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Vitrinite reflectance analyses and 1-D thermal maturity modeling of the Paleozoic-Mesozoic section of the Miechéw Trough
have allowed interpretation of the thermal history that influenced hydrocarbon generation. The thermal maturity of organic
matter dispersed in the Lower Paleozoic to Mesozoic sedimentary successions is in the range of 0.49 to 3.06% of mean ran-
dom vitrinite reflectance. The estimated maximum palaeotemperatures of the rocks analyzed are in the range from ~70 to
~290°C. The Variscan thermal regime was different to the Mesozoic one. At least two fluid flow events might be identified.
The maximum palaeotemperature (~120-290°C) in the Silurian to Lower Carboniferous sedimentary succession was
achieved in the late Carboniferous to early Permian. The Late Variscan tectonic activity may have been triggered by in-
creased heat flow that was, at least partly, connected with fluid circulation. The maximum palaeotemperature (~70-150°C) of
the Zechstein to Jurassic sedimentary succession was achieved during the Mid-Late Jurassic. This was likely caused by a
hot fluid flow event. The hydrocarbon potential of Paleozoic source rocks was exhausted before the Upper Jurassic and
Cenomanian reservoir rocks and traps were formed. Consequently, the majority of hydrocarbons generated during the
pre-Late Jurassic stages were lost.
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INTRODUCTION

A report on the latest balance of mineral resources deposits
in Poland, published by the Polish Geological Survey, estimates
reserves totaling ~142 BCM (5 TCF) of natural gas in 306 fields,
and ~22 MTOE (157 MMBOE) of crude oil in 87 fields (cf.
Wojcik et al., 2022). One of the important areas of oil and gas
deposits in Poland is the Carpathian Foredeep and its Paleo-
zoic-Mesozoic substrate (Karnkowski, 2007). The Miechow
Trough, sometimes called the Nida Trough or Nida Depression,
is developed as the southern part of the Polish Basin. The
Miechoéw Trough in its southern part is overlain by Miocene
strata of the Carpathians Foredeep, where thermogenic oil and
gas accumulations occur mainly in Upper Jurassic carbonates
and Cenomanian sandstones (e.g., Brzezowiec, Grobla-
Ptawowice, and takta fields) in the Mesozoic basement (e.g.,
Gliniak et al., 2005; Gorka et al., 2007; Stonka and Krzywiec,
2020). These oil and gas fields were likely charged by Paleozoic
source rocks (e.g., Wiectaw et al., 2011; Kotarba et al., 2017) or
by the Menilite Beds of the Outer Carpathians (Ten Haven et
al., 1993; Curtis et al., 2004; Lewan et al., 2006; Nemcok and
Henk, 2006; Botor, 2021). There are also gas fields in the
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autochthonous Miocene strata of the Carpathian Foredeep
which contain almost exclusively bacterial gases (e.g., see re-
cent summary in Kotarba et al., 2017 and further references).
However, no petroleum deposits are known in the area north of
the Miocene extent, despite many oil shows (Fig. 1; e.g.,
Jurkiewicz, 1975; Gorka et al., 2007). The absence of a Mio-
cene seal (Fig. 1) seems to be an important factor that drasti-
cally reduces prospects in this area (Papiernik et al., 2007).
Vitrinite reflectance (VR) is commonly applied as a
palaeotemperature indicator in sedimentary rocks and it serves
as a calibration tool in numerical modeling of the thermal histo-
ries of sedimentary basins (e.g., Waples et al., 1992a, b;
Hantschel and Kauerauf, 2009; Hartkopf-Froder et al., 2015;
Zielinska, 2017; Waliczek et al., 2019, 2021; Kalinowski and
Gurba, 2020; Zielinska et al., 2023). Since the early publication
of Waples (1980) the numerical simulation of subsidence,
burial, and the thermal histories of sedimentary basins became
a widely used method in geology (Hantschel and Kauerauf,
2009 and references therein). Itis applied in petroleum explora-
tion, where processes such as hydrocarbon generation, migra-
tion and accumulation are studied (e.g., Waples et al., 1992a, b;
Verweij et al., 2012; Botor et al., 2019). Such modeling tech-
niques are also used to solve basic geological questions such
as the controls on palaeothermal regimes, tectonic inversion,
and orogenic processes (e.g., Resak et al., 2008; Narkiewicz et
al., 2010; Suchy et al., 2019; Luszczak et al., 2020; Zielinska et
al., 2023). This study reconstructs the regional palaeo-
temperature pattern and burial evolution of the Miechéw
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Trough by means of VR data. It enables recognition of particu-
larly important and basic elements of the petroleum system
such as temperature and pressure and its influence on the ther-
mal maturity of organic matter and hydrocarbon (HC) genera-
tion. Combined VR analysis and thermal maturity modeling was
applied to establish the burial and thermal history of the study
area.

GEOLOGICAL SETTING

The study area is located within the central part of the
Miechéw Trough (Figs. 1 and 2). To the SW the Miechow
Trough passes gradually into the Silesian-Krakéw Homocline,
and to the NE into the Holy Cross Mountains (HCM) being a
segment of the Mid-Polish Anticlinorium. The Miechéw Trough
forms the south-eastern segment of the Szczecin—Miechéw
Synclinorium (Zelazniewicz et al., 2011), formation of which
was completed during the Late Cretaceous—Paleogene tec-
tonic inversion of the Permian-Mesozoic Polish Basin (e.g.,
Dadlez et al.,, 1995; Krzywiec, 2002; Resak et al., 2008;
Krzywiec et al., 2018). The Permian—-Mesozoic Polish Basin
formed the easternmost part of a system of epicontinental bas-
ins in western and central Europe (Scheck-Wenderoth et al.,
2008). Its most subsiding axial part — the Mid-Polish Trough —
developed along the NW- to SE-trending Teisseyre-Tornquist
Zone (Mazur et al., 2015). Tectonic inversion of the Polish Ba-
sin was associated with uplift and exhumation of the axial part
of the basin, which was transformed into a regional anticlinal
structure — the Mid-Polish Swell (e.g., Zelazniewicz et al.,
2011). Due to inversion-related development of the Mid-Polish
Swell, two regional units were formed along both its flanks, in-
cluding the south-western Szczecin—Miechow Synclinorium
(e.g., Dadlez et al., 2000; Zelazniewicz et al., 2011). The Perm-
ian-Mesozoic succession in the study area consists of
Zechstein evaporite deposits, Triassic clastic rocks, carbonates
and anhydrites, and Jurassic siliciclastic and carbonate rocks,
Albian-Cenomanian sandstones and Turonian to Lower
Maastrichtian marls, chalks and limestones (Jurkiewicz, 1975;
Moryc, 2006b, 2014; Jurkowska, 2016). The southeastern part
of Miechéw Trough is overlain by the Miocene strata of the
Carpathian Foredeep (e.g., Oszczypko et al., 2006).

The basement of the Permian-Mesozoic Miechéw Trough
is built of upper Proterozoic—Carboniferous rocks which are a
part of the Matopolska Block (Buta et al., 1997, 2015), which ex-
tends between the Upper Silesian and tysogéry blocks (Figs. 1
and 2). The pre-Devonian sedimentary cover has been in-
tensely deformed and even, in the case of the Ediacaran rocks,
partly metamorphosed (Buta et al., 2015). The final folding was
probably associated with late Caledonian terrane accretion
around the Silurian—Devonian boundary (Narkiewicz et al.,
2020). The late Proterozoic—Paleozoic successions of the SW
part of the Matopolska Block (basement of the Miechow
Trough) include Proterozoic (Ediacaran), Ordovician
(Tremadocian-Caradocian), Silurian (Llandovery-Ludlow), De-
vonian (Emsian-Famennian) and Carboniferous (Visean to
Lower Namurian) rocks (Jurkiewicz, 1975; Moryc, 2006a, b,
2014; Buta et al., 2015). In the study area, Carboniferous strata
were found in intervals of the Wegrzynéw IG 1, Pagéw IG 1 and
Milianéw IG 1 boreholes. In Wegrzynéw IG 1 these are carbon-
ate and clastic rocks of the Tournaisian and Visean, in Pggow
IG 1 there are siltstones and sandstones of the Visean, and in
Milianéw IG 1 mudstone-sandstone strata of the Visean and
Lower Namurian were penetrated (Jurkiewicz, 1974, 1975,
1976a, b, 1980, 1990). Malec (2015) showed, based on cono-
dont stratigraphy, the presence of erosional stratigraphic gaps

(Bretonnian phase) between the Devonian and the Carbonifer-
ous in the Pagéw IG 1 and Wegrzynow IG 1 profiles.

