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Abstract: In this work, 1-D numerical modelling of petroleum generation and expulsion processes in the Upper
Ordovician and Lower Silurian source rocks was carried out in over sixty wells along the SW margin of the East
European Craton (EEC) in Poland. Lower Palaeozoic sediments were subjected to rapid burial in the Palaeozoic and then were uplifted in several phases, but with the predominance of the late Variscan tectonic inversion.
The thermal maturity of organic matter in the Lower Palaeozoic strata indicates the advancement of the generation
processes from the phase of low-temperature thermogenic processes in the NE part of the Baltic and Podlasie-Lublin basins to the overmature stage along the zone adjacent to the Teisseyre-Tornquist Zone (TTZ). The results of
modelling of generation and expulsion show that these processes took place mainly in the Devonian and Carboniferous periods and in the westernmost part (along the TTZ), even in the latest Silurian. The hydrocarbon expulsion
took place with a small – delay after generation. During the Mesozoic and Cainozoic, generation processes practically were not resumed or intensified. Nevertheless, it was found that zones with an increased shale gas potential
can occur only in a relatively narrow belt on the SW slope of the EEC, parallel to the edge of the TTZ. The most
promising seem to be Caradocian, Llandovery and the Wenlock between the Lębork IG-1 and Kościerzyna IG-1
wells in the Baltic Basin, and the Wenlock source rocks in the Podlasie-Lublin Basin between the Okuniew IG-1,
Łopiennik IG-1 and Narol IG-1 wells. Most of the hydrocarbons were subjected to expulsion and possible migration. As a result, there was a large dispersion of the hydrocarbons generated. The chance of preservation of these
hydrocarbons in the source rocks is small.
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INTRODUCTION
The source rocks of hydrocarbons are basic elements in
any petroleum system and the first necessary factor for the
creation of an oil or natural gas reservoir, either conventional or unconventional (e.g., Magoon and Dow, 1994; Jarvie
et al., 2006; Botor et al., 2017a, b, c). In the last decade,
source rocks also have been recognized as potential reservoirs for unconventional hydrocarbons (e.g., Jarvie et al.,
2006). The hydrocarbon potential of the source rock is
controlled mainly by the amount of organic carbon (total
organic carbon, TOC, as % by weight), the thermal maturity of the organic matter and the genetic type of the kerogen. At the same time, the parameters mentioned above
are the most important in the assessment of the potential
of unconventional deposits (Jarvie et al., 2006). The Lower

Palaeozoic source rocks of the East European Craton (EEC)
are seemingly monotonous, fine-grained sediments (shales,
claystones and mudstones). They are in fact very diverse
in terms of sedimentology (e.g., Lis, 2010; Porębski et al.,
2013) and the organic matter of the sediments also shows
significant variation (e.g., Pletsch et al., 2010; Więcław
et al., 2010a, 2012; Kosakowski et al., 2016).
The main exploration target for unconventional hydrocarbons is in Ordovician and Silurian black shales along the
SW margin of the EEC in Poland (Poprawa, 2010; Kiersnowski and Dyrka, 2013; Botor, 2016; Karnkowski and
Matyasik, 2016; Botor et al., 2017c). These contain diversified amounts of organic matter and their thermal maturity is in the range of the main and late phases of hydrocar-
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bon generation processes (Kosakowski et al., 1998, 1999;
Botor et al., 2002; Klimuszko, 2002; Skręt and Fabiańska,
2009; Kosakowski et al., 2010, 2016; Pletsch et al., 2010;
Poprawa, 2010; Więcław et al., 2010a, 2012; Botor et al.,
2017a, b, c). The study area is situated on the SW margin
of the EEC, in the NE part of Poland (Fig. 1). So far, the
modelling of hydrocarbon generation processes in the Lower Palaeozoic deposits has been carried out only in selected zones of the EEC area (Kosakowski et al., 1998, 1999,
2010; Karnkowski, 2003a, b; Poprawa et al., 2010, Wróbel
and Kosakowski, 2010; Botor, 2016, 2018; Radkovets et al.,
2018). This modelling did not, in many cases, give clear
conclusions, mainly owing to deficiencies in the measurement data, especially in the field of thermal maturity of the
kerogen and its distribution in individual source rocks. To
evaluate further the development of hydrocarbon generation
as well as the expulsion processes in the Lower Palaeozoic
source rocks of the EEC in NE Poland, first the modelling
of the history of burial and thermal history was accomplished; this is presented in the companion paper by Botor
et al. (2019). Then these results were applied to the modelling of hydrocarbon generation and expulsion in this study.
However, the work was based mainly on wells of the Polish
Geological Survey (Państwowy Instytut Geologiczny) and
only a few new, industry wells were used (from Orlen Upstream and the Polish Oil and Gas Company). This paper
focuses on the Caradocian, Llandovery and Wenlock source

rocks as the most prospective, unconventional hydrocarbon
accumulations (Poprawa, 2010; Podhalańska et al., 2016).
The Alum Shale (late Cambrian to earliest Ordovician) is of
limited value as a target because of its insignificant thickness in Poland (Pletsch et al., 2010; Więcław et al., 2010a;
Kosakowski et al., 2016). This paper is an attempt to reconstruct the generation processes, not only in selected small
regions, but on the scale of the entire SW area of the EEC
in Poland. The present account in English is a significantly
modified version of the book chapter (Botor et al., 2017c),
available so far only in the Polish language.

METHODS
Hydrocarbon generation and expulsion modelling was
carried out using one-dimentional PetroMod ver. 11 software (Hantschel and Kauerauf, 2009) for over 60 wells in
the study area. First, burial and thermal maturity modelling was performed, as discussed in the companion paper
(Botor et al., 2019). In these models, thermal maturity was
calculated by means of the “Easy%Ro” method (Sweeney
and Burnham, 1990). Once the thermal evolution of all sedimentary layers was established with confidence by comparing measured and calculated maturity and present-day
corrected borehole temperatures (Botor et al., 2019), the
modelling of hydrocarbon generation and expulsion from
organic-rich source rocks could be achieved on the basis of

Fig. 1. Location map showing analysed boreholes. TT – Teisseyre-Tornquist Line.
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Arrhenius law kinetics, using source-rock-specific kinetic
data sets, which are sufficiently representative for the source
rocks under investigation (Hantschel and Kauerauf, 2009).
Published thermal maturity data were used for the calibration of the 1-D models (Nehring-Lefeld et al., 1997; Grotek,
1998, 1999, 2005, 2006, 2015, 2016; Grotek et al., 1998;
Kosakowski et al., 1998, 2010; Matyasik, 1998; Swadowska and Sikorska, 1998; Botor et al., 2002; Skręt and Fabiańska, 2009; Pletsch et al., 2010). Additionally, the present-day temperature in boreholes was applied (Plewa, 1991,
1994; Górecki et al., 2006a, b). In some wells, also porosity and density data were used for calibration (Modliński,
2007; Pacześna et al., 2007; Modliński et al., 2011; Karcz,
2015). This 1-D modelling of hydrocarbon generation and
expulsion processes was performed by assuming the presence of low-sulphur marine-algae kerogen (type IIB) in the
Ordovician–Silurian source rocks and applying the Pepper
and Corvi (1995) kinetic model. The initial hydrogen index
was set at 500 mg of hydrocarbons per gram of TOC in all
the analysed source rocks. The original TOC content was
assumed as follows: 2.0% in the Caradocian and 2.0% in
the Llandovery as well as 1.0% in the Wenlock in the Baltic
Basin and 1.6% in the Podlasie-Lublin Basin. The values of
kerogen transformation, generation potential and expulsion
shown on the maps are average values for each depth interval of occurrence of the source rocks analysed. Detailed
descriptions of the modelling procedures are given in Botor
et al. (2013). Further details of the methods are given by
e.g., Hantschel and Kauerauf (2009).

GEOLOGICAL SETTING
The study area is located on the SW slope of EEC, where
the following geological units can be distinguished: the
Baltic Basin in the northern part and the Podlasie-Lublin Basin in the south (Fig. 1). Between them, there is the
Polik-Bodzanów zone, the geological history of which is
not known in detail (Narkiewicz, 2007). In the study area,
a sedimentary sequence of a significant thickness on the
Precambrian crystalline basement, includes strata from
late Precambrian to Cainozoic in age. The thickness of the
Ediacaran to Lower Palaeozoic section increases towards
the west. The Neoproterozoic to Early Palaeozoic geological development was closely related to tectonic processes
occurring west of the EEC margin that is presently 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; Šliaupa et al., 1997; McCann, 1998; Poprawa et
al., 1999, 2018; Poprawa, 2006a, b, 2017; Nawrocki and
Poprawa, 2006; Radkovets, 2015). The geological history
of the study area is summarized in detail by Botor et al.
(2019). The following elements are of greatest importance
to the objectives of the present account: 1) rifting in the
Late Neoproterozoic to early Cambrian (Nikishin et al.,
1996; Šliaupa et al., 1997, 2006; Poprawa et al., 1999; Lassen et al., 2001; Poprawa and Pacześna, 2002; Poprawa,
2017; Krzywiec et al., 2018); 2) a passive margin phase
and later development of flexural foredeep in the late Ordovician to Silurian (Nikishin et al., 1996; Šliaupa et al.,
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1997, 2006; Poprawa et al., 1999, 2018; Poprawa, 2006a, b,
2017; Pacześna, 2006; Podhalańska and Modliński, 2006;
Mazur et al., 2016, 2018; Poprawa et al., 2018); 3) a Devonian to Carboniferous subsidence phase (Żelichowski,
1987; Porzycki and Zdanowski, 1995; Narkiewicz et al.,
1998, 2007, 2011, 2015; Skompski, 1998; Waksmundzka,
1998; 2005, 2010; Matyja, 2006; Narkiewicz, 2007; Narkiewicz and Narkiewicz, 2008; Krzywiec, 2009; Radkovets,
2016; Krzywiec et al., 2017a, b; Tomaszczyk and Jarosiński, 2017); 4) Variscan compression in the latest Carboniferous (Żelichowski, 1987; Narkiewicz et al., 1998, 2011,
2015; Narkiewicz, 2007; Krzywiec, 2009; Krzywiec et al.,
2017a, b; Tomaszczyk and Jarosiński, 2017; 5) the Permian–Mesozoic development of the Polish Basin (Kutek and
Głazek, 1972; Dadlez et al., 1995; Kutek, 2001; Lamarche
et al., 2003); 6) the tectonic inversion of the Polish Basin
in the Late Cretaceous–Palaeogene (Krzywiec, 2002; Lamarche et al., 2003; Mazur et al., 2005; Scheck-Wenderoth
et al., 2008; Krzywiec, 2009); 7) the development of the
thin Cainozoic sedimentary cover of poorly consolidated
(Kutek and Głazek, 1972; Dadlez et al., 1995; Kutek, 2001;
Krzywiec, 2002; Lamarche et al., 2003; Mazur et al., 2005;
Scheck-Wenderoth et al., 2008; Krzywiec, 2009).

