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Abstract: Vitrinite reflectance analysis was applied to establish the burial and thermal history of the northern
margin of the Holy Cross Mountains. The open public mean random vitrinite reflectance (VR) data were analysed
in four borehole sections (Opoczno PIG-2, Ostatow PIG-2, Nieswin PIG-1, and Radwanow 1G1). Non-linear VR
patterns in the Permian—Triassic strata suggest that thermal maturity developed due to hot fluid flow in the Jurassic.
Additionally, in three well sections, VR breaks occur at the base of the Permian. Therefore, the thermal maturity
of the organic matter, contained in the Carboniferous strata, was reached at the end of the late Carboniferous and
was not overprinted by Mesozoic processes. Both sedimentary burial and fluid-flow processes could contribute
to a high level of thermal maturity of the Carboniferous rocks. In summary, this work: (1) highlights the influence
of hydrothermal events in the Mesozoic on thermal maturity patterns; (2) extends the earlier observations of
the late Variscan (pre-Zechstein) thermal event/regime beyond the Matopolska Block onto the Lysogory Block;
and (3) discards the influence of Permian-Mesozoic burial on the maturity of Carboniferous and, by implication,
older strata.
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INTRODUCTION
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Understanding the burial and thermal history within
sedimentary basins is essential for a range of fundamental
and applied purposes (Laughland and Underwood, 1993;
Schegg and Leu, 1998; Mazurek, et al., 2006; Sakaguchi
et al., 2007; Hantschel and Kauerauf, 2009; Cavailhes et
al., 2018; Suchy et al., 2019). Temperature evolution in the
uppermost crust and, hence, in a sedimentary basin is main-
ly controlled by tectonic processes (e.g., McKenzie, 1981).
The thermal maturity pattern of organic matter is widely ap-
plied to reconstruct the thermal history of sedimentary ba-
sins and to validate thermal maturity modelling (Hantschel
and Kauerauf, 2009; Suchy ef al., 2019). The mean random
vitrinite reflectance (VR) determination method now is
widely used to establish the thermal maturity of coal and
dispersed organic matter in fine-grained rocks (Suarez-
Ruiz et al., 2012). An increase in VR value depends on

many parameters, including temperature, geological time,
pore fluid pressure, fluid chemistry, and the extent of tec-
tonic deformation, causing maximum burial (Barker and
Pawlewicz, 1994; Huang, 1996; Dalla Torre ef al., 1997), of
which the most important are the influence of the maximum
temperature and the duration of heating (Mukhopadhyay,
1992).

An important issue, when reconstructing the burial
history of a study area, is the thickness of exhumed sedi-
ments. The extent of the Variscides in central and southern
Poland recently has been disputed (Krzywiec ef al., 2017a,
b; Mazur et al., 2020; Narkiewicz, 2020). The range of the
Variscides near the Holy Cross Mountains (HCM) area was
originally determined by Pozaryski et al. (1992), who lo-
cated this front in the immediate vicinity of the Palacozoic
core of the HCM, while Dadlez et al. (1994) assumed that
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the Variscan front had occurred farther west. The results of
the research on Carboniferous sediments in the Opoczno
PIG-2, Ostatow PIG-2 and Studzianna IG-2 wells are of
key importance for these interpretations. In the study area,
there is a Carboniferous siliciclastic complex of several
hundred metres (Krzeminski, 1999). Sedimentary structures
resemble those of a flysch sediment complex but, in a ge-
netic sense, the sequence does not fully meet the conditions
for such a classification (Jaworowski, 2002). The early
Carboniferous (Tournaisian—Visean; Turnau, 1999) age of
the analysed sediments is almost equal to that of the Culm
facies, known from the southern part of the HCM (Zakowa
and Migaszewski, 1995), as well as the Moravo-Silesian
fold-and-thrust belt sediments, known from NE Czechia and
SW Poland (Kalvoda et al., 2008). Comprehensive analy-
sis of the described rocks allows location of the Variscan
front to the west of a line between the Studzianna IG-2 and
Ostatow PIG-2 wells. However, Krzeminski (1999) placed it
relatively close to a line between the Budziszewice 1G-1 and
Radwanéw IG-1 wells, while Jaworowski (2002) moved the
Variscan front farther west. Therefore, there is no consen-
sus regarding the position of the Variscan front in this area,
which could have produced additional heating due to tec-
tonic burial in the study area. The purpose of this work is a
comprehensive analysis of the thermal maturity of organic
matter, in order to explain the burial and thermal history of
the study area. In this work, the published VR measurements
performed by Swadowska (2006a, b) and Grotek (2018) are
analysed, in order to explain the thermal evolution of the
study area. In addition, VR data from the Radwanow IG-1
well is also used (Luszczak ef al., 2020). The VR analysis
allows an insight into the thermal evolution of the northern
margin of the HCM.

GEOLOGICAL SETTING

The study area is located within the northern margin
of the HCM (Fig. 1), which was formed during the Late
Cretaceous—Palaeogene tectonic inversion of the Permian—
Mesozoic Polish Basin in its SE part (Kutek and Glazek,
1972; Dadlez et al., 1995; Krzywiec, 2002; Krzywiec et al.,
2018). The most subsiding (axial) part of the Polish Basin
(the Mid-Polish Trough) evolved along the Teisseyre-
Tornquist Zone (TTZ; see Mazur et al, 2015, 2021 for
a recent summary). Tectonic inversion of the Polish Basin
was associated with uplift and exhumation of the axial part
of the basin (Kutek and Gtazek, 1972; Dadlez et al., 1995,
Krzywiec, 2002; Krzywiec ef al., 2018; Mazur et al., 2015,
2021). The Polish Basin consists of an extensive Permian-
Mesozoic succession, which is overlain unconformably by
up to 350 m of poorly consolidated Cenozoic sediments
(Piwocki, 2004). The Permian to Cenozoic sediments reach
about 8 km in total thickness along a NW-SE-oriented
depocentre in the Mid-Polish Trough (Dadlez et al., 1995;
Lamarche et al., 2003a, b; Mazur et al., 2005, 2021).