The extensional regime prevailing in the Polish part of the
southern Euramerica margin during most of the Devonian can
be explained by slab-pull forces related to north-directed
subduction of the Rheic oceanic plate (Narkiewicz, 2007, 2020).
The extensional Devonian regime was interrupted by Bretonian
tectonism in the beginning of the Carboniferous (Narkiewicz,
2007, 2020). Stratigraphic condensation and gaps spanning the
uppermost Devonian and lower part of the Tournaisian have
been noted in the Kielce area of the HCM (Szulczewski, 1995)
and in the Upper Silesian region (Betka, 1993). A sedimentary
discontinuity at the base of the Mississippian, commonly la-
belled the Bretonian unconformity, has been postulated also in
the southern part of the Matopolska Block (e.g., Zaba, 1999;
Moryc, 2006a, b). Continuous sedimentation across the Devo-
nian—Carboniferous boundary has been documented so far
only locally in the HCM (Malec, 2015). However in some places
in the HCM, continuity between Devonian and Carboniferous is
present, for example in the Kowala quarry, and in the southern
flank of the Gatezice syncline (Rakocinski et al., 2021).

The early Bashkirian (late Namurian A) was a time of
non-deposition and erosion over the entire Variscan foreland
area (e.g., Narkiewicz, 2020). K-Ar and Ar-Ar isotopic ages
have corroborated the occurrence of minor mafic magmatism
(lamprophyres and diabases) in the HCM (Migaszewski, 2002;
Nawrocki et al., 2013). According to Lamarche et al. (2003a) the
longitudinal discontinuities may represent inverted normal faults
that developed due to Devonian extension. The Variscan struc-
ture of the MB south of the HCM displays faulted folds with an
amplitude similar to those in the HCM, but with a considerably
larger wavelength (Jurkiewicz, 1975; Papiernik et al., 2007;
Buta et al., 2015). The results of palaeomagnetic studies im-
pose rather wide constraints on the timing of the Late Paleozoic
deformation in the HCM: from the Visean, when an early folding
phase occurred, to the early Permian marking the termination of
Variscan tectonism (Lamarche et al., 2003a; Szaniawski,
2008). Thus, the deformation might have started near the
Visean—-Serpukhovian boundary (~330 Ma) within a
compressional regime which led to tectonic inversion and exhu-
mation of the MB including the study area (see further discus-
sion in Narkiewicz, 2020).

During the late Carboniferous to early Permian, intense
granitoid magmatism developed within a wide belt along the
Krakéw-Lubliniec Fault Zone (KLFZ), which is a part of the ma-
jor Hamburg—Krakéw—Dobrogea transcontinental strike-slip
tectonic zone (e.g., Zaba, 1999). The KLFZ delineates a bound-
ary between the Upper Silesian Block and the Matopolska Block
which is a thinned marginal part of Baltica (Buta et al., 1997,
Zaba, 1999; Zelazniewicz et al., 2016, and references therein).
The KLFZ is also a part of the Trans-European Suture Zone
(TESZ; Zelazniewicz et al., 2016), one of the most important
composite suture zones in Europe (Ziegler, 1986; Pharaoh,
1999). The fault crosscuts and offsets all Paleozoic and older
rock units, including the Permian strata (Buta et al., 1997; Zaba,
1999). Igneous rocks that occur along the KLFZ are the prod-
ucts of bimodal magmatism, associated either with crustal
thickening (Staby et al., 2010) or with the dextral wrench regime
and fault activity on the TESZ (Zelazniewicz et al., 2016).
Magmatism spanned a narrow time period between 304 and
293 Ma (Mikulski et al., 2019). Late Carboniferous to early
Permian bimodal magmatism was likely related to the transition
from a post-collisional to within-plate setting along the SW mar-
gin of the East-European Craton (Mikulski et al., 2019).
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Fig. 1A — location of the boreholes analysed on a simplified geological map of the study area without Cenozoic deposits (modified
after Dadlez et al., 2000). Inset in the upper right corner shows the approximate position of the study area; B — sketch map of the
main tectonic units of the sub-Permian basement of southern Poland and the surrounding area (modified after Mazur and
Jarosinski, 2006; Nawrocki and Poprawa, 2006; Mazur et al., 2018)

K-LF — Krakéw-Lubliniec Fault

PREVIOUS STUDIES OF THERMAL HISTORY

The thermal history of the entire south-western part of
Matopolska Block is discussed below, because data is sparse
on the thermal evolution of the Miechéw Trough. However, a re-
cently published paper, on the application of palynofacies anal-
ysis and the Thermal Alteration Index (TAI) to determine the de-
gree of organic matter thermal maturity in the Upper Permian

and Triassic deposits in the northern part of the Miechéw
Trough, gave new insights into the thermal evolution of the
study area (Fijatkowska-Mader, 2020). In the Upper Permian
formations, the VR values are in the range of 0.47-0.90%
(Grotek, 2000, 2008; Fijatkowska-Mader, 2020). In the Triassic
strata, VR varies within limits of 0.2—0.6% (Fijatkowska-Mader,
2020) and is slightly lower than the value 0.5-1.1% reported by
Grotek (2000, 2008). In the Miechéw Trough, the relatively low
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Fig. 2. Simplified cross-section through the southern part of the study area (after Dudek et al., 2003; Florek et al., 2006)

conodont CAl values of 1 in the Triassic rocks indicates that the
Paleozoic strata must have reached their thermal maturity, of
CAI 2—4.5, earlier, most likely in the late Carboniferous (Malec,
2015). Such low values of thermal maturity indicators indicate
relatively low diagenesis temperatures (generally <100°C) in
the Mesozoic succession of the study area and much higher
temperatures in the Paleozoic strata.

Generally, because the Paleozoic-Cenozoic development
of the Miechow Trough is similar to that of the HCM area or at
least the southern part of it, i.e. the Kielce Unit, the thermal evo-
lution of both areas is similar. In the HCM most authors agree
about the key role of the Holy Cross Fault (HCF) in controlling
the Variscan thermal regime within the region (Betka, 1990;
Marynowski et al., 2002; Poprawa et al., 2005) and enhancing
Carboniferous-Permian advective heat flow through fluid migra-
tion (Migaszewski and Hatas,1996; Poprawa et al., 2005;
Narkiewicz et al., 2010; Naglik et al., 2016). In the HCM, burial
and exhumation events of different magnitudes can be related
to HCF polyphase activity. In particular, Variscan deformation in
the late Carboniferous (e.g., Lamarche et al., 2003a;
Narkiewicz, 2007) was potentially capable of producing a tec-
tonic overburden which might have led to temperature increase
and changed organic thermal maturity. In the HCM, thermal
maturity distribution data in the pre-Permian versus younger
strata points to a prominent role of late Paleozoic heat flow
(Betka, 1990; Narkiewicz et al., 2010; Malec, 2015; Narkiewicz,
2017). A late Variscan cooling event affecting Paleozoic se-
quences, recorded by zircon helium ages (Botor et al., 2018),
marks the end of an important thermal overprint related to
Variscan tectonic development (e.g., Lamarche et al., 1999,
2003a; Konon, 2006, 2007). This event may have been trig-
gered by increased heat flow that was, at least partly, coupled
with fluid circulation along the HCF (e.g., Narkiewicz et al.,
2010). During the Mesozoic, due to sedimentary burial, the in-
crease in temperature across most of the HCM reveals subsi-
dence of the Mid-Polish Trough. The middle part of the HCM
(on both side of the HCF, in the Kielce and Lysogéry Units) re-
cords a rapid cooling event related to tectonic inversion of the
Polish Basin (e.g., Dadlez et al., 1995; Krzywiec, 2002;
Lamarche et al., 2003a, b; Scheck-Wenderoth et al., 2008), that

