–100 °C/km (Mastalerz and Jones 1988). Maximum 
temperature could be even higher in the areas of high Rmax 
values. Temperature estimated from maturity modelling 
using the Sweeney and Burnham (1990) approach gave val-
ues above 200–250 °C for bottom parts of the Carboniferous 
succession (Botor 2008).

Samples and methods

Apatite crystals of 16 samples, 15 sandstones and 1 volcanic 
rock were separated using conventional crushing, sieving, 
and magnetic and heavy liquids separation techniques.

Apatite grains were mounted in epoxy resin on glass 
slides and polished to expose grain surfaces. Spontane-
ous tracks were revealed by 5 N  HNO3 at 21 °C for 20 s. 

Neutron fluence (flux) was monitored using CN5 uranium 
dosimeter glass. Thin flakes of low-U muscovite were used 
as external detectors. Samples together with age standards 
(Fish Canyon, Durango, and Mount Dromedary apatite) and 
CN5 standard glass dosimeters were irradiated with a ther-
mal neutron nominal flux of 9 × 1015 n/cm2 at the Oregon 
State University TRIGA reactor (USA). After irradiation, 
muscovite was etched in 40% HF for 45 min at 20 °C to 
reveal the induced tracks. For AFT analysis, we used the 
external detector and ζ age calibration methods to deter-
mine the fission track ages (Hurford and Green 1983; Hur-
ford 1990). Track counting and length measurement of the 
horizontal confined fission tracks and the etch pit diameter 
(Dpar) values were carried out by means of optical micros-
copy at 1250 × magnification using a Nikon Eclipse E-600, 
equipped with a motorised stage, digitising tablet and draw-
ing tube controlled by the FTStage 4.04 programs (Dumitru 
1993). All AFT ages are reported as central ages with 1σ 

Fig. 3  Lithostratigraphy of 
Intra-Sudetic Basin (Grocholski 
and Augustyniak 1971; Sawicki 
1995; Bossowski and Ihnatow-
icz 2006)
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uncertainty (Galbraith and Laslett 1993). The degree to 
which individual AFT grain ages in a sample belong to a 
single population was assessed by P(χ2) statistic (Galbraith 
1981). Values of P(χ2) below 5% indicate a statistically sig-
nificant spread in single grain ages and the presence of more 
than one population (e.g. Galbraith 1981, 1990; Galbraith 
and Laslett 1993). A total of 437 confined track lengths 
(Gleadow et al. 1986) were measured in the studied samples. 
The measured confined track lengths were corrected for their 
crystallographic orientation by applying the computer code 
HeFTy to the data set (Donelick et al. 1999; Ketcham et al. 
2007a). Measured data analyses and age calculations were 
accomplished using Trackkey 4.2 software (Dunkl 2002).

Thermal modelling of the analysed samples was per-
formed using HeFTy software (Ketcham 2005). Based on 
our apatite fission track ages, confined track lengths and etch 
pits measurements, HeFTy defines a ‘goodness of fit’ (GOF) 
value in which a ‘good’ result corresponds to a value of 0.5, 
an ‘acceptable’ result corresponds to a value of 0.05 and a 
GOF of 1 is the optimum time–temperature paths that pass 
baseline statistical criteria (Ketcham 2005). Thermal histo-
ries were modelled using the multi-kinetic model (Ketcham 
et al. 2007b) and Dpar values were used as kinetic param-
eters. The model c-axis projected length and c-axis projec-
tion were used (Ketcham et al. 2007b). Modelling results 
display cooling rates for the time interval corresponding 
to residence of sample within the temperature range of the 
apatite partial annealing zone (APAZ). Time–temperature 
(t–T) paths outside this range can only approach higher and 
lower temperature limits not matching the actual cooling 
rates. A time scale used was given by Gradstein et al. (2012). 
For a comprehensive overview of fission track methods and 
their modelling techniques, the reader is referred to Donelick 
et al. (2005), Ketcham (2005), Ketcham et al. (2007b) and 
Braun et al. (2006).