The Palaeozoic core of the HCM comprises Cambrian to
early Carboniferous sediments (Fig. 1) that were exhumed
from beneath a Permian—-Mesozoic cover during the Late
Cretaceous inversion of the Polish Basin (Lamarche et al.,

D. BOTOR

1999, 2003a, b; Mazur et al, 2005; Krzywiec, 2009).
The Palaeozoic strata of the HCM occur on both sides of
the Holy Cross Fault (HCF), which is the boundary be-
tween the Lysogéry and Matopolska Blocks (Fig. 1).
In a pre-Permian section of analysed wells, only the lower
Carboniferous strata were identified, ranging from upper
Tournaisian to early Visean, which are covered by Permian
and Mesozoic sediments (Kowalczewski, 2006a, b; Fijat-
kowska-Mader, 2018). The minimum primary thickness of
the lower Carboniferous is estimated at c. 300 to 800 m
in the Kielce Unit and is rather poorly constrained, due
to repeated erosion and a lack of continuous sections
(Narkiewicz et al., 2010). From the early Bashkirian (late
Namurian A), non-deposition and erosion dominated the
entire Variscan foreland area (Narkiewicz, 2020). Several
magma pulses occurred in the HCM and their time frame
was determined by means of K-Ar and “°Ar/*Ar geochro-
nology (Migaszewski, 2002; Nawrocki et al., 2013), as
well as zircon U-Pb dating (Krzeminska and Krzeminski,
2019). Firstly, late Silurian to Early Devonian magmatic
events were deciphered from zircons in the Kielce Unit
(425.7 Ma and 414.5 Ma). Secondly, extensive late Variscan
magmatism in the Kielce and Lysogdry Units occurred at
322 Ma and at 300 Ma, respectively, when the lamprophyre
of Podkranéw (Kielce Unit) and diabase of Milejowice
(Lysogoéry Unit) were emplaced, coevally with the silicic ig-
neous magmatism at the southern margin of the Malopolska
Block (Staby et al., 2010). This documents the synchronic-
ity of magmatic events in both domains (Krzeminska and
Krzeminski, 2019). According to Lamarche ef al. (2003a),
the longitudinal discontinuities represent inverted nor-
mal faults that developed due to the Devonian extension.
The palacomagnetic results impose wide constraints on the
timing of the late Palacozoic deformation of the HCM: from
the Visean—Serpukhovian boundary (c. 331 Ma), when an
early folding phase occurred, to the early Permian marking
the termination of the Variscan tectonism (Lamarche et al.,
2003a; Szaniawski, 2008; Narkiewicz, 2020).

In the HCM, the Variscan erosional surface is overlain
by 200 m of Permian sediments, including the locally pre-
served Rotliegend siliciclastic and Zechstein evaporite
deposits (Zakowa and Migaszewski, 1995). Subsequent
rapid sedimentation continued in the Mesozoic, leading
to the deposition of approximately 2.0-3.5 km of epicon-
tinental deposits (Kutek and Gtazek, 1972; Kutek, 2001).
The lowermost part of the Triassic succession comprises clas-
tic sediments: conglomerates, sandstones, mudstones and
claystones (Kuleta and Zbroja, 2006). The Lower Triassic
strata are covered by Middle Triassic carbonates and clay-
stones. The Upper Triassic sequence comprises claystones
and mudstones with intercalations of sandstones, marls, do-
lomites, anhydrite and gypsum (Kowalczewski, 2006a, b).
The Lower Jurassic sequence is largely represented by ter-
restrial clastic rocks, such as conglomerates and sandstones
(Pienkowski, 2004). The Middle Jurassic strata are com-
posed of clastic marine sediments, such as clays, sandstones,
siltstones and limestones. The Upper Jurassic rocks com-
prise Oxfordian and Kimmeridgian limestones and clayey
marls (Kutek, 1968; Matyja, 1977). The Upper Jurassic rocks
are overlain by Lower Cretaceous sandstones, calcareous
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Fig.1.  Location of the analysed boreholes on a simplified geological map of the study area without Cenozoic deposits (after Dadlez
et al., 2000; modified). Lithology of the samples with zircons and/or apatites is sandstone, otherwise bentonite, as given in the text box.
The inset in the upper left-hand corner shows pre-Permian regional tectonic elements (CDF: Caledonian Front, MB: Matopolska Block,
LR: Lysogory Region, USB: Upper Silesia Block, HCM: Holy Cross Mountains, TTZ: Teisseyre-Tornquist Zone). Yellow rectangle in the
inset map marks the study area and outline of the geological map.
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sandstones and spongiolites (Kowalczewski, 2006a, b). The
Upper Cretaceous rocks consist of limestones, sandstones,
conglomerates, clays, siliceous limestones, marls and cal-
careous sandstones that are Turonian to Maastrichtian in
age. Continuous sedimentation in the Mesozoic was inter-
rupted several times by small sedimentary gaps, of which
the largest occurred in the Lower Cretaceous (Hakenberg
and Swidrowska, 1998). This Hauterivian to Aptian/early
Albian event was caused by the uplift and exhumation of
¢. 200 m of sediments (Hakenberg and Swidrowska, 1998).
Due to tectonic inversion in the Late Cretaceous, signifi-
cant exhumation of the Mesozoic rocks occurred, which
led to the exposure of Triassic and Jurassic rocks, and even
Palaeozoic basement rocks in the HCM (Fig. 1). The com-
pressional/transtensional stress regime that triggered the in-
version was caused by a combination of two mechanisms:
the collisional phases in the Alpine and Carpathian orogens
and the Atlantic opening (Dadlez et al., 1995; Ziegler and
Deézes, 2007). Since neither Palacogene nor Neogene depos-
its have been encountered in the northern and central parts
of the HCM, it is assumed that the study area underwent
continuous erosion during the Cenozoic (Kutek and Gtazek,
1972; Jarosinski et al., 2009).

PREVIOUS THERMAL
HISTORY RESEARCH

In the area of the HCM, various thermal maturity indica-
tors, such as the colour alteration index of conodonts (CAI),
biomarkers, acritarchs, VR, and Rock-Eval pyrolysis, were
studied (Belka, 1990; Narkiewicz, 1991; Grotek, 1998;
Szczepanik, 1997, 2001; Marynowski, 1999; Marynowski
et al., 2001, 2002; Narkiewicz and Malec, 2005; Malec
et al., 2010; Smolarek et al., 2014; Malec, 2015). The data
indicate that the thermal maturity of Palacozoic rocks was
reached much earlier than the Late Cretaceous, probably in
the late Carboniferous. The thermal maturity pattern in the
pre-Permian and younger rocks highlights the decisive role
of high heat flow during the late Palacozoic (Betka, 1990;
Marynowski, 1999; Narkiewicz et al., 2010; Narkiewicz,
2017). In particular, the Carboniferous—Permian advec-
tive heat flow, related to fluid migration, was one of the
major factors of thermal evolution (Poprawa et al., 2005;
Narkiewicz et al., 2010, Naglik et al., 2016). It seems that
the HCF polyphase subsidence and burial were important
for thermal maturation (Betka, 1990; Marynowski, 1999;
Poprawa and Zywiecki, 2005; Poprawa et al, 2005).
The Variscan deformation in the Carboniferous, due to tec-
tonic overburden, might have caused an additional tempera-
ture increase and affected the thermal maturity of the organ-
ic matter (Lamarche et al., 2003a; Narkiewicz, 2007). A late
to post-Variscan cooling event of the Palaeozoic sequences,
recorded by zircon helium ages (ZHe; Botor ef al., 2018),
marks the end of an important thermal overprint, which is
likely to be related to Variscan tectonics (Lamarche et al.,
1999, 2003a; Mizerski, 2004; Konon, 2006).