started in the Cenomanian to early Campanian (~100-90 Ma in
tysogory, ~90 Ma, in the Kielce Unit, Botor et al., 2018;
~82-91 Ma in Radwanow IG 1 profile, tuszczak et al., 2020).
This rapid rate cooling is also emphasized by a small time lag
between apatite fission-track (109 Ma) and apatite helium ages
(91 Ma) in the same surface samples (Debniak) from the central
part of the HCM (Botor et al., 2018). However, tectonic inver-
sion was much less obvious along the SW margin of the HCM
(i.e. Kowala and Ostréwka area), where slow cooling took place
throughout the Mesozoic with only a minor cooling rate acceler-
ation from the latest Cretaceous (Botor et al., 2018). The NE
Mesozoic cover of the HCM also shows a dominance of slow
cooling in the late Mesozoic to Paleogene (Catto, 2014). There-
fore, it seems that in the Miechéw Trough located much farther
towards west, no significant tectonic inversion occurred during
the Late Cretaceous-Paleogene. In the Kowala outcrop section
(SW HCM), the early mature character of the organic matter in-
dicates maximum burial temperatures lower than 80°C (Belka,
1990). Low maturity is corroborated by vitrinite reflectance val-
ues of ~0.50-0.55% VR (Marynowski et al., 2001), the temper-
ature of maximum release of hydrocarbons (Joachimski et al.,
2001; Marynowski et al., 2007, 2010) as well as the conodont
CAl index (Joachimski et al., 2001). However, based on
smectite illitization, the temperature was estimated at ~130°C
(Srodon and Trela, 2012). Therefore, there is a significant dis-
crepancy between the maximum temperature estimated from
organic and mineral indices. Inconsistencies between smectite
illitisation data and those from organic matter are common. A
similar pattern is seen in Ediacaran rocks of the East European
craton (Derkowski et al., 2021). Since zircon helium ages for a
bentonite horizon in the Kowala section are reset, this was con-
sidered as evidence of local short-term hydrothermal fluid flow,
which did not change the thermal maturity of the organic matter,
but influenced the mineral record of these rocks (Botor et al.,
2018). Although illite K-Ar ages from the Kowala exposure were
estimated by Zwing (2003) in the range of 315292 Ma, Srodon
and Trela (2012) published illite K-Ar ages in the range of 192 to
228 Ma, supporting a Jurassic diagenetic overprint. Assuming
maximum heating only in the Cretaceous as was proposed by
Schito et al. (2017) did not give any good results for the
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thermochronological dataset (Botor et al., 2018). An alternative
model proposed by many authors (e.g., Betka, 1990;
Narkiewicz, 2002; Narkiewicz et al., 2010; Botor et al., 2018)
proposes that the main heating interval of the Devonian to early
Carboniferous sedimentary successions occurred in the late
Carboniferous and/or early Permian, except for the Kajetanéw
area where an additional pre-Triassic thermal event was sug-
gested by Marynowski et al. (2002).

SOURCE ROCKS IN THE STUDY AREA

Petroleum source rocks in the study area comprise intervals
occurring within the Ordovician, Silurian, Devonian and Lower
Carboniferous. Due to their low thermal maturity, Mesozoic
rocks are not thought to be source rocks despite the fact that
some, such as Jurassic strata, contain significant amounts of
organic carbon (Kosakowski et al., 2012; Kotarba et al., 2017).
Ordovician and Silurian source rocks are an important source of
hydrocarbons, both conventional and unconventional, in the
East European Craton and in Paleozoic-Mesozoic basement of
the Carpathians Foredeep (Pletsch et al., 2010; Wiectaw et al.,
2011, 2012; Kotarba et al., 2017; Botor et al., 2019; Papiernik et
al., 2019). In the Holy Cross Mts., Silurian claystones contain up
to ~3% TOC (Smolarek et al., 2014, 2017a, b), while claystones
of the Lower Carboniferous Zareby Formation have mean TOC
contents of ~2.8% (Malec et al., 2010). However, their thermal
maturity is not higher than the oil window zone. In the Kielce re-
gion, Schito et al. (2017) also reported TOC contents higher
than 1% which, however, are limited to the Silurian and Ordovi-
cian rocks of the Bardo syncline and Middle Devonian strata,
where the highest TOC values of ~5 and 9% were measured in
individual samples. Middle-Upper Devonian and Lower Car-
boniferous rocks are important sources of hydrocarbons in sev-
eral areas of the Paleozoic-Mesozoic basement of the
Carpathians Foredeep (e.g., Dudek et al., 2003; Kotarba et al.,
2017). Geochemical data showed initial TOC in source rocks of
the Paleozoic basement of the Carpathian Foredeep to be
~1.2-3.5% for siliciclastic Ordovician and Silurian rocks, 1.2%
for Middle-Upper Devonian carbonates and 1.3% for Lower
Carboniferous siliciclastic rocks (Wiectaw et al., 2011). Kerogen
type is mainly type Il oil-prone low-sulphur in the Ordovician and
Silurian rocks, and type Il with and admixture of type Ill in the
Middle-Upper Devonian and Lower Carboniferous rocks. The
thickness of these source rocks is ~40-50 m for the Silurian and
up to 100-150 m for Lower Carboniferous and Ordovician
siliciclastic rocks, and up to 200 m for the Devonian succession
(Dudek et al., 2003; Wiectaw et al., 2011; Kotarba et al., 2017).
The Upper Jurassic carbonate and the Cenomanian sandstone
reservoirs (e.g., in the Grobla, Rajsko, Rylowa and
Wierzchostawice oil and gas fields) contain geochemically very
similar hydrocarbons. These were generated by thermogenic
processes and migrated, probably through fault zones, from
source rocks included in the Lower Carboniferous and Mid-
dle-Upper Devonian as well as in Ordovician to Silurian strata
(Kotarba et al., 2017). However, there is an alternative possibil-
ity for the origin of these hydrocarbons. Based on numerical
modeling Nemcok and Henk (2006) have shown that it is possi-
ble that the hydrocarbons migrated from the Oligocene Menilite
Beds of the Outer Carpathians. Moreover, geochemical data
also show that oils in the Mesozoic basement are similar to
many oils in the Western Outer Carpathians. Some biomarkers
such as oleane, derived from angiosperm plants, show that the
source rocks for this oils have to include Cretaceous or younger
rocks. The high sulphur content in the oils can be related to high
sulphur Il type kerogen documented in the lower Menilite Beds

(ten Haven et al., 1993; Curtis et al., 2004; Lewan et al., 2006).
Due to the high sulphur content, such kerogen was able to gen-
erate oil much earlier and faster than that of typical low-S-II type
(Curtis et al., 2004; Lewan et al., 2006). Recently, Botor (2021)
showed that in the frontal Carpathian orogenic wedge, the un-
derlying Paleozoic source rocks attained maximum heating in
the Late Triassic to Early Jurassic interval, that triggered a ma-
jor phase of hydrocarbon generation. The hydrocarbon poten-
tial of the Paleozoic source rocks was depleted before the Up-
per Jurassic and Cenomanian reservoir rocks and traps were
formed. Consequently, the majority of the hydrocarbons gener-
ated during the pre-Jurassic stages were already dispersed.

METHODS AND SAMPLES

Mean random VR was analysed in 40 samples from 6 bore-
holes in the Miechéw Trough (Jaronowice IG 1, Milianéw IG 1,
Pagéw IG 1, Potok Maty I1G 1, Wegrzynéw IG 1, Wioszczowa
IG 1), though only 32 samples contained sufficient organic ma-
terial for effective determination. This dataset has enabled the
analysis of thermal maturity versus depth relationships by both
basin and stratigraphic interval. Detailed geological information
on these boreholes were given by Jurkiewicz (1974, 1975,
19764a, b, 1980, 1990).

ORGANIC PARTICLE REFLECTANCE
MEASUREMENTS

In Devonian and younger strata the thermal maturity of or-
ganic matter is widely based on vitrinite reflectance; however,
Lower Paleozoic strata do not contain vitrinite. Therefore, ther-
mal maturity in such sediments is based on zooclasts and solid
bitumen. In this work 3 Silurian zooclast samples and 29 vitrinite
samples were analysed to determine VR (Table 1). The rock
samples were cut perpendicular to the bedding and from these
rock pieces polished slides were prepared for VR measure-
ments. Mean random VR was measured to determine the ther-
mal maturity of the samples analysed. VR measurements were
performed using a Zeiss microscope for incident light, a
50x%/0.85 Epiplan—Neofluar oil immersion objective and a
546 nm filter, Zeiss immersion oil n, = 1.518, at a temperature of
23°C. Mineral standards of known reflectance were used for
calibration: sapphire (0.590%), yttrium-aluminium garnet
(0.901%), gadolinium-gallium garnet (1.718%), cubic zirconium
(3.130%) and strontium-titanate (5.390%). The microscopical
analyses closely followed the guidelines published by Taylor et
al. (1998) and Hackley et al. (2015).