PETROLEUM SYSTEMS
AND SOURCE ROCKS
In the study area of the Polish part of the EEC, petroleum
systems are related only to the Palaeozoic strata. However,
in the Mesozoic basement of the Carpathian Foredeep, the
Mesozoic reservoirs could have been sourced by the Jurassic source rocks as well as by bacterial gas from the Miocene strata (Kotarba et al., 2011). The Lopushna oil field,
occurring in the Mesozoic strata of the EEC, forming the
basement of the Ukrainian part of the Carpathian Foredeep,
covered by the Carpathian Overthrust, was sourced by the
Oligocene source rocks of the Carpathian flysch (Radkovets
et al., 2016).
In the Baltic Basin, Cambrian quartzose sandstones with
a thickness in the range of 60–120 m are the major reservoir horizons of conventional oil and gas accumulations
(Górecki et al., 1992; Karnkowski, 1993; Domżalski et al.,
2004; Pletsch et al., 2010). All the petroleum traps in the
Cambrian sandstones are fault-related anticlines or crossfault structures, which were active during the Caledonian
and the Variscan vertical movements (Stolarczyk, 1979;
Górecki et al., 1992; Witkowski, 1993; Domżalski et al.,
2004; Pletsch et al., 2010). In the Lublin Basin, both carbonate reservoirs in the Devonian and sandstone reservoirs
in the Carboniferous are known (Karnkowski, 1993, 2007;
Helcel-Weil et al., 2007; Pletsch et al., 2010). Structural,
fault-related traps formed mainly during the late Variscan
tectonic inversion (Pletsch et al., 2010).
On the SW slope of the EEC area, possible source rocks
horizons occur in the Ediacaran to lower Cambrian strata
(Pacześna et al., 2005) and in the upper Cambrian–Tremadocian Alum Shale (Kosakowski et al., 2016), in the Upper
Ordovician (mainly Caradocian) and in the Lower Silurian (Llandovery and Wenlock) strata (Pletsch et al., 2010;
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Poprawa, 2010; Więcław et al., 2010a; Kosakowski et al.,
2016; Podhalańska et al., 2016, Radkovets et al., 2017a).
In the Lower Palaeozoic strata in the Polish part of the Baltic and Podlasie-Lublin basins, oil-prone, type-II kerogen
occurs (Pletsch et al., 2010; Poprawa, 2010; Więcław et al.,
2010a, 2012; Kosakowski et al., 2016; Podhalańska et al.,
2016). In the Lublin Basin, Devonian and Carboniferous
source rocks also were identified (Botor et al., 2002; Karnkowski, 2007; Pletsch et al., 2010; Radkovets et al., 2017b).
In the Devonian, thin source-rock horizons containing type
II kerogen predominate, with low TOC values of usually
below 1% (Pletsch et al., 2010; Radkovets et al., 2017b).
The source rocks in the Carboniferous are dominated by
gas-prone coal-bearing sediments, containing an average
of 2% TOC (Porzycki and Zdanowski, 1995; Botor et al.,
2002; Pletsch et al., 2010).
Thermal maturity in the EEC
The thermal maturity of the Ediacaran to Mesozoic strata
of the SW margin of EEC was investigated using reflectance
of vitrinite and vitrinite-like particles, Rock-Eval Tmax,
conodont colour alteration index (CAI) and Thermal Alteration Index (Drygant, 1993; Kanev et al., 1994; NehringLefeld et al., 1997; Zdanavièiûtë and Bojesen-Koefoed,
1997; Kosakowski et al., 1998, 1999, 2016; Swadowska
and Sikorska, 1998; Grotek, 1999, 2006; Botor and Kosakowski, 2000; Skręt and Fabiańska, 2009; Pletsch et al.,
2010; Poprawa, 2010; Więcław et al., 2010a, 2012; Stempień-Sałek, 2011). The thermal maturity measurements of
the Lower Palaeozoic formations are generally conducted
on vitrinite-like organic particles, such as zooclasts, graptolites, alginate and bitumen, which leads to higher uncertainty than the usual analysis using vitrinite. The assumed
relationship between graptolite reflectance and the equivalent vitrinite reflectance implies that the reflectance of
graptolites increases faster than the reflectance of vitrinite
(Petersen et al., 2013).
The Ediacaran to Lower Palaeozoic strata of the SW margin of EEC revealed a systematic zonation (NE to SW) in
the degree of diagenesis along the entire margin. The thermal maturity of the Lower Palaeozoic strata on the western
slope of the EEC, as well as the depth of burial, generally
increases from the east and NE to the west and SW. This
increase is followed by a change in the properties of the
source rocks, which changes their maturity from the immature or poorly mature rocks, through generation of the hydrocarbons window, to the dry gas window or even to overmaturity. This change occurs along the TTZ (Drygant, 1993;
Kanev et al., 1994; Nehring-Lefeld et al., 1997; Zdanavièiûtë and Bojesen-Koefoed, 1997; Kosakowski et al., 1998,
1999, 2010, 2016; Swadowska and Sikorska, 1998; Grotek,
1999, 2006; Botor and Kosakowski, 2000; Zdanavièiûtë,
2005; Pletsch et al., 2010; Poprawa, 2010; Więcław et al.,
2010a, 2012; Radkovets et al., 2018).
In the Polish part of the Baltic Basin, the measured values of thermal maturity of the Lower Palaeozoic formations change from about 0.5–0.6% Ro on the eastern side
to almost 5% Ro on the western side along the TTZ (Kanev
et al., 1994; Nehring-Lefeld et al., 1997; Zdanavièiûtë and

Bojesen-Koefoed, 1997; Kosakowski et al., 1998, 1999,
2010, 2016; Swadowska and Sikorska, 1998; Grotek, 1999,
2006; Botor and Kosakowski, 2000; Zdanavièiûtë, 2005;
Pletsch et al., 2010; Poprawa, 2010; Więcław et al., 2010a,
2012). Measurements of vitrinite-like reflectance (Swadowska and Sikorska, 1998; Grotek, 1999, 2006, 2009, 2016)
are confirmed by pyrolytic Tmax values from Rock-Eval
analysis (Kosakowski et al., 1998, 1999, 2010, 2016; Botor
and Kosakowski, 2000; Pletsch et al., 2010) and Conodont
CAI (Nehring-Lefeld et al., 1997) as well as illitization of
smectite (Środoń and Clauer, 2001; Kowalska et al., 2017).
In the Cambrian deposits, thermal maturity increases regularly with increasing depth from 0.63% Ro at a depth of
1,906 m in the eastern part of the Baltic Basin to 4.92% at a
depth of 4,934 m in the western part (e.g., Słupsk IG-1). The
least thermally mature (Ro below 1.0%), Cambrian deposits occur at shallow depths (1,537–2,591 m) in the eastern
part of the basin, mainly in Lithuania (Zdanavièiûtë, 2005).
Thermal maturity increases towards the west, reaching the
value of 1.5% Ro at the Łeba High. This increase is similar to
one occurring within the much shallower (1,316–1,857 m)
Cambrian deposits in the B block of the Baltic Sea, where
it ranges from 1.0 to 1.2% Ro (Grotek, 2006). Towards the
south and west edges of the basin, the thermal maturity continues to grow, reaching values from 1.5 to 2.5% Ro (Swadowska and Sikorska, 1998; Grotek, 2006). The very high
degree of maturity is also characterized by dispersed organic matter in block A, located in the area of the TTZ, where
already at a depth of 1,940 m the value of Ro reaches 2.3%
(Swadowska and Sikorska, 1998; Grotek, 2006). The Tmax
values from Rock-Eval pyrolysis analysis range from about
420 to 535 °C, while the PI values from 0.01 to 0.49 (Kanev
et al., 1994; Kosakowski et al., 1998, 1999, 2016; Botor and
Kosakowski, 2000; Zdanavièiûtë, 2005; Pletsch et al., 2010;
Więcław et al., 2010a, 2012). Their values, like Ro, increase
from east to west.
In the Lower Palaeozoic strata of the central part of the
Podlasie Basin, the thermal maturity is ca. 0.9–1.1% Ro,
reaching 1.3% Ro in the western part. In the eastern part of
the Lublin Basin, the thermal maturity changes from east to
west from 0.6–0.7% Ro to ca. 1.5–2.0% Ro (Grotek, 2005,
2016). The highest thermal maturity is in the Łopiennik
IG-1 well (2.7–3.4% Ro). In the Biłgoraj-Narol area (the
SW part of the Lublin Basin along the TTZ; Fig. 1), despite
the small depth of occurrence of the Lower Palaeozoic, the
thermal maturity is high (above 2.0% Ro; Nehring-Lefeld
et al., 1997; Swadowska and Sikorska, 1998; Wróbel et al.,
2008; Grotek, 2009, 2015, 2016; Pletsch et al., 2010; Poprawa, 2010; Kosakowski et al., 2013; Karcz and Janas, 2016).
The interior of the EEC has yielded CAI values of 1–1.5
(for the Ordovician–Devonian rocks), indicative of palaeotemperatures between ca. 50 and 90 °C. Toward the SW margin of the EEC, the CAI values (at least for the Ordovician
strata) gradually increase and reach level 5 (i.e. over 300 °C)
in the TTZ (Drygant, 1993; Nehring-Lefeld et al., 1997).
The Lower Palaeozoic strata in the Baltic Basin are covered by the Permian and Mesozoic strata that show much
lower thermal maturity than the Lower Palaeozoic deposits, usually below 0.6% Ro (Grotek 1999, 2006; Poprawa
et al., 2010). Toward the SE, the Lower Palaeozoic strata
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in the Podlasie and Lublin basins are covered by Devonian
(Rock-Eval Tmax 426–466 °C) and Carboniferous (ca. 0.4–
–1.2% Ro) strata that show variable thermal maturity (Matyasik, 1998; Botor et al., 2002; Poprawa and Pacześna, 2004;
Grotek, 2005; Pletsch et al., 2010; Radkovets et al., 2017a, b).
However, the Permian–Mesozoic strata also show relatively
ow thermal maturity below 0.5% Ro (Grotek, 1998, 2005,
2006; Botor et al., 2002; Pletsch et al., 2010).
TOC and thickness of source rocks horizons
of Lower Palaeozoic
In the study area, the oldest levels of source rocks are
the upper Cambrian and lowest Ordovician (Alum Shale).
However, their thickness is identified within the Polish borders as being from 0 to 10 m, rising to over 100 m below
the Baltic Sea towards the NW, outside of Poland (Karnkowski, 1993; Kanev et al., 1994; Buchardt et al., 1998;
Kosakowski et al., 1998, 2016; Pletsch et al., 2010). These
source rocks contain up to 22% TOC (Buchardt et al., 1998;
Kosakowski et al., 2010, 2016; Pletsch et al., 2010; Poprawa, 2010; Więcław et al., 2010a; Wróbel and Kosakowski,
2010; Karcz and Janas, 2016). Their total thickness, however, is small in Poland, so for this reason they cannot be
a significant collector of unconventional shale gas. Therefore, the authors have not presented their generation analysis in this work.
Above, there are the Caradocian source rocks represented by the Sasino Formation, developed as black, dark grey
clays, often bituminous (Modliński and Podhalańska, 2010;
Pletsch et al., 2010; Podhalańska et al., 2016). In the Baltic
Basin, they have a high organic carbon content, on average
at a level of 1–3% (Pletsch et al., 2010). Their thickness
of ca. 20–50 m allows consideration of them as an important horizon of source rocks. The Caradocian shales, despite
their great thickness in the Podlasie-Lublin Basin, contain
relatively small amounts of dispersed organic matter, usually below 1% and they should not be treated as a potential
shale gas collector (Karcz and Janas, 2016; Podhalańska
et al., 2016).
The Silurian strata in the western part of the Baltic Basin
are represented by siliciclastics of considerable thickness
(e.g., Modliński and Podhalańska, 2010). Particularly, the
Lower Silurian (Llandovery and Wenlock) source rocks are
important (Poprawa, 2010). The lower Llandovery is represented by black bituminous claystones of the Jantar Member (Modliński and Podhalańska, 2010; Pletsch et al., 2010;
Karcz et al., 2013; Karcz and Janas, 2016; Podhalańska
et al., 2016). The thickness of the Jantar Member reaches
a maximum of 10–20 m. The TOC in the Jantar Member
is locally up to 20% (in the Białowieża Formation (in the
Podlasie Basin) which is the Jantar time equivalent), while
the average in the Llandovery profiles ranges from 1 to 6%
TOC. In the middle part of the Baltic Basin, the average
content of organic matter in Llandovery ranges from 1.0 to
2.5%, while in the eastern and western parts, it is usually
less than 1% (Pletsch et al., 2010; Poprawa, 2010; Karcz
et al., 2013; Karcz and Janas, 2016). In the NW part of the
Lublin region, the average content of organic matter reaches 2–3% in the Llandovery, while towards the south and
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SE it decreases to below 1% TOC. The claystones of the
Pasłęk Formation contain only ca. 1% TOC (Modliński and
Podhalańska, 2010; Pletsch et al., 2010; Karcz et al., 2013;
Karcz and Janas, 2016).
The youngest source rocks horizons are the Wenlock strata, with a thickness from 120 m in the east to over 1,000
m in the western part (along the TTZ) of the Baltic Basin.
However, the net thickness of intervals enriched with organic matter is smaller, usually ca. 50–100 m (Poprawa, 2010;
Karcz et al., 2013; Podhalańska et al., 2016). In the middle
and western parts of the Baltic Basin, the average organic
matter content is below 1% TOC, whilst in the eastern part
of the basin, it increases to 1.3% TOC (Pletsch et al., 2010;
Karcz and Janas, 2016). The average content of organic
matter also increases towards the SE from the Baltic Basin.
In the Podlasie Basin, it ranges from 0.6 to 1.3% and in the
Lublin Basin from 1 to 1.7% TOC (Klimuszko, 2002; Poprawa, 2010; Więcław et al., 2012; Karcz et al., 2013; Karcz
and Janas, 2016). Similar average TOC values are given by
Podhalańska et al. (2016): 1.2% for the Podlasie Basin and
1.3% for the Lublin Basin.
Kerogen type in the Lower Palaeozoic source rocks
The kerogen type was identified by means of geochemical and microscopic methods. The hydrogen index (HI),
based on pyrolysis Rock-Eval, fluctuates to a large extent
across source rocks in the EEC. The hydrogen index for immature type II kerogen varies on average from 300 to 550
(Hunt, 1996), while in the Lower Palaeozoic shales on the
EEC, the variability is even greater, from about 10 to 730
(Kanev et al., 1994; Kosakowski et al., 1998, 1999, 2016;
Zdanavièiûtë and Lazauskiene, 2004; Zdanavièiûtë, 2005;
Skręt and Fabiańska, 2009; Pletsch et al., 2010; Więcław
et al., 2010a, 2012; Karcz and Janas, 2016), although most
HI values are below 450. The value of the hydrogen index
and the amount of organic carbon determine the amount of
hydrocarbons that can be generated in a given source rock.
These two indices show very high variability in the Lower
Palaeozoic shales analysed. Therefore, it is difficult to determine the type of kerogen that potentially generated hydrocarbons of the Lower Palaeozoic source rocks by analytical methods, because in areas where the discussed source
rocks are characterized by an increased TOC, they also have
very high maturity. In turn, where thermal maturity is lower, the organic carbon content is often negligible. This is
a significant limitation for laboratory analysis and the proper estimation of the kerogen type. Nevertheless, most likely
in the Cambrian, Ordovician and Silurian source rocks in
the SW slope of the EEC, mainly low-sulphur type II kerogen of algae-marine origin and with high generation potential predominates (Kanev et al., 1994; Zdanavièiûtë and
Bojesen-Koefoed, 1997; Kosakowski et al., 1998, 1999,
2010, 2016; Swadowska and Sikorska, 1998; Grotek, 1999;
Zdanavièiûtë, 2005; Pletsch et al., 2010; Więcław et al.,
2010a, 2012; Karcz and Janas, 2016).
In the Lower Palaeozoic sediments, both syngenetic and
epigenetic organic matter can be distinguished petrographically (Swadowska and Sikorska, 1998; Grotek, 1999, 2016),
which is also confirmed by Rock-Eval pyrolysis (Kanev
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et al., 1994; Botor and Kosakowski, 2000; Pletsch et al.,
2010; Więcław et al., 2010a; Karcz and Janas, 2016; Kosakowski et al., 2016). Syngenetic organic matter is represented for the most part by amorphous material, mainly
fluorescing. This material consists mainly of alginite and
liptodetrinite. The inertinite content does not exceed 5%,
and in zooclasts (including graptolites) ranges from 0 to
20%. The remaining part of the organic material is a largely
liptinite (Swadowska and Sikorska, 1998; Grotek, 1999). In
contrast, the epigenetic matter consists mainly of migrating bitumens (Calikowski, 1984; Swadowska and Sikorska,
1998; Grotek, 1999; Klimuszko, 2002). The saturated hydrocarbons dominate over aromatic ones, with an increased
amount of resins and asphaltenes (Calikowski, 1984; Kanev
et al., 1994; Grotek, 1999; Klimuszko, 2002; Zdanavièiûtë,
2005; Pletsch et al., 2010).