Consideration of only the maximum heating in the
Jurassic and/or Cretaceous (as proposed by Poprawa
et al. (2005) and Schito et al. (2017) is not plausible with
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the ZHe ages of Palaeozoic samples (Botor ef al., 2018).
Alternative models accepted by some authors (Betka, 1990;
Marynowski, 1999; Narkiewicz, 2002; Narkiewicz et al.,
2010) assume that the main heating of the Devonian to ear-
ly Carboniferous sedimentary successions occurred in the
late Carboniferous (c. 330-299 Ma) and the early Permian
(c. 299-280 Ma), except in the Kajetanéw area, where an
additional thermal event (c. 250 Ma) before the Middle
Triassic was suggested by Marynowski et al. (2002).
In the Mesozoic, the increase in temperature across most
of the HCM area was connected to the subsidence of the
Mid-Polish Trough and the resulting sedimentary burial.
The central part of the HCM reveals a final fast cooling event,
related to tectonic inversion of the Polish Basin (Dadlez
et al., 1995; Krzywiec, 2002; Lamarche et al., 2003a, b).
This cooling started in the Cenomanian to early Campanian
(c. 10090 Ma) at Lysogory (Fig. 2) and c. 90 Ma, in the
Kielce Unit (Botor et al., 2018), as well as 91-82 Ma in the
Radwanéw 1G-1 section (Luszczak et al., 2020). Such a
fast-cooling event is also indicated by a small difference be-
tween the apatite fission-track (109 Ma) and apatite helium
ages (91 Ma) in samples from the Debniak outcrop in the
central part of the HCM (Botor ef al., 2018). However, this
event was much less marked on the SW margin of the HCM
(the Kowala and Ostrowka area), where slow cooling con-
tinued throughout the Mesozoic, with only a minor acceler-
ation of the cooling rate after the Late Cretaceous (Fig. 2;
Botor et al., 2018). Thermochronological data in Cattd
(2014) also showed slow cooling in the northern part of
the Lysogory unit.

In the adjacent area SW of the HCM (the borehole sections
of the Miechow Trough), the relatively low conodont CAI
values of 1 in the Triassic rocks indicate that the Devonian
and lower Carboniferous sediments must have reached their
thermal maturity earlier, most likely in the late Carboniferous
(Malec, 2015). Regionally distributed, low thermal maturity
data (below 0.5% VR) in Mesozoic sediments also suggest
pre-Triassic maturation of the Palaeozoic organic matter
(e.g., Marynowski et al., 2007). Miocene sediments in the
Carpathian Foredeep also have low thermal maturity (below
0.5% VR, Szafran and Wagner, 2000). Conodont CAI data
from the Silurian strata on the SW margin of the Matopolska
Block display a relatively uniform thermal overprint (CAI
values of 4), probably resulting from maximum burial in the
late Carboniferous. The estimated maximum temperatures
of c. 200 °C can be explained by an elevated heat flow, with
a palaecogeothermal gradient of c. 60—70 °C/km, associated
with the Krakéw-Lubliniec Fault Zone. This thermal mat-
uration level was locally enhanced (CAI values up to 8) in
the late Carboniferous to early Permian (c. 300 Ma), due to
magmatic and hydrothermal activity (Betka and Siewniak-
Madej, 1996).

METHODS AND DATA

One of the most frequently used methods of thermal
history analysis is the numerical modelling of heat flow in
the past burial history, which has proved to be an essen-
tial tool for petroleum exploration (Waples et al., 1992a, b).
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The best fit curves, based on thermal modelling of apatite fission track and zircon helium data, applying HeFTy software

(Ketcham, 2005) for Palacozoic samples from the HCM area (after Botor ef al., 2018, modified). PAZ — Partial Annealing Zone of fission
tracks in apatite (ca. 60—120 °C). Maximum temperature (Tmax) from illite/smectite data from Srodon and Trela (2012). VR-derived
Tmax* based on Barker and Pawlewicz’s (1994) approach for burial-induced temperature. VR data from: 1. Smolarek et al. (2014), 2.
Schito et al. (2017), 3. Marynowski et al. (2001). Ordovician to Silurian samples close to HCF (P1, P2/DE2) show Late Cretaceous rapid
cooling record on both sides of Holy Cross Fault (HCF), whereas there was no rapid cooling of Late Devonian samples at a distance from
the HCF (KK1). Rapid cooling along the HCF can be attributed to the Late Cretaceous tectonic inversion of the HCM part of the Mid-

Polish Trough. Further explanations are given in the text.

However, the validity of such models depends on the quality
of the input data, which incorporates the exact stratigraphi-
cal thickness and thermal conductivity of individual layers
(Waples et al., 1992a, b). By far the most widely used data
for calibrating these models are measurements of the VR,
which can be compared with modelled reflectance values
(Sweeney and Burnham, 1990).