In contrast to the traditional concepts that consider organic
maturation as 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 obtained general acceptance for reconstructing ther-
mal histories of areas characterized by complex geological his-
tories (e.g., Barker and Pawlewicz, 1994; Tobin and Claxton,
2000; Frings et al., 2004; Cavailhes et al., 2018; Kalinowski and
Gurba, 2020). While the application of time—temperature mod-
els is limited to sedimentary basins with well-known burial and
thermal histories, the time-independent method based on sev-
eral correlations between VR and maximum temperature can
be applied to complex orogenic sequences (e.g., Laughland
and Underwood, 1993) and hydrothermal systems (e.g.,
Barker, 1983). Excellent correlations between fluid—inclusion
homogenization temperature and vitrinite reflectance indicate
temperature as the major control on organic maturation (e.g.,
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Table 1
Mean random vitrinite reflectance data for the samples from the Miechéw Basin
Borehole Depth (m) Stratigraphy VR (%) STD No T1 (°C) T2 (°C)
1367.5 Bathonian 0.53 0.03 51 84.3 70.9
1737.4 Upper Triassic 0.64 0.03 55 99.5 95.1
Jaronowice IG 1 2005.2 Emsian 0.97 0.05 99 133.1 148.3
2131.4 Lower Silurian 1.05 0.09 63 139.4 158.4
2216.2 Lower Silurian 1.00 0.04 60 135.5 152.2
2276.5 Visean-Lower Namurian 2.35 0.12 138 204.4 261.4
Milianéw IG 1 2458.7 Visean-Lower Namurian 2.39 0.13 152 205.7 263.6
3220.1 Visean-Lower Namurian 3.06 0.1 100 225.7 295.2
587.5 Coniacian-Turonian 0.56 0.07 86 88.7 78.1
1469.2 Bajocian 0.62 0.07 100 96.9 91.1
1501.6 Lower Jurassic 0.65 0.09 110 100.7 97.1
, 1887.1 Upper Triassic 0.70 0.07 100 106.7 106.6
Pagow IG 1 -
2593.1 Zechstein 1.1 0.08 100 143.9 165.5
2664.2 Visean 2.88 0.14 82 220.8 287.4
2780.2 Visean 2.88 0.14 80 220.8 287.4
2995.8 Famennian 2.99 0.13 62 223.8 292.2
1608.5 Upper Triassic 0.64 0.04 78 99.5 95.1
Potok Maty I1G 1 1700.0 Upper Triassic 0.82 0.07 98 119.5 126.8
1789.0 Lower Triassic 1.00 0.06 56 1350 1520
1070.4 Visean 0.66 0.05 102 101.9 99.1
1369.7 Visean 0.70 0.04 78 106.7 106.6
1549.7 Famennian 0.85 0.08 77 122.4 131.4
Wegrzynéw IG 1 2175.9 Frasnian 0.99 0.08 69 134.7 150.9
2447 4 Frasnian 1.20 0.08 57 150.2 175.5
2524.2 Givetian 1.56 0.09 86 171.4 209.4
3015.7 Eifelian 2.75 0.08 91 2171 281.5
955.5 Kimmeridgian 0.49 0.04 55 77.9 60.9
1593.6 Bathonian 0.52 0.03 64 82.7 68.6
1615.9 Bathonian 0.53 0.05 72 84.3 70.9
Wioszczowa IG 1 —
2147.5 Upper Triassic 0.77 0.06 53 114.4 118.7
22511 Middle Triassic 0.80 0.07 58 117.5 123.6
2594.6 Silurian 0.92 0.09 62 128.6 141.5

VR (%) — mean random vitrinite reflectance, STD — standard deviation, No — number of measurements per sample, T1 — maximum tempera-
ture calculated from VR data for burial model (Barker and Pawlewicz, 1994), T2 — maximum temperature calculated from VR data for hydro-

thermal model (Barker and Pawlewicz, 1994)

Barker and Pawlewicz, 1994; Tobin and Claxton, 2000). VR
was used as an input parameter for the calculation of peak tem-
perature after Barker and Pawlewicz (1994). In the present
study, the formula Temperature 1 = (InVR + 1.68)/0.0124 for
the burial heating model and Temperature 2 = (InVR +
1.19)/0.00782 for the hydrothermal heating model after Barker
and Pawlewicz (1994) was applied. The formulas are calibrated
up to 7% VR (Barker and Pawlewicz, 1994).

PETROMOD MODELING TECHNIQUE

Thermal maturity modeling was performed using the 1-D
PetroMod software (Schlumberger, ver. 9.0; for details see
Hantschel and Kauerauf, 2009). The numerical modeling tech-
niques applied enabled the simulation of the complex set of in-
teracting physical and chemical processes that took place dur-
ing the evolution of the sedimentary basin. The beginning point
for the modeling is a conceptual model (Waples et al., 19923, b;
Hantschel and Kauerauf, 2009), which identifies the geological

evolution of the study area, including geological, geophysical,
and geochemical data. A discretized numerical model, which
represents the conceptual model, is then applied for simulation
purposes (Waples et al., 1992a, b; Hantschel and Kauerauf,
2009). The geological history of an individual borehole section
is calculated using the finite difference method. Stratigraphic
events, scaled in time, establish the structure of the model and
control the data input. The data set for each event consists of
duration, depositional or erosional thickness, lithology,
bathymetry, sediment/water interface or surface temperature,
heat flow and rock thermal properties. Petrophysical parame-
ters, such as porosity, density and thermal conductivity, are
then classified on the basis of lithology. After each simulation
run, the calculated results are compared with the measured val-
ues to calibrate the model and test its geological consistency.
Calibration is usually performed by varying the palaeo-heat flow
or the original thickness of the now-eroded sedimentary units
(Waples et al., 1992a, b; Hantschel and Kauerauf, 2009). Ini-
tially, heat flow estimates for the past stages of basin evolution
are given on the basis of the tectonic setting (Hantschel and
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Table 2
Input data for the Wtoszczowa IG 1 model
. ick- i Deposition Erosion .

Event/ stratigraphy T(%p) B?mm nggéc(km) Erc()rs{:?n from (Ma) | to (Ma) | from (Ma) | to (Ma) Lithology
Quaternary 0.00 10.00 10.00 2.00 0.00 SILTSTONE
Paleogene-Neogene 10.00 10.00 0.00 55.00 2.00 none/hiatus
Maastrichtian 10.00 303.00 293.00 200.00 72.00 65.00 65.00 55.00 MARL
Campanian 303.00 | 620.00 317.00 83.00 72.00 MARL
Santonian 620.00 | 726.00 106.00 86.00 83.00 MARL
Coniacian 726.00 | 780.00 54.00 89.00 86.00 MARL
Cenomanian 780.00 | 839.00 59.00 100.50 89.00 SANDSTONE
Albian 839.00 | 850.00 11.00 113.00 100.50 SANDsilty
Kimmeridgian 850.00 | 1060.00 210.00 400.00 157.00 145.00 145.00 113.00 LIMESTONE
Oxfordian 1060.00 | 1613.00 553.00 163.00 157.00 LIMESTONE
Bathonian 1613.00 | 1631.00 18.00 168.00 163.00 SILT&SAND
Bajocian 1631.00 | 1667.00 36.00 170.00 168.00 SILT&SAND
Lower Jurassic 1667.00 | 1703.00 36.00 201.00 170.00 SANDSTONE
Upper Triassic 1703.00 | 2338.00 635.00 237.00 201.00 SILTsandy
Permian 2338.00 | 2338.00 0.00 275.00 250.00 ANHYDRITE
Visean-Namurian 2338.00 | 2338.00 0.00 500.00 345.00 315.00 315.00 275.00 SAND&SILT
Upper Devonian 2338.00 | 2338.00 0.00 800.00 382.00 359.00 359.00 345.00 LIMEdolom
Givetian 2338.00 | 2512.00 174.00 387.70 382.00 LIMESTONE
Emsian 2512.00 | 2541.00 29.00 407.60 387.70 SANDsilty
Silurian 2541.00 | 2618.00 77.00 100.00 425.00 419.00 419.00 408.00 SILTSTONE

In lithology types the following system was applied for abbreviations: e.g., SANDsilty (first lithology in upper case and second in lower case)
means 70% sandstone and 30% of siltstone; SILT&SAND (both lithologies in upper case) — 50% siltstone and 50% sandstone, petrophysical

properties of lithology is given in Botor (2023)

Kauerauf, 2009). In the subsequent iterations, the palaeoheat
flow values are modified through the modeling procedure to
achieve the best fit between the calculated model and the mea-
sured calibration parameters. Heat flow values are the best
constrained for timing of the maximum temperature, which usu-
ally links to the maximum sedimentary burial (Hantschel and
Kauerauf, 2009). The backstripping method, which also in-
cludes a decompaction correction, was applied to establish the
burial history. Petrophysical parameters were used based on
the PetroMod library according to lithological types identified in
the boreholes analysed (Botor, 2023). Models were calibrated
using measured values of mean random vitrinite reflectance.
The VR in modeling was calculated using the algorithm of
Sweeney and Burnham (1990). Several tests of the change of
heat flow over time, erosion/exhumation of overburden, and a
combination of both, were performed. The calculated VR values
were compared with the measured VR values, and the com-
puter model was adjusted until the best fit of the VR versus
depth was achieved. A broader discussion of the applied matu-
rity modeling method is provided elsewhere (Waples et al.,
1992a, b; Hantschel and Kauerauf 2009).