Results

AFT central ages determinations

The samples location is given in Fig. 2 and their strati-
graphic position in Table 1. The results of AFT analyses for 
16 samples are presented as central ages with errors of ± 1 
sigma (Table 1; Figs. 2, 4). The central AFT ages range 
from 50.1 ± 8.8 (Early Eocene) to 89.1 ± 7.1 Ma (Conia-
cian), although 13 out of 16 samples yielded more clustered 
central AFT ages between 65.5 ± 6.5 and 89.1 ± 7.1 Ma 
(Table 1, Fig. 2). Fourteen samples passed the Chi-squared 
probability test indicating that all grains in given sample 
belong to one homogeneous age population. Exceptions are 
only samples KP and WPS, which contain grains of several 
age assemblages. Since all the samples have central AFT 

ages significantly younger than their stratigraphic age, they 
must have experienced post-depositional temperatures more 
than ~ 120 °C (for at least 10 Ma), leading to resetting of the 
AFT system.

Track length measurements

A total of 437 lengths of horizontal confined spontaneous 
fission tracks were measured (8 to 100 per sample except for 
sample D7, Table 2). The mean track length values range 
from 12.5 ± 0.4 to 14.4 ± 0.2 µm, but most of them are lower 
than 13.8 µm (Table 2). Most samples show a minor negative 
skewness between − 0.1 and − 0.7 (Table 2). The stand-
ard deviation (SD) values of track length range from 0.8 to 
2.1 μm (Table 2). The measured confined track lengths were 
corrected for their orientation to the crystallographic c-axis 
(Table 2). The corrected mean c-axis projected lengths are 
between 13.6 and 14.9 µm. The standard deviation values 
of the c-axis projected track length range from 0.7 μm to 
1.5 μm. The samples show skewness between − 0.7 and 0.7 
(Table 2).

The average etch pit diameter of tracks (Dpar) was meas-
ured for all samples (Table 2) as it is indicative of anneal-
ing kinetics of apatites (Barbarand et al. 2003; Donelick 
et al. 2005; Ketcham et al. 2007a, b). In each sample from 
10 to 84 Dpar measurements were done. The mean Dpar 
value of the ISB samples are in the range of 2.1 ± 0.6 to 
2.7 ± 0.4  µm, except for the sample KP with Dpar of 
1.8 ± 0.4 µm (Table 2), which generally corresponds to 
apatites being characterised by higher resistance annealing 
(Barbarand et al. 2003; Donelick et al. 2005). Except four 
samples, which show a negative skewness in the range of 
− 0.9 to − 0.1, all other samples exhibit a positive skewness 
between 0 and 1.5. The larger skewness values indicate a 
larger variation in etch pit size (Table 2).

Thermal modelling

Inverse thermal modelling for samples D3 (Lower Triassic), 
D8, and BKP (Carboniferous) was carried out (Figs. 5, 6, 7) 
by means of HeFTy software (Ketcham 2005; Ketcham et al. 
2007b, 2009). The modelling was implemented to test the 
thermochronological data set against geological constraints 
and investigate post-sedimentation time–temperature (t–T) 
paths. The low track length counts (8–36 CTL, Table 2) in 
the remaining 13 samples preclude their effective model-
ling. The calculations were performed until the software 
produced 100 good paths. The ensuing thermal history sce-
narios inferred from geological constraints available (see 
below) are potentially plausible for the study area and they 
were tested by different HeFTy models (Figs. 5, 6, 7).
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Modelling description and interpretation

In sample D3 of the Lower Triassic age, the beginning of 
the t–T paths is defined by the estimated ground tempera-
ture (~ 25 ± 5 °C) during the time of sample deposition 
(~ 248–249 Ma), while the end is set by the average present-
day ground temperatures (8 °C). We initially allowed a tem-
perature increase up to 180 °C in the entire post-depositional 
period (from the Mid-Triassic to Cenozoic) (Fig. 5a). Such 
a model shows the increase of temperature in the Triassic 
and final cooling in the Late Cretaceous/Paleogene. GOF 
values are high (0.95 and 0.88), suggesting that a time–tem-
perature (t–T) path is plausible. The most significant tem-
perature increase occurs in the Late Triassic–Early Juras-
sic in agreement with ZHe ages from the Variscan external 
zone (Kowalska et al. 2015, Botor et al. 2017b). Another 
model with maximum temperatures during the Mid-Late 
Cretaceous (Fig. 5b) was created to test a significant Late 
Cretaceous burial in the Sudetes (~ 4–6 km of Cenomanian 
and Turonian sediments) as suggested east and west of our 
study area by Danišík et al. (2012) and Sobczyk et al. (2015), 
respectively. This model postulates a near surface position 
for sample D3 prior to the Mid-Late Cretaceous transgres-
sion. A time window was set to 95–0 Ma and a tempera-
ture range to 25–180 °C based on the sedimentary record 
from the Cretaceous basins around the Sudetes (Skoček and 
Valečka 1983) but allowing for a wider t–T range. Since 
very good GOF values (1.0 and 0.98) are obtained both ther-
mal history models tested for sample D3 (a and b, in Fig. 5) 
appear equally possible. Additionally, we tried a model with 

the beginning of constraint box at 120 Ma and it also pro-
vided similar results (Fig. 5c).

