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Abstract: Thermal maturity modelling was carried out in over sixty wells along the SW margin of the East Eu-
ropean Craton (EEC). The burial and thermal history modelling of the EEC, using thermochronological data,
allowed the construction of burial history maps showing its geological development in the Phanerozoic. These
results have proved that the Ordovician and Silurian source rocks occurring at the SW margin of the EEC reached
a maximum palaeotemperature in the Palacozoic, mainly during Devonian—Carboniferous time and at the latest
during the Silurian in the most westerly part of this margin, along the Teisseyre-Tornquist Zone. In Mesozoic and
Cainozoic time, the Ordovician and Silurian strata generally were subjected to cooling or to very minor heating,
certainly below the Variscan level. The maximum burial and maximum temperature of the Ediacaran—Lower Pal-
aeozoic strata were reached during the Early Carboniferous in the Baltic Basin and during the Late Carboniferous
in the Lublin area, and even in the Early Permian in the SE corner of the Lublin Basin. Thus, the main period of
maturation of organic matter and hydrocarbon generation in the Ordovician and Silurian source rocks was in the
Late Palacozoic (mainly Devonian—Carboniferous) and in the westernmost zone along the Teisseyre-Tornquist line
at the end of the Silurian.
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INTRODUCTION

doi: https://doi.org/10.14241/asgp.2019.12

The assessment of the time-temperature histories of sedi-
mentary basins is crucial for predicting the distribution and
quality of petroleum, coal and even some metal deposits
(e.g., Botor, 2014; Botor and Anczkiewicz, 2015; Botor et al.,
2017a, b, ¢, d, e, 2018). Moreover, the assessment of petro-
leum generation and migration processes for exploration is
based mainly on analysis of the subsidence, burial and ther-
mal history of the sedimentary basin investigated. These are
prerequisites of any petroleum analysis during exploration
for both conventional and un-conventional hydrocarbon
deposits. The second basic group of data comes from the
quality of organic matter (e.g., Hunt, 1996; Hantschel and

Kauerauf, 2009). In Poland, significant shale gas explora-
tion potential occurs in the Ordovician and Silurian black
shales of the East European Craton (Poprawa, 2010; Golon-
ka et al., 2017; Golonka and Bgbenek, 2017). These Low-
er Palaeozoic source rocks are characterized by diversified
organic matter content as well as by thermal maturity in the
range of the oil and gas windows (Botor, 1997; Kosakowski
et al., 1998, 1999; Botor et al., 2002, 2017a, 2019; Klim-
uszko, 2002; Skret and Fabianska, 2009; Kosakowski et al.,
2010, 2016; Pletsch et al., 2010; Poprawa, 2010; Wigclaw
et al., 2010; Wrobel and Kosakowski, 2010; Podhalanska
et al.,2016). The study area is situated on the southwestern
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margin of the East European Craton (EEC) in the onshore
segment (Fig. 1).

The burial and thermal history of the Ediacaran—Lower
Palaeozoic strata on the SW margin of the EEC is unclear,
owing to significant hiatuses in the lithostratigraphic profile
(Fig. 2) that allow various scenarios of petroleum generation
(e.g., Majorowicz et al., 1983, 1984; Burzewski et al., 1998;
Kosakowski et al., 1998, 2010; Botor et al., 2002, 2017d;
2019; Lazauskiene et al., 2002; Karnkowski, 2003a, b; Po-
prawa and Grotek, 2005; Wrobel et al., 2008; Poprawa et
al., 2010; Poprawa and Zywiecki, 2005; Poprawa 2007b, c,
2008b, 2011b; Botor, 2016, 2018). Consequently, depend-
ing on the timing of petroleum generation, hydrocarbon
resources could have had different chances of preservation
until the present day.

Up to now, no thermochronological study has been car-
ried out in this part of Poland. Particularly, there are no
thermochronological data (e.g., fission tracks and/or helium
dating of apatite /zircons) in the Polish part of the EEC that
could allow the establishment of heating-cooling paths for
a given rock. Two major thermochronological methods that
are widely used are apatite fission track analysis (AFT) and
apatite and zircon (U-Th)/He analysis (AHe, ZHe, respec-
tively). The methods applied are effectively sensitive to the
temperature range ca. 60—120 °C (AFT) and ca. 150-200 °C
(ZHe) /ca. 40-70 °C (AHe); this allows the investigation
of the final cooling periods of the rocks at shallow, crustal
levels. A summary of these methods can be found in Reiners

and Ehlers (2005) and Botor and Anczkiewicz (2010), while
the laboratory details are given in Botor and Anczkiewicz
(2015) and Botor et al. (2018).

However, some earlier papers give important clues on
the thermal history of the SW margin of the EEC, but out-
side of Poland. Hansen (1995) presented an AFT study
on Bornholm Island, documenting the Variscan overprint
on the Lower Palacozoic strata during the Carboniferous
Period. Srodon and Clauer (2001) and Srodon et al. (2009)
documented the diagenetic overprint due to heating in the
Devonian—Early Carboniferous of the western part of the
Baltic Basin. Srodon ef al. (2013) also documented a Car-
boniferous heating event in Lower Palacozoic data from
Podolia (western Ukraine). In this paper, the present authors
reveal the burial and thermal history of the EEC in the light
of thermochronological data. However, a detailed thermo-
chronological study of the SW margin of EEC area is to be
published elsewhere; only the most important points related
to thermal maturity modelling are presented here. The pa-
per, here presented in English, is a significantly modified
version of the book chapter by Botor ef al. (2017¢), so far
available only in the Polish language.

METHODS

Maturity modelling was carried out using 1-D PetroMod
ver. 11 software (Hantschel and Kauerauf, 2009). The mod-
elling employed data on the burial history, comprising the
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Fig. 1

Location maps of wells analysed on the SW slope of the East European Craton.



BURIAL AND THERMAL HISTORY OF THE LOWER PALAEOZOIC PETROLEUM 123

stratigraphy and thicknesses given in each well as petro-
physical parameters for a particular lithology as well as the
present temperature and thermal maturity. The development
of maturity was calculated using the forward method, i.e.
first the initial state of the system and definite, geological
processes were assumed and then their effect on the pat-
tern of thermal maturity in the well profile was determined.
If discordance between calculated and measured maturity
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values occurred, then the procedure was performed again
for changed parameters, until an optimum calibration was
obtained. The petrophysical properties of the different lith-
ologies employed in the modelling are given in Tab. 1. In
the models of the present authors, thermal maturity was
calculated, following the “Easy%R ~ method (Sweeney and
Burnham, 1990). Further details of the methods are given
by e.g., Botor and Kosakowski (2000) and Hantschel and
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Simplified lithostratigraphic profiles for the Baltic Basin (A) and the Lublin Basin (B). Modified after various sources, includ-

ing Zelichowski (1987), Dadlez et al. (1995), Porzycki and Zdanowski (1995), Marek and Pajchlowa (1997), Botor et al. (2002), Matyja
(2006), Podhalanska and Modlinski (2006), Poprawa (2010), and Waksmundzka (2010).
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Table 1.
Petrophysical properties of different types of lithologies used in this modelling.
. Density Compressibility Thermal conductivity Heat capacity
Lithology (g/em’) - (1/Pa) . (W/mK) (cal/gK)
Minimum Maximum at 20 °C at 100 °C at 20 °C at 100 °C
DOLOMITE 2.836 10 250 3.81 3.21 0.202 0.229
EVAPORITE 2.540 1 10 4.69 3.91 0.194 0.210
EVAPshaly 2. 585 10 100 3.87 3.31 0.200 0.221
LIMEdolom 2.752 10 180 3.18 2.82 0.198 0.226
LIMEmarly 2.707 10 300 2.63 2.41 0.201 0.235
LIMEsandy 2.695 20 700 2.93 2.62 0.190 0.219
LIMEshaly 2.700 10 550 2.51 2.31 0.203 0.237
LIMESTONE 2.710 10 150 2.83 2.56 0.195 0.223
MARL 2.687 10 940 2.23 2.11 0.208 0.248
SALT 2.160 1 4 5.69 4.76 0.206 0.212
SAND&LIME 2.685 15 400 2.93 2.54 0.186 0.215
SAND&SHALE 2.669 10 2800 2.65 2.38 0.197 0.236
SAND&SILT 2.665 10 1900 2.59 2.31 0.192 0.229
SANDcongl 2.663 10 330 2.93 2.63 0.184 0.217
SANDshaly 2.666 10 1400 2.78 2.37 0.190 0.226
SANDsilty 2.664 10 1200 2.97 2.64 0.188 0.223
SANDSTONE 2.660 10 500 3.12 2.64 0.178 0.209
SHALE 2.680 10 60000 1.98 1.91 0.213 0.258
SHALE&LIME 2.695 20 1500 2.39 2.24 0.208 0.246
SHALE&SAND 2.669 10 2800 2.65 2.38 0.197 0.236
SHALE&SILT 2.674 10 13000 2.09 1.97 0.207 0.251
SHALEcalc 2.688 10 5000 2.22 2.09 0.208 0.248
SHALEcarb 2.655 10 45000 1.50 1.43 0.212 0.258
SHALEcoal 2.474 10 16500 1.80 1.60 0.202 0.244
SHALEevap 2.630 10 7000 2.93 2.61 0.210 0.247
SHALEsand 2.674 10 9000 2.32 2.12 0.205 0.248
SHALEsilt 2.677 10 25000 2.05 1.94 0.210 0.254
SILT&SAND 2.665 10 1900 2.59 2.31 0.192 0.229
SILT&SHALE 2.674 10 13000 2.09 1.97 0.207 0.251
SILTsandy 2.666 10 3000 2.55 2.33 0.192 0.230
SILTshaly 2.675 10 15000 2.09 1.98 0.203 0.245
SILTSTONE 2.672 10 8000 2.14 2.03 0.201 0.242

In lithology types the following system was applied for abbreviations: LIMEdolom (first lithology in upper case and second in lower case):
70% limestone and 30% of dolomite; SAND&SHALE (both lithologies in upper case): 50% sandstone and 50% shale.