INPUT DATA IN MODELING

Among the six borehole available for this study, only
Wioszczowa IG 1, Jaronowice IG 1 and Pagéw IG 1 have VR
data from both the Paleozoic and Mesozoic parts of the strati-
graphic section (Table 1). However, Wioszczowa IG 1, located
in the central part of the study area, is representative of the
Miechéw Trough. In the Wioszczowa IG 1 borehole section, the
VR dataset included six samples from the Mesozoic and Paleo-
zoic strata (Table 1). While developing a numerical model, a

great number of uncertainties have to be discussed and evalu-
ated. Major variables that influence the basin model are related
to petrophysical properties of the basinal deposits, mode of
heat transfer, calibration data and the algorithm for the VR data
(Waples et al., 1992a, b; Hantschel and Kauerauf, 2009). Dur-
ing this study it was not possible to measure the thermal con-
ductivity or heat capacity of the basin deposits due to sparse
sample material. Therefore, these values were quantified for all
formations by combinations of default rock property data with
respect to borehole descriptions. The surface palaeotem-
perature was set automatically using the SWIT tool, which ex-
tracts a standard temperature at sea level over geological time
for any given location, based on the model of Wygrala (1989).
The present-day surface average temperature is assumed to
be 9°C. We did not consider the palaeo-water depth because
the predominant influence on the thermal evolution is exerted
by stratal thickness, as most of the sedimentation in the study
area occurred in shallow water platform environments that did
not exceed 200 m (Jurkiewicz, 1975).

The stratigraphic section of the Wtoszczowa IG 1 borehole is
shown in Table 2. In the section, a significant stratigraphic un-
conformity occurs between the Givetian (Devonian) and Lower
Triassic strata (Table 2). The next important unconformity occurs
between the Upper Jurassic and the Lower/Upper Cretaceous,
and between the Upper Cretaceous and Miocene. These gaps in
the sedimentary record allow different hypotheses to be inferred
regarding the burial history of the study area, as discussed be-
low. Geothermal gradients in the boreholes analysed range be-
tween 23 and 30°C/km. In the study area the average pres-
ent-day surface heat flow is in the range of ~50-60 mW/m? (e.g.,
Majorowicz et al.,, 2019 and the references therein). In
Wioszczowa |G 1, heat flow was calculated at 54 mW/m? based
on temperature data from Jurkiewicz (1990).
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RESULTS

In the boreholes analysed, VR values vary from 0.49 to
3.06% and increase with depth (Table 1). The number of VR
measurements per sample range from 51 to 152, and standard
deviation is low, usually below 0.1. Only samples having mean
VR values above 2.0% have a higher standard deviation (up to
0.14). Estimated maximum palaeotemperatures of the rocks
analysed based on VR values range from 78 to 225°C for a
burial-induced model and from 71 to 295°C for a hydrother-
mal-induced model (Table 1; Barker and Pawlewicz, 1994).

In general, VR data from the Paleozoic and Mesozoic sec-
tions of the Miechéw Trough are defined as having low scatter,
and show some trends reflecting the thermal evolution of the
study area. This allows interpretation of VR profiles to charac-
terize the thermal history and the prevalent heat transfer mech-
anisms within the basin. Calculated peak palaeotemperatures
from the boreholes are used to compute palaesogeothermal gra-
dients and to estimate the magnitude of net exhumation at se-
lected locations. The measured VR values were plotted on a
logarithmic scale which allowed estimatation of the thermal ma-
turity gradient and the maximum thickness of the overburden
(Yamaiji, 1986; Connolly, 1989; Frings et al., 2004). Assuming
that the palaeo-surface vitrinite (huminite) reflectance was
~0.25%VR (equivalent to a palaeo-surface temperature of
~25°C), the intersection of the regression line at this point can
be used to predict the maximum overburden (Fig. 3).

In the Pagéw IG 1 borehole, VR values change from 0.56%
in the Albian-Maastrichtian strata to 1.11% in the bottom of the
Zechstein, whereas in Visean-Upper Devonian strata organic
matter is overmatured, having VR values in the range
2.88-2.99% (Fig. 3A). There is obvious jump in VR values be-
tween the Visean-Upper Devonian and Permian-Mesozoic sec-
tions. The VR data allows estimation of post-Cretaceous ero-
sion to 1800 m, and post-Variscan erosion as 1100 m. In partic-
ular, the post-Cretaceous exhumation seems to be too high
considering the mild tectonic inversion in the Miechéw Trough.
In the Milianéw IG 1 borehole, VR of 0.47-0.56% in the
Zechstein strata were noted by Grotek (2018). In the Triassic
strata, a VR value of 0.78% was measured (Grotek, 2018).
Such decrease from Triassic into Zechstein can be attributed
as fluid flow influence. In Visean strata of the Milianow 1G 1
borehole, VR values are in the range 2.35 to 3.06%, compara-
ble to those of the Pggoéw IG 1 (Fig. 3B). Therefore, a VR break
is inferred in this section. Post-Variscan erosion needs to be
taken as 6000 m; otherwise, a fluid flow event should be as-
sumed.

Towards the south of the Miechéw Trough the next bore-
hole analysed is Jaronowice IG 1, in which VR values are in the
range from 0.53% in the Bathonian-Kimmeridgian to 1.05% in
the Emsian-Eifelian (Fig. 3C). However, the Ordovician-Silurian
shows decreasing vitrinite-like reflectance, to 1.0 and 0.98%.
Because the bottom of the Triassic shows VR of 0.64%, and the
Devonian below 0.97%, a VR break is inferred as in the two pre-
vious boreholes (Pagow IG 1 and Milianéw IG 1). In the Potok
Maty IG 1 borehole only a few VR samples were obtained; from
0.64 to 0.82 % in the Triassic strata. These data are from the
depth interval of 1600—1800 m, suggesting the probable influ-
ence of hot fluids (Fig. 3D). In the Wegrzynéw IG 1 borehole,
VR data range from 0.66% in the Visean to 2.75% in the Eifelian
(Fig. 3E). There is no evident VR jump between Carboniferous
and Devonian. However, the slightly dispersed and not fully lin-
ear VR pattern might be related to overpressure development
(Fig. 3E). In the Wioszczowa IG 1 borehole, VR values are from
0.49% in the Kimmeridgian to 0.92% in the Silurian and do not

shows any breaks (Fig. 3F). A similar value 0.84% VR for Trias-
sic strata was also recorded by Grotek (2018).

In the following step VR values were used as an input pa-
rameter for the estimation of maximum palaeotemperature after
Barker and Pawlewicz (1994) approach. By plotting these cal-
culated temperatures against depth, palaeogeothermal gradi-
ents for the time of the highest temperatures in the basin can be
also calculated (Fig. 4). These calculation are based on as-
sumption that thermal conductivity of exhumed rocks is the
same as preserved in the section analysed (Yamaiji, 1986; Con-
nolly, 1989; Frings et al., 2004).