RESULTS AND DISCUSSION
In this section, the results for burial and thermal history evolution are only briefly mentioned, as they were discussed in detail in companion papers (Botor et al., 2017c,
2019), then they are followed by a discussion of maturation,
hydrocarbon generation and expulsion through time. The
following discussion focus on how these processes led to
variations in the present-day oil/gas potential of the source
rocks in the study area of the EEC.
The organic matter in the Lower Palaeozoic strata in
the eastern part of the Baltic, Podlasie and Lublin basins
is immature to generate hydrocarbons (Ro below 0.6%). In
the middle part of the Baltic and Podlasie-Lublin basins,
kerogen in the Lower Palaeozoic deposits has reached the
early and main phases of liquid hydrocarbon generation,
characterized by reflectance values of vitrinite ca. 0.6 to
1.0% Ro (Kosakowski et al., 1998, 1999, 2010; Swadowska and Sikorska, 1998; Grotek, 1999, 2006; Zdanavièiûtë,
2005; Pletsch et al., 2010; Botor, 2016). In a westerly direction, towards the central part of the Baltic Basin and on
the Łeba High, the maturity of organic matter increases up
to ca. 1.3% Ro, which indicates the main and late phases of
oil condensate generation (Kosakowski et al., 1998, 1999,
2010; Swadowska and Sikorska, 1998; Grotek, 1999; Botor
and Kosakowski, 2000; Karnkowski, 2003; Grotek, 2006,
2009, 2016; Botor, 2016). Maximum values of thermal maturity (up to 4.9% Ro) were obtained in the Lower Palaeozoic deposits in the western part of the Baltic Basin near the
TTZ. These values pass through the phase of dry thermogenic gas up to the over-maturity phase (Kosakowski et al.,
1998, 1999, 2010; Swadowska and Sikorska, 1998; Botor
and Kosakowski, 2000; Karnkowski, 2003b; Grotek, 2006,
2009, 2016; Botor, 2016; Botor et al., 2017). In the southern
and SE part of the Podlasie-Lublin region, the Lower Palaeozoic organic matter has reached a thermal maturity of more
than 1.2% Ro, with maximum values of more than 2.0% Ro
in the zone between the Łopiennik IG-1, Narol IG-1 and LK
wells (Swadowska and Sikorska, 1998; Grotek, 2008, 2009,
2011, 2015, 2016; Wróbel et al., 2008), which indicates the
late phase of liquid hydrocarbon generation and the transition to the gas window phase.

Development of hydrocarbon generation processes
over time in the light of burial and thermal history
The results of burial and thermal history modelling, calibrated with thermo-chronological data (Botor et al., 2017a,
b, 2018, 2019; Kowalska et al., 2017, 2019) showed that
Lower Palaeozoic strata occurring in the area of the EEC in
Poland reached the maximum palaeotemperature already in
the Palaeozoic, the majority in the period being from the end
of Silurian to Early Carboniferous (in the Baltic Basin and
Late Carboniferous / Early Permian (in the Podlasie-Lublin Basin). In the Mesozoic and Cainozoic, the Lower Palaeozoic strata in general were cooled. Possible additional
heating of the Lower Palaeozoic deposits occurred only in
zones of increased Mesozoic burial between the Nadarzyn
IG-1 and Maciejowice IG-1 wells (Botor et al., 2017c). As
a result, in the Mesozoic, there was no additional transformation of kerogen into hydrocarbons in the greater part of
the area analysed. Thus, the main period of maturation of
organic matter and generation of hydrocarbons in the Ordovician and Silurian source rocks was between the end of the
Silurian and the Carboniferous. The generation of hydrocarbons ended as a result of the Variscan inversion (Figs 2–5).
In the most western part of the Baltic Basin between the
Słupsk IG-1 and Kościerzyna IG-1 wells, the source rocks
analysed entered the hydrocarbon generation phase in the
oil window at the end of the Silurian. In the Devonian, there
was a further development of these processes, and there was
entry into the gas window and along of the TTZ (Słupsk
IG-1), also entry into the overmature phase (Fig. 2). In the
central part of the Baltic Basin, the source rocks analysed
entered the hydrocarbon generation phase in the oil window in the Early Devonian (Gdańsk IG-1) or Late Devonian (Pasłęk IG-1) (Fig. 3). The gas window was reached
in the Late Devonian or Early Carboniferous in parts of the
source rocks (Fig. 3). In an easterly direction, the advancement of generation processes definitely decreased and to the
east from the region between the Henrykowo-1 and Olsztyn
IG-2 wells, the potential source rocks are too immature to
have generated hydrocarbons. They did not even reach the
beginning of the oil window.
In a SE direction, the lateral variation of the generating
processes is similar to that existing in the Baltic Basin, both
in the Polik-Bodzanów Zone and in the Podlasie-Lublin
area. In the Polik-Bodzanów Zone, entry into the oil and
gas window took place in the Silurian – as was shown in
the model for the Bodzanów IG-1 well (Fig. 4) – owing
to the proximity of the TTZ. These processes reached the
overmature phase in the Devonian or maybe in the Silurian.
Further to the east, entry into the oil window occurred in the
Middle Devonian in the area of the Okuniew IG-1 borehole
(Fig. 4), and the gas window could have been reached in the
Carboniferous, depending on the amount of burial (Fig. 4).
Even further to the east, entry into the oil window occurred
in the Carboniferous (Parczew IG-10), no longer reaching
the phase of generating condensate or dry gas in the window (Fig. 5). The development of these processes in the SE
part of the Lublin area was somewhat different, where the
entry into the oil window already had occurred in the Early
Devonian – as was shown in the model for the Łopiennik
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Petroleum generation history in wells: Kościerzyna IG-1 (A) and Słupsk IG-1 (B). Based on Botor et al. (2017c), modified.

IG-1 well (Fig. 5). The gas window phase was obtained in
the Late Devonian. In the Late Carboniferous, Lower Palaeozoic source rocks reached the overmature phase (Fig. 5).
Therefore, in the entire SW margin of the EEC, generating processes developed in a similar manner; in the direction from the NE to the TTZ, their intensity decreases
and the beginning of subsequent stages of advancement
was even later, from the end of the Late Silurian to the Late
Carboniferous. In the Baltic Basin, hydrocarbon generation processes in the Lower Palaeozoic source rocks developed from the end of the Silurian to Early Carboniferous
(Figs 2–3). In the Podlasie-Lublin Basin, however, they
continued into the Late Carboniferous (Figs 4–5). These
processes ended together with the Variscan tectonic inversion and were not resumed during the Mesozoic era. The
generation processes were accompanied by the expulsion of
hydrocarbons. This expulsion removed most of the hydrocarbons from the source rocks during the time of generation
or with a small delay (Botor, 2016; Botor et al., 2017c).

Kerogen type
Another problem in correctly determining hydrocarbon
potential is the use of currently measured values of geochemical parameters (e.g., TOC, HI). This causes significant errors in the estimation of these geochemical parameters, resulting in the incorrect assessment of hydrocarbon
resources. Therefore, the initial source rock and the original
values, preceding the thermogenic hydrocarbon generation
processes (from the immature stage), should be used to
model the processes of hydrocarbon generation and to calculate the amount of gas and oil that was formed (e.g., Mann
and Zweigel, 2008).
These primary parameters include the amount and quality of the kerogen contained in a given source rocks. Significant changes in the amount of hydrocarbons generated
are observed with the introduction of different values of the
TOC and the HI value. The amount of hydrocarbons generated changes directly with the accepted values of both HI
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Petroleum generation history in wells: Pasłęk IG-1 (A) and Gdańsk IG-1 (B). Based on Botor et al. (2017c), modified.

and TOC. In particular, the amount of organic carbon in the
Lower Palaeozoic shales shows a large spread (from 0
to 20% onwards), although the average values are well
below 2.0%. Oil-prone type II of kerogen (algae-marine)
widely accepted for organic matter in the Lower Palaeozoic shales is in fact a mixture of various components
including both phytoplankton, zooplankton and bacterial
components deposited mainly in marine environments
(e.g., Hunt, 1996).
The Lower Palaeozoic sediments are dominated by the
typical low-sulphur type II of kerogen, whereas the share of
terrestrial type III (humic gas-prone) is excluded, because
there were no higher terrestrial plants at that time that could
produce biomass of this type (Hunt, 1996). Occurrence of the
I type of kerogen seems to be poorly documented (Pacześna

et al., 2005; Więcław et al., 2010a, 2012; Kosakowski et al.,
2016). Nevertheless, even within the type II of kerogen, it
is possible to differentiate the original organic matter, which
is visible in the variation of the hydrogen index. If we exclude the variability associated with the increase in thermal
maturity in the thermally immature kerogen, the original HI
depends primarily on the initial characteristics of the organic matter deposited and its facies diversity (e.g., Mann and
Zweigel, 2008).
Kerogen transformation
The extent of advanced hydrocarbon generation processes is best represented by the transformation ratio (TR),
expressed as %, showing the degree of thermogenic trans-
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Petroleum generation history in wells: Okuniew IG-1 (A) and Bodzanów IG-1 (B). Based on Botor et al. (2017c), modified.