Kauerauf (2009). Published thermal maturity data were
used for calibration of the models: vitrinite reflectance and
organic particle reflectance in the case of the Lower Palaeo-
zoic strata (Nehring-Lefeld ez al., 1997; Grotek, 1998, 1999,
2005, 2006, 2015, 2016; Grotek et al., 1998; Swadowska
and Sikorska, 1998), and Tmax from Rock-Eval pyrolysis
(Kosakowski ef al., 1998, 2010; Matyasik, 1998; Botor et
al., 2002; Skret and Fabianska, 2009; Pletsch et al., 2010).
Additionally, the present-day temperatures in boreholes
were applied (Plewa, 1991, 1994; Gorecki ef al., 2006a, b).

GEOLOGICAL SETTING

The study area is located on the SW slope of the EEC,
where the following geological units can be distinguished:
the Baltic Basin in the northern part and Podlasie-Lublin
Basin in the south (Fig. 1). Between them, there is the Po-
lik-Bodzanéw Zone, the geological history of which is not
yet known in detail (e.g., Narkiewicz, 2007; Golonka and
Bebenek, 2017; Golonka et al., 2017). The EEC margin
is limited by the Teisseyre-Tornquist Zone (TTZ) (Fig. 1;
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e.g., Guterch and Grad, 2006; Mazur et al., 2015, 2018).
In NE Poland, which is the study area of this work, Neopro-
terozoic, Palaeozoic, Mesozoic and Cainozoic strata occur
above the Precambrian crystalline basement (Fig. 2; e.g.,
Nawrocki and Poprawa, 2006; Modlinski, 2010). The thick-
ness of the Ediacaran to Lower Palacozoic section increases
towards the west. An extensive system of basins, defined
as the peri-Tornquist Ocean basins, developed on the SW
margin of the EEC (from Scandinavia to the Black Sea area)
in Neoproterozoic to Early Palaeozoic time (Sliaupa et al.,
1997, 2006; Poprawa et al., 1999; Nawrocki and Poprawa,
20006). The development of these basins was closely related
to the tectonic processes occurring west of the EEC mar-
gin that is presently located in the Trans-European Suture
Zone (TESZ, Torsvik et al., 1990, 1993, 1996; Oliver et al.,
1993; Meissner et al., 1994; Nikishin et al., 1996; Tanner
and Meissner, 1996; Maletz et al., 1997, gliaupa et al.,
1997, 2006; McCann, 1998; Poprawa et al., 1999; Popra-
wa, 2006a, b, 2017). During the Late Neoproterozoic—early
Cambrian, rifting processes developed along the entire SW
margin of the EEC. Rifting was documented by (1) tectonic
subsidence curves, in which subsidence syn-rift phase was
clearly visible, (2) rift magmatism, and (3) extensional tec-
tonic grabens (Nikishin et al., 1996; gliaupa et al., 1997,
2006; Poprawa et al., 1999; Lassen et al., 2001; Poprawa
and Paczesna, 2002; Poprawa, 2017; Krzywiec et al., 2018).
Almost contemporaneous rifting along the Orsza-Wotyn
Zone resulted in the development of a triple junction in
the Podlasie-Lublin Basin (Poprawa and Pacze$na, 2002).
In the post-rift stage, the SW margin of the newly formed
Baltica continent, became a passive margin (Nikishin et al.,
1996; Poprawa et al., 1999, 2018; Poprawa, 2006a, b, 2017).
The post-rift phase is documented by a decreasing rate of
tectonic subsidence, facies development, and lateral expan-
sion of the basin (gliaupa etal., 1997,2006; Paczesna, 2006;
Poprawa et al., 1999, 2018; Poprawa, 2006a, b, 2017).

In the Late Ordovician and Silurian, a systematic increase
in subsidence rate occurred, creating convex-type subsid-
ence curves which are typical for the foreland basin stage
(Nikishin et al., 1996; gliaupa et al., 1997, 2006; Popra-
wa et al., 1999, 2018; Poprawa and Pacze$na, 2002; Mazur
et al., 2016) also supported by seismic data interpretation
(e.g., Krzywiec et al., 2014). Therefore, the Silurian devel-
opment is assumed to have been a flexural foredeep, caused
by the formation of the Caledonian collision zone. (Popra-
wa, 2006a, b). The diachroneity of the foredeep basin devel-
opment along the SW margin pf Baltica is consistent with a
model of oblique collision of Avalonia and Baltica (Poprawa,
2017; Poprawa et al., 2018; Mazur et al., 2016, 2018). This
is documented by tectonic subsidence curves, the asymmet-
ric geometry of basin, which was a regional flexure towards
west, adherent to the Caledonian collisional zone, the very
high maximum rate of accumulation of detrital material, and
locally also sedimentary onlap of the structure along west-
ern margin of the EEC (Sliaupa ez al., 1997; Poprawa et al.,
1999, 2018; Poprawa, 2006a, b, 2017, gliaupa et al., 2000).
In the Ediacaran to Early Palaeozoic, the extent of Baltica
was much further towards west than the present-day TTZ,
which is supported by gravimetric and seismic studies as
well as clastic provenance characteristics (Krzeminski and
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Poprawa, 2006; Mazur et al., 2015, 2016; Krzywiec et al.,
2018). The Ediacaran to earliest Devonian sedimentary cy-
cle was terminated with an erosional event, which is seen as a
regional unconformity. The Devonian to Carboniferous sub-
sidence of the SW part of the EEC is documented in the Pod-
lasie-Lublin Basin (Zelichowski, 1987; Narkiewicz et al.,
1998, 2007, 2011, 2015;Narkiewicz, 2007; Narkiewicz and
Narkiewicz, 2008; Krzywiec, 2009; Krzywiec ef al., 2017a,
b), whereas in the Baltic Basin, it is assumed on the basis
of comparison to adjacent areas (Narkiewicz et al., 1998;
Matyja, 2006; Podhalanska and Modlinski, 2006). General-
ly, the foreland basin entered a shallow-marine and a conti-
nental stage during the Early Devonian. Taking into account
the facies development of the Devonian to Lower Carbon-
iferous strata in the Koszalin-Chojnice Zone (Trans-Euro-
pean Suture Zone), as well as in the strata of the eastern
part of the Baltic Basin including Lithuania and Latvia, the
presence of strata of the same age in the study area might
be assumed. However, such Devonian strata exist at the
present day in the Podlasie-Lublin Basin, where they are
covered by the Viséan—Westphalian carbonate-siliciclas-
tic sequence. In the Baltic Basin, the Devonian to Lower
Carboniferous deposits, were completely removed, whereas
in the Podlasie-Lublin Basin, partially removed during late
Variscan (late Carboniferous to Early Permian) uplift and
erosion, caused mainly by tectonic stress induced by strike-
slip translation and/or collisions in the Trans-European
Suture Zone (Zelichowski, 1987; Narkiewicz et al., 1998,
2011, 2015; Narkiewicz, 2007; Narkiewicz and Nark-
iewicz, 2008; Krzywiec, 2009; Krzywiec et al., 2017a, b;
Tomaszczyk and Jarosinski, 2017).

In the Lublin Basin, Bretonian (Early Carboniferous)
faulting caused exhumation of up to 2-3 km of strata (Krzy-
wiec, 2009; Krzywiec et al., 2017a). During the Tournaisian
to early Viséan, an erosional and non-depositional regime
predominated in the entire Lublin Basin, resulting in the re-
moval of up to 1.5 km of Devonian strata and even partially
the Lower Palacozoic successions (Narkiewicz, 2007). In
the Lublin Basin, the late Viséan sedimentary-tectonic cycle
was preceded by the extrusion of laterally discontinuous,
volcanic rocks of basaltic composition, locally up to 200
m thick (Grocholski and Ryka, 1995), that have yielded
K-Ar ages of 348-338 Ma (Panczyk and Nawrocki, 2015).
During the late Viséan, a carbonate-clayey shelf sequence,
50 to 200 m thick, onlapped NE-wards the Bretonian uncon-
formity (Skompski, 1998; Narkiewicz, 2007). The Viséan
sequence continuously changed in the early Namurian into
paralic-system cyclothems, comprising mostly siliciclas-
tic shallow-marine to deltaic and fluvial facies, containing
subordinate limestone and coal horizons (Porzycki and
Zdanowski, 1995; Skompski, 1998; Waksmundzka, 1998,
2005, 2010). This succession attains a maximum thickness
of 600 m near the SW margin of the Lublin Trough, particu-
larly in its central and SE segment, whereas towards the NE
it thins across the Kock Fault Zone and wedges out beyond it
(Narkiewicz, 2007). During the Westphalian, the depocentre
was in the NW part of the Lublin Basin and extended further
NW-wards. The Namurian B to Westphalian C (D?) succes-
sion includes coal-bearing cyclothems, composed of allu-
vial clastic deposits with an upward-decreasing proportion
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of deltaic-marine facies. Its thickness decreases from up to
1,500 m in the axial NW part of the basin to ca. 600 m in SE
part (Zelichowski, 1987; Porzycki and Zdanowski, 1995;
Waksmundzka, 2010). Following deposition of shallow-ma-
rine-deltaic and continental coal-bearing sediments (Viséan
to Westphalian D), latest Carboniferous Variscan compres-
sion significantly deformed the entire sedimentary cover and
resulted in the development of the easternmost segment of
the Variscan fold-and-thrust belt (Krzywiec et al., 2017a, b).
A basal detachment of the Variscan thin-skinned frontal
thrust belt was located at the base of the Silurian shales,
hence the Neoproterozoic-Ordovician succession was not
deformed (Krzywiec et al., 2017a, b).

Late Variscan (latest Carboniferous, Westphalian D—
Stephanian) tectonic inversion led to extensive erosion
and the formation of a regional unconformity (e.g., La-
marche et al., 2003; Narkiewicz, 2007; Narkiewicz et al.,
2010), above which the Permian—Mesozoic succession of
the Polish Basin was deposited (e.g., Kutek and Glazek,
1972; Dadlez et al., 1995; Kutek, 2001; Lamarche et al.,
2003). Permian—Mesozoic thickness increases towards the
west and SW. Finally, the Polish Basin was inverted in the
Late Cretaceous—Palacogene, but the area of EEC margin
was not influenced by significant inversion-related tectonic
movements (Krzywiec, 2002; Lamarche ef al., 2003; Mazur
et al., 2005; Scheck-Wenderoth et al., 2008; Krzywiec,
2009). The uppermost part of the sedimentary section is
composed of varied, poorly consolidated Cainozoic depos-
its of very minor thickness.