Considering all the boreholes analysed, the linear increase
of present-day temperature shows an average geothermal gra-
dient of 24°C/km with individual boreholes ranging from 23 to
30°C/km (Fig. 4). Generally, palaeotemperatures in the bore-
holes analysed show that it was hotter in the past than today.
Palaeogeothermal gradients were varied in the Mesozoic and
Paleozoic. In the Pgagdéw IG 1 borehole, the Zechstein-Mesozoic
section shows a palaeogeothermal gradient of 23°C/km, which
is lower than the present-day one of 30°C/km (Fig. 4A). How-
ever, for a hydrothermal-induced model, a palaeogeothermal
gradient of 43°C/km was calculated. Very high temperatures
(>200°C) calculated in the Pagéw IG 1 borehole lead to an
overestimation of the estimated Variscan erosion to over 10 km
— an unrealistic value. In the Milianéw IG 1 borehole, the Car-
boniferous section shows a paleogeothermal gradient of
22°C/km for a burial-induced model and ~36°C/km for a hydro-
thermal-induced model (Fig. 4B). Estimated Variscan erosion is
also very high (>8 km). In the Jaronowice IG 1 borehole, the
Mesozoic section suggests erosion ~800 m, and a palaeo-
geothermal gradient of 41°C/km for a burial-induced model and
~65°C/km for a hydrothermal-induced model (Fig. 4C). In the
Potok Maty IG 1 borehole, VR-based data shows a
palaeogeothermal gradient of 200°C/km for a burial-induced
model and ~316°C/km for a hydrothermal-induced model that
occurred after Triassic (Fig. 4D). Such high values seem to be
unrealistic and strongly suggest hydrothermal fluid influence on
the thermal maturity of the organic matter. In the Wegrzynow IG
1 borehole, VR-based data shows a palaesogeothermal gradient
of 59°C/km for a burial-induced model and 94°C/km for a hydro-
thermal-induced model (Fig. 4E). These data suggest Variscan
erosion of ~2000 m; however, this pattern of data in the bore-
hole suggests fluid flow influence in the Late Paleozoic. In the
Wioszczowa IG 1 borehole, VR-based data shows a
palaeogeothermal gradient of 31°C/km for a burial-induced
model and 50°C/km for a hydrothermal-induced model in the
Mesozoic with post-Jurassic erosion amounting to 800 m
(Fig. 4F). Because Upper Cretaceous strata are documented
up to the Maastrichtian, such an erosion event was related
rather to the latest Jurassic section. In the Lower to Middle Ju-
rassic section lower VR values were observed. Such a pattern
can be attributed to a fluid flow event.

During thermal modeling by means of PetroMod software,
several models were tested; among these, only a few are
shown to illustrate the most prominent scenarios (Fig. 5). The
first model for the Wioszczowa IG 1 borehole (1) assumed a
heat flow of 62 mW/m?, constant in time, which is the average
value for the crust (Allen and Allen, 2005). Exhumation was as-
sumed as the following: Upper Cretaceous 300 m, Upper Juras-
sic 400 m, Late Devonian 700 m, and Carboniferous 500 m.
Such estimates represent typical values accepted in adjacent
areas (e.g., Narkiewicz et al., 2010; tuszczak et al., 2020). In
the second model (2) heat flow was assumed as 60 mW/m?
from the Silurian to the end of the Cretaceous, and adjusting in
the Cenozoic to the present-day value of 54mW/m?. All other
parameters were left the same as in model 1. Both models 1


https://doi.org/10.35767/gscpgbull.37.2.182
https://doi.org/10.35767/gscpgbull.37.2.182
https://doi.org/10.35767/gscpgbull.37.2.182
https://doi.org/10.1007/s00531-003-0370-7
https://doi.org/10.1007/s00531-003-0370-7
https://doi.org/10.1016/j.marpetgeo.2020.104229
https://doi.org/10.1344/105.000001529

Dariusz Botor / Geological Quarterly, 68, 38

Pagow IG 1 B

Milianéw IG 1

VR [%] VR [%]
0.1 1 10 0.1 1 10
0 M e aaaaal M ra s aaaal 0 L L --.-...I M M N T |
K Alb.-Maastrich P Alb.-Maastrichtian
— : -Maastrichtian *
) . - Hypothetical curve®
? 2
. \ %05 Eétgag?egn(:ég)us similar to Pagow IG'-“1 section
'_ - \-—"ﬁ Jurassic Low.-Kimmeridgian
B Jurassic 1000 >
1000 = : _ 1
N E: 11000m (?) .
E t0.62 Xﬁil;ljsfclg\:' E =1 ._‘? Triassic
s ] £ 3
& - 53 *
a - \ Rz=0 77 Triassic o 2000 =- :
B ' - R'=0.98 2.35 Visean
2000 = 1
: for all VR _ for all VR 2.39
". ata points =1 data points
P 1'11\ Zechstein 3000 m
- Visean 2.688 ¢ 3.06
[5757] 2.88 - E: 6000 m
3000 = pevonian Upper ® 2.99 = Variscan
Jaronowice IG 1 or fluid flow event ? Potok Maly IG 1
C VR (%] D VR [%]
0.1 1 10 0.1 1 10
0 Pa— raaaaal M MR T | 0 M M | 2 PEEPEPErEE T |
- i <N0 Mosea0K: Alb.-Maastrichtian - : Alb.-Maastrichtian
% exhumation H
= kY = i Bathonian-Kimmeridgian
— . — -‘ 2_,
1000 % Bathonian-Kimmeridgian L Y R'=0.99
= - ...0'53 o - as for all VR
= R=093 s 7 e
=3 - inagic Mi =3 - 0.8 .
0.64 Triassic Mid.-Upper
2 for all VR pp! 2 ] \‘12 Triassic
~ \: 007 [ -
2000 = data points 105 Ems.-Eifel. 2000 ot ~ Ems.-Eifel
- E: Variscan 3600 m - Ordovic.-Silurian - :7 Ediacaran
. Proterozoic 7 H
. = Hydrothermal ?
- - Blue dotted line represent hypothetical
3000 3000 = fluid flow curve
Wegrzynéw IG 1 Wioszczowa IG 1
E VR [%] F VR [%]
0.1 1 10 0.1 1 10
5 PR L] | M P T | L ;s s aaaal M MW T |
0 Alb.-Maastrichtian 0 1 L
- == === - 5 Alb.-Maastrichtian
- Bathonian-Oxfordian — % E:1500 m Late Jurassic or
- - % 7600 m Late Cretaceous
- Triassic Low.-Roetian - 0 ;
1000 = o 1000 = . ) ) _—
a Visean i ‘.‘ Jurassic Low.-Kimmeridgian
E 277 E
5 R*=0.89 il — = 0.53 \D.52
& - ’ Eifel.-Fammenian & -
& - for all VR o -
) R*=0.90
2000 = data points 2000 = 0.77 Triassic Upper
- . © - forallvrR
] No VarisdA®dififnation % 56 a
(contin. Devon.-Carbon.) @.2% data points ;0.92 Ems.-Givetian
=1 or 5000 m - o
1 (unconformity Devonian-Carbonifghous) - Sillian
unusual VR profile 2.75
3000 = 3000 ==

Fig. 3. Depth vs. vitrinite reflectance profiles in the study area of the Miechéw Trough

Stratigraphy based on Jurkiewicz (1974, 1975, 1976a, b, 1980, 1990). This analysis assumes that the thermal conductivity of the eroded
sequences was the same as that of the preserved sequences. Red horizontal line represents unconformity. Black horizontal line
represents continuous section. Assumed initial VR value is 0.25%
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Fig. 4. Fluid flow driven palaeotemperature profiles in the study area

Palaeotemperature values are calculated based on Barker and Pawlewicz (1994): black dots — burial model; red dots — hydrothermal
model. Fluid flow-driven shape of palaeotemperature curves is based on Ziagos and Blackwell (1986). Present-day temperature data
from Jurkiewicz (1975, 1990). GTp — present-day geothermal gradient. GT — palaesogeothermal gradient, E — exhumation/erosion
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Fig. 5. The mean vitrinite reflectance data vs. calculated
models for the Wtoszczowa IG 1 borehole section