Thermal maturity modelling was performed using
PetroMod 1-D software (Schlumberger). The modelling pro-
cedure typically starts with a conceptual model, based on
the geological evolution of the basin, including deposition,
non-deposition, and erosion/exhumation. Input data also
include the petrophysical parameters of a given lithology
and present-day thermal regime (Hantschel and Kauerauf,
2009). In order to obtain a good fit between measured and
calculated vitrinite reflectance values, different burial and
heat flow scenarios were calculated by means of an itera-
tive method using the EASY %Ro algorithm (Sweeney and
Burnham, 1990). A broader discussion of the applied maturi-
ty modelling method was provided by Waples et al. (1992a,
b) and Hantschel and Kauerauf (2009). However, because
the thermal modelling approach was not successful in the
case of the analysed wells, the time-independent approach
(Barker and Pawlewicz, 1994) was applied. A major reason
for the failure of PetroMod is the nature of heat transfer in
the crust. In the PetroMod software, a conductive method
is applied, which is not capable of simulating the hydro-
thermal processes that probably occurred in the study area.
The thermal modelling approach was coupled with empirical
studies in this work, as proposed in Barker and Pawlewicz
(1994). In contrast to the traditional concepts that consider

organic maturation to be a function of both maximum burial
temperature and effective heating time (e.g., Hantschel and
Kauerauf, 2009), the time-independent approach (Barker
and Pawlewicz, 1994) has gained general acceptance for
reconstructing the thermal histories of areas, characterized
by complex geological histories (Barker, 1983, Barker and
Pawlewicz, 1994; Akande and Erdtmann, 1998; Frings et
al., 2004; Cavailhes et al., 2018). While the application of
time-temperature models is limited to first-cycle sedimen-
tary basins with well-known burial and thermal histories,
the time-independent method, based on several statistical
correlations between vitrinite reflectance and peak temper-
ature, can be applied to complicated orogenic sequences
(Laughland and Underwood, 1993) and hydrothermal sys-
tems (Barker, 1983). Correlations between fluid-inclusion
homogenization temperature and vitrinite reflectance con-
firm that temperature is the major control of organic mat-
uration (Tobin and Claxton, 2000, Barker and Pawlewicz,
1994). In this approach, VR is used as an input parameter
for the estimation of maximum palacotemperature (Barker
and Pawlewicz, 1994). In the present study, the equation
Temperature 1 = (InVR +1.68)/0.0124 was used for the buri-
al heating model and Temperature 2 = (InVR +1.19)/0.00782
was used for the hydrothermal heating model, after Barker
and Pawlewicz (1994). Based on VR data, the construction
of isoreflectance lines is commonly used to estimate coalifi-
cation gradients for stratigraphic successions, dominated by
burial diagenesis. In such cases, isoreflectance lines should
run parallel or sub-parallel to the bedding (Yamaji, 1986).
Palacogeothermal gradients can be determined by convert-
ing the VR data into temperature values. Several empirical
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equations and methods have been presented, based on vari-
ous assumptions and correlations, each with a varying em-
phasis on the importance of time and temperature during the
coalification process (Barker and Goldstein, 1990; Sweeney
and Burnham, 1990; Barker and Pawlewicz, 1994). The cal-
culation of palacogeothermal gradients and knowledge of
the maximum thermal maturity allows for the estimation of
the thickness of the eroded overburden.

The palacogeothermal gradient is applicable to the time
immediately before the onset of cooling from maximum pa-
lacotemperatures. Calculating the amount of the eroded sec-
tion from thermal data requires either: detailed knowledge
of the lithologies of the removed section or assumptions
about either the thermal conductivity and heat flow varia-
tion or the palacogeothermal gradient through the missing
section. In the absence of this information, and if the pa-
lacogeothermal gradient in the preserved section is in the
normal crustal range, then a straight-line projection of the
palaeogeothermal gradient to an appropriate palaco-surface
temperature value will provide a reasonable estimate of the
amount of eroded section (Fig. 3A; Yamaji, 1986; Schegg
and Leu, 1998; Frings et al., 2004). This procedure contains
the implicit assumptions that the lithologies in the removed
section were similar to those in the preserved section (i.e.,
large thicknesses of lithologies with extremes of thermal
conductivity, e.g., salt or coal, were not formerly present)
and, importantly, that the only source of heat was the basal
heat-flow. The latter assumption is critical in regions, where
fluid flow might be expected and may be the prime reason
for grossly inaccurate erosion estimates, as discussed fur-
ther below. The influence of advective heat transfer might
be inferred for any basin that displays the following features
(Ziagos and Blackwell, 1986; Lampe et al., 2001; Green and

Fig. 3. Vitrinite reflectance (VR) data versus depth. A. Hypo-
thetical example showing time-independent estimation of ex-
humed rocks. The VR values plotted on a logarithmic scale allow
estimating thermal maturity gradient and the maximum thickness
of the overburden (Yamaji, 1986; Connolly, 1989; Frings et al.,
2004). Assuming the palaco-surface vitrinite (huminite) reflec-
tance at c. 0.25%VR, the intersection of the regression line at
this point can be used to predict the maximum overburden. Here,
post-Cretaceous exhumation/erosion is c. 3,300 m. The regression
line of the analysed VR measurements is extended to the value of
0.25% VR, which is the equivalent of a surface temperature of ap-
proximately 25°C. B. VR versus depth in the Opoczno PIG-2 well.
Crosses means measured mean of VR value. Colour is adjusted
from stratigraphy. Red dotted line means unconformity — in this
case between lower Carboniferous and Zechstein. Note the rapid
VR increase in Lower Triassic and decrease in Zechstein strata
into sub-vertical profile. Non-linear VR profile suggest post-Early
Triassic fluid flow influence on the Mesozoic profile. There is also
VR jump at unconformity between Zechstein (1.37%) and lower
Carboniferous (2.44%). Therefore, Carboniferous heat flow or/
and burial were much higher than present-day. Lack of a longer
VR profile in Carboniferous did not allow fixing any gradient, and
further interpretation. Lower Carboniferous: upper Tournaisian
to lower Visean. VR data from Swadowska (2006a) except of
Jurassic VR from Grotek (2018).
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Duddy, 2012): (1) palacotemperatures are much higher than
those predicted by the burial history under conditions of
vertical conductive heat transfer; (2) palacotemperature pro-
files fluctuate markedly, suggesting fluid-driven heat trans-
fer along certain horizons; and (3) discrepancies between
palaeotemperatures are derived from fluid inclusions, illite/
smectite studies and kinetically dependent thermal maturi-
ty indicators, such as VR and/or apatite fission track data.
Further information on this approach can be found in Duddy
et al. (1994), Frings et al. (2004), and Botor (2012).

The basic geological data for thermal maturity analy-
sis were taken from the following published monograph
series: PGI Deep Boreholes Profiles — Opoczno PIG-2
(Kowalczewski, 2006a), Ostatéw PIG-2 (Kowalczewski,
2006b), Nieswin PIG-1 (Fijatkowska-Mader, 2018), and
Radwanéw 1G-1 (Jurkiewicz, 1980). VR data for these
wells came from Swadowska (2006a, b) and Grotek (2018).
Additionally, for the Radwanow 1G-1 well, VR data from
Grotek (2018) and Luszczak et al. (2020) were used.