PETROLEUM SYSTEMS
AND SOURCE ROCKS

In the study area in the Polish part of the EEC area, pe-
troleum system elements are related only to the Palacozoic
strata. In the Baltic Basin, middle Cambrian sandstones rep-
resent major reservoirs of conventional oil and gas deposits,
which are exploited in the central offshore part of the Polish
Baltic Basin, whereas in the Lublin Basin, both Devonian
carbonates and sandstones in Carboniferous reservoirs are
producing (Karnkowski, 1993, 2007; Helcel-Weil et al.,
2007; Pletsch et al., 2010). In the Lublin Basin, hydrocarbon
accumulations (mainly gas) are found in a northwest—south-
east-trending zone of anticlinal structures along the basin
axis. Structural, fault-related traps formed mainly during
the latest Carboniferous. The main reservoirs are Namurian
fluvial sandstones with porosities of 1-22%, and permea-
bilities of 1-400 mD, which are sealed by interdistributary,
fine-grained sediments, prodelta shales and marine bands
(Pletsch et al., 2010). In the Devonian carbonates and sand-
stones, several gas fields and one oil field were discovered
(Pletsch et al., 2010). However, the petrophysical properties
of the Palaeozoic rocks on the EEC vary significantly (e.g.,
Krakowska, 2017).

Excellent petroleum source rocks are widely known on
the SW slope of the EEC (Pletsch ef al., 2010). Oil-prone,
low-sulphur type-II kerogen occurs in all Lower Palaeozoic
strata in the Polish part of the Baltic Basin and the Pod-
lasie-Lublin Basins (Pletsch et al., 2010; Poprawa, 2010;

D. BOTOR ET AL.

Wiectaw et al., 2010; Kosakowski et al., 2016; Podhalanska
et al.,2016). In Poland, in the Baltic Basin, the best source-
rock parameters are documented in the upper Cambrian—
Tremadocian Alum Shale Formation, which is represented
by black shales with a high total organic carbon (TOC) con-
tent of up to ca. 20%. However, their thickness varies signif-
icantly (usually below 10 m) and their extent is very limited.
The next section of organic-rich (1-3%) strata is the Upper
Ordovician, mainly Caradocian shale (Sassino Formation),
with its thickness increasing towards the west up to ca. 40 m.
The Llandovery shales (including the Jantar Member) are
the most important source-rock horizon in the Silurian sec-
tion with thickness ranging between 20—70 m and a gener-
al tendency to increase westwards. The highest measured
TOC content reaches 20%, while the average present-day
TOC contents within the Llandovery shale usually equal
1-3%. Sedimentation of fine-grained material continued
during the Wenlock, Ludlow and Pridoli; however, the pro-
portion of mudstone, marl and even sandstone increased
with time and is higher up-section. The thickness of the
Wenlock section significantly varies laterally from less than
100 m in the eastern part of the Baltic Basin to more than
1,000 m in the western part. The average TOC content is
within the range of ca. 1-2%. In the Polish part of the EEC,
the recent burial depth of the Upper Ordovician — Lower
Silurian shales increases from approximately 1,000 m in
its eastern part to more than 4,500 m in its western part
(Pletsch et al., 2010; Poprawa 2010; Wigctaw et al., 2010;
Kosakowski et al., 2016; Podhalanska et al., 2016).

The thermal maturity of the Ediacaran-Mesozoic strata
of the SW margin of the EEC was investigated so far by
reflectance of organic particles (in the Ediacaran to Siluri-
an strata) and vitrinite reflectance (R ), Rock-Eval Tmax,
conodont colour alteration index (CAI) and Thermal Alter-
ation Index (Drygant, 1993; Kanev et al., 1994; Nikishin
et al., 1997; Grotek, 1998, 1999, 2005, 2006, 2015, 2016;
Grotek et al., 1998; Kosakowski et al., 1998, 1999, 2013,
2016; Botor et al., 2002; Zdanaviéiaté, 2005; Zdanavieiuté
and Lazauskiene, 2007; Skret and Fabianska, 2009; Po-
prawa, 2010; Wigclaw et al., 2010 Stempien-Satek, 2011).
However, determination of the thermal maturity of organic
matter by means of a microscope technique for the Edia-
caran and Lower Palaeozoic shales is difficult since these
sediments do not contain true vitrinite, which did not ex-
ist prior to the Devonian (e.g., Taylor et al., 1998). There-
fore, thermal maturity measurements are widely conducted
on vitrinite-like organic particle (VLR ), mainly zooclasts
(e.g., graptolites), as well as on solid bitumen and alginate,
which leads to greater uncertainty in assessments of ther-
mal maturity for pre-Devonian strata. Petersen et al. (2013)
performed reflectance measurements on zooclasts (grapto-
lites, chitinozoans and vase-shaped microfossils) and other
organic particles (vitrinite-like particles, porous/granular
vitrinite-like particles, and solid bitumen) in the middle
Cambrian - Upper Silurian shales of central and southern
Sweden and Bornholm Island in the Baltic Sea (Denmark).
The most abundant organic components in all shales were
fragments of graptolites and vitrinite-like particles. The re-
flectance distribution of these two types of component is
largely identical and it is suggested that the vitrinite-like
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particles are fragments of graptolites without any recogniza-
ble morphology. A similar result was published for the Cam-
brian shales of northern Poland by Schleicher et al. (1998).
The combination of measurements made on graptolites and
vitrinite-like particles provided the reflectance population
that was used to assess the thermal maturity. It was suggest-
ed that the relationship between graptolite reflectance and
the equivalent vitrinite reflectance follows the correlation:
Reqv = 0.73Rgrap + viow + 0.16 (Petersen et al., 2013). This
would imply that the reflectance of graptolites increases
faster than the reflectance of vitrinite (Petersen et al., 2013).
In this paper, thermal maturity applied in model calibration
was based on measurements on graptolites and vitrinite-like
particles for the Ediacaran to Silurian shales, whereas meas-
urements on true vitrinite were applied for the Devonian and
younger strata (Drygant, 1993; Kanev et al., 1994, Nehring-
Lefeld et al., 1997; Grotek, 1998, 1999; 2005, 2006, 2015,
2016; Grotek et al., 1998; Kosakowski et al., 1998, 1999,
2013, 2016; Swadowska and Sikorska, 1998; Botor et al.,
2002; Zdanaviéeiuté, 2005; Zdanaviéiaté and Lazauskiene,
2007; Skret and Fabianska, 2009; Poprawa, 2010; Wigclaw
et al., 2010, Stempien-Satek, 2011). No bitumen or alginate
particles were used for model calibration. Because of the
problems mentioned above, wider error bars were applied in
model calibration. In the approach of Petersen ef al. (2013),
the difference between R and VLR  became more noticea-
ble above 1.30%R  which is equivalent to 1.56 VLR . Such
values at the top of the Silurian occur only in a few wells
along the TTZ. In the Permian-Mesozoic, the R values are
very low, below 0.5% R, and therefore a maturity break
is obvious in this case between the top of the Silurian and
the overlying strata. Therefore, the present authors did not
apply the Petersen ef al. (2013) re-calculation, because in
this case it is not source of significant error. Therefore, these
findings do not change the results of the maturity model-
ling performed (Fig. 3). As well, the method of Petersen et
al. (2013) was established in a single basin, so it should be
checked and proved in other basins worldwide before re-
ceiving wider use.

The Ediacaran - Lower Palaeozoic strata of the SW mar-
gin of the EEC revealed a systematic zonation (NE to SW)
in thermal maturity along the entire margin (Drygant, 1993;
Kanev et al., 1994, Nehring-Lefeld et al., 1997; Kosakowski
et al., 1998, 1999; Swadowska and Sikorska, 1998; Grotek,
1999, 2006, 2016; Zdanaviéeitté, 2005; Zdanavieiuté and
Lazauskiene, 2007; Skret and Fabianska, 2009; Poprawa,
2010; Kosakowski et al., 2013, 2016). In the Baltic Basin,
the regional thermal maturity pattern is consistent with the
parallel increase in vitrinite-like particles from ca. 0.5 to
over 4.0% (Nehring-Lefeld ef al., 1997; Kosakowski ef al.,
1998, 1999; Swadowska and Sikorska, 1998; Grotek, 1999,
2006, 2016; Zdanavieiité, 2005; Zdanavieiuté and Lazausk-
iene, 2007; Skret and Fabianska, 2009; Poprawa 2010; Ko-
sakowski et al., 2016). In the central part of the Podlasie
Basin, the thermal maturity is ca. 0.9-1.1% R , in the west-
ern part reaching 1.3% R . In the eastern part of the Lub-
lin Basin, the thermal maturity changes from east to west
from 0.6-0.7% R to ca. 1.5-2.0% R (Grotek, 2005, 2016).
The highest thermal maturity is in the Lopiennik IG-1 well
(2.7-3.4% R ). In the Bitgoraj-Narol Zone (SW part of Lu-
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well, using recalculated organic particle reflectance values for pre-
Devonian strata (red triangle) applying the Petersen et al. (2013)
approach. The required proper model calibration still is preserved
in such a case. Therefore, in the thermal maturity ranges occurring
the study area, the Petersen et al. (2013) approach does not change
the results of burial and thermal modelling.

blin Basin along the TTZ), despite the minor depth of oc-
currence of the Lower Palaeozoic, the thermal maturity is
above 2.0% R (Grotek, 2005; Poprawa 2010). The interior
of the EEC has yielded CAI values of 1-1.5 (for Ordovi-
cian—Devonian rocks), indicative of palacotemperatures be-
tween ca. 50 and 90 °C. Toward the SW, the CAI values (for
the Ordovician) gradually increase and reach level 5 (i.e.
over 300 °C) in the TTZ (Drygant, 1993; Kanev et al., 1994;
Nehring-Lefeld et al., 1997). Toward the SE, the Lower Pal-
aeozoic strata of the Podlasie Basin and the Lublin Basin
are covered by the Devonian and Carboniferous strata that
show variable thermal maturity (Botor et al., 2002; Popra-
wa and Pacze$na, 2002; Grotek, 2005). In the Lublin Ba-
sin, Devonian and Carboniferous source rocks also were
identified (Botor et al., 2002; Karnkowski, 2007; Pletsch et
al., 2010; Radkovets et al., 2017). In the Devonian, a thin
source-rock horizon containing type-II kerogen occurs, hav-
ing low TOC values usually below 1% (Pletsch et al., 2010;



128 D. BOTOR ET AL.

Radkovets et al., 2017). The Carboniferous source rocks are
dominated by dispersed organic matter occurring within the
entire Viséan to Westphalian section. However, coal seams
(eight of which are locally up to 3.5 m thick) occur also
in the Upper Carboniferous successions. The Lower Car-
boniferous strata have an average TOC content of 1.8% and
the organic matter is mixed type-1I/-1I1, whereas the Upper
Carboniferous organic matter is terrestrial for the most part.
The Namurian shales have similar average TOC contents
(2.0%) and the Westphalian shales have an average TOC
content of 1.5%. The thermal maturity of dispersed organic
matter in the Carboniferous strata ranges from ca. 0.4 to 1.2%
of R values. However, the Upper Carboniferous coals show
a relatively low thermal maturity (c. 0.7-0.8% R ) with mi-
nor quantities of methane. (Botor et al., 2002; Pletsch et al.,
2010). The Permian—-Mesozoic strata along the entire SW
margin of the EEC in general show relatively low thermal
maturity below 0.5% R_ (Grotek ef al., 1998; Grotek 1999,
2005, 2006, 2016; Poprawa et al., 2010).