For the Carboniferous samples (BKP and D8), the begin-
ning of the t–T paths was defined by the estimated annual 
mean temperature (~ 25 ± 5 °C) during the time of deposition 
(~ 325–315 Ma), while their end was limited by the average 
present-day temperature (8 °C). A temperature in the con-
strain boxes was set to vary within the range of 20 to 180 °C 
that is wider than sensitivity of the AFT method to avoid 
forcing any solutions. Modelling was initially performed 
without any other limitations, but the resultant models were 
unsuccessful. There were no resulting paths that passed the 
baseline statistical criteria. Therefore, for a next set of mod-
els, we assumed post-Variscan cooling to the near-surface 
temperatures in the Early Triassic that was followed by ther-
mal stagnation without any significant reheating until recent 
times (Figs. 6a, 7a). In another variant of this scenario, we 
assumed heating in the Variscan time, but without forcing 
a low-temperature t–T constraint during the post-Permian 
history (Figs. 6b, 7b). Despite different constraints applied 
the resultant model was similar to the previous one (com-
pare Figs. 6a, 7a vs Figs. 6b, 7b). Consequently, a thermal 
peak in samples BKP and D8 was achieved in the Late Car-
boniferous (~ Late Westphalian–Stephanian; Kułakowski 
1979; Mastalerz and Jones 1988) or latest Carboniferous 
to Early Permian (Botor 2008). This Variscan thermal peak 
was followed by slow cooling in the Late Permian–Meso-
zoic, long residence in the APAZ and final acceleration of 
cooling in the Late Cretaceous–Paleogene (Figs. 6a, b, 7a, 
b). GOF values obtained are high (0.89 to 0.99) show that 
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Fig. 4  Radial plots (Galbraith 1990) of the apatite samples from the Intra-Sudetic Basin, showing single grain AFT ages for each sample in Ma
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Variscan heating event, succeeded by post-Variscan cooling, 
is enough to explain our AFT data (Figs. 6a, b, 7a, b). Con-
sequently, Cretaceous burial was not necessary for resetting 
the AFT system. The BKP and D8 samples resided in the 
AFT annealing zone until the Late Cretaceous, when accel-
eration of cooling occurred (Figs. 6a, b, 7a, b).

The next thermal history model for samples BKP and 
D8 (Fig. 6c, 7c) assumed post-Variscan cooling to the near-
surface temperatures in the Early Triassic and successive 
reheating in the Late Triassic–Early Jurassic. This is justified 
by possible increase of heat flow in the Mesozoic in asso-
ciation with an extensional regime dominating over the NE 
Bohemian Massif and Variscan foreland at that time (Kow-
alska et al. 2015; Botor et al. 2017a, b). These models also 
gave good GOF values (0.94–0.99).

The last set of thermal models for samples BKP and D8 
(Figs. 6d and 7d) postulates significant Mid-Cretaceous 
burial in the Sudetes as suggested by Danišík et al. (2012) 
and Sobczyk et al. (2015). These authors assumed maximum 
basement temperatures during the Late Cretaceous based on 
ZHe data. Therefore, constraint boxes were set to 95–70 Ma 
(20–180 °C) based on the sedimentary record in the Creta-
ceous basins (Skoček and Valečka 1983). In such a case, 
Cretaceous burial can be treated as post-Variscan reheat-
ing (Fig. 6d, 7d). In both these models, GOF values are 
similar (0.94–0.98). Another variant of the Mid-Cretaceous 
burial scenario is to assume that the samples were relatively 
close to the surface during the Early Cretaceous prior to the 
Late Cretaceous transgression (Figs. 6e, 7e). However, if 
we assume a constrain box from the Mid-Triassic to Early 
Cretaceous, the increase of temperature is earlier, not sup-
porting the Mid-Cretaceous burial model (Figs. 6f and 7f). 
Therefore, despite high GOF values (0.94–1.0), the model 
of Mid-Cretaceous burial is only consistent with the AFT 
data, if an Early Cretaceous constrain box is assumed show-
ing surface conditions at that time (Figs. 6e and 7e). Gener-
ally, longer residence in a higher temperature range in the 
Mesozoic gives slightly better GOF values for the BKP and 
D8 samples. Neither tested models nor measured AFT data 
show reheating in the Cenozoic in association with Neogene 
volcanism present in the Sudetes (e.g. Birkenmajer et al. 
2004; Badura et al. 2005).