The first model (1) assumed heat flow (HF) 62 mW/m? constant in
time. Exhumation: Upper Cretaceous 300 m, Upper Jurassic 400 m,
Late Devonian 700 m, and Carboniferous 500 m. In model (2) HF is
assumed as 60 m\W/m? up to the end of Cretaceous and then adjust-
ing to the present-day value of 56 mW/m?. All other parameters were
left the same as in model 1. In model (3) Upper Jurassic erosion was
increased to 1300 m. In model (4) Upper Jurassic exhumation was
decreased to 1100 m. Finally in model (5) extremely high HF was as-
sumed at 140 mW/m? in Middle to Late Jurassic times in order to
simulate a hot fluid flow event and Upper Jurassic erosion was as-
sumed to 450 m. All others parameters were kept without changes.
This last model is considered as the best-fit model. Lithology of ex-
humed rocks applied in all models: Upper Cretaceous — chalk, Up-
per Jurassic — Limestone 70% and marls 30%, Carboniferous —
sandstone70%/shale 30%, Devonian — Limestone70%shale30%
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and 2 show calculated VR values too low by comparison with
the measured ones. The VR data in this borehole include sam-
ples from the Silurian to the Kimmeridgian. Thus, the major
event that influenced the thermal maturity pattern in this bore-
hole needs to be Middle-Late Jurassic or post-Jurassic, particu-
larly for the Mesozoic section. Therefore, in model (3), Late Ju-
rassic erosion increased to 1300 m. Such high values were also
accepted as the maximum values possible for the Late Jurassic
by tuszczak et al. (2020). Unfortunately, this model gave over-
estimation of the VR. In the next model (4), Late Jurassic exhu-
mation decreased to 1100 m. Such a model gave a reasonably
good fit of measured vs. calculated VR values, except for two
Oxfordian values. However, 1 km of eroded Upper Jurassic de-
posits included the Oxfordian to Tithonian strata (t.uszczak et
al., 2020). In the case of Wiloszczowa IG 1, Oxfordian to
Kimmeridgian strata occur in the section. Therefore, such a
high value of Late Jurassic erosion seems to be an overesti-
mate. Therefore, finally in model (5), extremely high heat flow
was assumed as 140 mW/m? in Middle-Late Jurassic times in
order to simulate a hot fluid flow event (Fig. 5). Upper Jurassic
exhumation was lowered to 450 m. All other parameters were
kept without changes. This last model is thought to be the pre-
ferred best-fit model and is presented as the ultimate model
(Fig. 6). In this model, increase of temperature occurred after
deposition of the youngest sampled interval. The growth of tem-
perature and thermal maturity in the Wtoszczowa IG 1 borehole
profile took place mainly during the Middle to Late Jurassic
(Fig. 7). Because high values of Late Jurassic erosion cannot
be inferred, the only possibility to explain the distribution of VR
in this section is to assume a Middle Jurassic hydrothermal
event.

During the numerical modelling it became obvious that
varying only single input data in the models would not provide
an acceptable fit. Consequently a number of different combina-
tions of parameters, such as the maximum subsidence, or the
variation of the maximum heat flow values and their duration
were considered in numerous model iterations to determine the
scenario with the best fit to the thermal maturity data. However,
as can be seen in Figure 5, there is no perfect thermal model,
that might be able to fully satisfy all measured VR data in a
given borehole section in the study area. The major reason for

t‘ghlszczwa \%hydm_?- P%WD_Defauh_hnw_:uw_cupy

Campanian

Trasgsic Uppet

Fig. 6. Burial and thermal history model for the Wioszczowa IG 1 borehole

VR calibration was shown in Figure 5. HF in Mid-Late Jurassic was assumed as 140 mW/m?. Such a too-high HF value, considering the
tectonic setting of the study area, suggests a hot fluid flow event. See further explanation in the text
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Fig. 7. Temperature (A) and vitrinite reflectance (B) for the top of the Silurian strata in the Wioszczowa IG 1 model

The results of the best-fit model are shown (model 5 from Fig. 5). Maximum increase of temperature in the Late Jurassic caused
increase of vitrinite reflectance up to the level measured today (0.92% VR, see Table 1). Further explanation in the text

this is the nature of heat transfer in the sections analysed, that
is fluid flow-driven diagenesis. The software applied calculated
only a conductive model of heat transport, whereas in the
Miechoéw Basin advective heat transport, mediated by fluids,
was the most important factor. The non-linear VR pattern in the
sedimentary successions analysed strongly support the idea
that lateral fluid flow events occurred in the Miechéw Trough.

DISCUSSION

Empirically derived methods of calculating peak
palaeotemperature from VR (e.g., Barker and Pawlewicz,
1994) are compared with computer kinetic models (PetroMod
results for Wtoszczowa IG 1 borehole; Easy%Ro, Sweeney and
Burnham, 1990) and, although differing in detail, within the res-
olution of this dataset are shown to produce similar trends. Lat-
eral variations between boreholes in palaeogeothermal gradi-
ents based on VR data recorded in the Paleozoic and Mesozoic
sections of the Miechéw Trough seem consistent with a grav-
ity-driven hydrothermal system discharging heated fluids (e.g.,
Lampe et al., 2001; Téth, 2009; Incerpi et al., 2020). Generally,
the timing of hydrothermal fluid flow is difficult to constrain be-
cause of the multi-stage flow history of the fracture pathways,
although potential periods of hot fluid flow in the Miechow
Trough include Late Devonian-Lower Carboniferous, Late Car-
boniferous-Early Permian, Triassic and Jurassic times, and
Late Cretaceous to Paleogene. In general, palaeogeothermal
gradients are substantially higher in the Paleozoic sections than
in the Mesozoic sections (Fig. 4). The thermal maturity of or-
ganic matter dispersed in the Lower Paleozoic to Mesozoic
sedimentary successions is in the range of 0.49 to 3.06% of VR.
The estimated maximum palaeotemperatures of the rocks ana-
lysed range from ~70 to ~290°C. The Variscan thermal regime
was different from the Mesozoic one. At least two fluid flow

events might be identified. The maximum palaeotemperature
(~120-290°C) in the Silurian to Lower Carboniferous sedimen-
tary succession was achieved in the late Carboniferous to early
Permian. The Late Variscan tectonic activity may have been
triggered by increased heat flow that was, at least partly, cou-
pled with fluid circulation. The maximum palaeotemperature
(~70-150°C) of the Zechstein to Jurassic sedimentary succes-
sion was achieved during the Middle to Late Jurassic. It was
likely caused by a hot fluid flow event. Thermal maturation lev-
els of the Paleozoic sections are considered to be the conse-
quence of burial, elevated heat flow and a regional advective
system developed during late Carboniferous to early Permian
times rather than Mesozoic or Cenozoic processes, similarly as
in the HCM (Botor et al., 2018). In the Middle Jurassic, there
was likely a second fluid flow event that caused thermal matura-
tion of the Zechstein and Triassic to Jurassic strata. Such a Ju-
rassic hydrothermal event has been suggested earlier in the
central part of the Polish Basin (Kozlowska and Poprawa, 2004,
Zielinskietal., 2012; Kuberska et al., 2021). Therefore, it seems
that such fluid flow processes have a wider extent, including in
the Miechéw Trough.

In the HCM carbonate veins are widely known and five
phases have been distinguished: A — Variscan (Visean/Na-
murian), B — older post-Variscan (post-Namurian through
pre-Zechstein), C and D — younger post-Variscan (Permian/Tri-
assic and middle/late Early Triassic), and E and F - Cimmer-
ian-Alpine (Late Jurassic and Late Cretaceous) (e.g.,
Migaszewski and Hatas, 1996). These veins are related to
polyphase fluid flow events. However, the Jurassic hydrother-
mal events in particular, present across all central and Western
Europe, are linked to far-field stress changes related to both
Tethys and Atlantic rifting (e.g., Timar-Geng et al., 2004;
Bossennec et al., 2021). The Upper Jurassic deposits in the
substrate of the Carpathian Foredeep shows that there is a
complete Late Jurassic succession (Matyja 2009). However,


https://doi.org/10.1051/bsgf/2021027
https://doi.org/10.1111/ter.12336
https://doi.org/10.1111/bre.12370
https://doi.org/10.7306/2021.19
https://doi.org/10.1046/j.1468-8123.2001.11005.x
https://gq.pgi.gov.pl/article/view/7504
https://doi.org/10.1306/0C9B251F-1710-11D7-8645000102C1865D
https://doi.org/10.1306/04021211142

Dariusz Botor / Geological Quarterly, 68, 38 13

the thickness of the Oxfordian and Kimmeridgian succession is
twice to three times smaller than previously assumed (Matyja,
2009). Therefore, a significant Late Jurassic to Early Creta-
ceous exhumation is impossible. Indeed, in the Mesozoic his-
tory of the SE part of the Mid-Polish Trough several phases of
tectonic extension were identified, from Triassic/Early Jurassic
to Kimmeridgian, which were related mainly to the Holy Cross
Fault. Extension with dextral movement along the Zawiercie
Fault was also found from the Kimmeridgian to Early Albian
(Gutowski and Koyi, 2007). The stage of rapid spreading of the
Tethys Ocean and its surrounding area occurred at the Middle
to Late Jurassic transition (e.g., Matyja, 2009). The range of the
spreading was determined mainly by palaeomagnetic data
(Lewandowski et al., 2005, 2006). Matyja and Wierzbowski
(2006) reported the relationship of these dynamic extensional
processes around the Middle to Late Jurassic boundary in the
outer basins of the Tethys Ocean. Extensional processes could
have triggered heat flow increase in the crust (Allen and Allen,
2005). Moreover, strike-slip faults and associated structures
were widely documented in the HCM. The strike-slip fault sets
form a complex network, which developed during Late Paleo-
zoic and Mesozoic time (Konon, 2007). The damage zones of
exhumed strike-slip faults dissecting Jurassic carbonates in the
SW part of the HCM area revealed second-order faults and
fractures infilled with syntectonic calcite. The subsequent devel-
opment of a structural pattern of microscopic fault-related struc-
tures and calcite infils shows the activity of faults
(Rybak-Ostrowska et al., 2020). These permeable fault-related
structures were likely important pathways of fluid flow.
Microstructural, stable isotope and fluid inclusion data indicate
that calcite precipitated primarily during strike-slip fault move-
ment (Rybak-Ostrowska et al., 2020).