RESULTS AND DISCUSSION

Thermochronology

Hansen (1995) was the first to perform a thermochrono-
logical study in the western part of the EEC area. On the ba-
sis of zircon and apatite fission track data from the Silurian
strata of Bornholm Island, she concluded that uplift/erosion
of ca. 3 km occurred prior to 260 Ma (in the Late Palacozo-
ic) and it was followed by cooling to the present-day (Han-
sen, 1995). The maximum temperatures attained during
burial of the Silurian strata were ca. 130—190 °C and were
closer to 190 °C; the maximum temperatures occurred in the
Carboniferous, ca. 330 Ma ago in the Early Carboniferous
(Hansen, 1995). Moreover, the combined FT and (U-Th)/
He patterns in Sweden indicate the total annealing of fission
tracks in southern and west-central Sweden and partial heli-
um retention plus partial annealing of fission-tracks farther
east. Such an extensive thermal event is best explained by
heating beneath an Upper Palaeozoic foreland basin cov-
er, thinning towards the east and progressively redeposited
across SE Scandinavia (Hansen, 1995; Larson et al., 1999,
Cederbom et al., 2000; Huigen and Andriessen, 2004).

In Poland, the reset of ZHe ages from Palacozoic samples,
sensitive in the range ca. 150-200 °C, show values from
Early Carboniferous (345 Ma) to Late Permian (255 Ma),
strongly suggesting a cooling event (or events), related to
the Late Palacozoic stage of development of the crust on
the SW slope of the EEC (Botor et al., 2017b, c). These
ZHe ages from the Lower Palaeozoic strata are successively
younger from NW (in the Baltic Basin) to SE (in the Lu-
blin Basin) along the TTZ. AFT data from Proterozoic to
Carboniferous samples record a t-T history in a lower tem-
perature range (ca. 60—120 °C) than that of the ZHe system
and therefore the AFT ages are younger than the ZHe ages.
These AFT data show mainly slow post-Variscan exhuma-
tion from the Permian to the Mesozoic. The best time-tem-
perature curves, calculated by iterative inverse thermal
modelling, gave very uniform and distinct results (Botor
et al.,2017b, c). It can be inferred from this modelling that

in the Baltic Basin, the maximum heating of the Palaeozoic
sequences occurred in the Early Carboniferous, whereas in
the Podlasie-Lublin Basin in Late Carboniferous, or even
in earliest Permian in the SE corner of the Lublin Basin.
All of the combined ZHe and AFT data indicate that late
to post-Variscan cooling of the Palacozoic strata from the
maximum temperatures is shown to have been a major fea-
ture of the SW slope of the EEC in Poland. This cooling
probably followed a heating event, related to burial and/or
higher heat flow, mainly in the Devonian—Carboniferous.
This is very similar to the results from the Palaeozoic strata
of the Holy Cross Mts. (Botor et al., 2018). The increase of
thermal maturity of the Palaeozoic strata from the NE to the
SW of the EEC (towards the TTZ) corresponds very well
with these thermochronological data (Nehring-Lefeld ez al.,
1997; Grotek, 1998, 1999, 2005, 2006, 2015, 2016; Grotek
et al., 1998; Kosakowski et al., 1998, 1999, 2010, 2016;
Swadowska and Sikorska, 1998; Botor et al., 2002; Skret
and Fabianska, 2009; Pletsch et al., 2010; Poprawa, 2010;
Wiectaw et al., 2010; Wrobel and Kosakowski, 2010). The
Palaeozoic rocks in the NE part of the EEC (between the
Goldap IG-1 and Tyniewicze 1G-1 wells) did not experience
temperatures above ca. 100-150 °C and the ZHe ages are
not reset or are not fully reset. However, towards the SW,
the thermochronological data have shown an increase in
maximum palaeotemperature above ca. 150-200 °C and the
ZHe ages are reset.

On the basis of clay minerals and K-Ar dating in the west-
ern Baltic Basin, Srodon and Clauer (2001) showed that
vertical changes in the illite-smectite ratio indicate that the
maximum palaeotemperatures were reached on the craton
after the beginning of the Devonian and before the Permian.
The illite K-Ar ages from bentonites indicate that the max-
imum palacotemperatures were reached ca. 370-390 Ma.
In SE part of the EEC margin (in the Podolia area, west-
ern Ukraine), illite K-Ar dating of Silurian ash horizons
and shales has given ages from 390 to 312 Ma (Srodon
et al., 2013) that were interpreted as the effect of exhuma-
tion of the Carboniferous cover (Srodon et al., 2013). It is
also supported by an increase of coal rank towards the SE
(in the Lublin and the Lviv Basin) (Porzycki and Zdanows-
ki, 1995; Botor et al., 2002). All these data represent a range
of ages very close to those measured for bentonites from the
Pomeranian sector of the EEC (382-294 Ma, Srodon et al.,
2009). Srodon et al. (2009, 2013) interpreted these data as
being indicative of deep burial in the Devonian and Carbon-
iferous. A recent study of clay minerals (in shales and ben-
tonites) and illite K-Ar (in bentonites) along the SW margin
of the EEC from Pomerania to the Lublin area (Kowalska
et al., 2017) also gave broadly similar conclusions, docu-
menting a mainly Carboniferous diagenetic overprint of
Palacozoic samples. However, these new illite K-Ar ages
clearly show an Early Carboniferous age for the maximum
temperature occurrence in the Baltic Basin and Late Car-
boniferous across the Podlasie-Lublin Basin, except for the
SE part of the Lublin basin, where the K-Ar ages are Early
Permian (Kowalska et al., 2017). Also, Koztowska (2011)
documented Permian K-Ar age in illites from Carboniferous
sandstones in the SE part of the Lublin Basin. Far from the
SW margin of the EEC, the diagenetic overprint is low, as
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has been shown by Anczkiewicz ef al. (2018) on the basis of
AFT data from Belarus, Lithuania, and Ukraine. Additional-
ly, weathered crystalline rocks in SW Scandinavia were re-
cently investigated by illite K-Ar dating of saprolitic materi-
al contained in these rocks that constrain original basement
exposure in the Late Triassic (221-206 Ma) by deep erosion
(Fredin et al., 2017). This implies that most Palaeozoic stra-
ta were removed by erosion before the Late Triassic.

The above thermochronological results might lead to the
conclusion that the NE part of the EEC (the area between
the Gotdap IG-1 and Tyniewicze IG-1 wells) in Poland was
mildly heated. These results confirm previous suggestions
(based on the thermal maturity of the kerogen) that the NE
area of the EEC in Poland was least heated in the Phanero-
zoic, while the maximum temperatures were significantly
higher in the SW part of the EEC (along the TTZ), with the
maximum temperature occurring mainly in the Late Palae-
ozoic. This heating pattern certainly determined the devel-
opment of hydrocarbon generation processes (Kosakowski
et al., 1998, 1999; Botor et al., 2002, 2017d; Karnkowski,
2003a, b; Kosakowski et al., 2010; Poprawa et al., 2010;
Botor, 2016). From the point of view of the analysis of hy-
drocarbon generation processes, it has been clearly demon-
strated that these processes were already taking place in the
Palaeozoic and could not be resumed in the Mesozoic and
Cainozoic, owing to the lower temperatures then predomi-
nant in the strata.

Burial and thermal history

In order to test the possible influence of re-calculated
VLR in pre-Devonian strata vs. R on development of ther-
mal maturation of organic matter (Petersen et al., 2013),
maturity modelling was performed initially in several wells
including the Malbork IG-1 well (Fig. 3). Re-calculated
VLR values into R scale using the Petersen ez al. (2013) ap-
proach generally show slightly lower range values (Fig. 3).
However, calculated by the EASY%R (Sweeney and Burn-
ham, 1990) method, the thermal maturity curve is still in
the range of measured values and also does not extend the
standard deviation (see error bars in Fig. 3). Therefore, the
maturity modelling results are very similar to those obtained
using not-recalculated R  data by the Petersen et al. (2013)
approach. It is noteworthy also that most of the R  data set
used in modelling is in the relatively low range of R (below
1.5%R ). Therefore, the authors decided not to re-calculate
the pre-Devonian R  data set using the Petersen et al. (2013)
approach. However, it should be emphasized that particular-
ly above the range of ca. 2.0%R  the difference between R
and VLR  calculated by the Petersen et al. (2013) approach
seems to be more pronounced.

Burial and thermal history modelling (maturity mod-
elling) was performed in over 60 wells across the study
area (Fig. 1). Here, results are presented for 8 wells as
a representative for various areas of the study: the Pastek
IG-1, Gdansk IG-1, Koscierzyna 1G-1, and Stupsk 1G-1
wells in the Baltic Basin (Figs 4-7); the Okuniew IG-1 and
Bodzanow IG-1 wells, representing the Podlasie Basin and
Polik-Bodzanow Zone (Figs 8-9), as well as the Parczew
IG-10 and Lopiennik IG-1 wells in the Lublin Basin
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(Figs 10-11). However, all data from over 60 wells, were
used for calculation of regional maps showing the total bur-
ial history of the Lower Palacozoic throughout the entire
geological history of the area (Figs 12—-19).

