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Abstract: Hydrocarbon exploration under thrust belts is a challenging frontier globally. In this work,
1-D thermal maturity modeling of the Paleozoic–Mesozoic basement in the northern margin of the
Western Outer Carpathians was carried out to better explain the thermal history of source rocks that
influenced hydrocarbon generation. The combination of Variscan burial and post-Variscan heating
due to elevated heat flow may have caused significant heating in the Paleozoic basement in the pre-
Middle Jurassic period. However, the most likely combined effect of Permian-Triassic burial and Late
Triassic–Early Jurassic increase of heat flow caused the reaching of maximum paleotemperature. The
main phase of hydrocarbon generation in Paleozoic source rocks developed in pre-Middle Jurassic
times. Therefore, generated hydrocarbons from Ordovician and Silurian source rocks were lost
before reservoirs and traps were formed in the Late Mesozoic. The Miocene thermal overprint due
to the Carpathian overthrust probably did not significantly change the thermal maturity of organic
matter in the Paleozoic–Mesozoic strata. Thus, it can be concluded that petroleum accumulations in
the Late Jurassic and Cenomanian reservoirs of the foreland were charged later, mainly by source
rocks occurring within the thrustbelt, i.e., Oligocene Menilite Shales. Finally, this work shows that
comprehensive mineralogical and geochemical studies are an indispensable prerequisite of any
petroleum system modelling because their results could influence petroleum exploration of new oil
and gas fields.

Keywords: maturity modeling; Carpathians; Carpathians Foredeep; Paleozoic–Mesozoic basement;
petroleum origin; hydrocarbon generation

1. Introduction

Hydrocarbon exploration under thrust belts is a challenging frontier, both in the
Carpathians and, in general, globally, e.g., [1,2]. The most intriguing feature of the oc-
currence of oil and gas fields around the Carpathians and its foredeep is their existence
not only within the orogen, but also within a relatively short distance from the orogenic
front [3]. This highlight can be noticed along the entire Carpathian arch from Czechia
across Poland, and Ukraine to Romania. The Carpathian Foredeep is one of the most
prolific basins in Poland, accounting for more than 100 discoveries of dry methane gas in
Miocene strata. The total reserves of these fields comprise 138 billion cubic meters. To date,
13 natural gas fields and 10 oil fields have been discovered in the Mesozoic and Paleozoic
of the Carpathian Foredeep and the sub-Carpathian basement. These fields have combined
reserves of 7.5 billion cubic meters of gas and 4.7 million tons of oil [4].

Thermal and maturity modeling (basin modeling) is used as a tool for the charge
element assessment when risking a play or a prospect. One-dimensional (1-D) maturity
modeling of the potential source rock intervals of the modeled section is widely applied
to reconstruct the burial and thermal history of sedimentary basins, e.g., [5–8]. The mean

Minerals 2021, 11, 733. https://doi.org/10.3390/min11070733 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-0157-4885
https://doi.org/10.3390/min11070733
https://doi.org/10.3390/min11070733
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11070733
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11070733?type=check_update&version=1


Minerals 2021, 11, 733 2 of 23

random vitrinite reflectance (VR) measurements are now widely used to establish the
thermal maturity level of organic matter in source rocks, e.g., [9,10]. One of the main
outputs of this 1-D basin modeling is the establishment of the timing of hydrocarbon
generation. However, it is difficult to precisely determine this timing because several
options relating to the thermal history, which govern hydrocarbon generation, exist in many
cases [11]. To limit the number of possible hypotheses of thermal evolution, it is necessary
to apply independent mineral and geochemical methods, including isotope dating methods,
which provide insights into the interpretation of the thermal history. The aim of the current
study is to present new models of burial and thermal evolution of the Paleozoic–Mesozoic
basement in the frontal Carpathian orogenic wedge. Recently published works show that
the Carpathian tectonic load in the frontal orogenic zone is not as significant as previously
assumed, e.g., [12]. Therefore, explaining pre-orogenic evolution is crucial for establishing
effective source rocks for hydrocarbon charge, particularly in Mesozoic reservoirs.