formation of kerogen, which goes through the processes
of hydrocarbon generation (e.g., Botor and Kosakowski,
2000). In the Ordovician–Lower Silurian source rocks, in
the Baltic Basin, the maximum TR was reached at the end
of the Early Carboniferous, while in the Lublin area at the
end of the Late Carboniferous. In all basins, however, there
is a significant increase in the intensity of hydrocarbon
generation processes already in the Devonian, and in the
most western part even with the end of the Silurian. In the
Baltic Sea, in the Caradocian, the TR reached values from
below 5% in the area between the Gołdap IG-1 and Bartoszyce IG-1 wells up to almost 100% in the area between
the Kościerzyna IG-1 and Słupsk IG-1 wells (Fig. 6A). In
the Llandovery source rocks, the TR reached values ranging
from nearly zero percent in the area of the Bartoszyce IG-1

and Kętrzyn IG-1 wells to almost 95–100% in the area of
the Kościerzyna IG-1 and Słupsk IG-1 boreholes (Fig. 6B).
In the Wenlock, TR values ranged from near-zero percent in the area of Gołdap IG-1 and Bartoszyce IG-1 wells
to almost 100% in the area of the Kościerzyna IG-1 and
Słupsk IG-1 wells (Fig. 6C). In the Podlasie-Lublin area, in
the Caradocian source rocks, the TR reached values below
1% in the area between Krzyże-4, Mielnik IG-1 and Stadniki IG-1 wells up to almost 100% near the area between
the Bodzanów IG-1 and Polik IG-1 wells as well as in the
area between the Łopiennik IG-1 and Narol IG-1 boreholes
(Fig. 6A). In the Llandovery and Wenlock, the TR attained a
similar range of values and spatial distribution (Fig. 6B, C),
which is due to similar depths of the three source rocks investigated. Thus, the TR indices increase westwards in all
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Petroleum generation history in wells: Parczew IG-10 (A) and Łopiennik IG-1 (B). Based on Botor et al. (2017c), modified.

source rocks analysed throughout the entire SW region of
the slope of the EEC (Fig. 6).
Generation potential
For the generation potential, only average regional data
were used on the basis of data available in the public domain. Thus, the characteristics presented are qualitative, not
quantitative, showing regional trends in individual source
rocks in particular oil basins. The hydrocarbon generation
potential of the Caradocian source rocks for gas generation,
calculated for the end of the Early Carboniferous, reached
values close to zero in the area of the Gołdap IG-1 and Bartoszyce IG-1 wells in the Baltic Basin and the Mielnik IG-1
and Stadniki IG-1 wells in the Podlasie Basin (Fig. 7A).

However, in the Baltic Basin, the generation potential increases to ca. 30–40 mg hydrocarbons/g TOC for the area
between the Olsztyn IG-2, Henrykowo-1 and Młynary-1
wells (3–15 mg hydrocarbons/g TOC) westwards. In the
Baltic Basin, the highest values were calculated in the
area between the Słupsk IG-1 and Kościerzyna IG-1 wells
(about 90–100 mg hydrocarbons/g TOC) (Fig. 7A). In the
Podlasie-Lublin region, the generation potential calculated
at the end of the Late Carboniferous also increases towards
the SW, reaching a maximum value (over 90 mg hydrocarbons/g TOC) in the area between the Łopiennik IG-1 and
Narol IG-1 wells (Fig. 7A).
The potential of the Caradocian source rocks for oil generation, calculated for the end of the Early Carboniferous,
reached values close to zero in the area between the Gołdap
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Fig. 6. Kerogen transformation in the Caradocian source rocks (A), in the Llandovery source rocks (B), in the Wenlock source rocks (C).
Based on Botor et al. (2017c), modified.

IG-1, Bartoszyce IG-1, Stadniki IG-1 and Mielnik IG-1
wells (Fig. 8A). However, in the Baltic Basin the generation
potential increases westwards, from about 170 mg hydrocarbons/g TOC om the area between the Olsztyn IG-2 and Henrykowo-1 wells to about 450–500 mg hydrocarbons/g TOC
in the belt extending from the Malbork IG-1 well through
the Gdańsk IG-1 well to the area between the Kościerzyna
IG-1, Żarnowiec IG-1 and Łeba-8 wells (Fig. 8A). In the
Podlasie-Lublin region, the generation potential calculated
at the end of the Late Carboniferous grows westwards and
southwestwards, reaching over 400 mg of hydrocarbons per
gram of TOC (Fig. 8A).
The generation potential of the Llandovery source rocks
for gas generation calculated at the end of the Early Carboniferous has reached values close to zero in the area between the Gołdap IG-1, Bartoszyce IG-1 and Stadniki IG-1,
Mielnik IG-1 wells (Fig. 7B). However, the generation potential increases westwards from 2–12 mg hydrocarbons/g

TOC the area between the Olsztyn IG-2, Henrykowo-1 and
Młynary-1 wells, to a value of about 30 mg hydrocarbons/g
TOC in the Baltic Basin. The highest values (90–100 mg
hydrocarbons/g TOC) were recorded in the area between the
Słupsk IG-1 and Kościerzyna IG-1 wells (Fig. 7B). In the
Podlasie-Lublin region, the generation potential calculated
at the end of the Late Carboniferous also grows towards the
west and SW, reaching more than 90 mg of hydrocarbons/g
TOC in the area between wells Łopiennik IG-1, LK1 and
Polik IG-1, Bodzanów IG-1 (Fig. 7B).
The generation potential of the Llandovery source rocks
for oil generation calculated at the end of the Early Carboniferous has reached values close to zero in the area between
the Gołdap IG-1, Bartoszyce IG-1 and Stadniki IG-1, Mielnik IG-1 wells (Fig. 8B). However, the generation potential increases westwards in a belt extending from Malbork
through Gdańsk from ca. 100 mg hydrocarbons/g TOC in
the area between the Olsztyn IG-2 and Henrykowo-1 wells,
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Fig. 7. Gas generation potential in the Caradocian source rocks (A), in the Llandovery source rocks (B), in the Wenlock source rocks (C).
Based on Botor et al. (2017c), modified.

to 50–500 mg hydrocarbons/g TOC in the area between
the Kościerzyna IG-1, Żarnowiec IG-1 and Łeba-8 wells
(Fig. 8B). In the Podlasie-Lublin region, the generation
potential calculated for the end of the Late Carboniferous
grows to the west and SW, reaching more than 400 mg of
hydrocarbons/g TOC in the area of the Łopiennik IG-1,
LK1, Polik IG-1 and Bodzanów IG-1 wells (Fig. 8B).
In the Baltic Basin, the generation potential of the Wenlock source rock for gas generation calculated for the end
of the Early Carboniferous has reached values close to zero
in the area between the Gołdap IG-1, Bartoszyce IG-1 and
Stadniki IG-1, Mielnik IG-1 wells (Fig. 7C). However, the
generation potential grows westwards from 1–10 mg hydrocarbons/g TOC in the area between the Olsztyn IG-2,
Henrykowo-1 and Młynary-1 wells to about 15–30 mg hydrocarbons/g TOC in the area between Malbork IG-1 and
Gdańsk IG-1 wells, in the Baltic basin. The highest values
(80–100 mg hydrocarbons/g TOC) were recorded in the

area between the Kościerzyna IG-1 and Słupsk IG-1 wells
(Fig. 7C). In the Podlasie-Lublin region, the generation potential calculated in the end of the Late Carboniferous grows
in the west and SW, reaching more than 100 mg of hydrocarbons/g TOC in the area between the Łopiennik IG-1, LK
and Polik IG-1, Bodzanów IG-1 wells (Fig. 7C).
The generation potential of the Wenlock source rocks for
oil production, calculated for the end of the Early Carboniferous, reached values close to zero in the area between the
Gołdap IG-1, Bartoszyce IG-1 and Stadniki IG-1, Mielnik
IG-1 wells (Fig. 8C). However, the generation potential increases westwards in the zone between the Malbork IG-1
and Gdańsk IG-1 wells from about 70 mg hydrocarbons/g
TOC in the area of the Olsztyn IG-2 and Henrykowo-1
boreholes in the west, to values in the range of 440–490 mg
hydrocarbons/g TOC in the area of Kościerzyna IG-1, Żarnowiec IG-1 and Łeba-8 wells (Fig. 8C). In the Podlasie-Lublin region, the generation potential calculated for the end
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Fig. 8. Oil generation potential in the Caradocian source rocks (A), in the Llandovery source rocks (B), in the Wenlock source rocks (C).
Based on Botor et al. (2017c), modified.

of Carboniferous grows in the west and SW, reaching more
than 400 mg hydrocarbons/g TOC in the area between the
Łopiennik IG-1, LK1 and Polik IG-1, Bodzanów IG-1 wells
(Fig. 8C). The local maximum generation potential was also
calculated in the zone between the Narol IG-1 and Dyle
IG-1 wells (Fig. 8C).
Hydrocarbon expulsion
In the boreholes analysed, expulsion was commonly associated with the hydrocarbon generation processes with a
slight delay (Botor, 2016, 2018; Botor et al., 2017b). Expulsion did not occur only in the eastern part of the Baltic
Basin (east of the Olsztyn IG-2 region) and the Podlasie-Lublin Basin (NE from the area between the Tłuszcz IG-2 and
Mielnik IG-1 wells; Figs 9–10), where the source rocks did
not reach an advanced stage of kerogen transformation. The
time of expulsion varies from the latest Silurian (along the

TTZ) to the Late Devonian and/or Carboniferous in the central part of the analysed basins. The following description of
the hydrocarbon expulsion rate with the division into natural gas and crude oil is only qualitative. The current stage of
research allows only such an approach.
In the Baltic Basin, the rate of gas expulsion from the
Caradocian source rocks reached values below 10 Mtons/
km2/Ma in almost the entire research area (Fig. 9A). Only in
the area between the Łeba-8 and Słupsk IG-1 wells gas expulsion is higher (up to 15 Mtons/km2/Ma) (Fig. 9A). However, the rate of oil expulsion from Caradocian source rocks
reached values not exceeding 1 Mtons/km2/Ma in the east
of the research area (Fig. 10A). From the area between the
Henrykowo-1 and Młynary-1 wells, it increases westwards.
In the zone between the Żarnowiec IG-1 and Słupsk IG-1
wells, these values increase from about 20 to ca. 80 Mtons/
km2/Ma. High values are also in the Kościerzyna IG-1 zone
(60 Mtons/km2/Ma) (Fig. 10A).
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Fig. 9. Gas expulsion rate in the Caradocian source rocks (A), in the Llandovery source rocks (B), in the Wenlock source rocks (C).
Based on Botor et al. (2017c), modified.