Discussion

The Coniacian to Early Eocene AFT central ages 
(89–50 Ma) of the Carboniferous, Lower Triassic and 
Cenomanian–Turonian samples indicate resetting during 
the post-depositional history. The AFT ages do not show 
correlation with the elevation of sampling sites, because of 
flat topography with denivelations less than 300 m. There 
is also no clear trend in a regional distribution of the AFT 
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ages. The unimodal track length distributions, relatively 
short mean track length and rather low standard devia-
tion (0.8 to 1.7 μm, Table 2), indicate a relatively simple 
thermal history that could have been related to a heat-
ing event in temperatures exceeding 120 °C (for at least 
10 Ma), followed by prolonged residence in the APAZ and 
final cooling. Slightly wider track length distributions in 
the samples from the northern part of the ISB (Table 2) 
may indicate a more complex thermal evolution due to 
some reheating or longer residence in the APAZ. Consist-
ently with this scenario, samples of BKP and D8 show 
that latest Carboniferous–Early Permian heating that was 

followed by slow cooling with long residence in the APAZ 
is enough to explain the AFT data obtained (Figs. 6a, b, 
7a, b). However, Lower Triassic sample D3 showed that 
some Mesozoic reheating is necessary for resetting the 
AFT ages (Fig. 5). Since the Carboniferous samples must 
have gone through a similar thermal history as the over-
lying Lower Triassic rocks, they should have also expe-
rienced Mesozoic reheating. Indeed, thermal models for 
the D8 and BKP samples involving Mesozoic reheating 
produce equally good calibration compared to those postu-
lating only Variscan heating. Therefore, the models imply-
ing Mesozoic reheating are accepted here as an optimal 
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solution regardless the cause and timing of Mesozoic 
event. Moreover, Cenomanian–Turonian sample D15 
(Table 1), not used for modelling, because of too low track 
length counts, as well as sample PS-21 from Danišík et al. 
(2012), having totally reset AFT system, point to a Late 
Cretaceous thermal event. Thermal maturity of organic 
matter occurring in the Carboniferous sediments of the 
ISB is generally high (~ 1–4% vitrinite reflectance), which 
document maximum temperatures much above ~ 120 °C. 
Since the AFT system is sensitive in the temperature range 
of 60–120 °C, Carboniferous thermal history above 120 °C 
is not recorded by our approach.

Although our Cretaceous samples do not have enough 
confined track length data for robust t–T modelling, they 
document maximum temperature above ~ 120 °C. Taking 
also into account the lack of reset of ZHe age in Cretaceous 
sample 10-GK from Sobczyk et al. (2015), the maximum 
temperature experienced by the Cenomanian–Turonian sam-
ples can be inferred in the range of ~ 120–130 °C. These data 
show that the rocks presently exposed in the ISB were at 
depths of ~ 4 km during the Mid-Late Cretaceous, applying 
the present-day geothermal gradient of 24 °C/km (Čermak 
1968; Bruszewska 2000) and an average Cretaceous surface 
temperature of 20 °C (e.g. Thomson and Zeh 2000). In the 
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absence of data confirming a high heat flow regime in the 
Late Cretaceous, sedimentary burial hypothesis seems to be 
the most plausible. There was no reheating in the Cenozoic 
despite several occurrences of basaltic volcanic rocks in the 
Sudetes (Birkenmajer et al. 2004; Badura et al. 2005).