RESULTS AND INTERPRETATION

In the first step, the VR values were plotted on a loga-
rithmic scale, which allowed an estimate of thermal ma-
turity gradient and the maximum thickness of the eroded
overburden (Yamaji, 1986; Connolly, 1989; Frings et al.,
2004). Assuming that the palaeosurface vitrinite (huminite)
reflectance was c. 0.25% VR (equivalent to a palacosurface
temperature of c. 25 °C), the intersection of the regression
line at this point can be used to predict the maximum eroded
overburden (Fig. 3A). In the following step, VR values were
used as an input parameter for the estimation of maximum
palaeotemperature, after the Barker and Pawlewicz (1994)
approach. By plotting these calculated temperatures against
depth, palaeogeothermal gradients for the time of the high-
est temperatures in the basin can also be calculated. These
calculations are based on the assumption that the thermal
conductivity of the exhumed rocks was the same as that
of those preserved in the analysed section (Yamaji, 1986;
Connolly, 1989; Duddy et al., 1994; Frings et al., 2004;
Green and Duddy, 2012). Thermal maturity trends were an-
alysed by applying such an approach to four boreholes in
the study area.

Opoczno PIG-2

In the Opoczno PIG-2 well, the VR dataset includes
10 samples from the Jurassic to the lower Carboniferous
(Swadowska, 2006a; Grotek, 2018). The VR versus depth
plot in the Opoczno PIG-2 well section shows a rapid VR
increase from 0.48% (in the Jurassic) to 1.60% (in the
Lower Triassic) and a decrease in the Zechstein strata (to
1.3% VR), forming an almost sub-vertical profile (Fig. 3B).
Such a non-linear VR profile suggests a post-Early Triassic
fluid flow influence on the Mesozoic profile. There is also a
VR jump at the unconformity between the Zechstein Series
(1.37%) and lower Carboniferous (2.44%). Therefore,
pre-Permian heat flow and/or burial caused significant mat-
uration of the Carboniferous organic matter, but the lack of
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longer VR profiles in the Carboniferous did not allow any
gradient to be fixed or further interpretation to be carried out
(Fig. 3B). A comparison of the present-day temperature pro-
file (with a geothermal gradient of 22.5 °C/km) with both
Mesozoic burial-induced (64 °C/km) and/or hydrothermally
induced (96 °C/km) profiles in the Opoczno P1G-2 well shows
that palaeotemperatures were higher in the past (Fig. 4).
Both palaeogeothermal gradient values are very high.
Therefore, the only plausible explanation is a fluid flow
event.

Fig. 4. Temperature profile in the Opoczno PIG-2 well. The bold
black line (first from left) is the present-day temperature profile
with a geothermal gradient (GG) of 22.5 °C/km. The black dotted
curve is burial-related Tmax and the red dashed line is hydrother-
mal-related Tmax (both calculated from VR using the approach
in Barker and Pawlewicz (1994). The horizontal red dotted line
is an unconformity between the Carboniferous and the Zechstein.
For other explanations, see Figure 3. Mesozoic palacogeothermal
gradient is extremely high (64-96 °C/km).

Ostalow PIG-2

The vitrinite reflectance versus depth plot in the Ostatéw
PIG-2 well shows that it is not possible to achieve a sin-
gle VR gradient (Swadowska, 2006b). The Middle Triassic
value (0.83% VR) follows a decrease in the Zechstein stra-
ta (0.74-0.78%), into a sub-vertical profile. The change in
VR from the Zechstein to the Triassic is not significant, but
it causes a non-linear VR profile to occur and suggests the
influence of post-Early Triassic fluid flow on the Mesozoic
profile. There is also a significant jump in VR at the un-
conformity between the Permian (0.74%) and the lower
Carboniferous (1.60%). Therefore, Carboniferous heat flow
and/or burial were much higher than at present. The VR pro-
file in the Carboniferous is short; however, it suggests c. 3 km
of pre-Permian exhumation. This value can be accepted be-
cause Mesozoic fluid temperatures seem to be much lower;
this was not an overprinted Variscan signal (Fig. 5). In the
Ostatow PIG-2 well, there was a linear increase in present-day



336

Fig. 5.  Vitrinite reflectance versus depth in the Ostatow PIG-2
well. It is not possible to achieve a single VR gradient (green
curve - a). The Middle Triassic value (0.83% VR) is following
the decrease in Zechstein strata (0.74—0.78%) into the sub-vertical
profile. The change in VR from Triassic to Zechstein is not signif-
icant but it causes the non-linear VR profile to occur, suggesting
a post-Early Triassic fluid flow influence on the Mesozoic profile.
There is also a VR jump at the unconformity between the Permian
(0.74%) and lower Carboniferous (1.60%). The VR profile in the
Carboniferous section is short (black - b); however, it suggests c. 3
km pre-Permian exhumation. For other explanations see Figure 3.

temperature, showing a geothermal gradient of 20 °C/km;
whereas the palaeotemperature profile calculated from VR
data is non-linear (Fig. 6). Palacotemperatures show that it
was hotter in the past than at present. Palacogeothermal gra-
dients were different in the Permian—-Mesozoic and in the
Carboniferous. However, in the Triassic—Jurassic section
there is only 1 VR value, which prevents the fixing of a pal-
aeogeothermal gradient. The Carboniferous section is short
(c. 300 m), showing a palacogeothermal gradient of 33 °C/
km (for the burial-induced model) or c. 60 °C/km (for the
hydrothermal-induced model; Fig. 6).

Nieswin PIG-1

In the Nieswin PIG-1 well, the oldest documented strata
are sandstones and siltstones of the lower Carboniferous,
which were not entirely drilled and, moreover, they have
been strongly folded and faulted, as demonstrated by the
repetition of the sequence between the Zechstein layers and
the Carboniferous. The thermal maturity data in Grotek
(2018) gave VR values for the Lower Jurassic (Hettangian)
to lower Carboniferous section in the Nieswin PIG-1 well.
The 18 values ranged from 0.56-1.73% VR (Fig. 7). In most
samples, 20 to 82 organic particles were measured per single
sample. The range of measurements in each sample showed
some variation; however, standard deviations were not giv-
en (Grotek, 2018). Nevertheless, it seems that the entire VR
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Fig. 6. Temperature profile in the Ostalow PIG-2 well. The bold
black line (first from left) is the present-day temperature. The black
dotted curve is burial-related Tmax and the red ones are hydrother-
mal-related Tmax (both calculated from VR using the approach in
Barker and Pawlewicz (1994). Both curves are interpretations, as
only crosses are based on VR measurements. All curves show that
it was hotter in the past than the present day. Palacogeothermal gra-
dients were different in the Permian-Mesozoic and Carboniferous.
GG — geothermal gradient. For other explanations see Figure 3.