In the Polik-Bodzanów zone and in the Podlasie Basin,
the rate of gas expulsion from the Caradocian source rocks
reached values close to zero in the entire NE area in the
zone between the Krzyże-4, Stadniki IG-1 and Mielnik IG-1
wells (Fig. 9A). Expulsion values increase in a westerly direction to 50–100 Mtons/km2/Ma in the area between the
Okuniew IG-1 and Bodzanów IG-1 wells (Fig. 9A). Oil expulsion from the Caradocian source rocks reached values
not exceeding 1 Mtons/km2/Ma in the east of the research
area (Fig. 10A). In a westerly direction, however, the values
rise to over 200 Mtons/km2/Ma in the area between the Okuniew IG-1 and Bodzanów IG-1 wells (Fig. 10A).
In the Lublin Basin, the rate of gas expulsion from the
Caradocian source rocks reached low values in the NE part
of the study area (Fig. 9A). The rates of the expulsion increase in a westerly direction to 20 Mtons/km2/Ma in the
area between the Busówno IG-1, Łopiennik IG-1 and Narol IG-1 wells (Fig. 9A). Oil expulsion from the Caradocian
source rocks reached values not exceeding 1 Mtons/km2/Ma

in the eastern part of the research area. In western and
southern directions, however, the values increase to over
50 Mtons/km2/Ma in the Narol IG-1 region (Fig. 10A).
In the Baltic Basin, the rate of gas expulsion from the
Llandovery source rocks reached values close to zero or
not exceeding 1 Mtons/km2/Ma in the eastern part of the
study area (Fig. 9B). On the other hand, west of the line
between the Młynary-1 and Olsztyn IG-2 boreholes, the
value of expulsion is higher than 1 Mtons/km2/Ma and increases further to the west. In the area between the Słupsk
IG-1 and Kościerzyna IG-1 wells, it reaches 6–10 Mtons/
km2/Ma (Fig. 9B). Oil expulsion from Llandovery source
rocks reached values not exceeding 1 Mtons/km2/Ma in the
eastern part of the study area (Fig. 10B), whereas from the
area between the Gdańsk IG-1 and Malbork IG-1 wells, it
increased westwards. In the zone between the Żarnowiec
IG-1 and Słupsk IG-1 wells, these values increased to ca.
100 Mtons/km2/Ma. The highest values are in the region of
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Fig. 10. Oil expulsion rate in the Caradocian source rocks (A), in the Llandovery source rocks (B), in the Wenlock source rocks. Based
on Botor et al. (2017c), modified.

the Kościerzyna IG-1 well, exceeding 200 Mtons/km2/Ma
(Fig. 10B).
In the Polik-Bodzanów zone and in the Podlasie Basin,
the rate of gas expulsion from the source rocks reached
values close to zero in the entire eastern area between the
Krzyże-4, Stadniki IG-1 and Mielnik IG-1 wells (Fig. 9B).
Expulsion values increased in the western direction to
over 15 Mtons/km2/Ma in the area of the Bodzanów IG-1
well (Fig. 9B). The rate of oil expulsion from the Llandovery source rocks reached similar values, not exceeding
1 Mtons/km2/Ma in the eastern part of the research area
(Fig. 10B). In the western direction, however, the values
increased to 20–50 Mtons/km2/Ma in the area between the
Okuniew IG-1 and Go wells with a maximum value of
over 100 Mtons/km2/Ma in the area of the Łochów IG-2
well (Fig. 10B).
In the Lublin area, the rates of gas expulsion from the
Llandovery source rocks had values close to zero in the
entire eastern area (Fig. 9B). Expulsion rates increased to-

wards the SW to over 15 Mtons/km2/Ma, with local maxima
in the area between the Dyle IG-1, Narol IG-1 and Siedliska IG-1 wells (Fig. 9B). The rates of oil expulsion from
Llandovery source rocks also had values close to zero in the
eastern area, while in a westerly direction these values rose
to create local peaks in the area of the Siedliska IG-1 and
Krowie Bagno IG-1 wells (Fig. 10B).
In the Baltic Basin, the rates of gas expulsion from the
Wenlock source rocks have values close to zero or not exceeding 1 Mtons/km2/Ma in the eastern area (Fig. 9C). However, west of the area between the Malbork IG-1 and Gdańsk
IG-1 wells, the expulsion value grows westwards, reaching 60 Mtons/km2/Ma in the area of the Słupsk IG-1 well.
The oil expulsion from the Wenlock source rocks reached
values close to zero or not exceeding 1 Mtons/km2/Ma
in the eastern part of the research area (Fig. 10C). However, these values increase westwards from the area between
the Gdańsk IG-1 and Malbork IG-1 wells (ca. 50 Mtons/
km2/Ma). In the zone between the Żarnowiec IG-1 and
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Słupsk IG-1 wells, these values increase from ca. 60 to
320 Mtons/km2/Ma. The highest values are in the area between the Słupsk IG-1 and Kościerzyna IG-1 wells (up to
ca. 330 Mtons/km2/Ma (Fig. 10C).
In the Polik-Bodzanów zone and in the Podlasie Basin, the
rate of gas expulsion from the Wenlock source rocks have
values close to zero in the entire eastern area between the
Krzyże-4, Stadniki IG-1 and Mielnik IG-1 wells (Fig. 9C).
The expulsion rate increases in the westerly direction to
about 100 Mtons/km2/Ma in the Bodzanów IG-1 well
(Fig. 9C). The oil expulsion rates from the Wenlock source
rocks have values not exceeding 1 Mtons/km2/Ma in the
eastern area (Fig. 10C). In a westerly direction, however,
the values increase to 300 Mtons/km2/Ma in the area of the
Bodzanów IG-1 well (Fig. 10C).
In the Lublin area, the rates of gas expulsion from the Wenlock source rocks have values close to zero in the entire eastern area (Fig. 9C). The values of expulsion rate increase in
a westerly direction to ca. 60–70 Mtons/km2/Ma in the region
of the Siedliska IG-1 well (Fig. 9C). The rates of oil expulsion
from the Wenlock source rocks have values not exceeding
1 Mtons/km2/Ma in the eastern area (Fig. 10C). In a westerly
direction, however, the values rise to about 200 Mtons/km2/
Ma in the area of the Siedliska IG-1 well (Fig. 10C).
Finally, it is worth mentioning that owing to the lack of
detailed geochemical and hydrocarbon sorption data in the
source rocks studied, the assessment of expulsion should be
considered as ambiguous and not very precise. It only shows
some general, regional trends of change and the zones of expulsion without any detailed quantification.
Implications for petroleum exploration
In summary, in the area of the Baltic Basin, the degree
of kerogen transformation and the generation potential increase from the east (from the Gołdap IG-1 well) to the west
(to the Słupsk IG-1 well) in a more or less regular manner.
This conclusion applies to all source rocks analysed (Wenlock, Llandovery, and Caradocian). The eastern zone of
the basin in the area from the Gołdap IG-1 well to the area
around the Henrykowo-1 well shows negligible potential
(close to zero), owing to the very low transformation of kerogen. However, in the area between the Henrykowo-1 and
Młynary-1 wells, the generation potential clearly increases
towards the west. However, in the westernmost area (the
Słupsk IG-1 well) the Lower Palaeozoic source rocks analysed are overmature in relation to the generation of hydrocarbons.
In the Polik-Bodzanów Zone and in the Podlasie Basin,
the kerogen transformation degree and generation potential
increase also substantially from east (and NE) (Krzyże-4) to
west (and SW) towards the area between the Okuniew IG-1
and Bodzanów IG-1 wells in all source rocks analysed. The
eastern zone, in the area between the Krzyże-4 borehole to
the Stadniki IG-1 and Mielnik IG-1 wells, shows negligible
potential, owing to the low transformation of kerogen. In the
area between the Wrotnów IG-1, Łochów IG2 and Tłuszcz
IG-1 wells, the generation potential is clearly increasing towards the west and southwest, reaching a maximum in the
area around the Bodzanów IG-1 well.

In the Lublin Basin, the thermal maturity and, as a result,
the kerogen transformation rate of the Lower Palaeozoic
source rocks varies. However, the trend of increasing transformation of kerogen toward the SW is preserved, as in the
Baltic, Polik-Bodzanów and Podlasie areas. The main period of generation and expulsion of hydrocarbons from the
Lower Palaeozoic source rocks was mainly in the Devonian and Carboniferous. The scope of development of these
processes clearly increases towards the south and southwest, reaching a maximum in the area between the Łopiennik IG-1, LK, and Narol IG-1 wells. Only in the NW part of
the Mazowsze-Lublin Trough, that is in the area between
the Nadarzyn IG-1, Wilga IG-1, and Warka IG-1 wells,
there could have been local Jurassic–Cretaceous reheating
associated with significant burial due to the development
of the Polish Basin (Botor et al., 2002) and the assumed
effects of hot solutions (Kozłowska and Poprawa, 2004).
In this zone, there is no significant coalification jump between the Carboniferous and the Permian–Mesozoic strata.
In this zone, at the present stage of research, it can be assumed that hydrocarbon generation could have taken place
both in the Palaeozoic and in the Mesozoic. However, there
is no drilled profile of the entire Lower Palaeozoic, which
makes detailed recognition impossible. In addition, in inverted basins with a rift-related origin (like the Polish Basin),
a significant increase in the thickness of sediments in the
late stages of development may even have caused a cooling effect associated with a decrease in thermal flux (e.g.,
Ceriani et al., 2006). As a result, maximum temperatures
do not occur during the maximum burial. This issue requires further research.
In the entire SW part of the EEC, hydrocarbon expulsion
(both natural gas and oil) occurred in the period from the
latest Silurian to the Late Carboniferous, only slightly delayed in relation to generation, in one and sometimes in several phases, usually slightly distant from one another. The
earliest (Late Silurian) phases of generation and expulsion
occurred in the westernmost zone between the Słupsk IG1, Kościerzyna IG-1, Bodzanów IG-1 and Łopiennik IG-1
wells (close to the TTZ). To the east of this zone, the phase
of generation and expulsion took place in the Devonian and
partly in the Carboniferous. The process of expulsion occurred almost simultaneously with the generation of hydrocarbons or slightly later. Hydrocarbon expulsion occurred
mainly in the western zone of the basins (generally west of
the line of wells Gdańsk IG-1, Malbork IG-1, Tłuszcz IG-1,
and Krowie Bagno IG-1. However, detailed quantification
of this expulsion requires further geochemical studies and
additional studies on the sorption of hydrocarbons. The hydrocarbons generated were greatly scattered, owing to the
tectonic multiphase inversion of the Palaeozoic basins, especially the Variscan and Late Cretaceous–early Palaeogene
inversion (e.g., Krzywiec, 2009; Krzywiec et al., 2017a, b),
and as a result only a small fraction of them could have survived to the present day. The hydrocarbons that were subject
to retention as a result of absorption in the kerogen themselves had the greatest chance of preservation.
The size and intensity of hydrocarbon seepages from the
Polish Lower Palaeozoic shales was relatively low. On the
entire SW slope of the EEC analysed, gas seepages indicate
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the presence of dry gas with a high methane content, containing no nitrogen or other non-hydrocarbon components,
except for in the eastern part of the Polish shale zone, where
nitrogen is present (Poprawa, 2010). The seepages of gas
and oil have a zonality that corresponds approximately to
the zones of kerogen thermal maturity, which determined
the development of hydrocarbon generation processes
(Poprawa, 2010).
The Baltic Basin has a relatively simple tectonic structure, while that of the Lublin Basin is much more complicated, which is a disadvantageous factor in relation to the possibility of preservation of the hydrocarbon accumulations.
The study area is characterized by a relatively high degree
of lithological consolidation and rock brittleness (Poprawa,
2010; Podhalańska et al., 2016). The Lower Palaeozoic
source rocks on the SW margin of the EEC show a lower
TOC and lower thermal maturity at the optimal exploitation
depth interval i.e. 1.5–3.5 km, compared to the US equivalents (Jarvie et al., 2006; Poprawa, 2010).

CONCLUSIONS
The above discussion on the generation and expulsion
of hydrocarbons demonstrates that the maturity of organic matter in the Lower Palaeozoic strata indicates the advancement of generation from the phase of low-temperature thermogenic processes in the NE part of the Baltic and
Podlasie-Lublin basins to the overmature stage along the
zone adjacent to the TTZ. The results of the modelling of
generation and expulsion processes showed that they took
place mainly in the Devonian and Carboniferous periods
and in the westernmost part (along the TTZ), even in the
latest Silurian. This applies to both the Baltic area and
the Polik-Bodzanów Zone, the Podlasie-Lublin area and the
Biłgoraj-Narol area. During the Mesozoic and Cainozoic
eras, generation processes essentially were not resumed or
intensified.
The Lower Palaeozoic sediments were subject to intense
subsidence and rapid burial in the Palaeozoic and then
were uplifted, in several phases, but with the predominance of the late Variscan tectonic inversion. Unfortunately, the generation of hydrocarbons and their expulsion took
place only in the Palaeozoic (latest Silurian to Carboniferous), at least 300 million years ago. Most of the hydrocarbons were subjected to expulsion and possible migration.
As a result, there was a large dispersion of the hydrocarbons generated. The chance of preservation of these hydrocarbons in the source rocks is small. As a result, the calculated saturation of shale hydrocarbons is relatively low
(e.g., Botor, 2016), which also is confirmed by the results
of new drilling in the EEC area.
Nevertheless, it was found that zones with an increased
shale gas potential can only occur in a narrow belt on the
SW slope of the EEC, parallel to the edge of the TTZ.
The most promising seem to be the Caradocian, Llandovery and Wenlock source rocks in the zone between the
Lębork IG-1 and Kościerzyna IG-wells in the Baltic Basin
and the Wenlock source rocks in the Podlasie-Lublin Basin
between the Okuniew IG-1, Go, Łopiennik IG-1 and Narol
IG-1 wells.