Deposition of sedimentary overburden responsible for 
Late Cretaceous reheating was related to Cenomanian trans-
gression of a shallow sea over the northern part of the Bohe-
mian Massif (e.g. Skoček and Valečka 1983; Uličný 2001). 
According to classical paleogeographic models, a thickness 
of Upper Cretaceous sediments was only ~ 1000 m and large 
parts of the Sudetes, including the study area, were emerged 
as an archipelago of islands within a shallow sea (Scupin 
1936; Milewicz 1997; Skoček and Valečka 1983). However, 
Danišík et al. (2012) and Sobczyk et al. (2015) proposed that 
the entire Sudetes were buried beneath a significant cover of 
Upper Cretaceous sediments in the range of 3.5–6 km. Our 
AFT data support this view as they imply ~ 4 km of burial 
to justify a Late Cretaceous reheating event.

Both Palaeozoic and Mesozoic samples show relatively 
uniform Late Cretaceous AFT ages that reveal a distinct 
cooling event affecting all samples from the study area. 
This event corresponds to Late Cretaceous inversion of the 
European Basin System (Scheck et al. 2002) that was related 
to Europe-Iberia-Africa plate convergence (Kley and Voigt 
2008). Inversion resulted in uplift of sedimentary basins, 
local folding, thrusting and exhumation of some basement 
blocks in the Sudetes (Malkovský 1987; Scheck et al. 2002; 
Aramowicz et al. 2006; Ventura et al. 2009; Danišík et al. 
2010, 2012). The distinct cluster of Late Cretaceous–Paleo-
gene AFT ages found in most of our samples and the thermal 
modelling results show that this was the time, when all the 
samples finally cooled through the APAZ (~ 60–120 °C) to 
near-surface temperature conditions. The cooling might be 
considered the result of exhumation related to erosion of the 
Cretaceous sedimentary cover as it was suggested for the 
adjacent areas by Danišík et al. (2010, 2012) and Sobczyk 
et al. (2015).

Our results are comparable to those obtained in the Lower 
Saxony Basin (northern Germany), where AFT ages indicate 
a major cooling event in the Late Cretaceous (~ 89–72 Ma) 
reflecting the time of basin inversion (Senglaub et al. 2005). 
In the nearby Lusatian Block (eastern Germany), AFT analy-
sis of basement rocks yields ages varying between approxi-
mately 70 and 95 Ma (Ventura et al. 2009). Thermal history 
modelling of the AFT data points to a minimum denudation 
of 3 km in the Late Cretaceous (Ventura et al. 2009). The 
AFT ages by Sobczyk et al. (2015) range from 105.9 ± 6.1 to 
51.1 ± 4.3 Ma for the Rudawy Janowickie (Fig. 2) at the NW 
margin of the ISB, supporting at least 3.3–3.5 km of exhu-
mation since the Cenomanian. This fits well to our estimates 
of ~ 4 km of total erosion since the Late Cretaceous reheating 

event consistent with a denudation rate of ~ 70 m  myr−1 for 
the Late Cretaceous and Palaeogene.

Conclusions

AFT central ages of Carboniferous to Turonian samples from 
the ISB range from 89.1 ± 7.1 to 50.1 ± 8.8 Ma (Coniacian to 
Early Eocene), but most of them are Late Cretaceous. These 
results indicate that studied rocks were heated to tempera-
tures above ~ 120 °C, which is sufficient to totally anneal 
apatite fission tracks.

The AFT data used for thermal modelling are largely 
insensitive to the thermal history before ~ 100 Ma (Mid 
Cretaceous). Whatever constraints are used for a time slice 
before 100 Ma, it does not change the result after 100 Ma. 
Therefore, the models obtained are robust enough to justify 
a Late Cretaceous reheating event and constrain the cool-
ing history of the basin inversion. Furthermore, they dem-
onstrate that ~ 4 km thick cover of Upper Cretaceous sedi-
ments is required to obtain a good match between our AFT 
data and modelled time–temperature paths. The Late Cre-
taceous–Palaeogene cooling phase was related to tectonic 
inversion that caused the present-day exposure of the ISB.

High level of thermal maturity of the organic matter 
within Carboniferous rocks is related to a major coalification 
phase in the latest Carboniferous to Early Permian. The sec-
ond phase of temperature increase due to Mesozoic sedimen-
tary burial did not exceed the temperatures experienced by 
the Carboniferous samples in the Late Palaeozoic. Therefore, 
the Mesozoic temperature increase does not appear to have 
any noticeable influence on the maturation of the Carbonifer-
ous organic matter in the ISB.
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