2. Geological Setting
2.1. Carpathians

The Carpathians are subdivided into two main regions: Outer- and Intra-Carpathians
(Figure 1). The Intra-Carpathian region is composed of two major continental blocks:
(a) Alcapa—the Eastern Alpine–Western Carpathian–Northern Pannonian; and (b) Tisza—
the Southern Pannonian–Eastern Carpathian [12,13]. The Outer Carpathians are an external
part of an elongated fold-and-thrust belt, e.g., [13–16]. The northern part of this belt,
which belongs to the Western Outer Carpathians, occurs within Poland. The origin of
the Carpathians is related to the convergence and collision of the European and African
plates, which formed part of the European Alpine chain [16–18]. The collision of these two
plates was diachronous; it began in the Middle Cretaceous and has probably continued
to the present. Indentation of the continental fragment called the Alcapa block [13] was
the main reason for the formation of the Western Outer Carpathians [14,19]. During the
Cenozoic. the Western Outer Carpathians was formed as an accretionary prism related to
the approximately southward subduction of the European plate. The Polish part of the
Western Outer Carpathians is a north-verging fold-and-thrust belt composed largely of
Lower Cretaceous to Miocene flysch sediments, arranged in a stacked complex of several
nappes (from top to bottom, the major ones are: Magura, Dukla and Fore-Magura, Silesian,
Sub-Silesian, and Skole nappes (Figures 1 and 2) [15,16,20].
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Figure 1. Location of the study area including oil and gas fields overlaid on simplified geology (A,B);
modified from [3,4,14].

The tectonic evolution of the Polish Outer Carpathians is subdivided into two succes-
sive shortening events: (1) NNW-(N)-directed and (2) NE-(NNE)-directed [21–24]. During
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the first event, the folding and thrusting started in the most inner, southern nappe (Magura)
and propagated to the north. During the next event, the previous thrust faults, in addi-
tion to folds, were overprinted and refolded. The first shortening event occurred from
the Eocene to Early Miocene period [23,25]. The second shortening event started in the
Early/Middle Miocene [23], but lasted until the early Late Miocene period ([20,24] and
references therein). Vitrinite reflectance (VR) values of the flysch strata range significantly,
indicating a wide spectrum of thermal maturity. Generally, VR values point to immature to
mature stages (oil windows) and, locally, to gas windows in different units of the Outer
Carpathians [26–29].

2.2. Carpathian Foredeep

Generally, the Polish part of the Carpathian Foredeep developed during the Early
and Middle Miocene as a peripheral flexural foreland basin in front of the thrusting
Carpathians [3,30–32]. This basin can be subdivided into an inner and an outer part. The
inner foredeep is located south of the Carpathian frontal thrust and contains up to 1500 m of
Lower to Middle Miocene (mainly terrestrial) deposits that are overridden by thrust sheets.
The outer foredeep is filled by Middle Miocene (Badenian and Sarmatian) shallow-marine
deposits, which range in thickness from a few hundred metres in its northern, marginal
parts, to as much as 3.5 km in its SE parts adjacent to the Carpathian thrust front [3,30–32].

The different parts of the Carpathian thrust front have been interpreted in terms
of wedge tectonics [33,34]. The major collisional deformations of the study area took
place in the Miocene; however, these processes started in the Oligocene or Eocene [15,25].
The youngest foredeep sediments are of Sarmatian age, indicating that the latest thrust
movements of the frontal Carpathian orogenic in the study area occurred ca. 10 Ma [34],
which allows maximum burial age in the study area to be established. Apatite fission track
analyses and helium dating indicate that the foredeep Miocene succession in the Pilzno-40
area has not been buried deeper than 1.5 to 2 km [34], assuming a paleogeothermal gradient
of the order of 25 to 29 ◦C/km [35,36]. This interpretation is consistent with reconstruction
based on the seismic data [34], and the low thermal maturity of organic matter in the
Miocene strata of the Carpathian Foredeep, which is in the range of 0.3 to 0.6%VR [37,38].
In the Czech area of the Carpathian Foredeep, even at a depth of 4300 m, thermal maturity
is 0.58%VR in the Miocene sediments [39].

2.3. Basement of Carpathian Foredeep

The Carpathian Foredeep basement includes rocks from the Proterozoic to the Creta-
ceous. The depth to the top surface of the platform basement varies from several hundred
meters to ca. 3500 m. The oldest structural element of the crystalline basement belongs to
the Małopolska Block and has the Kraków–Lubliniec Fault Zone as its western margin. The
northern margin of this block is commonly indicated along the Holy Cross Fault Zone ([40],
and references therein). The deposition of the sedimentary cover of the Małopolska Block is
divided into three structural stages: Caledonian, Variscan, and Alpine [40,41]. In the study
area, the Paleozoic and Mesozoic sedimentary succession is characterized by numerous
erosional gaps, and consists of Ordovician, Silurian, Devonian, Carboniferous, Permian,
Triassic, Jurassic, and Cretaceous strata that are buried beneath the Miocene infill of the
Carpathian Foredeep Basin and, partly, by the Carpathian thrust sheets [40–42].