169

ACKNOWLEDGEMENTS
This research was supported financially by the Polish National
Centre for Research and Development (NCRD) grant under the
BLUE GAS – Polish Shale Gas Programme BG1/GAZGEOLMOD/13, which was carried out at AGH in the years 2013–2017
under the supervision of Jan Golonka. We thank Y. Koltun (Lviv,
Ukraine), an anonymous reviewer and ASGP Editors Alfred Uchman, Ewa Malata and Frank Simpson for their valuable input,
which improved the quality of the paper.

References
Botor, D., 2016. Hydrocarbon generation in the Upper Cambrian–Lower Silurian source rocks of the Baltic Basin (Poland):
implications for shale gas exploration. In: 16th International
Scientific GeoConference SGEM, Vienna, Austria. Book 1, Oil
and Gas section. International Multidisciplinary Scientific
GeoConferences, Sofia, Bulgaria. pp. 127–134.
Botor, D., 2018. Tectono-thermal evolution of the lower Paleozoic
petroleum source rocks in the southern Lublin Trough, implications for shale gas exploration from maturity modelling.
E3S Web of Conferences 35, 02002, EDP Sciences, Paris,
France, doi.org/10.1051/e3sconf/20183502002.
Botor, D., Anczkiewicz, A. A., Dunkl, I., Golonka, J., Paszkowski,
M. & Mazur, S., 2018. Tectonothermal history of the Holy
Cross Mountains (Poland) in light of low–temperature thermochronology. Terra Nova, 30: 270–278.
Botor, D., Golonka, J., Anczkiewicz, A. A. & Dunkl, I., 2017a. Ewolucja paleotermiczna przedpola platformy wschodnioeuropejskiej (Góry Świętokrzyskie) na tle badań termochronologicznych utworów dolnopaleozoicznych. In: Golonka, J. &
Bębenek, S. (eds), Opracowanie map zasięgu, biostratygrafia
utworów dolnego paleozoiku oraz analiza ewolucji tektonicznej przykrawędziowej strefy platformy wschodnioeuropejskiej dla oceny rozmieszczenia niekonwencjonalnych złóż
węglowodorów. Wydawnictwo Arka, Cieszyn, Poland, pp.
381–392. [In Polish.]
Botor, D., Golonka, J., Anczkiewicz, A. A., Dunkl, I., Papiernik,
B., Zając, J. & Guzy, P., 2017b. Historia pogrążania utworów dolnopaleozoicznych i ich ewolucja paleotermiczna
w obszarze platformy wschodnioeuropejskiej na tle badań
termochronologicznych. In: Golonka. J. & Bębenek, S. (eds),
Opracowanie map zasięgu, biostratygrafia utworów dolnego
paleozoiku oraz analiza ewolucji tektonicznej przykrawędziowej strefy platformy wschodnioeuropejskiej dla oceny rozmieszczenia niekonwencjonalnych złóż węglowodorów. Wydawnictwo Arka, Cieszyn, Poland, pp. 393–422. [In Polish.]
Botor, D., Golonka, J., Anczkiewicz, A. A., Dunkl, I., Papiernik,
B., Zając, J. & Guzy, P., 2019. Burial and thermal history of
the Lower Paleozoic petroleum source rocks in the SW margin of the East European Craton (Poland). Annales Societatis
Geologorum Poloniae, 89: 121–152.
Botor, D., Golonka, J., Papiernik, B., Zając, J. & Guzy, P., 2017c.
Generowanie i ekspulsja węglowodorów w utworach dolnopaleozoicznych w obszarze SW skłonu wschodnioeuropejskiej platformy prekambryjskiej w NE Polsce: implikacje dla
poszukiwań złóż niekonwencjonalnych. In: Golonka, J. &
Bębenek, S. (eds), Opracowanie map zasięgu, biostratygrafia
utworów dolnego paleozoiku oraz analiza ewolucji tekton-

170

D. BOTOR ET AL.

icznej przykrawędziowej strefy platformy wschodnioeuropejskiej dla oceny rozmieszczenia niekonwencjonalnych złóż
węglowodorów. Wydawnictwo Arka, Cieszyn, Poland,
pp. 423–451. [In Polish.]
Botor, D. & Kosakowski, P., 2000. Application of numerical modelling for reconstruction of paleotemperature and hydrocarbon generation. Przegląd Geologiczny, 48: 154–162. [In Polish, with English abstract.]
Botor, D., Kotarba, M. & Kosakowski, P., 2002. Petroleum generation in the Carboniferous strata of the Lublin Trough (Poland): an integrated geochemical and numerical modelling
approach. Organic Geochemistry, 33: 461–476.
Botor, D., Papiernik, B., Maćkowski, T., Reicher, B., Kosakowski,
P., Machowski, G. & Górecki, W., 2013. Gas generation in
Carboniferous source rocks of the Variscan foreland basin:
implications for a charge history of Rotliegend deposits with
natural gases. Annales Societatis Geologorum Poloniae, 83:
353–383.
Buchardt, B., Nielsen, A. T. & Schovsbo, N. H., 1998. Lower
Paleozoic source rocks in the southern Baltoscandia. In: Suveidis, P. & Zdanavièiûtë, O. (eds), Perspectives of Petroleum
Exploration in the Baltic Region, Proceedings of the International Conference, Vilnus, Lithuania, 21–24.10.1998. Institute
of Geology, Lithuania, pp. 34–42.
Calikowski, J., 1984. Geochemia bituminów starszego paleozoiku
syneklizy perybałtyckiej na obszarze Polski. Nafta, 3: 87–93.
[In Polish.]
Ceriani, A., Di Giullio, A., Fantoni, R. & Scotti, P., 2006. Cooling
in rifting sequences during increasing burial depth due to heat
flow decrease. Terra Nova, 18: 365–371.
Dadlez, R., Narkiewicz, M., Stephenson, R. A., Visser, M. T. M. &
Van Wees, J. D., 1995. Tectonic evolution of the Mid-Polish
Trough: modelling implications and significance for central
European geology. Tectonophysics, 252: 179–195.
Domżalski, J., Górecki, W., Mazurek, A., Myśko, A., Strzetelski,
W. & Szamałek, K., 2004. The prospects for petroleum exploration in the eastern sector of Southern Baltic as revealed
by sea bottom geochemical survey correlated with seismic
data. Przegląd Geologiczny, 52: 792–799. [In Polish, with
English summary.]
Drygant, D., 1993. Conodont colour as indicator of the geological
processes (Volyn-Podolia). Paleontologiceskij Zbirnyk, 29:
35–137. [In Ukrainian.]
Górecki, W., Lapinskas, P., Lashkova, L., Lashkov, E., Reicher,
B., Sakalauskas, K. & Strzetelski, W., 1992. Petroleum perspectives of the Baltic Syneclise. Polish Journal of Mineral
Resources, 1: 65–88.
Górecki, W. (ed.), Szczepański, A., Sadurski, A., Hajto, M., Papiernik, B., Kuźniak, T., Kozdra, T., Soboń, J., Szewczyk, J.,
Sokołowski, A., Strzetelski, W., Haładus, A., Kania, J., Kurzydłowski, K., Gonet, A., Capik, M., Śliwa, T., Ney, R., Kępińska, B., Bujakowski, W., Rajchel, L., Banaś, J., Solarski, W.,
Mazurkiewicz, B., Pawlikowski, M., Nagy, S., Szamałek, K.,
Feldman-Olszewska, A., Wagner, R., Kozłowski, T., Malenta,
Z., Sapińska-Śliwa, A., Sowiżdżał, A., Kotyza, J., Leszczyński, K. P.& Gancarz, M., 2006a. Atlas of Geothermal Resources of Mesozoic Formations in the Polish Lowlands. Wydawnictwo AGH, Kraków, 484 pp.
Górecki, W. (ed.), Szczepański, A., Sadurski, A., Hajto, M., Papiernik, B., Szewczyk, J., Sokołowski, A., Strzetelski, W.,

Haładus, A., Kania, J., Rajchel, L., Feldman-Olszewska, A.,
Wagner, R., Leszczyński, P. P. & Sowiżdżał, A., 2006b. Atlas
of Geothermal Resources of Paleozoic Formations in the Polish Lowlands. Ministry of Environment, ZSE AGH, Kraków,
240 pp.
Grotek, I., 1998. Thermal maturity of organic matter in Zechstein
strata in Polish Lowlands. In: Narkiewicz, M. (ed.), Analiza
basenów sedymentacyjnych Niżu Polskiego. Prace Państwowego Instytutu Geologicznego, 165: 255–260. [In Polish,
with English abstract.]
Grotek, I., 1999. Origin and thermal maturity of the organic matter in the Lower Paleozoic rocks of the Pomerania Caledonides and their foreland (N Poland). Geological Quarterly, 43:
297–312.
Grotek, I., 2005. Thermal maturity in the Carboniferous strata along
East European Platform Biuletyn Państwowego Instytutu Geologicznego, 413: 5–80. [In Polish, with English summary.]
Grotek, I., 2006. Thermal maturity of organic matter from Pomeranian sector of Trans-European Suture Zone. In: Matyja, H.
& Poprawa, P. (eds), Ewolucja facjalna, tektoniczna i termiczna pomorskiego segmentu szwu transeuropejskiego oraz
obszarów przyległych. Prace Państwowego Instytutu Geologicznego, 186: 253–270. [In Polish, with English summary.]
Grotek, I., 2008. Charakterystyka petrograficzna oraz dojrzałość
termiczna rozproszonej materii organicznej. In: Pacześna, J.
(ed.), Łopiennik IG-1. Profile Głębokich Otworów Wiertniczych Państwowego Instytutu Geologicznego, 123: 176–185.
[In Polish.]
Grotek, I., 2009. Petrography and thermal maturity of the organic matter from Silurian strata in the area of East European
Craton. Przegląd Geologiczny, 57: 300–301. [In Polish, with
English abstract.]
Grotek, I., 2011. Charakterystyka petrograficzna oraz dojrzałość
termiczna rozproszonej materii organicznej. W: Pacześna,
J. (ed.), Parczew IG-10. Profile Głębokich Otworów Wiertniczych Państwowego Instytutu Geologicznego, 130: 125–131.
[In Polish.]
Grotek, I., 2015. Charakterystyka petrograficzna oraz dojrzałość
termiczna materii organicznej rozproszonej w utworach kambru–syluru. In: Pacześna, J. & Sobień, K. (eds), Narol IG 1.
Narol PIG 2. Profile Głębokich Otworów Wiertniczych, Państwowego Instytutu Geologicznego, 143: 160–167. [In Polish.]
Grotek, I., 2016. Petrology and thermal maturity of organic matter
in the Cambrian, Ordovician and Silurian strata in the Baltic
Basin and Podlasie-Lublin. Przegląd Geologiczny, 64: 1000–
1004. [In Polish, with English abstract.]
Grotek, I., Matyja, H. & Skompski, S., 1998. Thermal maturity of
organic matter in the Devonian and Carboniferous strata in
the areas Radom-Lublin and Pomeranian. In: Narkiewicz, M.
(ed), Analiza basenów sedymentacyjnych Niżu Polskiego.
Prace Państwowego Instytutu Geologicznego, 165: 245–254.
[In Polish, with English summary.]
Hantschel, T. & Kauerauf, A., 2009. Fundamentals of Basin and
Petroleum Systems Modeling. Springer, Heidelberg, 436 pp.
Helcel-Weil, M., Dzięgielowski, J., Florek, R., Maksym, A. &
Słyś, M., 2007. The Lublin Basin: petroleum exploration
results and their importance for future prospects. Biuletyn
Państwowego Instytutu Geologicznego, 411: 51–62. [In Polish, with English summary.]