Fig.7. VR versus depth in the Nieswin PIG-1 well. There is no
uniform VR gradient. The Upper Triassic samples show particu-
larly elevated VR values. At least two VR gradients (a and b) can
occur in the Mesozoic profile, showing 500 m (a) or 1,900 m (b)
post-Hettangian exhumation, respectively. At the unconformity be-
tween the Zechstein and the lower Carboniferous, no thermal ma-
turity breaks exist. However, due to the strata repetition, caused by
a fault in the bottom part of the well section, the Zechstein and low-
er Carboniferous strata are tectonically disturbed. Unfortunately,
the Carboniferous part of the section is too short to fix any gradi-
ent. For other explanations see Figure 3.
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profile shows consistent data results, with R?=0.96. VR in-
creases systematically with depth. However, more detailed
study shows that there are at least two gradients, instead
of one. The break between them is within the continuous
sedimentary section of the Middle Triassic. Therefore,
this excludes any exhumation manifested by unconformi-
ties but might indicate the influence of fluid flow heating.
Unfortunately, there are no VR data in the deeper part of the
profile, i.e., within the Lower Triassic, which is dominated
by sandstones. The Permian to Hettangian VR trend shows c.
1900 m exhumation, which could have been c¢. 500 m, if only
the Upper Triassic-Hettangian data are considered (Fig. 7).
Another interesting feature is the lack of a break in the VR
profile between the Zechstein and the Carboniferous, where
there is a significant time gap in the geological record.
VR values of ca. 1.7% occur above (Zechstein) and below
(Carboniferous) this unconformity (Grotek, 2018). The cal-
culated Mesozoic palacogeothermal gradient in the Nieswin
PIG-1 borehole is 45 °C/km, in the burial model, and
70 °C/km, in the hydrothermal model (Fig. 8).

Fig. 8. Temperature profile in the Nieswin PIG-1 well. The bold
black line (first from left) is the present-day temperature. Present-
day geothermal gradient is 25 °C/km. In the analysed well sec-
tion, at least two palaecogeothermal gradients occurs within the
Mesozoic. The black dotted curve is the burial-related Tmax trend,
and the red ones are the hydrothermal-related Tmax trend (both
calculated from VR, using the approach in Barker and Pawlewicz
(1994). Palacogeothermal gradient for burial Tmax values is 45 °C/
km (black solid line). Palacogeothermal gradient for hydrothermal
Tmax is 70 °C/km (red solid line). For other explanations see
Figure 3.

Radwanéw 1G-1

The VR data for Radwanow IG-1 are not uniform (Fig. 9).
Triassic thermal maturity was estimated by Luszczak et
al. (2020) from surface biomarker data from the Kolonia
Jakimowska outcrop, for which the calculated VR is ¢. 0.6%
(Marynowski ef al., 2002). Moreover, Grotek's (2018) VR
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Fig. 9. VR profile in the Radwanoéw IG-1 well. Carboniferous
VR values (black crosses) are taken from Luszczak et al. (2020).
The stratigraphy is from Jurkiewicz (1980). Green values are
from Grotek (2018). Triassic VR values (black and red crosses)
are estimated from surface biomarker data (Kolonia Jakimowska,
Marynowski et al., 2002). VRT is from the terphenyl parameter,
VRc is from methylophenantrene (Rc[%] = 0.60 MPI1 + 0.40 for
VR<1.35%) (Radke and Welte, 1983). MPIl — methylphenan-
threne index 1-MPIl = 1.5([2-MP] + [3-MP))/([P] + [I-MP] +
[9-MP]) (Radke and Welte, 1983). The exact depth of the Triassic
samples and Grotek's (2018) samples is roughly estimated.
Grotek’s (2018) data show a significant shift of VR gradient be-
tween the Zechstein (1.23% VR) and the Carboniferous (1.88%
VR). The average Carboniferous—Triassic VR gradient appears
to be uniform (‘a’ curve, R? = 0.96), suggesting 1800 m exhuma-
tion of post-Triassic sediments, which is also confirmed by the
Permian—Triassic VR data from Grotek (2018). The Carboniferous
VR gradient (‘b’ curve) shows estimated exhumation to be c. 5 km.
Carboniferous VR data from Grotek (2018) also suggest similar
exhumation. For other explanations see Figure 3.

data show a significant shift of VR values between the
Zechstein (1.23% VR) and the Carboniferous (1.88-2.70%
VR). Unfortunately, there is no depth given in Grotek's
(2018) work for this well because VR values are only given
in a map of the study area. Large discrepancies exist between
the Luszczak et al. (2020) and Grotek (2018) VR data. The
latter seem to be more reliable, as they show the same dog-
leg pattern (or ‘jump’) at the Carboniferous-Permian bound-
ary, as is the case elsewhere in the region. Moreover, the
Luszczak et al. (2020) data were not measured VR values
but were re-calculated from biomarker data, which are not
very precise. Nevertheless, the VR values show a thermal
maturity jump across the unconformity between the Permian
and the lower Carboniferous (Fig. 9). However, the average
Carboniferous—Triassic VR gradient appears to be uniform
(‘a’ curve, R? = 0.96), suggesting 1,800 m exhumation of
post-Triassic sediments, which also was confirmed by the
Permian-Triassic VR data from Grotek (2018). Applying
only the Carboniferous section VR gradient (‘b’ curve) gives
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an estimated exhumation of c. 5 km. Carboniferous VR data
from Grotek (2018) suggest similar exhumation. Moreover,
the VR jump between the Permian and Carboniferous strata
is clear in the adjacent wells in the area NE of the HCM
(Grotek, 2018). For example, in Lopuszno IG-1, the VR is
0.83% in the Permian and 2.55 % in the Carboniferous.
The linear present-day temperature profile for the Radwa-
néw IG-1 well shows a geothermal gradient of 30.5 °C/
km (Fig. 10). All VR-derived paleotemperatures using
Barker and Pawlewicz (1994) show that it was much hot-
ter in the past. The burial-related palaeogeothermal gradi-
ent is 32 °C/km and the hydrothermal-related gradient is
43 °C/km, from the VR data in Luszczak et al. (2020).
The palaeogeothermal gradient calculated from Grotek’s
data (‘c’ and ‘d’ curves) show a break at the unconformi-
ty between the Permian and the Carboniferous. Assuming
a hydrothermal model or burial model for the Carboniferous
section only, c. 4 km and 5 km of Carboniferous overburden
were removed, respectively.