Additionally, in some borehole sections in the northern part
of the margin of the HCM, the influence of fluid flow seems also
to be an important factor. The Jurassic to Lower Carboniferous
section in the Nieswin PIG 1 borehole displayed VR values
ranging from 0.56 to 1.73% VR (Grotek, 2018). In this section at
least two VR gradients can be identified instead of one, and the
break between them occurs within a continuous sedimentary
section of the Middle Triassic. Therefore, it excludes any exhu-
mation related to unconformities, that might have indicated the
influence of post-Triassic fluid flow heating. In the Opoczno
P1G-2 borehole, VR data from the Jurassic to the Lower Car-
boniferous (Swadowska, 2006) shows a rapid VR increase from
0.48% in the Jurassic to up to 1.6% in the Lower Triassic, finally
decreasing in Zechstein strata (to 1.3% VR) in an almost
sub-vertical profile. Such a non-linear VR section also suggests
post-Triassic fluid flow. In the same section, there is also a VR
jump at the unconformity between Zechstein (1.37%) and
Lower Carboniferous (2.44%) strata. Therefore, pre-Permian
heat flow or/and burial caused significant thermal maturation of
Carboniferous organic matter. Generally, mapping of VR data
from the NE area of the HCM, including some boreholes of the
Miechéw Trough, shows thermal maturity in Triassic strata
(0.8-1.2% VR) which is higher than in Zechstein strata:
0.5-1.0% VR (Grotek, 2018). This strongly implies that fluid
flow occurred extensively after the Triassic.

Regional stratigraphic evidence, combined with thermal
maturity data and supported by apatite fission-track data, and
zircon helium data in adjacent areas (Botor et al., 2018;
tuszczak et al., 2020), leads to the suggestion that at least two
phases of fluid flow events happened also in the Miechéw
Trough: the first one during late Carboniferous—early Permian
time and another during Jurassic time. This results of this study
match with the thermal maturity modeling results of Poprawa et
al. (2005) who described thermal maturity depth profiles in the

Mesozoic successions of the HCM that suggested a Late Ju-
rassic phase of hot fluid migration, presumably related to en-
hanced permeability of faults and fractures driven by extension.
Poprawa et al. (2005), though, inferred two discrete phases of
fluid circulation: in the late Carboniferous to early Permian and
then in the Late Jurassic, while their model emphasized that the
late Jurassic event was mainly responsible for the Devo-
nian-Carboniferous thermal maturity. However, in the borehole
sections analysed, the VR pattern break at the base of the
Permian unconformity is evidence against there being only one,
late Mesozoic, thermal event. Moreover, zircon helium ages
from Ordovician to early Carboniferous strata show that a dis-
tinct cooling event occurred during the transition from the late
Carboniferous to early Permian (Botor et al., 2018). Further-
more, in the SW part of the HCM (Kowala and Ostréwka
bentonites), the apatite fission track record indicates slow cool-
ing throughout the Mesozoic and Cenozoic (Botor et al., 2018).

The study area of the Miechéw Trough is situated along the
KLFZ, which is likely part of the trans-European fault zone ex-
tending from Hamburg to the Black Sea area (Zaba, 1999).
Tectono-thermal activity along the KLFZ could have played an
important role in the development of the thermal maturity pat-
tern in the study area, particularly in maturation of organic mat-
ter and petroleum generation within the pre-Permian deposits
(e.g., Betka and Siewniak-Madej, 1996). In the boreholes of the
Miechow Trough analysed, the relatively low conodont CAl val-
ues of 1 in the Triassic rocks indicates that the Devonian and
Lower Carboniferous strata must have reached their thermal
maturity earlier, most likely in the late Carboniferous (Malec,
2015). The regionally distributed low thermal maturity data (be-
low ~0.5% VR) in the Mesozoic deposits are also evidence
against an increase in thermal maturity within Paleozoic strata
after the Permian (Kotcon and Wagner, 1983; Marynowski et
al., 2007; Marynowski and Wyszomirski, 2008; Rybicki et al.,
2016, 2017). Miocene deposits in the Carpathian Foredeep
also show low (below 0.5% VR) thermal maturity (Szafran and
Wagner, 1999, 2000; Wiectaw et al., 2011; Kotarba et al.,
2017). Conodont CAl data from the Silurian strata on the SW
margin of the Matopolska Block display a relatively uniform
thermal overprint (CAl values of 4) caused by maximum burial
in the early Pennsylvanian. The estimated maximum tempera-
tures of ~200—220°C can be explained by elevated heat flow,
with a paleogeothermal gradient of ~60—70°C/km, associated
with extensional stage of development of the KLFZ. This ther-
mal maturation level was locally enhanced (CAl values up to 8)
in the latest Carboniferous to early Permian (~300 Ma, Mikulski
et al.,, 2019), due to the magmatic and hydrothermal activity
caused by Variscan regional extension (Betka and
Siewniak-Madej, 1996). Along the KLFZ there occur por-
phyry-type Mo-Cu-W ore deposits (e.g., Oszczepalski et al.,
2010; Mikulski et al., 2019) of Variscan origin. A Variscan colli-
sion of continent—continent type between the Bohemian Massif
and Brunovistulicum caused a reactivation of the Upper
Silesian Block and the Matopolska Block margins, leading to
widespread magmatism along the KLFZ (Mikulski et al., 2019).
The magmatism involved bimodal calc-alkaline rocks
(granitoids and dacitoides), accompanied by alkaline volcanic
rocks of mafic-intermediate composition, e.g. lamprophyres
and diabases (Staby et al., 2010). Although the geodynamic
model of structural evolution of the KLFZ is still a matter of de-
bate, magma emplacement can be correlated with regional
strike-slip tectonic activity (Mikulski et al., 2019).

Generally, multiple hydrothermal activities, mainly during
the Jurassic, can be traced around the Palaeo-Atlantic all over
western and central Europe, suggesting fluid circulation on a
wide regional scale. With fluid temperatures in excess of
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~150-200°C at shallow crustal levels, and considering perva-
sive heating of the basement due to continent-wide rifting
events during the opening of the North-Atlantic, these hydro-
thermal events would have substantially altered the palaeo-
thermal field (e.g., Timar-Geng et al., 2004).

CONCLUSIONS

Integrated VR analysis and thermal maturity modeling were
applied to establish the burial and thermal evolution of the
Miechdéw Trough. This allowed the following conclusions:

(1) The thermal maturity of organic matter dispersed in the
Lower Paleozoic to Cretaceous succession is in the range of
0.49 to 3.06% of mean random VR. This allowed estimation of
maximum palaeotemperatures of the analysed rocks ranging
from 78 to 225°C for a burial-induced model and from 71 to
295°C for a hydrothermal-induced model.

(2) The pre-Zechstein Variscan thermal regime was differ-
ent to the Mesozoic one. At least two fluid flow events might be
identified.

(3) The maximum palaeotemperature (~120—290°C) in the
Silurian to lower Carboniferous sedimentary succession was
achieved in the late Carboniferous to early Permian. The late
Variscan tectonic activity may have been triggered by in-

creased heat flow that was, at least partly, coupled with fluid cir-
culation.

(4) The maximum palaeotemperature (~70-150°C) of the
Zechstein to Jurassic sedimentary succession was achieved
during the Middle to Late Jurassic. It was likely caused by a hot
fluid flow event related to extensional tectonics.

(5) The hydrocarbon potential of the Paleozoic source rocks
was depleted before the Upper Jurassic and Cenomanian res-
ervoir rocks and traps were formed. Consequently, the majority
of hydrocarbons generated during pre-Late Jurassic time were
lost.
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