PETROLEUM GENERATION AND EXPULSION IN THE LOWER PALAEOZOIC PETROLEUM
Hunt, J. M., 1996. Petroleum Geochemistry and Geology.
W. H. Freeman and Company, New York, 604 pp.
Jarvie, D. M., Hill, R. J., Ruble, T. E. & Pollastro, R. M., 2006.
Unconventional shale-gas systems: The Mississippian Barnett
Shale of north-central Texas as one model for thermogenic
shale-gas assessment. AAPG Bulletin, 91: 475–499.
Kanev, S., Margulis, L., Bojesen-Koefoed, J. A., Weil, W. A., Merta, H. & Zdanavièiûtë, O., 1994. Oils and hydrocarbon source
rocks of the Baltic syneclise. Oil and Gas Journal, 92: 69–73.
Karcz, P., 2015. Wyniki badań właściwości fizycznych i chemicznych skał. In: Pacześna, J. & Sobień, K. (eds), Narol IG-1
i Narol PIG2. Profile Głębokich Otworów Wiertniczych
Państwowego Instytutu Geologicznego, 143: 205–266.
[In Polish.]
Karcz, P. & Janas, M., 2016. Organic matter from the Cambrian,
Ordovician and Silurian shales in the Baltic and PodlasieLublin Basins. Przegląd Geologiczny, 64: 995–999. [In Polish, with English abstract.]
Karcz, P., Janas, M. & Dyrka, I., 2013. Polish shale gas deposits
in relation to selected shale gas perspective areas of Central
and Eastern Europe. Przegląd Geologiczny, 61: 411–423.
[In Polish, with English abstract.]
Karnkowski, P., 1993. Złoża gazu ziemnego i ropy naftowej
w Polsce: Niż Polski. vol. 1. Wydawnictwo GEOS, Kraków,
326 pp. [In Polish.]
Karnkowski, P. H., 2003a. Carboniferous time in the evolution of
the Lublin Basin as the main hydrocarbon formation stage in
the Lublin area – results of the geological modelling (PetroMod). Przegląd Geologiczny, 51: 783–790. [In Polish, with
English abstract.]
Karnkowski, P. H., 2003b. Modelling of hydrocarbon generating conditions within Lower Paleozoic strata in the western
part of the Baltic Basin. Przegląd Geologiczny, 51: 756–763.
[In Polish, with English abstract.]
Karnkowski, P. H., 2007. Petroleum Provinces in Poland. Przegląd Geologiczny, 55: 1061– 1067. [In Polish, with English
abstract.]
Karnkowski, P. H. & Matyasik, I., 2016. Critical elements of petroleum systems in the sedimentary basins in Poland. Przegląd
Geologiczny, 64: 639–649. [In Polish, with English abstract.]
Kiersnowski, H. & Dyrka, I., 2013. Ordovician–Silurian shale gas
resources potential in Poland: evaluation of Gas Resources
Assessment Reports published to date and expected improvements for 2014 forthcoming Assessment. Przegląd Geologiczny, 61: 639–659. [In Polish, with English abstract.]
Klimuszko, E., 2002. Silurian strata of the SE Poland as a potential
source rocks for Devonian oils. Biuletyn Państwowego Instytutu Geologicznego, 402: 75–100. [In Polish, with English
summary.]
Kosakowski, P., Kotarba, M. J., Piestrzyński, A., Shogenova, A.
& Więcław, D., 2016. Petroleum source rock evaluation of
the Alum and Dictyonema Shales (Upper Cambrian–Lower
Ordovician) in the Baltic Basin and Podlasie Depression
(eastern Poland). International Journal of Earth Sciences,
106: 743–761.
Kosakowski, P., Poprawa, P. & Botor, D., 1998. Historia subsydencji i procesów generowania węglowodorów w utworach
starszego paleozoiku syneklizy perybałtyckiej. In: Matyasik, I.
(ed.), III Sympozjum badania geochemiczne i petrofizyczne w poszukiwaniach naftowych. Ustroń 20–22.09.1998.

171

Wydawnictwo Instytutu Nafty i Gazu w Krakowie, Kraków,
pp. 133–140. [In Polish.]
Kosakowski, P., Poprawa, P., Kotarba, M. J. & Botor, D., 1999.
Modelling of thermal history and hydrocarbon generation of
the western part of the Baltic region. In: EAGE 61st Conference, Helsinki, June 7–11, 1999. Extended Abstracts Book,
2. European Association of Geoscientists and Engineers,
Houten, p. 565.
Kosakowski, P., Wróbel, M. & Poprawa, P., 2010. Hydrocarbon
generation and expulsion modelling of the lower Paleozoic
source rocks in the Polish part of the Baltic region. Geological
Quarterly, 54: 241–256.
Kotarba, M., Więcław, D., Kosakowski, P., Wróbel, M., Matyszkiewicz, J., Buła, Z., Krajewski, M., Koltun, Y. & Tarkowski,
J., 2011. Petroleum systems in the Palaeozoic-Mesozoic basement of the Polish and Ukrainian parts of the Carpathian Foredeep. Annales Societatis Geologorum Poloniae, 81: 487–522.
Kowalska, S., Wójtowicz, A., Hałas, S., Wemmer, K., Mikołajewski, Z. & Buniak, A., 2017. Odtworzenie historii paleotermicznej skał paleozoicznych na podstawie badania skał
ilastych ze strefy krawędziowej platformy wschodnioeuropejskiej metodą K-Ar. In: Golonka, J. & Bębenek, S. (eds),
Opracowanie map zasięgu, biostratygrafia utworów dolnego
paleozoiku oraz analiza ewolucji tektonicznej przykrawędziowej strefy platformy wschodnioeuropejskiej dla oceny rozmieszczenia niekonwencjonalnych złóż węglowodorów. Wydawnictwo Arka, Cieszyn, Poland, pp. 452–471. [In Polish.]
Kowalska, S., Wójtowicz, A., Hałas, S., Wemmer, K., Mikołajewski, Z. & Buniak, A., 2019 (in press). Thermal history of
lower Paleozoic rocks from the Polish part of the East European Platform margin revisited: example of multidimensional
illite-smectite paleothermometer application. Annales Societatis Geologorum Poloniae, 89.
Kozłowska, A. & Poprawa, P., 2004. Diagenesis of the Carboniferous clastic sediments of the Mazowsze region and the northern Lublin region related to their burial and thermal history.
Przegląd Geologiczny, 52: 491–500. [In Polish, with English
abstract.]
Krakowska, P. I., 2017. Digital rock models of Precambrian and
Paleozoic tight formations from Poland. Geological Quarterly,
61: 896–907.
Krzywiec, P., 2002. Mid-Polish Trough inversion – seismic examples, main mechanisms and its relationship to the AlpineCarpathian collision, In: Berotti, G., Schulmann, K. &
Cloetingh, S. (eds), Continental Collision and the Tectonosedimentary Evolution of Forelands. European Geosciences
Union Stephan Mueller Special Publication Series, 1. European
Geosciences Union, Munich, pp. 151–165.
Krzywiec, P., 2009. Devonian–Cretaceous repeated subsidence and
uplift along the Teisseyre-Tornquist zone in SE Poland – Insight
from seismic data interpretation. Tectonophysics, 475: 142–159.
Krzywiec, P., Gągała, Ł., Mazur, S., Słonka, Ł., Kufrasa, M., Malinowski, M., Pietsch, K. & Golonka, J., 2017a. Variscan deformation along the Teisseyre-Tornquist Zone in SE Poland:
Thick-skinned structural inheritance or thin-skinned thrusting? Tectonophysics, 718: 83–91.
Krzywiec, P., Mazur, S., Gągała, Ł., Kufrasa, M., Lewandowski,
M., Malinowski, M. & Buffenmyer, V., 2017b. Late Carboniferous thin-skinned compressional deformation above the
SW edge of the East European Craton as revealed by reflec-

172

D. BOTOR ET AL.

tion seismic and potential fields data – correlations with the
Variscides and the Appalachians, In: Law, R., Thigpen, R.,
Stowell, H. & Merschat, A. (eds), Linkages and Feedbacks in
Orogenic Processes. Geological Society of America Publishing House, New York, pp. 353–372.
Krzywiec, P., Poprawa, P., Mikołajczak, M., Mazur, S. & Malinowski, M., 2018. Deeply concealed half-graben at the SW
margin of the East European Craton (SE Poland) – Evidence
for Neoproterozoic rifting prior to the break-up of Rodinia.
Journal of Palaeogeography, 7: 88–97.
Kutek, J., 2001. The Polish Permo–Mesozoic Rift Basin. Mémoires
du Muséum National d’Histoire Naturelle, 186: 213–236.
Kutek, J. & Głazek, J., 1972. The Holy Cross area, central Poland,
in the Alpine cycle. Acta Geologica Polonica, 22: 603–651.
Lamarche, J., Scheck, M. & Lewerenz, B., 2003. Heterogeneous
tectonic inversion of the Mid-Polish Trough related to crustal
architecture, sedimentary patterns and structural inheritance.
Tectonophysics, 373: 75–92.
Lis, P., 2010. Fine-grained sediments of Upper Ordovician and
Lower Silurian in the Podlasie-Lublin Basin. Przegląd Geologiczny, 58: 259–262. [In Polish, with English abstract.]
Lassen, A., Thybo, H. & Berthelsen, A., 2001. Reflection seismic
evidence for Caledonian deformed sediments above Sveconorwegian basement in the SW Baltic Sea. Tectonics, 20:
268–276.
Magoon, L. B. & Dow, W. G., 1994. The petroleum system. In:
Magoon, L. B. &. Dow, W. G. (eds), The Petroleum System –
from source to trap. AAPG Memoir, 60: 3–25.
Maletz, J., Baie, H., Katzung, G. & Niedźwiedź, A., 1997. A Lower Palaeozoic (Ordovician–Silurian) foreland basin at the SW
rim of Baltica. Terra Nostra, 11: 81–84.
Mann, U. & Zweigel, J., 2008. Modelling source rock distribution
and quality variations: the OF-Mod approach. In: de Boer, P. L.,
Postma, G., van der Zwan, C. J., Burgess, P. M. & Kukla, P.
(eds), Analogue and Numerical Forward Modelling of Sedimentary Systems; from Understanding to Prediction. International Association of Sedimentologists, Special Publication,
39: 239–274.
Matyasik, I., 1998. Geochemical characteristics of the Carboniferous source rocks in selected borehole profiles of the Radom-Lublin and Pomeranian areas. Prace Państwowego
Instytutu Geologicznego, 165: 215–226. [In Polish, with English summary.]
Matyja, H., 2006. Stratigraphy and facies development of Devonian and Carboniferous deposits in the Pomeranian Basin and in
the western part of the Baltic Basin and paleogeography of the
northern TESZ during Late Palaeozoic times. Prace Państwowego Instytutu Geologicznego, 186: 79–122. [In Polish,
with English summary.]
Mazur, S., Krzywiec, P., Malinowski, M., Lewandowski, M.,
Aleksandrowski, P. & Mikołajczak, M., 2017. Tectonic significance of the Teisseyre-Tornquist zone in the light of new
research. Przegląd Geologiczny, 65: 1511–1520. [In Polish,
with English abstract.]
Mazur, S., Mikołajczak, M., Krzywiec, P., Malinowski, M.,
Buffenmyer. V. & Lewandowski, M., 2015. Is the Teisseyre-Tornquist Zone an ancient plate boundary of Baltica? Tectonics, 34: 2465–2477.
Mazur, S., Mikołajczak, M., Krzywiec, P., Malinowski, M., Lewandowski, M. & Buffenmyer, V., 2016. Pomeranian Cale-

donides, NW Poland – A collisional suture or thin–skinned
fold–and–thrust belt? Tectonophysics, 692: 29–43.
Mazur, S., Porębski, S. J., Kędzior, A., Paszkowski, M., Podhalańska, T. & Poprawa, P., 2018. Refined timing and kinematics
for Baltica-Avalonia convergence based on the sedimentary
record of a foreland basin. Terra Nova 30: 8–16.
Mazur, S., Scheck-Wenderoth, M. & Krzywiec, P., 2005. Different modes of the Late Cretaceous–Early Tertiary inversion in
the North German and Polish basins. International Journal of
Earth Sciences, 94: 782–798.
McCann, T., 1998. Lower Palaeozoic evolution of the northeast
German Basin/Baltica borderland. Geological Magazine,
135: 129–142.
Meissner, R., Sadowiak, P. & Thomas, S. A., 1994. Avalonia, the
third partner in the Caledonian collisions: Evidence from deep
seismic data. Geologische Rundschau, 83: 186–96.
Modliński, Z., 2007. Wyniki badań właściwości fizycznych
i chemicznych skał. In: Modliński, Z. (ed.), Słupsk IG-1. Profile Głębokich Otworów Wiertniczych Państwowego Instytutu
Geologicznego, 116: 113–124. [In Polish.]
Modliński, Z., Borkowski, M., Dernałowicz, J., Doktór, S., Reyman, M. & Wilczyński, M., 2011. Wyniki badań właściwości fizycznych i chemicznych skał. In: Modliński, Z. (ed.),
Darżlubie IG-1. Profile Głębokich Otworów Wiertniczych
Państwowego Instytutu Geologicznego, 128: 154–161.
[In Polish.]
Modliński, Z. & Podhalańska, T., 2010. Outline of the lithology
and depositional features of the lower Paleozoic strata in the
Polish part of the Baltic region. Geological Quarterly, 54:
109–121.
Narkiewicz, M., 2007. Development and inversion of Devonian
and Carboniferous basins in the eastern part of the Variscan
foreland (Poland). Geological Quarterly, 51: 231–256.
Narkiewicz, M., Grad, M., Guterch, A. & Janik, T., 2011. Crustal seismic velocity structure of southern Poland: preserved
memory of a pre-Devonian terrane accretion at the East
European Platform margin. Geological Magazine, 148:
191–210.
Narkiewicz, M., Jarosiński, P., Krzywiec, P. & Waksmundzka, M.,
2007. Regional controls on the Lublin Basin development and
inversion in the Devonian and Carboniferous. Biuletyn Państwowego Instytutu Geologicznego, 422: 19–34. [In Polish,
with English summary.]
Narkiewicz, M., Maksym, A., Malinowski, M., Grad, M.,
Guterch, A., Petecki, Z., Probulski, J., Janik, T., Majdański, M.,
Środa, P., Czuba, W., Gaczyński, E. & Jankowski, L.,
2015. Transcurrent nature of the Teisseyre-Tornquist Zone
in Central Europe – results of the POLCRUST-01 deep reflection seismic profile. International Journal of Earth
Sciences, 104: 775–796.
Narkiewicz, M. & Narkiewicz, K., 2008. The mid-Frasnian subsidence pulse in the Lublin Basin (SE Poland): sedimentary
record, conodont biostratigraphy and regional significance.
Acta Geologica Polonica, 58: 287–301.
Narkiewicz, M., Poprawa, P., Lipiec, M., Matyja, H. & Miłaczewski, L., 1998. Paleogeographic and tectonic setting and the
Devonian–Carboniferous subsidence development of the
Pomerania and Radom-Lublin areas. Prace Państwowego
Instytutu Geologicznego, 45: 31–46. [In Polish, with English
summary.]