The modern thermal regime was calibrated using the
temperatures measured in the boreholes. The heat flow val-
ues obtained are comparable to the published values (e.g.,
Majorowicz, 1975, 1978; Majorowicz et al., 1984; Plewa,
1991, 1994; Karwasiecka, 2008; Szewczyk and Gientka,
2009). The models of palacothermal evolution were cali-
brated with vitrinite reflectance (R ) and vitrinite-like reflec-
tance (VLR ) in the Ediacaran—Silurian strata as well as T
values from Rock-Eval analysis. Modern temperature data
can be used to calibrate the thermal reconstruction of the
youngest period of geological history. In cases where tecton-
ic inversion and then cooling of rock formations occurred,
as was the case in the study area, modern temperature data
have very limited application for model calibration in rela-
tion to organic matter maturity trends developed for older
geological periods. These limits occur because the maturity
of organic matter is controlled mainly by conditions during
deep burial, not by the parameters of the youngest period in
geological development. The burial history was reconstruct-
ed using an established, conceptual model that reflects the
geological evolution from the Ediacaran up to today, given
briefly above. After the calibration of the model, the sensi-
tivity to changes in the most important input parameters was
tested and the time changes of the main calculated param-
eters were examined. Attention was focused on the history
of temperatures and that of the maturity of organic matter.
Temperature and maturity increase in sediments, if the heat
flow at the base of the sediment column does not drop great-
ly with time. The maximum temperature for the Lower Pal-
aeozoic deposits occurs usually during the maximum burial:
in the Early Carboniferous in the Baltic Basin and the Late
Carboniferous in the Lublin Basin. The calculated thermal
maturity increased until the strata reached the maximum
temperature. The temperatures occurring later were too low
to allow a further significant increase in thermal maturity of
the organic matter. As a result, changes in modern heat flow
do not have a significant impact on the assessment of pal-
aeo-heat-flow in the past. It is noteworthy that uncertainty
in the estimation of maximum burial is related to the quality
of the data (mainly R ) and can be improved further in fu-
ture research, mainly because of the lack of measurements
in some borehole profiles, which is underscored in the later
discussion.

Baltic Basin

The quality of measurement data and /or their distribution
in the profiles of individual boreholes often makes it impos-
sible to obtain unique results of modelling. In some cases,
the R profiles are very complex (e.g., in the Koscierzyna
IG-1 and Stupsk IG-1 wells). Considering the limitations of
the applied modelling methodology, a number of variants
were tested, such as an early Cambrian syn-rift increase in
heat flow (Kosakowski et al., 1999), an increase of heat flow
during the maximum burial at the end of the Variscan stage
(Majorowicz et al., 1984; Kosakowski et al., 1998; Karn-
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Fig. 4. Burial and thermal history model for the Pastek IG-1 well including calibration. Based on Botor et al. (2017¢), modified.

kowski, 2003a, b; Poprawa and Grotek, 2005; Poprawa et
al., 2010) and the late Mesozoic thermal event model (Po-
prawa and Grotek, 2005; Poprawa 2007b; Poprawa et al.,
2010). The early Cambrian syn-rift model of thermal flux
growth (Kosakowski et al., 1999) in the Baltic Basin, which
then decreased to contemporary values, results directly from
the tectonic model of the basin (Poprawa et al., 1999). How-
ever, owing to later significant burial, this model cannot be
unambiguously determined by means of 1-D modelling, as
was already emphasized by Poprawa et al. (2010). On the
other hand, presumably R_profiles of many wells in the Bal-
tic Sea section (offshore) may be explained by the assuming
a constant heat flow equal to the present value (Poprawa
et al., 2010). Such a model assumes a significant amount of
eroded Palaeozoic overburden, in the order of 1,400-3,000 m

necessary for correct calibration (Poprawa et al., 2010).
However, in the onshore part (between the Zarnowiec 1G-1
and Leba-8 wells), it is necessary to assume about 3,000 m
of erosion of the uppermost Silurian to the Lower Carbon-
iferous section. Thermal maturity data in the Mesozoic part
of the profile presented by Poprawa et al. (2010) do not
allow a unique reconstruction of thermal history. Poprawa
et al. (2010) argue that this is an unacceptable amount of
erosion and proposed a model with an elevated heat flux,
which according to their assumptions occurred during Late
Cretaceous time. However, the lack of high values of R in
the Mesozoic section of profiles of the Zarnowiec IG-1 and
Leba-8 wells does not confirm this hypothesis. There also
are no other factors that could indicate a thermal event in the
Cretaceous, e.g. hydrothermal veins, mineralization, etc. In
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turn, Karnkowski (2003b) proposed a model of a relatively
low heat flow in the Mesozoic, equal to the contemporary
one in the Baltic Basin, which is supported by the work of
Poprawa and Andriessen (2006), documenting a cool ther-
mal regime in Cretaceous based on apatite fission track data
in the Middle Polish Trough. In many boreholes in the Bal-
tic Basin, sub-vertical R profiles are observed, which in-
dicates the influence of hydrothermal solutions on thermal
maturity (Poprawa and Grotek, 2005; Poprawa et al., 2010).

In addition, in the western part of the basin, lowering of
the R value is observed in part of the Lower Palacozoic
profile (mainly in the Silurian), which indicates the possible
impact of palaeo-overpressure development (Poprawa and
Grotek, 2005; Poprawa et al., 2010; Botor, 2016), although
it is commonly believed today that overpressure does not
occur in the study area. Poprawa and Grotek (2005) as-
sumed that the development of these overpressures was

associated with a very high rate of deposition of the Upper
Silurian sediments, exceeding 1,000 m/Ma. Therefore, the
growth of the Variscan thermal flux could be conditioned by
both regional lithospheric processes and thermal solutions
(Poprawa and Grotek, 2005).

In the Baltic Basin, the quality of measurement data re-
garding thermal maturity makes it impossible in most cases
to obtain an unambiguous thermal history model and sev-
eral variants are possible. Therefore, thermochronologi-
cal data (Botor et al., 2017c, 2018), and illite K-Ar dating
(Kowalska et al., 2017) are particularly important, which
allows at least narrowing down the possible geological sce-
narios of thermal evolution. Illite K-Ar dating of Lower Pa-
lacozoic bentonites showed that the maximum palacotem-
peratures in these formations occurred from the Devonian
(ca. 360-390 Ma) in the most western part of the Baltic Ba-
sin to the Early Carboniferous (320-330 Ma) in its middle
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part (Srodon and Clauer, 2001; Srodon et al., 2009; Kow-
alska et al., 2017). This conclusion is confirmed by zircon
helium dating and AFT data (Botor et al., 2017c¢), as well
as AFT analyses from Bornholm Island (Hansen, 1995),
which all together pointed to an Early Carboniferous max-
imum temperature. Thus, palaecotemperatures in the Low-
er Palaeozoic rocks in the area of boreholes, from the O-2
well to the Ko$cierzyna IG-1 well increased in the Devonian
to the Early Carboniferous. In contrast, to the west of the
zone mentioned above, a significant temperature rise was
possible at the end of the Silurian (e.g., Kosakowski et al.,
1998; Poprawa and Grotek, 2005; Botor, 2016). In turn, in
the eastern part of the Baltic Basin (e.g., in the Gotdap 1G-1
well area), no significant anomaly (above c. 60-80 °C) was
found in the thermochronological data (Botor et al., 2017¢).
The above dating results were used indirectly in thermal ma-

turity modelling, because they allow selection and testing of
the most appropriate thermal history model. From the ther-
mochronological data, it can be seen that the maximum pa-
lacotemperatures in the Lower Palaeozoic strata occurred in
the Late Palaeozoic, as was suggested earlier (Majorowicz
et al., 1984, Kosakowski et al., 1998, 1999; Karnkowski,
2003b; Poprawa and Grotek, 2005; Poprawa et al., 2010)
for one of the possible scenarios for the thermal evolution of
the Baltic Basin. In the boreholes analysed in this study, the
correct calibration of thermal models was obtained assum-
ing a maximum burial of the Lower Palaeozoic sediments
in the Early Carboniferous, which is determined by assum-
ing a significant amount of erosion in the range of 1,800 m
to 3,000 m (Fig. 4-7), with the elevated (compared to the
present-day) heat flow (in the Carboniferous) values, which
increased towards west from c. 60 to 80 mW/m?. The values
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of the thermal flux decreased gradually to the present-day
values. However, the relatively poorly controlled factor in
these models is the thermal conductivity of rocks, the value
of which was adopted on the basis of the library values for
the PetroMod software, taking into account the averaging of
particular lithological types. More precise modelling results
could have been obtained if the thermal conductivity in the
individual wells had been measured. To some extent, it is
also possible to obtain the correct calibration by reducing
the amount of erosion and slightly increasing the heat flow
value in the Carboniferous. However, further discussion of
this issue would require better quality of measurement data,
i.e. a larger number of measured samples in profiles and ver-
ification of thermal maturity measurements and this is best
done by various methods, not only by vitrinite reflectance.
Additionally, the lack of higher terrestrial plants (that are the

source of vitrinite) in the Early Palaeozoic distorts slight-
ly the measured values, particularly above the range of ca.
1.5-2.0%R  (Petersen et al., 2013).

The maximum palaeotemperatures increase in a westerly
direction and at the bottom of the profiles analysed (Cam-
brian and / or Ediacaran) range from about 140 °C (Pastek
IG-1) to over 250 °C (Stupsk IG-1; Figs 4-7). In the eastern
part of the Baltic Basin, the maximum temperatures were
significantly below 100 °C. The Caradocian and Lower
Silurian strata analysed respectively have reached tem-
peratures: from about 120 °C (in the Pastek 1G-1 well) to
over 250 °C in the case of the Stupsk 1G-1 well (Figs 4-7).
Although the causes of high temperatures in the Variscan
stage in part may be debatable (e.g., heat flow or the amount
of exhumation/erosion), it is not questionable that the max-
imum palaeotemperatures in the Lower Palaeozoic rocks
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of the study area occurred only then (Early Carboniferous)
and not later (in the Mesozoic or Cainozoic). In summary,
in the Baltic Basin, maturity modelling has shown that an
increase of temperature and burial was continuous from the
Late Silurian to the early mid-Carboniferous. Closer to the
TTZ, the Late Silurian burial was more significant, whereas
towards the east, burial in the Devonian and Early Carbon-
iferous was more important.