In the study area, in the western part of the Małopolska block, the Caledonian stage
is composed of Ordovician and Silurian strata, which rest directly above the Ediacaran
anchimetamorphic complex [40]. The Middle to Late Ordovician strata includes carbon-
ate and clastic complex of a changeable thickness, up to a few hundred meters, and the
Lower Silurian, dark-colored, fine-grained claystone and mudstone sequence, up to 200 m
thick [42]. Intensive post-Silurian erosion occurred in the study area; therefore, the oc-
currence of Lower Paleozoic strata is highly limited [40]. The Variscan structural stage
is formed by the Lower Devonian, and/or the Middle Devonian–Lower Carboniferous
carbonate and Lower Carboniferous clastic complexes [40,41,43]. The terrigenous deposits
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of the Lower Devonian are up to 200 m thick. The carbonates of the Middle and Upper
Devonian range from 300 m in the east [44] to ca. 1000 m in the western part of the study
region [45]. Overlying carbonate and clastic facies of the late Tournaisian–early Namurian
(Carboniferous) [41] have thicknesses ranging from 80 m to 600 m, and from a few meters
to 500 m, respectively. However, in some areas, Variscan erosion that developed in the Late
Carboniferous and Permian removed sedimentary succession until the Lower Silurian, as
seen in the examined Pilzno-40 well. In the study area, the thermal maturity of Paleozoic
strata ranged from ca. 0.6 to 1.0%VR but locally reached up to 1.6%VR, indicating that
Variscan erosion was very high considering the present-day depth of these rocks [46–48].
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Figure 2. Simplified cross-section perpendicular to Carpathian orogenic front modified af-
ter [3,30,32,38].

The Permian–Mesozoic sedimentary cover is represented by the undivided Permian–
Triassic complex, and the Middle Jurassic to Upper Cretaceous complexes. Their present
areal extent and mutual relationships were determined by multistage processes of up-
lift [41], which led to significant erosion of the Mesozoic cover and reduction in the areal
distribution of particular complexes, particularly the Permian–Triassic complex [41,49].
This had a significant influence on the burial history of the study area, where Lower
Triassic terrigenous sediments lay directly on Lower Silurian shales, and are covered
by the most widely distributed Jurassic to Cretaceous strata. Middle Jurassic (Upper
Bajocian–Callovian) sediments are represented mainly by sandstone and siltstones [42].
The thickness of the Middle Jurassic deposits usually varies from 0 to even ca. 100 m in few
wells. Above, there is a thick complex of the Upper Jurassic–Lower Cretaceous (Oxfordian
to Hauterivian) carbonates. At present, due to erosional cut, the state of preservation
of these strata is diversified: from 300 m in the vicinity of Kraków to ca. 1000 m in the
Rzeszów area [49–53]. The Upper Cretaceous sediments are separated from the underlying
strata by an erosional unconformity corresponding to the Austrian phase of regional defor-
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mation during Aptian and Albian times [41]. The Upper Cretaceous strata include up to ca.
120-m-thick Cenomanian sandstones [42], which are the main reservoir rocks apart from
Upper Jurassic carbonates. These strata are overlaid by Turonian–Maastrichtian marly
limestones and marls that are regarded to be sealing rocks (together with Miocene clay-
stones/mudstones). The development and thickness of Mesozoic strata was determined
by several Mesozoic and Cenozoic erosional phases, and polyphase Cretaceous/Paleogene
block tectonics [42]. Therefore, the Mesozoic organic matter was found to be immature or
at early maturity with VR values up to 0.78% [52,53]. Traps in Mesozoic accumulations
were likely formed during the Cretaceous/Paleogene tectonic phase; however, the most
common traps are the combination of structural and stratigraphic types. Traps are related
to the sub-Miocene unconformities, and less related to the sub-Cretaceous unconformities.
The pinching-out stratigraphic traps are known from the Cenomanian sandstones [1–4,15].