PETROLEUM GENERATION AND EXPULSION IN THE LOWER PALAEOZOIC PETROLEUM
Nawrocki, J. & Poprawa, P., 2006. Development of Trans-European Suture Zone in Poland: from Ediacaran rifting to Early
Palaeozoic accretion. Geological Quarterly, 50: 59–76.
Nehring-Lefeld, M., Modliński, Z. & Swadowska, E., 1997. Thermal evolution of the Ordovician in the western margin of the
East-European Platform: CAI and Ro data. Geological Quarterly, 41: 129–137.
Nikishin, A. M., Ziegler, P. A., Stephenson, R. A., Cloethingh, S. A.
P. L., Furne, A. V., Fokin, P. A., Ershov, A. V., Bolotov, S. N.,
Korotaev, M. V., Alekseev, A. S., Gorbachev, V. I., Shipilov,
E. V., Lankreijer, A., Bembinova, E. Yu. & Shalimov, I. V.,
1996. Late Permian to Triassic history of the East European
Craton: dynamics of sedimentary basin evolution. Tectonophysics, 268: 23–63.
Oliver, G. J. H., Corfu, F. & Krogh, T. E., 1993. U-Pb ages from
SW Poland: evidence for a Caledonian suture zone between
Baltica and Gondwana. Journal of the Geological Society,
London, 150: 355–369.
Pacześna, J., Biernat, H. & Cygański, K., 2007. Wyniki badań
właściwości fizycznych i chemicznych skał. In: Pacześna,
J. (ed.), Busówno IG-1. Profile Głębokich Otworów Wiertniczych Państwowego Instytutu Geologicznego, 118: 153–
177. [In Polish.]
Pacześna, J., Poprawa, P., Żywiecki, M., Grotek, I., Poniewierska,
H. & Wagner, M., 2005. The uppermost Ediacaran to lowermost Cambrian sediments of the Lublin-Podlasie Basin as a
potential source rock formation for hydrocarbons. Przegląd
Geologiczny, 53: 499–506. [In Polish, with English abstract.]
Pepper, A. S. & Corvi, P. J., 1995. Simple kinetic models of petroleum formation. Part I, oil and gas generation from kerogen.
Marine and Petroleum Geology, 12: 291–319.
Petersen, H. I., Schovsbo, N. H. & Nielsen, A. T., 2013. Reflectance measurements of zooclasts and solid bitumen in Lower
Paleozoic shales, southern Scandinavia: Correlation to vitrinite reflectance. International Journal of Coal Geology, 114:
1–18.
Pletsch, T., Appel, J., Botor, D., Clayton, C. J., Duin, E. J. T., Faber,
E., Górecki, W., Kombrink, H., Kosakowski, P., Kuper, G.,
Kus, J., Lutz, R., Mathiesen, A., Ostertag, C., Papiernik, B.
& Van Bergen, F., 2010. Petroleum generation and migration.
In: Doornenbal. J. C. & Stevenson, A. G. (eds), Petroleum
Geological Atlas of the Southern Permian, Basin Area. EAGE
Publications, Houten, pp. 225–253.
Plewa, M., 1991. Strumień cieplny na obszarze Polski. Zeszyty
Naukowe AGH, Geologia, 1373: 141–151. [In Polish.]
Plewa, S., 1994. Rozkład parametrów geotermalnych na obszarze
Polski. Wydawnictwo CPPGSMiE PAN, Kraków, 170 pp. [In
Polish.]
Podhalańska, T. & Modliński, Z., 2006. Stratigraphy and facies
characteristics of the Ordovician and Silurian deposits of the
Koszalin-Chojnice Zone; similarities and differences to the
western margin of the East European Craton and Rügen area.
In: Poprawa, P. & Matyja, H. (eds), Prace Państwowego Instytutu Geologicznego, 186: 39–78. [In Polish, with English
summary.]
Podhalańska, T., Waksmundzka, M. I., Becker, A., Roszkowska-Remin, J., Dyrka, I., Feldman-Olszewska, A., Głuszyński,
A., Grotek, I., Janas, M., Karcz, P., Nowak, G., Pacześna,
J., Roman, M., Sikorska-Jaworowska, M., Kuberska, M.,
Kozłowska, A. & Sobień, K., 2016. Prospective zones for

173

unconventional hydrocarbon resources in Cambrian, Ordovician, Silurian and Carboniferous rocks of Poland – integration
of the research results. Przegląd Geologiczny, 64: 1008–1021.
[In Polish, with English abstract.]
Poprawa, P., 2006a. Neoproterozoic break-up of the supercontinent Rodiania/Pannotia recorded by development of sedimentary basins at the western slope of Baltica. Prace Państwowego Instytutu Geologicznego, 186: 165–188. [In Polish, with
English summary.]
Poprawa, P., 2006b. Development of the Caledonian collision
zone along the western margin of Baltica and its relation to
the foreland basin. Prace Państwowego Instytutu Geologicznego, 186: 189–214. [In Polish, with English summary.]
Poprawa, P., 2010. Shale gas potential of the Lower Palaeozoic
complex in the Baltic and Lublin-Podlasie basins (Poland).
Przegląd Geologiczny, 58: 226–249. [In Polish, with English
abstract.]
Poprawa, P., 2017. Neoproterozoiczno–dolnopaleozoiczny
rozwój basenów osadowych na zachodnim skłonie kratonu wschodnioeuropejskiego oraz przyległej części strefy szwu transeuropejskiego. In: Golonka, J. & Bębenek, S.
(eds), Opracowanie map zasięgu, biostratygrafia utworów
dolnego paleozoiku oraz analiza ewolucji tektonicznej
przykrawędziowej strefy platformy wschodnioeuropejskiej dla oceny rozmieszczenia niekonwencjonalnych złóż
węglowodorów. Wydawnictwo Arka, Cieszyn, Poland,
pp. 12–28. [In Polish.]
Poprawa, P., Kosakowski, P. & Wróbel, M., 2010. Burial and thermal history of the Polish part of the Baltic region. Geological
Quarterly, 54: 131–142.
Poprawa, P. & Pacześna, J., 2002. Development of the rift in the
Late Neoproterozoic and Early Paleozoic in the area of Lublin-Podlasie slope of the east European Craton – analysis
of subsidence and facial record. Przegląd Geologiczny, 50:
49–61. [In Polish, with English abstract.]
Poprawa, P., Radkovets, N. & Rauball, J., 2018. Ediacaran–Paleozoic subsidence history of the Volyn-Podillya-Moldavia basin
(W and SW Ukraine, Moldavia, NE Romania). Geological
Quarterly, 62: 459–486.
Poprawa, P., Šliaupa, S., Stephenson, R. A. & Lazauskiene, J.,
1999. Late Vendian–Early Palaeozoic tectonic evolution of
the Baltic Basin: regional implications from subsidence analysis. Tectonophysics, 314: 219–239.
Porębski, S. J., Prugar, W. & Zacharski, J., 2013. Silurian shales
of the East European Platform – some exploration problems.
Przegląd Geologiczny, 61: 468–477. [In Polish, with English
abstract.]
Porzycki, J. & Zdanowski, Z., 1995. Lithostratigraphy and sedimentologic-paleogeographic development of the Lublin Carboniferous Basin. In: Zdanowski, Z. & Żakowa, H. (eds), The
Carboniferous in Poland, Prace Państwowego Instytutu Geologicznego, 148: 102–109.
Radkovets, N., 2015. The Silurian of southwestern margin of the
East European Platform (Ukraine, Moldova and Romania):
lithofacies and palaeoenvironments. Geological Quarterly,
59: 105–118.
Radkovets, N., 2016. Lower Devonian lithofacies and palaeoenvironments in the southwestern margin of the East European
Platform (Ukraine, Moldova and Romania). Estonian Journal
of Earth Sciences, 65: 200–213.

174

D. BOTOR ET AL.

Radkovets, N., Kosakowski, P., Rauball, J. & Zakrzewski, A.,
2018. Burial and thermal history modelling of the Ediacaran
succession in Western and SW Ukraine and Moldova. Journal
of Petroleum Geology, 41: 85–106.
Radkovets, N., Kotarba, M., Koltun, Y., Kowalski, A., Kosakowski,
P. & Więcław, D., 2016. Origin and migration of oil from the
Ukrainian Outer Carpathians to their Mesozoic basement:
a case of Lopushna traps. Geological Quarterly, 60: 88–103.
Radkovets, N., Kotarba, M. & Wójcik, K., 2017b. Source rock
geochemistry, petrography of reservoir horizons and origin
of natural gas in the Devonian of the Lublin and Lviv basins
(SE Poland and western Ukraine). Geological Quarterly, 61:
569–589.
Radkovets, N., Rauball, J. & Iaremchuk, I., 2017a. Silurian black
shales of the Western Ukraine: petrography and mineralogy.
Estonian Journal of Earth Sciences, 66: 161–173.
Scheck-Wenderoth, M., Krzywiec, P., Zülke, R., Maystrenko, Y.
& Frizheim, N., 2008. Permian to Cretaceous tectonics. In:
McCann, T. (ed.), The Geology of Central Europe. Geological
Society of London, London, pp. 999–1030.
Skompski, S., 1998. Regional and global chronostratigraphic correlation levels in the late Viséan to Westphalian sequence stratigraphy of the Carboniferous in the Lublin Basin,
(SE Poland). Geological Quarterly, 42: 121–130.
Skręt, U. & Fabiańska, M., 2009. Geochemical characteristics of
organic matter in the Lower Palaeozoic rocks of the Peribaltic
Syneclise (Poland). Geochemical Journal, 43: 343–369.
Stempień-Sałek, M., 2011. Palynomorph assemblages from the
Upper Ordovician in northern and central Poland. Annales
Societatis Geologorum Poloniae, 81: 21–61.
Stolarczyk, F., 1979. Development of local forms of tectonics in
the Polish part of the Baltic. Acta Geologica Polonica, 27:
519–558. [In Polish, with English abstract.]
Swadowska, E. & Sikorska, M., 1998. Burial history of the Cambrian strata constrained by vitrinite-like macerals in Polish
part of the East European Platform. Przegląd Geologiczny,
46: 699–706. [In Polish, with English summary.]
Sweeney, J. J. & Burnham, A. K., 1990. Evaluation of a simple
model of vitrinite reflectance based on chemical kinetics.
AAPG Bulletin, 74: 1559–1570.
Šliaupa, S., Poprawa, P., Lazauskiene, J. & Stephenson, R. A.,
1997. The Palaeozoic subsidence history of the Baltic
Syneclise in Poland and Lithuania. Geophysical Journal, 19:
137–139.
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