Fig.10. Temperature profile for the Radwanow I1G-1 well.
The bold black line (first from left) is the present-day tempera-
ture profile with a geothermal gradient (GG) of 30.5 °C/km.
The VR-derived palacotemperature (black and red crosses) are
from Luszczak et al. (2020). The VR-derived palaecotemperature
(green and red dots) are from Grotek (2018). All palacotempera-
tures were calculated from VR, using Barker and Pawlewicz (1994).
The black dotted curve (a) is burial-related Tmax (palacogeother-
mal gradient 32 °C/km) and the red ones (b) are hydrothermal-relat-
ed Tmax (43 °C/km) from the VR data of Luszczak et al. (2020).
The palacogeothermal gradient calculated from Grotek data
(‘c’ and ‘d’ curves) show a break at the unconformity between
the Permian and the Carboniferous. The stratigraphy and pres-
ent-day temperature profile are from Jurkiewicz (1980). For other
explanations see Figure 3. The lower Carboniferous comprises
upper Tournaisian to lower Viséan strata. Assuming a hydrother-
mal model or burial model, ¢. 4 km or 5 km of Carboniferous
overburden were exhumed. Further explanations are given in
the text.
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DISCUSSION

Plots of VR against depth (Figs 3-10) exhibit several
trends in the analysed wells. First of all, the palacotem-
peratures calculated from VR data show that it was much
hotter in the past than at the present-day. One of the most
prominent features of thermal evolution, recognised in
these wells, is that Mesozoic fluid flow caused overprint-
ing of the burial-induced diagenetic effects. The shape of
the VR curves in the borehole sections allows the sugges-
tion that fluid flow occurred. In particular, the non-linear
VR profiles (sensu Ziagos and Blackwell, 1986) above the
Permian/Carboniferous unconformity (in Triassic strata),
show that fluid flow may have contributed to the matura-
tion of the organic matter contained in Mesozoic sediments
(Figs 3-8). Owing to the post-Triassic fluid flow event, an
assessment of post-Triassic exhumation might be overesti-
mated and it is not attempted here. Moreover, in the Lower
Triassic sandstones in the Opoczno PIG-2 and Nie§win
PIG-1 boreholes, some hydrothermal copper mineralization
appears (Kowalczewski, 2006a, b), suggesting the occur-
rence of fluid flow. The most likely mechanism responsible
for a non-linear VR pattern in Triassic rocks is lateral flu-
id flow that developed regionally during the Jurassic peri-
od (Koztowska and Poprawa, 2004; Poprawa et al., 2005;
Kuberska et al,, 2021). However, the Ar-Ar ages for the
Wzorki diabase in the Lysogéry Unit showed that the strong
hydrothermal alteration took place in the Middle Triassic
(Nawrocki et al., 2013). Lateral variations in the palaeo-
geothermal gradients, recorded in the Permian-Mesozoic
sections between wells, are consistent with a gravity-driven
hydrothermal system, discharging heated fluids along fault
systems. Palaeogeothermal gradients are substantially high-
er in the Carboniferous sections (mean 60 °C/km) than in
the Mesozoic sections (mean 32 °C/km). Thermal maturity
in the Carboniferous sections is considered to be the conse-
quence of burial, elevated heat flow and a regional advec-
tive system during the late Carboniferous to early Permian,
rather than Mesozoic or Cenozoic processes. In most of
the analysed well sections, positive VR anomalies occur
against the general trend of thermal maturity, increasing
with depth (Figs 3, 7, 8). Unfortunately, the analysed wells
did not have the suitably long VR sections, required for
detailed recognition of the Carboniferous thermal regime
pattern. The sources of the heat in the late Carboniferous
to early Permian can be related to well-known magmatism
and hydrothermal processes along TTZ (Narkiewicz et al.,
2010; Nawrocki et al., 2013; Krzeminska and Krzeminski,
2019). Moreover, the regionally distributed low thermal ma-
turity data (usually below 0.5% VR) in Mesozoic sediments
in the HCM and adjacent areas, are against an increase in
the thermal maturity of Palaeozoic rocks after the Permian
(Marynowski et al., 2002; Narkiewicz and Malec, 2005).
Therefore, different thermal events governed Palaeozoic
and Mesozoic thermal regimes.

The results partly agree with the thermal maturity mod-
elling results in Poprawa et al. (2005), who showed that
thermal maturity depth profiles in the Mesozoic successions
of the southwest of the HCM allow the reconstruction of
the Late Jurassic phase of hot fluid migration, presumably
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related to the enhanced permeability of the faults and
fractures driven by extension. Poprawa et al. (2005) as-
sumed two discrete phases of fluid circulation: in the late
Carboniferous to early Permian and, more importantly, in
the Late Jurassic. However, in the analysed well sections,
VR pattern breaks at the base of the Permian unconformi-
ty exclude the occurrence of a single late Mesozoic ther-
mal event. Moreover, zircon helium ages of Ordovician to
lower Carboniferous samples show that a distinct cooling
event occurred in the transition from the late Carboniferous
to the early Permian (Botor et al, 2018). Additionally, in
the SW part of the HCM, Kowala and Ostréwka bentonite
samples show apatite fission tracks, documenting only slow
cooling through the entire Mesozoic and Cenozoic. These
samples have zircon helium ages of ¢. 300 Ma and probably
show that the maximum heating should have occurred in the
middle of the Carboniferous (Fig. 2; Botor et al., 2018). In
the Kowala section, the immature character of the organic
matter indicates maximum burial temperatures lower than
c. 80 °C, based on CAI (Betka, 1990). Very low maturity
is also confirmed by an average vitrinite reflectance value
of 0.53% VR (Marynowski et al., 2001). However, on the
basis of smectite illitization, the temperature was estimat-
ed at c. 120-140 °C (Srodon and Trela, 2012). Therefore,
there is a significant discrepancy between the maximum
temperatures, estimated from organic and mineral indices.
Since the ZHe ages for a bentonite horizon from the Kowala
section were reset, this was considered to be evidence of
local, at least short-term, hydrothermal fluid flow, which
did not change the thermal maturity of organic matter but
influenced the mineral record in these rocks (Botor et al.,
2018). The maturation of organic matter requires a longer
time than the annealing of an AFT thermochronometer. A
minimum of 10°-107 years of continuous heating is usual-
ly necessary to stabilize thermal maturation (Barker, 1989),
whereas, annealing of fission tracks in apatite requires much
less time (Crowley et al., 1991). The age of diagenesis of
clay minerals was documented by illite K-Ar dates from
the Kowala section by Zwing (2003) and found to be in the
range 315292 Ma. Srodon and Trela (2012) published illite
K-Ar ages in the range 192-228 Ma.