Podlasie-Lublin Basin

In the Podlasie-Lublin region, the quality of measured
thermal maturity data and/or their distribution in the pro-
file of individual wells also often makes it impossible to
obtain unequivocal modelling results, especially in the

absence of measurements from the Mesozoic part of indi-
vidual borehole profiles. Nevertheless, several models of
thermal evolution have been published so far. The first at-
tempt was made by Majorowicz et al. (1983, 1984), indi-
cating an increased geothermal gradient / heat flow in the
Carboniferous, which gradually decreased until today. Later
works by Botor et al. (2002), Botor and Littke (2003) and
Karnkowski (2003a) also emphasized the higher-than-mod-
ern conductive heat flow, connecting it mainly to the peri-
od of maximum burial of Palaeozoic strata. Poprawa and
Zywiecki (2005) proposed an explanation for the thermal
maturity pattern of the Lower Palaeozoic, Devonian and
Carboniferous sediments with reference to the migration of
hydrothermal fluids. The thermal effect of these overlapped
the consequences of maximum burial in the Carboniferous.
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In their opinion, migration itself may have appeared in the
Late Devonian to the Carboniferous and / or Jurassic. In
turn, Poprawa (2008b) proposed that the thermal maturity
of organic matter contained in the Palacozoic deposits in the
Lopiennik 1G-1 borehole was achieved in the Cretaceous
and / or the Palaeocene, as a result of the additional supply
of thermal energy to the Upper Cretaceous strata, although
without providing any evidence to support this hypothesis.
As a potential mechanism for supplying additional thermal
energy to the Upper Cretaceous deposits, the assumed mi-
gration of these hot solutions was indicated. The time of
occurrence of such thermal solutions was proposed as ear-
lier in the Jurassic (Poprawa and Zywiecki, 2005). How-
ever, there is no evidence to support the existence of such
solutions in the post-Variscan period as in the Baltic Basin.

The calculated burial curves for the Podlasie-Lublin Basin
and the Polik-Bodzanow Zone show very rapid subsidence
in the Palaeozoic, reaching in most cases about 90% of
the total subsidence (Figs 8-9). In most of the Lublin area, the
maximum burial of Palaeozoic sediments occurred at
the end of the Carboniferous (Figs 10-11), which already
was demonstrated in relation to the Lublin Trough (Botor
et al., 2002) and the entire Lublin Basin area (Karnkowski,
2003a). Thus, the Lower Palacozoic deposits also probably
reached the currently measured degree of thermal maturity,
owing to the achievement of maximum palacotemperatures.
Only in the NW part of the Lublin Trough (the area around
the Warka IG-1 and Izdebno 1G-1 wells) the maximum pa-
laecotemperature and degree of maturity were attained in the
Late Cretaceous (Botor et al., 2002), or in the Jurassic in area
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of the Nadarzyn IG-1 to Maciejowice IG-1 wells (Koztows-
ka and Poprawa, 2004). On the other hand, there are a few
boreholes in the Polik-Bodzanéw Zone that would enable
detailed reconstructions of the thermal history. In the Polik
IG-1 borehole, the coalification jump in the R profile clear-
ly documents the Variscan age of maturation of the Lower
Palacozoic strata (see also Poprawa, 2010), which is con-
firmed by the results of thermochronological research (Bot-
oretal.,2017b, c; Kowalska et al., 2017). In the Bodzanow
1G-1 profile, the maturity jump occurs between the Silurian
and the Carboniferous, which indicates pre-Carboniferous
coalification (Fig. 8). Because the Bodzan6éw 1G-1 borehole
is located close to the TTZ, for example, like Stupsk 1G-1
well in the Baltic area, it cannot be ruled out that substantial
maturation of the Lower Palaeozoic organic matter already

had occurred at the end of Silurian, especially since in other
wells in the western part of the Podlasie region it also was
reached at the end of the Silurian (see Okuniew IG-1, Fig. 9).

In the geological development of the Podlasie-Lublin
area, several intensive exhumation/erosion processes hap-
pened between the Late Carboniferous and the Permian,
and/or the Triassic and/or the Middle Jurassic as well as
in the Early Cretaceous and Cainozoic (e.g., Narkiewicz,
2007). The main unconformity separates the Palaecozoic and
Mesozoic strata and represents the effect of the late Variscan
tectonic inversion. It was probably of fundamental impor-
tance for the evolution of the thermal maturity of organic
matter. In the Lublin area, the extent of post-Variscan, main-
ly Late Carboniferous sediment erosion increases from the
north towards the south, from ca. 50 m to ca. 3500 m in the
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area of the Lopiennik IG-1 well (Figs 1011, see also Botor
et al., 2002; Karnkowski, 2003a). The size of the eroded
overburden suggests that in particular Carboniferous sedi-
mentation could have reached a much greater extent than is
seen at the present day. This range probably could have been
larger than known palacogeographic reconstructions.

The Lublin Basin was characterized by increased Car-
boniferous heat flow, which was possible owing to the sig-
nificant development of basaltic volcanism (Grocholski and
Ryka, 1995) dated to the Early Carboniferous: 348-338 Ma
(Panczyk and Nawrocki, 2015). The current thermal heat
flow in the Lublin region is from ca. 40 to 70 mW/m? (e. g.
Karwasiecka, 2008; Szewczyk and Gientka, 2009). In the
Lublin area, the heat flow in the Carboniferous Period prob-
ably ranged from ca. 62 to 95 mW/m?. However, in the NW

part of the area (between the Maciejowice IG-1 and Izdebno
IG-1 wells), it was the smallest ca. 62—-72 mW/m?, while in
the SE part (around the Terebin IG-5 well) and in the central
part (between the Lublin IG-1 and Swidnik IG-1 wells) was
much higher, in the order of 83-95 mW/m? (Botor et al.,
2002; Botor, 2007). Even higher values were proposed by
Karnkowski (2003a); however, it is difficult to verify them,
owing to the lack of calibration data in his work. Region-
al differences in thermal flux values can be explained by
tectonic extension processes in latest Devonian or Early
Carboniferous (Narkiewicz et al., 1997, 2007; Krzywiec,
2009). The probable increased heat flow was preserved only
in the Permian (Koztowska, 2011) or at the end of the Car-
boniferous (Karnkowski, 2003a).
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Fig. 12. Total burial depth of sedimentary sequence in Ediacaran-Cambrian time (in m). Based on Botor et al. (2017¢), modified.

The degree of thermal maturity of the upper Viséan strata
varies from ca. 0.6% (between the Wilga IG-1 and Warka
IG-1 wells) to 1.2% R (between the Tyszowce IG-2 and
Terebin IG-5 wells). The lowest values are found in the
NW part of the Lublin area, while the highest values are in
the SE part and at the SW edge of the Lublin Trough. The
Namurian and Westphalian strata show a similar distribu-
tion of the degree of coalification, although the values are
lower than those found in the Viséan strata (Grotek et al.,
1998; Botor et al., 2002; Grotek, 2005). However, the Ju-
rassic and Cretaceous strata have R  values at a level of ca.
0.4-0.5% (e.g., Botor, 1997; Botor et al., 2002), showing
a coalification jump between the Carboniferous and Meso-
zoic overburden in the greater part of the Lublin area. In
the Bitgoraj-Narol Zone, the thermal maturity of the Lower
Palaeozoic deposits expressed on the vitrinite reflectance
scale is high (Poprawa and Zywiecki, 2005; Grotek, 2015).
In the Potok IG-1 well, it is 1.2 to 1.3% R (in Pridoli strata
only), in the Dyle IG-1 well from 1.8 to 2.1% R (in upper

Cambrian—Ordovician strata), in the Narol 1G-1 borehole
from 1.6 to 1.9% R_ (in upper Cambrian—Pridoli strata), in
the Narol PIG-2 borehole from 1.3 to 2.4% R_ (in middle
Cambrian—Ludlow strata), and slightly further to the east,
in the LK-1 borehole from ca. 2.0 to 2.5% R (in Ludlow—
Caradocian strata). The abrupt increase in the degree of the
organic maturity between the Mesozoic overburden and the
Lower Palaeozoic strata is also noteworthy. For example,
values of 0.55-0.57% R_ were measured in the Jurassic of
the Potok IG-1 borehole, while in the Silurian section (only
200 m lower) 1.2% R was measured. In the Cretaceous in
the Narol IG-1 well the value 0.65% R was measured, and
at the top of the Silurian 1.6% R (Poprawa and Zywiecki,
2005). Similar jumps in the degree of coalification of or-
ganic matter between the Palacozoic and Mesozoic sections
also were recorded in other boreholes to the SE in the Lublin
Basin (Botor, 1999, 2007; Botor et al., 2002; Wrébel et al.,
2008). Although the number of measurements in individual
borehole profiles is not very large in many cases, it is ma-
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Fig. 13. Total burial depth of sedimentary sequence in the Ordovician Period (in m). Based on Botor ef al. (2017¢), modified.

terial sufficient to unequivocally reflect the different con-
ditions for maturation of organic matter in the Palaeozoic
Era in relation to the Mesozoic. The high thermal maturity
of organic matter attained in the Palacozoic evidences the
effects of a thermal field characterized by a much higher
heat flux than that of the Mesozoic. This conclusion also is
clearly confirmed by the results of helium zircon dating, by
apatite fission track analyses (Botor ef al., 2017b, c, 2018)
and by the K-Ar ages of illite (Koztowska, 2011; Kowalska
etal.,2017).