2.4. Source Rocks

In the Outer Carpathians, the Oligocene Menilite Shales are excellent effective source
rocks for the conventional hydrocarbon reservoirs and provide perspective for the un-
conventional reservoirs. The thicknesses of the Menilite Shales are often elevated due to
repetition during overthrusting and reach up to 1800 m in the Boryslav-Pokuttya and Skyba
Units, up to 500 m in the Skole Unit, and up to about 100 m in the Silesian Unit [3,15,54].
The Menilite Shales are organic-rich and contain varying mixtures of oil-prone type-II,
type-IIS, and admixture type-III kerogen. The total organic carbon (TOC) content of the
shales frequently exceeds 20 wt.% and averages ca. 5 to 10 wt.%. The hydrogen index
(HI) values range between 300 and 800 mg HC/g TOC [55–61]. The thermal maturity
of Menilite Shales’ organic matter is variable across the Outer Carpathians [55–61]. In
the study area, the highest maturity is observed in the Dukla Unit, and corresponds to
the peak and final stage of the oil window, whereas the organic matter dispersed in the
Silesian Unit is usually immature. However, results of petroleum generation modelling by
Matyasik and Dziadzio [54] suggest that the Menilite Shales in the deepest synclines of the
Silesian Unit reaches sufficient maturity for generation of thermogenic hydrocarbons. In
contrast, the Lower Cretaceous to Eocene strata in the Outer Carpathians have variable
hydrocarbon potential, with low TOC values (below 1.0 wt.%). Type-III kerogen dominates
in these beds with local admixtures of type-II kerogen. Thermal maturity comprises the
whole range of the oil window. Type-III kerogen in the Upper Oligocene–Lower Miocene
Krosno Beds is immature and their hydrocarbon potential is low [58]. In the Miocene
strata of the Carpathian Foredeep, microbial gases are widely known and are the dominant
natural gases in reservoirs. Their sources are an organic-rich interval within the Miocene
succession that contains type-III kerogen [38].

In the pre-Miocene basement, possible source rocks are horizons occurring within
the Ordovician, Silurian, Middle-Upper Devonian, and Lower Carboniferous [38,46,47].
Due to their immature to very low mature character, Mesozoic rocks cannot be proven
to be source rocks, despite the fact that some of the these, such as Jurassic rocks, contain
significant amounts of organic carbon [38,52].

Based on geochemical data, the initial TOC in the source rocks of the Paleozoic
basement of the Carpathian Foredeep was calculated to be ca. 1.2 to 3.5% for siliciclastic
Ordovician and Silurian rocks, 1.2% for carbonates of Middle-Upper Devonian, and 1.3%
for siliciclastic of Lower Carboniferous [47]. The kerogen type is mainly type-II oil-prone
low-sulfur in Ordovician and Silurian rocks, whereas it is type II with an admixture of
type III in Middle-Upper Devonian and Lower Carboniferous rocks. The thickness of these
source rocks is ca. 40 to 50 m for the Silurian, up to 100 to 150 m for siliciclastic of the Lower
Carboniferous and Ordovician, and 200 to 300 m of the Middle-Upper Devonian [38,46,47].
All Paleozoic source rocks show a thermal maturity that allows thermogenic hydrocarbon
generation [38,46,47].

Geochemical data showed that many oil and gas fields (e.g., Grobla, Rajsko, Rylowa,
and Wierzchosławice) contain similar hydrocarbons in the Upper Jurassic carbonate and
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Cenomanian sandstone reservoirs. These hydrocarbons were generated during thermo-
genic processes and probably migrated through the fault zones from source rocks. The
Lower Carboniferous and Middle-Upper Devonian strata, and/or the Ordovician to Sil-
urian rocks [38,47,62] or the Menilite Shales [55,56,63], are regarded to be the sources of
these hydrocarbons.

3. Methods and Dataset
3.1. Methods

Burial and thermal history modeling (thermal maturity modeling) was performed by
applying the 1-D PetroMod software (Schlumberger, ver.9.0; for details see [6,11]). Applied
numerical modeling techniques permit the simulation of the complex set of interacting
physical and chemical processes that took place during the evolution of a sedimentary
basin. A starting point for the modeling is a conceptual model [6,11], which describes the
geological evolution of the study area, including geological, geophysical, and geochemical
data. A discretized numerical model, which represents the conceptual model, is then used
for simulation purposes [6,11]. The geological history for a single well section is calculated
using the finite difference method. Geological events, scaled in time, create the framework
of a model and govern the data input. The data set for each event consists of duration,
depositional or erosional thickness, lithology, bathymetry, sediment/water interface or
surface temperature, and heat flow. Petrophysical parameters, such as porosity, density,
and thermal conductivity, are then defined on the basis of lithology. After each simulation
run, the calculated results have to be compared with the measured values to calibrate the
model and check its geological reliability. Calibration is usually performed by varying
the paleo-heat flow or the original thickness of the now-eroded sedimentary units [6,11].
Initially, heat flow estimates for the past stages of the basin history are assigned on the
basis of the tectonic setting [6]. In the subsequent iterations, the paleo-heat flow values are
adjusted through the modeling procedure to achieve the best fit between the calculated
model and the measured calibration parameters. Heat flow values are best constrained
for times of maximum temperature, which correspond to the maximum burial in many
cases [6]. The backstripping method, which also includes a decompaction correction, was
applied to establish the burial history. Petrophysical parameters were used based on the
PetroMod library according to lithology types identified in the analyzed wells [64]. Models
were calibrated using present-day corrected borehole temperature data [35] and measured
values of mean random vitrinite reflectance [47,52,65]. VR in PetroMod modeling was
calculated using the algorithm of Sweeney and Burnham [66]. Several tests of the change
of heat flow over time, erosion/exhumation of overburden, and a combination of both
were performed. The calculated VR value was compared with the measured VR value, and
the model was adjusted until the best fit of the VR versus depth was achieved. A broader
discussion of the applied maturity modeling method is provided elsewhere [6,11,54].