Fluid circulation can cause an increase in heat flow at
shallow levels in a short time, by a factor of five over the
basement heat flow (Gayer ef al., 1998a, b). However, any
approach based on conductive heat transfer (e.g., thermal ma-
turity modelling by PetroMod software) cannot detect such
short-lived convection processes in the crust. Nevertheless,
this does not contradict their existence. Therefore, the con-
cept of high heat flow does not contradict an occurrence of
fluid flow events. In fact, high heat flow, related to exten-
sional processes along faults, could trigger fluid flow circu-
lation, which has been shown in many papers (e.g., Duddy
et al., 1994; Frey and Robinson, 1999; Lampe et al., 2001).
Analysis of a number of samples over a depth range yields
information about the palaeotemperature profile with depth.
Heating because of continuous burial, in conditions that
give rise to a constant geothermal gradient, should produce
a linear profile, the gradient of which reflects the palaeo-
geothermal gradient at the maximum burial in the basin
history. Conversely, a fluctuating palaeotemperature profile
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indicates localised heating by igneous intrusions (Summer
and Verosub, 1992) and/or the input from anomalously hot
fluids along certain horizons (Ziagos and Blackwell, 1986;
Duddy et al., 1994). In a study of the Rhine graben, Person
and Garven (1992) modelled the influence of heated fluids
on hydrocarbon source-rock maturation patterns and con-
cluded that a topographically driven fluid flow system could
properly explain the present-day heat flow data and the
measured thermal maturation data. Summer and Verosub
(1992) showed the thermal effects, related to fluid flow in
strata below volcanic sequences in Oregon. They recog-
nized the importance of vertical thermal maturity sections
in the interpretation of a fluid flow mechanism for heating
and the mistakes in overburden estimation that would result
if lateral heat transfer was not recognized. Differences in vi-
trinite reflectance profiles have also been recorded between
ground-water recharge and discharge areas in the Uinta ba-
sin, by Willett and Chapman (1987).

Apatite helium and fission track data from the northern
margin of the Palacozoic core show rather slow cooling in
the Mesozoic-Cenozoic (Cattd, 2014). Therefore, it seems
that, farther from the HCF, thermochronology data do not
show a significant or rapid cooling record due to tectonic in-
version in the Late Cretaceous to early Palacogene, in con-
trast to data close to the HCF (Botor et al., 2018; Luszczak
etal, 2020).

Cooling due to tectonic inversion in the HCM and adja-
cent areas of the Mid-Polish Trough (Fig. 2) was recently
documented by thermochronology data (Botor et al., 2018;
Luszczak et al., 2020). This cooling had already started in
the late Cenomanian to early Campanian (Fig. 2; c. 100—
90 Ma, Lysogory) and c. 90 Ma in the Kielce Unit (Botor
et al., 2018), as well c. 91-82 Ma in the Radwanow 1G-1
section (Luszczak et al., 2020). The late Turonian to ear-
ly Campanian (c. 80—90 Ma) onset of tectonic inversion is
also similar to that in the Intra-Sudetic Basin (Botor et al.,
2019; Sobcezyk et al., 2020). The seismic investigation re-
sults along the Mid-Polish Trough also suggest similar
timing for the onset of tectonic inversion (Krzywiec et al.,
2009, 2018). Such timing of tectonic inversion was inter-
preted by Resak et al. (2008, 2010) and Narkiewicz et al.
(2010), who also provided a comparison with the German
Basin. This timing of the inversion is almost identical with
the start of the inversion of Mesozoic basins, such as the
Lower Saxony Basin farther west, in Germany (Mazur
et al., 2005; Senglaub ef al., 2005). The above-mentioned
data show that, in the Late Cretaceous (and definitely be-
fore the Maastrichtian), the crust in Central Europe was
deformed in a compressive to transpressional regime (Kley
and Voigt, 2008). This caused the reactivation of Variscan
faults, the exhumation of tectonic blocks and, finally, the
inversion of the Cretaceous basins (Lamarche et al., 2003b).
Comprehensive analysis of apatite fission tracks, zircon he-
lium ages and the thermal maturity of organic matter in the
area NE of the TTZ (East European Platform) showed that
amajor heating of Palaeozoic strata (up to the Carboniferous,
inclusive) occurred before the Permian, reaching maximum
temperatures in the early and late Carboniferous in the
Baltic-Podlasie Basin and the Lublin Basin, respectively
(Botor et al., 2021). The borehole sections analysed here are
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located in the area of the northern Permian-Mesozoic mar-
gin of the HCM that is within the south-eastern part of the
Mid-Polish Swell. Therefore, it appears that major factors,
influencing the thermal history of these rocks, were burial
in the Mesozoic, causing heating, and the Late Cretaceous
to early Palaecogene tectonic inversion, causing cooling.
However, fluid flow events also contributed to the thermal
history of this area.

CONCLUSIONS

VR analysis was applied to borehole sections to establish
the burial and thermal evolution of the northern margin of
the HCM. In the majority of the sections, a VR break occurs
at the base of the Permian, which proves the development of
Variscan thermal maturity taking place in conditions differ-
ent from those in the Mesozoic.

Thermal maturity of the Carboniferous strata was reached
at the end of the late Carboniferous and was not overprint-
ed by any Mesozoic processes. The influence of Permian—
Mesozoic burial on the thermal maturity of Carboniferous
and, by implication, older strata was limited. Both sed-
imentary burial and hydrothermal processes could have
contributed to a high level of thermal maturation of these
Carboniferous rocks.

Calculated palacogeothermal gradients, based on VR data,
reaching up to 96 °C/km (probably in the Jurassic), strongly
suggest the influence of fluid flow. Considering the tectonic
development of the study area, such high gradients cannot
be explained purely by changes in the basal heat flow. The
non-linear VR pattern in the Permian-Triassic strata suggests
that it was caused by hot fluid flow in the Jurassic.
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