In the Podlasie-Lublin region, the calculated maximum
temperatures at the bottom of the modelled sedimentary
sequences increase in a southerly direction, reaching over
250 °C in the Lopiennik IG-1 borehole, while in the Cara-
docian and the Lower Silurian rocks, they are lower (up to
150 °C in the Lopiennik IG-1 well; Fig. 11). In turn, in the
Bodzanow 1G-1 borehole, the calculated maximum tem-
peratures at the bottom of the Palacozoic strata are approx.
280-290 °C (Fig. 8). These high temperatures were caused

by elevated heat flow as well as significant burial in the
Variscan orogeny. High palacogradients (above 40 °C/km)
are characteristic for the southern part of the Lublin region,
while smaller values (20-30 °C/km) were obtained in the
northern part (Majorowicz et al., 1983, 1984). Such high
values of palaeogradients also reflect high values of heat
flow (Botor ef al., 2002). The geothermal palaecogradient in
the Lublin region was much higher than the geothermal gra-
dient currently registered (Plewa, 1994; Karwasiecka, 2008;
Szewczyk and Gientka, 2009). This resulted in a higher
degree of maturity of organic matter than would have re-
sulted from considerations of maximum burial with the as-
sumption of modern temperatures (Majorowicz et al., 1983,
1984). It follows that the heat flow had to be higher in the
past. This can be explained by the Variscan overheating that
affected the areas discussed, and its effects, including vol-
canism in the Carboniferous (Grocholski and Ryka, 1995;
Panczyk and Nawrocki, 2015). The existence of magmat-
ic activity was associated with the elevated asthenosphere
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Fig. 14. Total burial depth of sedimentary sequence in the Silurian Period (in m). Based on Botor et al. (2017¢), modified.

and thus with the influence of regionally elevated heat flux
(Majorowicz, 1978). The operation of these elevated and
anomalous, thermal conditions could have been long-last-
ing, if they were associated with very deep heat sources in
the crust (Majorowicz ef al., 1983, 1984).

Maturity modelling based on vertical R profiles has
shown that in the Lublin area, thermal evolution was related
to burial in the Devonian to Late Carboniferous, but with
the most prominent increase in Late Carboniferous. This is
similar to the results of previous modelling, done in the last
decades (Botor et al., 2002; Botor and Littke, 2003; Karn-
kowski, 2003a; Poprawa and Grotek, 2005; Kosakowski et
al., 2013; Botor, 2018). However, in recent years, Poprawa
(2007b, c, 2008b, 2011b) has suggested that maximum tem-
perature was connected with maximum burial in the Late
Cretaceous with additional heating within the Upper Cre-
taceous section during the time of its deposition and/or in
the Paleocene in both the Baltic and Podlasie-Lublin basins.
However, no evidence was given to support this hypothe-

sis. Poprawa and Grotek (2005) also emphasize the possible
influence of fluid flow as a means of heat transport in the
Lublin Basin, which requires further investigations.

Regional variability of sedimentary burial
on the SW slopes of the EEC

This regional analysis is based on data from more than
sixty wells (Fig. 1). The spatial distribution of these wells is
not uniform in the Polish part of the EEC. This is due to the
location of the wells in the most perspective parts from the
point of view of geological and especially exploratory work
in the last decades. Nevertheless, the distribution of these
boreholes makes it possible to assess the subsidence/burial
history across the EEC area. Showing the variability from
NE parts (between the Goldap IG-1 and Krzyze-4 wells) to
the SW edge of the EEC (between the Stupsk IG-1, Kosci-
erzyna 1G-1, Bodzanéw IG-1, Lopiennik IG-1 and Narol
1G-1 wells). The results of 1-D maturity modelling are pre-
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Fig. 15. Total burial depth of sedimentary sequence in the Devonian Period (in m). Based on Botor et al. (2017¢), modified.

sented in the form of maps of the spatial distribution of the
total burial of sedimentary sequence on the SW slope of
the EEC (Figs 12—19). This approach was motivated by the
goal of assessment of hydrocarbon generation in the Lower
Palaeozoic deposits studied, which is presented in a com-
plementary paper (Botor et al., 2019). Previous analyses of
subsidence did not include exhumation/erosion and there-
fore were limited only to those parts of the geological re-
cord that are documented in lithostratigraphic profiles (e.g.,
Poprawa et al., 1999; Poprawa and Pacze$na, 2002). This
allows assessment of the tectonic evolution of the sedimen-
tary basins, although it is insufficient for the reconstruction
of hydrocarbon generation processes. In most cases, in the
study area, the thermal maturity of organic matter is higher
than that resulting from the subsidence associated only with
the presently existing rock record. Therefore, when analys-
ing petroleum-generation processes, it is necessary to take
into account the effects exhumation/erosion. The data were
compiled for the following phases of geological develop-

ment of the EEC slope, showing the potential variability of
hydrocarbon generation due to tectonic processes: the Edia-
caran—middle Cambrian (1) phase, the late Cambrian phase
through the Ordovician to the beginning of Silurian (2),
the Silurian phase (3), Devonian (4), Carboniferous (5), Per-
mian to Early Triassic (6) phase, Middle Triassic—Jurassic
phase (7) and the last Cretaceous phase (8). Owing to the
lack of significant subsidence, a Cainozoic phase was not
distinguished.

Ediacaran—middle Cambrian phase

This phase includes the earliest documented development
of subsidence on the SW slope of the EEC. The total buri-
al depth for the Ediacaran—Cambrian phase is calculated at
the end of this phase (before the late Cambrian stratigraphic
gap) and is shown in Fig. 12. In the Baltic Basin, the depth
of burial of the sedimentary sequence increases from NE to
SW (towards the TTZ), from below 250 m (in the vicinity
of the Gotdap 1G-1 well) to over 900 m near the Koscier-
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Fig. 16. Total burial depth of sedimentary sequence in the Carboniferous Period (in m). Based on Botor ef al. (2017¢), modified.

zyna 1G-1 well. In the Podlasie Basin, the regional trend
mentioned above (NE-SW) is similar. The values increase
from 450 m at the Krzyze-4 borehole to over 750 m at the
Okuniew IG-1 borehole. The lack of reliable data for the
area between the Bodzanow 1G-1 and Polik 1G-1 wells is
due to the very great depth of the rocks analysed. The burial
was also great in the Lublin Basin, especially in the area
between the Lopiennik IG-1 and Buséwno IG-1 wells (up
to 1,400 m; Fig. 12).

Late Cambrian through the Ordovician
to the beginning of Silurian phase

In general, this phase is characterized by a much lower
burial rate, compared to the Ediacaran to middle Cambrian
phases (Fig. 13). The total burial depth of the sedimentary
sequence at the end of this phase is only slightly greater
than that obtained in the earlier phases. In the Baltic Ba-
sin, the burial depths increase from below 400 m (around
the Gotdap IG-1 well) towards SW, reaching over 1,100 m

in the vicinity of the Koscierzyna IG-1 well. In the Pod-
lasie Basin, the regional trend (NE-SW) is similar. Values
increase from about 500 m at the Krzyze-4 borehole to
a value over 800 m, west of the Okuniew IG-1 borehole.
The burial was the greatest in the Lublin Basin, especially
between the Buséwno IG-1 and Lopiennik IG-1 wells (up to
around 1,500 m; Fig. 13).

Silurian phase

The total burial depth of the sedimentary sequence cal-
culated for the end of the Silurian is shown in Figure 14. In
the Baltic Basin, the values increase from NE to SW, from
about 600 m (in the vicinity of the Goldap IG-1 well) to
over 3,000 m in the area between the Ko$cierzyna IG-1 and
Stupsk IG-1 wells. In the Podlasie Basin, the regional trend
is similar. The values increase from the NE (about 400—
—500 m) to over 2,000 m in the vicinity of the Okuniew IG-1
borehole. In the area between the Bodzanow IG-1 and Polik
1G-1 wells, the burial reached ca. 1,600 m. In the Lublin Ba-
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Fig. 17. Total burial depth of sedimentary sequence in Permian to Early Triassic time (in m). Based on Botor et al. (2017¢), modified.

sin the burial increases from ca. 1,000-1,200 m in the area
between the Stadniki IG-1 and Mielnik IG-1 wells to over
2,500 m at the Lopiennik 1G-1 well (Fig. 14).

Devonian phase

The total burial depth of the sedimentary sequence at
the end of the Devonian is shown in Figure 15. In the Bal-
tic Basin, the burial values increase from NE to SW, from
about 600—-700 m (at the Gotdap IG-1 well) to over 4-5 km
in the area between the Koscierzyna IG-1 and Shupsk 1G-1
wells. In the Podlasie Basin, the regional trend is similar.
The values increase from the NE (from about 500 m) to over
2,000 m at the Okuniew 1G-1 borehole. In the area between
the Bodzanow IG-1 and Polik IG-1 wells, the total burial
reached approximately 4,000—5,000 m. In the Lublin Basin,
it increases from approx. 1,200—1,400 m in the area between
the Stadniki IG-1 and Mielnik IG-1 wells up to 4,000-5,000
m in the southern part, especially in the area between the
Lopiennik IG-1 and Narol IG-2 wells (Fig. 15).

Carboniferous phase

The extent of Carboniferous sedimentation was smaller
than during the earlier phases of development. The total
burial depth of the sedimentary sequence at the end of the
Carboniferous is shown in Fig. 16. In the Baltic Basin, the
burial depths increase from NE to SW, from about 1,000 m
to over 5-6 km in the area between the Koscierzyna 1G-1
and Shupsk I1G-1 wells. In the Podlasie Basin, the region-
al trend (NE-SW) is similar. Values increase from approx.
1,000 m in the area between the Stadniki IG-1 and Ttuszcz
1G-1 boreholes, to a value of over 3,000 m in the area be-
tween the Maciejowice IG-1 and Izdebno 1G-1 boreholes.
In the Lublin basin, the total burial depth increases from ap-
proximately 1,000—1,500 m in the area between the Stadniki
IG-1 and Mielnik IG-1 wells up to over 3,000 m in the SW
part. Especially in the area between the Lopiennik IG-1 and
Busowno IG-1 wells, there is a positive anomaly of the buri-
al depth, which reaches the Narol IG-1 well (up to approx.
4,000-5,000 m; Fig. 16).
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Fig. 18. Total burial depth of sedimentary sequence in Middle Triassic—Jurassic time (in m). Based on Botor ef al. (2017¢), modified.

Permian to Early Triassic phase

The total burial depth of the sedimentary sequence at the
end of the Permian—Early Triassic is shown in Figure 17.
In the NE part of the EEC, the burial depth reaches over
1,000 m (in the area between the Gotdap 1G-1 and Stadniki
1G-1 wells). The total burial increases towards the SW up to
over 4,000 m in the area between the Ko$cierzyna IG-1 and
Stupsk IG-1 boreholes and up to over 3,000 m in the area
between the Maciejowice IG-1 and Izdebno 1G-1 wells. In
the southern part of the Lublin Basin, sediments of this age
do not occur and probably it was a period of non-deposition
and erosion of the older sediments (Fig. 17).