3.2. Dataset and Input Data

The Pilzno-40 well was drilled during hydrocarbon exploration by the Polish Oil
and Gas Company (PGNIG) in 1991. The borehole reached a total depth of 3733 m; its
geographical coordinates are 49◦58′44,57′′ N and 21◦19′38,82′′ E. In the study area, a
small natural gas field occurs in the Miocene strata [49,55,67]. Stratigraphic succession
of the Pilzno-40 well includes (Figure 3) a few meters of Quaternary sediments, below
flysch deposits of the Skole Unit and folded Miocene of the Zgłobice Unit, autochthonous
Miocene, marls of the Cretaceous, limestones of the Upper Jurassic, sandstones of the
Lower Triassic, black shales of the Silurian (Wenlock), and carbonates of the Ordovician
(Llandeil-Caradocian) strata [49,55,67].
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Figure 3. Stratigraphic column of the Pilzno-40 well. Below the very thin Quaternary sediments,
there are flysch deposits of the Skole Unit, which consist of shales (siltstones) and sandstones
that represent the Inoceramus Beds of the Upper Cretaceous. The flysch strata are thrust over the
sandy-clayey Miocene series (Upper Badenian) of the Zgłobice Unit. The pre-Miocene basement
consists of epicontinental Cretaceous marls resting on Upper Jurassic marls and limestones. Below
the Jurassic, there are clastic sandy-clayey beds of the Lower Triassic (Buntsandstein-middle part),
which in turn rest on Silurian graptolitic shales (Wenlock) and Ordovician (Llandeil-Caradocian)
carbonates [49,65,67]. C.F. Carpathian Foredeep. Note that several significant unconformities occur
in the sedimentary succession of the study area. These represent periods of substantial erosion.

In the Pilzno-40 well, the VR dataset includes only four samples from the Jurassic
and Paleozoic (Figures 3–6). VR versus depth plot shows a small VR increase, from ca.
0.64% in the Jurassic to up to 0.69% in the Paleozoic. However, single organic particle VR
measurements in each sample scatter between ca. 0.5 and 0.8% [47,48]. These average VR
values are fully supported by other geochemical thermal maturity data from Tmax Rock-
Eval and the dibenzotiophene index [47]. Thermal maturity in the Pilzno-40 well shows
that both Jurassic and Silurian organic matter is in an early mature phase for hydrocarbon
generation (early oil window), which is consistent with the maturity profile in adjacent
wells in the study area [48,53]. Oil-prone type-II kerogen occurs in Ordovician and Silurian
rocks. The initial TOC equals 2.6% in the Silurian and 1.1% was assumed in the Ordovician
based on adjacent wells [47]. The organic matter in Jurassic rocks, containing gas-prone
type-III kerogen with an admixture of type-II kerogen, is usually immature in Upper
Jurassic strata or, at most, early mature to 0.7%VR in Middle Jurassic strata in the entire
study area. In the Pilzno-40 well, a succession similar to the thermal maturity is observed
of ca. 0.64 to 0.67%VR. However, Upper Jurassic sediments usually contain below 0.5%
TOC [53]. The above-mentioned geochemical characteristics were applied to the petroleum
generation in this modelling.



Minerals 2021, 11, 733 8 of 23

Minerals 2021, 11, x  8 of 24 
 

 

In the Pilzno-40 well, the VR dataset includes only four samples from the Jurassic 
and Paleozoic (Figures 3–6). VR versus depth plot shows a small VR increase, from ca. 
0.64% in the Jurassic to up to 0.69% in the Paleozoic. However, single organic particle VR 
measurements in each sample scatter between ca. 0.5 and 0.8% [47,48]. These average VR 
values are fully supported by other geochemical thermal maturity data from Tmax Rock-
Eval and the dibenzotiophene index [47]. Thermal maturity in the Pilzno-40 well shows 
that both Jurassic and Silurian organic matter is in an early mature phase for hydrocarbon 
generation (early oil window), which is consistent with the maturity profile in adjacent 
wells in the study area [48,53]. Oil-prone type-II kerogen occurs in Ordovician and Silu-
rian rocks. The initial TOC equals 2.6% in the Silurian and 1.1% was assumed in the Or-
dovician based on adjacent wells [47]. The organic matter in Jurassic rocks, containing gas-
prone type-III kerogen with an admixture of type-II kerogen, is usually immature in Up-
per Jurassic strata or, at most, early mature to 0.7%VR in Middle Jurassic strata in the 
entire study area. In the Pilzno-40 well, a succession similar to the thermal maturity is 
observed of ca. 0.64 to 0.67%VR. However, Upper Jurassic sediments usually contain be-
low 0.5% TOC [53]. The above-mentioned geochemical characteristics were applied to the 
petroleum generation in this modelling. 

 
Figure 4. Calculated temperature curve using PetroMod software vs. measured data from [34]. 

D
ep

th
 (m

)

Temperature ( )°C

Figure 4. Calculated temperature curve using PetroMod software vs. measured data from [34].

Minerals 2021, 11, x  9 of 24 
 

 

 
Figure 5. Burial and thermal history model (no. 1) for the Pilzno-40 well assuming Late Miocene 
overthrusting of the Outer Carpathians: (A) calibration of the model by comparison between meas-
ured VR values and calculated VR curve; (B) VR evolution with time showing a rapid increase due 
to the Carpathian overthrust. The green dash line is the VR value equals 0.5% that represents border 
between immature and mature kerogen; (C) burial history curves with temperature overlay. Note 
the fast temperature increase in the late Miocene. 

 
Figure 6. Burial and thermal history model (no. 2) for the Pilzno-40 well assuming Late Miocene 
overthrusting of the Outer Carpathians but with Variscan burial heating: (A) calibration of the 
model by comparison between measured VR values and the calculated VR curve; (B) VR evolution 
with time showing a major increase in the Devonian–Carboniferous, whereas the Miocene overprint 
is not particularly important. The green dash line is the VR value equals 0.5% that represents border 
between immature and mature kerogen; (C) burial history curves with temperature overlay. Note 
the temperature increase, first in the Carboniferous, and later in the Late Miocene. 

B

C

0.4 0.6 0.8
Vitrinite reflectance [%]

Outer 
Carpathians
Deposits
Miocene

Jurassic

Silurian
Ordovician

D
ep

th
 [m

]

2000

1000

3000 Time [Ma]

Time [Ma]

100

100

0

0

200

200

300

300

400

400

Vi
tri

ni
te

 re
fle

ct
an

ce
 [%

]

A B

0.4

0.5

0.6

0.7

0.3

0.2

Pilzno-40

D
ep

th
 [m

]

1000

2000

3000

4000

5000

0–7
7 14–
14 21–
21 28–
28 35–
35 42–
42 49–
49 56–
56 63–
63 70–

70 77–
77 84–
84 91–
91 98–
98 105–
105 112–
112 119–
119 126–
126 133–
133 140–

Temperature [ ]°C

C

0.4 0.6 0.8
Vitrinite reflectance [%]

Outer 
Carpathians
Deposits
Miocene

Jurassic

Silurian
Ordovician

D
ep

th
 [m

]

2000

1000

3000 Time [Ma]

Time [Ma]

100

100

0

0

200

200

300

300

400

400

Vi
tri

ni
te

 re
fle

ct
an

ce
 [%

]

A B

0.4

0.6

0.8

0.2

Pilzno-40

D
ep

th
 [m

]

1000

2000

3000

4000

5000

0–7
7 14–
14 21–
21 28–
28 35–
35 42–
42 49–
49 56–
56 63–
63 70–

70 77–
77 84–
84 91–
91 98–
98 105–
105 112–
112 119–
119 126–
126 133–
133 140–

Temperature [ ]°C

Figure 5. Burial and thermal history model (no. 1) for the Pilzno-40 well assuming Late Miocene
overthrusting of the Outer Carpathians: (A) calibration of the model by comparison between mea-
sured VR values and calculated VR curve; (B) VR evolution with time showing a rapid increase due
to the Carpathian overthrust. The green dash line is the VR value equals 0.5% that represents border
between immature and mature kerogen; (C) burial history curves with temperature overlay. Note the
fast temperature increase in the late Miocene.
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Figure 6. Burial and thermal history model (no. 2) for the Pilzno-40 well assuming Late Miocene
overthrusting of the Outer Carpathians but with Variscan burial heating: (A) calibration of the model
by comparison between measured VR values and the calculated VR curve; (B) VR evolution with
time showing a major increase in the Devonian–Carboniferous, whereas the Miocene overprint is
not particularly important. The green dash line is the VR value equals 0.5% that represents border
between immature and mature kerogen; (C) burial history curves with temperature overlay. Note the
temperature increase, first in the Carboniferous, and later in the Late Miocene.