Middle Triassic—Jurassic phase

The total burial depth of the sedimentary sequence at
the end of the Middle Triassic—Jurassic is shown in Figure
18. In the NE part of the EEC, the burial depth was around
600-800 m (between the Krzyze-4 and Gotdap IG-1 wells).
The total burial increases towards the SW to over 4,000 m

in the area between the Stupsk 1G-1 and Bodzanoéw 1G-1
wells (Fig. 18).

Cretaceous phase

The minimum values below 800 m burial occur in the
NE region of the EEC (between wells Gotdap 1G-1 and
Krzyze-4). The burial depth of sedimentary sequences is in-
creasing towards SW, reaching over 5,000 m along the TTZ
(between the Stupsk IG-1, Koscierzyna 1G-1, Bodzanow
IG-1 and Lopiennik 1G-1 wells; Fig. 19).

Summary of burial history

Ediacaran—Lower Palaeozoic phase

The geological development in this phase commenced
with an event of relatively rapid tectonic subsidence in the
latest Ediacaran, which was followed by a systematically
decreasing rate of subsidence during the Cambrian and Or-
dovician, clearly visible close to TTZ. Towards the east and



BURIAL AND THERMAL HISTORY OF THE LOWER PALAEOZOIC PETROLEUM 145

12°E 14°E 16°E 18°E 20°E 22°E 24°E 26°E
d 5 % pa i B s 5 [ p g5 g g 5 § 5 § § § g § #5 | @ §u o3 r ¥ 5 % @ 3 i p g n I gsw g5 ia g 3 05 s § 3 R
7, Zarnowiec 1G-1 L
Z s 2
E - ¥
Dg E l/ N — - p— .. : %
] - —— a
] L @ Bartos?yce e \‘ i
= 1 ~ ECE— rykdwo-1 \ o
= \ s w
el v Fod
& ] ( \ <]
0 [ =2
- J \' S
1 - \ >
S \~ Krzyze-4g, z
] } ® . -
- . a0z 1G4 Stadniki 1G-1 o
g 7' Mielnik IG-1" * = g g
< >
0 zZ
: 4 :
(\ Kaplonosy 1G-1
] - b [$,]
& { 7 [
] N R
5 ) | ™ =
1 4_ ® \‘Blalopole IG-1
. i . :
] L 4y
z ] . ' a
X e Ql .’ B
31 N ‘5\_ e =
1 ¥ . =
] m] il 5 P F
z 6300 o, . S
2 1 / 3
£ 5400 . 1 rg
=4 4500 Lo \ L=
] ' ey P N L.
] 3600 A :
Z ] = i iy “. IS
Z ] 2700 ~ &
% | 1800 &
€ 2
) 900 0 50 100 150 200 250 km g
1:5000000
14°E ' 16°E 18°E 20°E 22°E 24°E

Fig. 19. Total burial depth of sedimentary sequence in the Cretaceous Period (in m). Based on Botor ef al. (2017c¢), modified.

NE, i.e. away from the EEC margin, the pattern of subsid-
ence rate decreases in time throughout the Ediacaran, Cam-
brian and Ordovician and is less prominent owing to the
lesser thickness of the Ediacaran—Ordovician section. In the
Silurian, particularly from the Wenlock, a significant change
in subsidence pattern compared to the Ediacaran—Ordovi-
cian is observed across the whole SW margin of the EEC.
Subsidence began to increase in rate systematically from
the Wenlock to the end of Silurian time, creating subsidence
curves with convex shapes that are typical of foreland ba-
sin development (Poprawa et al., 1999, 2017, 2018; Stypa
et al.,2017). A high subsidence rate is common, particularly
in the SW and western parts of the EEC slope.

Devonian to Carboniferous phase

The phase of Devonian—Carboniferous subsidence deter-
mined in the area of the Baltic Basin has been documented
in the Podlasie-Lublin area (Zelichowski, 1987; Narkiewicz
etal., 1998, 2011, 2015; Narkiewicz, 2007; Narkiewicz and

Narkiewicz, 2008; Krzywiec, 2009; Krzywiec et al., 2017a,
b; Stypa et al., 2017). In the Lublin area and in part the
Podlasie area, Devonian—Carboniferous deposits, belonging
to the Variscan orogen (Krzywiec et al., 2017a, b), rest on
Lower Palaeozoic deposits. The location near the edge of
the craton (TTZ) determined the development of subsidence
and sedimentation of Devonian—Carboniferous sediments in
the dynamically changing field of stress, transferred from
the Variscan orogen as well as from the interior of the EEC.
The Early Devonian to the Middle Devonian shows a grad-
ual decrease in the rate of subsidence. The subsidence rate
of this phase decreases towards the north (Maciejowice

IG-1) and to the NE of the axis of the depocentre of the
Mazowsze-Lublin Trough. The second phase consists main-
ly of the Late Devonian and is characterized by a rapid
acceleration in the rate of subsidence in the Frasnian and
a reduction during the Fammenian (Narkiewicz et al., 1998;
Narkiewicz, 2003, 2007). The next phase is related to the
episode of uplift and erosion in the Early Carboniferous.
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The interpreted amounts of this erosion probably could
amount to between 200 and 2,000 m (Zelichowski, 1987).
The next phase is characterized by an increase in the rate of
subsidence in the late Viséan to Westphalian, with a local
episode of reduction of the subsidence rate in the middle
part of the Namurian. Then, at the turn of the Late Carbon-
iferous to Early Permian, tectonic inversion and significant
erosion of Carboniferous and sometimes Devonian deposits
occurred in the Asturian (?) phase (Narkiewicz et al., 1998;
Botor et al., 2002; Narkiewicz, 2003, 2007; Narkiewicz
et al.,2011). On the basis of seismic research, the develop-
ment of Variscan tectonics in the Lublin area recently was
postulated (Krzywiec et al., 2017a, b), suggesting erosion
of a significant thickness of the overburden, mainly Carbon-
iferous in age.

Permian—Cainozoic

From the Permian, the SW zones of the slope of the EEC
analyzed, both Baltic and Podlasie-Lublin, were located on
the marginal part of the Permian—-Mesozoic basin of Cen-
tral Poland. The Permian and Mesozoic formations in the
Middle Polish Basin rest on the age-related links of the Pal-
aeozoic, the genesis of which is connected with the devel-
opment of rift processes in the Permian (Dadlez et al., 1995;
Poprawa, 1997; Karnkowski, 1999; Kutek, 2001). The dep-
osition of the Permian sediments occurred during a period
of relatively rapid subsidence, continuing through the Late
Permian and Early Triassic (Dadlez et al., 1995; Poprawa,
1997; Poprawa, 2007a, 2008a, 2011a; Poprawa et al., 2010).
This event is correlated with the tectonic phase, commonly
observed in the Middle Polish Basin and interpreted as the
syn-rift phase (Dadlez ef al., 1995). Then, for most of the
Triassic, Jurassic and Early Cretaceous, tectonic subsidence
related to the rift phase of thermal subsidence was main-
tained (Dadlez et al., 1995; Poprawa, 1997; Karnkowski,
1999; Kutek, 2001). It affects to a small extent the changes
in subsidence of the Lower Palaeozoic deposits. In the Late
Cretaceous, in the study area, as well as in the other zones
of the Polish Basin, a process of tectonic reactivation took
place, expressing the accelerated subsidence in a compres-
sive tectonic regime (Dadlez et al., 1995; Krzywiec, 2002).
Taking into account the evolution of the Polish basin at
this time, it can be assumed that this process took place in
a tectonic regime of compression (Dadlez et al., 1995; Krzy-
wiec, 2002) and at the end of the Cretaceous underwent tec-
tonic inversion (Dadlez ef al., 1995; Krzywiec, 2002; Resak
et al., 2008, 2009). The Cainozoic deposits, owing to the
very minor thickness and variability of distribution in the
study area, do not significantly affect the curves of subsid-
ence of the Lower Palacozoic sediments (Poprawa, 2007a,
2008a, 2011a; Poprawa et al., 2010). The development of
the Permian—Mesozoic subsidence in the study area should
be considered relatively insignificant among the subsidence
processes affecting the Lower Palaeozoic sediments.

CONCLUSIONS

The results of thermochronological research and maturity
modelling showed that the Ordovician and Silurian strata
occurring on the SW margin of the EEC already reached

D. BOTOR ET AL.

a maximum palaeotemperature in the Palacozoic, mainly
during the Devonian—Carboniferous. The increase in tem-
perature was highest in the Devonian Period in the greater
part of the study area. In Mesozoic and Cainozoic times, the
Ordovician and Silurian strata generally were subjected to
cooling or to a very small increase in temperature, lower than
that attained during the Palaecozoic. The maximum burial of
the Ediacaran—Lower Palaeozoic strata was during the Early
Carboniferous in the Baltic Basin and in the Late Carbonif-
erous in the Lublin area. In the Baltic Basin, the maximum
palaeotemperatures occurred in the Late Devonian and Ear-
ly Carboniferous and in the Podlasie-Lublin region at the
turn of the Late Carboniferous and Early Permian. The least
unambiguous are the results in the Polik-Bodzanéw Zone,
where the maximum temperatures could have occurred ei-
ther at the end of the Silurian, in the Devonian (Bodzanow
IG-1) or in the Late Carboniferous (Polik IG-1). Only in the
Mazovian area between the Nadarzyn 1G-1 and Maciejow-
ice IG-1 wells, the maximum burial and maximum temper-
atures could have occurred in the late Mesozoic. Thus, the
main period of maturation of organic matter and hydrocar-
bon generation in the Ordovician and Silurian source rocks
was the Late Palacozoic (mainly Devonian to Late Carbon-
iferous), while in the westernmost zone along the TTZ the
temperature rise at the end of the Silurian was significant.
In the Lublin region, the results of the thermal maturity mod-
elling are consistent with the interpretation proposed by An-
tonowicz et al. (2003) and Krzywiec ef al. (2017a, b). This
concept suggests the existence of large Variscan shifts in the
Lublin and Radom-Krasnik areas as well as the existence of
a significant, exhumed overburden, especially of Carbonifer-
ous age. Consequently, the extent of the Carboniferous sedi-
ments could have been much greater than previously thought
(e.g., Narkiewicz et al., 1998; Narkiewicz, 2007).
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