The average present-day geothermal gradient in the Pilzno-40 area is 22 ◦C/km [35].
A similar present-day thermal field was also found in adjacent areas [35,68]. The surface
temperature was set automatically using the SWIT tool, which extracts a standard tem-
perature at sea level over geological time for any given location, based on the model of
Wygrala [69]. The present-day surface average temperature is 9 ◦C. We did not consider the
paleo-water depth because the predominant influence on the thermal evolution is exerted
by sediment thickness, e.g., [70], as most of the sedimentation in the study area occurred in
platform shallow water environments that did not exceed 200 m [40–50].

In the Pilzno-40 well succession, a significant stratigraphic unconformity occurs
between Lower Silurian and Lower Triassic strata (Figure 3). The next important uncon-
formity occurs between the Lower Triassic and Middle-Upper Jurassic, and between the
Lower and Upper Cretaceous, and between the Upper Cretaceous and Miocene. These
gaps in the sedimentary record allow different hypotheses to be assumed regarding the
burial history of the study area, as discussed below.

4. Results

Using PetroMod software (version 9.0, one-dimensional 1–D, Schlumberger, Houston,
TX, USA), the present-day heat flow value was calculated to be 56 mW/m2 based on fitting
to the present-day temperatures measured in the borehole (Figure 4).

A short but linear VR profile (Figures 5–9) suggests a burial-driven diagenesis of
organic matter. If the pre-Triassic heating was responsible for the thermal maturity of
the Paleozoic samples, it should be possible to observe a jump of VR gradient between
Lower Silurian and Triassic data when VR vs. depth is plotted. However, due to the very
limited Silurian samples (only one), a clear determination is not possible of the nature of
the temperature change in the Pilzno-40 section; thus, no distinction between Mesozoic
and Paleozoic thermal evolution can be conducted.
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Figure 7. Burial and thermal history model (no. 3) for the Pilzno-40 well assuming Late Miocene
overthrusting of the Outer Carpathians but with Jurassic–Cretaceous burial heating: (A) calibration
of the model by comparison of measured VR values and calculated VR curve; (B) VR evolution
with time showing a major increase in the Jurassic–Cretaceous, whereas the Miocene overprint is
not particularly important. The green dash line is the VR value equals 0.5% that represents border
between immature and mature kerogen; (C) burial history curves with temperature overlay. Note the
temperature increase first in the Jurassic–Cretaceous and later in the Late Miocene.
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Figure 8. Burial and thermal history model (no. 4) for the Pilzno-40 well assuming Late Miocene
overthrusting of the Outer Carpathians but with 2500 m Cretaceous and Variscan burial heating:
(A) calibration of the model by comparison of measured VR values and calculated VR curve; (B) VR
evolution with time. The green dash line is the VR value equals 0.5% that represents border be-
tween immature and mature kerogen; (C) burial history curves with temperature overlay. Note
the temperature increase first in the Devonian–Carboniferous, then the Cretaceous, and, finally, the
Late Miocene.
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Thermal maturity models were developed to account for all known parameters and
assumptions described above and constrained with thermal maturity and well temperature
data (Figures 5–9 and Table 1). Parameters that were varied were those that exerted a
first-order influence on thermal development, such as maximum burial and heat flow.
These were adjusted iteratively to obtain the best possible fit to the constraints. During the
modeling, it became obvious that varying only a single model input (e.g., only heat flow)
would not provide an acceptable fit. Consequently, a number of different combinations
of parameters, such as the maximum subsidence, or the variation of the maximum heat
flow value and its length, were considered in numerous model iterations to determine the
scenario with the best fit to the thermal maturity data. As shown in Figures 5–9, several
good thermal models were able to be developed, which were all able to satisfy the mea-
sured VR data in the given well sections. Thus, the comparison between the models shown
in Figures 5–9 emphasizes the necessity to cross-check this kind of reconstruction with dif-
ferent paleotemperature indicators (mineralogical and geochemical), thermochronological
data, and geological constraints.

Table 1. Basic assumption in the analyzed models.

Model Number Pre-Miocene Major
Burial Event

Age of Max.
Burial (Ma)

Miocene Burial
Stage * Heat Flow (mW/m2) Erosion

(m)

1 No 10 Yes 47 2000

2
Devonian-

Carboniferous
(Variscan)

320 Yes 62 1500 Devonian and
1200 Carboniferous

3 Jurassic-Cretaceous 65 Yes 62 500 Jurassic,
800 Cretaceous

4 Cretaceous 65 Yes 62 500 Jurassic,
2500 Cretaceous

5 Latest Triassic 205 Yes 120 1500

* Miocene burial stage is due to tectonic burial caused by the Outer Carpathians, and it is assumed in each of the five models. However, in
models 2–5, pre-Miocene burial events are also assumed to be possible. Heat flow value given for maximum burial time.

In the first model (no. 1) of burial and thermal history, it was assumed that the
Carpathian overthrust has a major influence on thermal maturity of the Pilzno-40 section
(Figure 5). Erosion/exhumation of the Carpathian flysch was assumed for 2 km based on
thermochronological findings in the adjacent area [34,70]. The heat flow was 62 mW/m2

from the Ordovician to early Miocene, before subsequently decreasing to the maximum
tectonic burial due to Carpathian load (up to 47 mW/m2), and slightly increasing to the
present-day value of 56 mW/m2. Consequently, rapid deposition of molasse sediment
caused a downward deflection of the isotherms, e.g., [71], which is typical of foreland
basins. Then, the heat flow increased immediately during the inversion phase. Pre-
Miocene thermal evolution is negligible, because, in such a model, thermal maturity is
related directly to maximum burial and maximum temperature reached during Miocene
tectonic burial. This model showed good calibration of thermal maturity (calculated VR
curve vs. measured VR values). Thermal maturity, both for Jurassic and Silurian strata,
achieved its maximum value in the Late Miocene (Figure 5).

In a further attempt to derive a suitable solution, a number of other models (no. 2–5)
were constructed, assuming several different scenarios of pre-Miocene tectono-thermal
evolution of the study area (Figures 6–8). In all of these models, the Carpathian overthrust
influence was maintained as in model 1 from Figure 5. Heat flow evolution was assumed
as in the first model for models 2–4 and elevated for model 5 (Table 1).

Model 2 assumed that 1500 m of Devonian and 1200 m of Carboniferous was eroded.
This scenario was based on the geological evolution of adjacent areas [39–42]. The model
showed a significant increase in VR in the Devonian to Carboniferous (Figure 6). Paleozoic
burial reached its maximum at ca. 320 Ma. Permo–Mesozoic events that were too small to
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overprint earlier achieved thermal maturity, which was finally caused by the Carpathian
overthrust. Thermal maturity calibration was also very good for such a model and is
likely due to the influence of the Carpathian load. However, thermal maturation of Lower
Paleozoic strata occurred in the pre-Permian period, whereas the maturity increase in the
Late Miocene was negligible (Figure 6B).

The next model (no. 3) assumed important erosional events in the Jurassic (500 m)
and Cretaceous (1800 m) (Figure 7). However, this model appears to be less probable
considering geological evolution of the study area [39–42]. This model also allows for
proper calibration. In this model, thermal maturity was achieved in the Late Mesozoic. The
further combination of models (no. 4) assumed burial in the Devonian and Carboniferous,
in addition to additional burial in the Late Cretaceous (Figure 8). In this model, good
calibration was also observed; however, two stages of increase in thermal maturation
occurred—first in the Carboniferous and then in the Cretaceous—whereas the Late Miocene
increase was very small (Figure 8B).

The next model (no. 5) applied both heat flow and erosion as factors determining
the thermal evolution of the study area (Figure 9). In addition to several tested erosional
events related to major unconformities, an event between the Lower Triassic and Mid-
Upper Jurassic can also be noted. According to Kiersnowski [72] and Moryc [48], the
undivided Permian-Triassic sedimentary cover was much thicker and occurred in the
entire area between Kraków and Rzeszów. Now, these sediments exist only in isolated
tectonic structures, such as the Liplas–Tarnawa Trough. Moreover, Poprawa et al. [73]
suggest that the Liplas–Tarnawa Trough developed as a pull-apart basin with a heat flow
up to 100 to 150 mW/m2 during its initial evolution origin. Therefore, in model no. 5, it
was assumed that 1500 m of Triassic rocks were removed in the study area, and the heat
flow was elevated to 120 mW/m2 during this event (Figure 9). This model also allows for
proper calibration. Moreover, the calculated maximum heating developed in the Latest
Triassic to Early Jurassic, which is in accordance with illite K-Ar age (200 Ma) of Silurian
bentonite in the adjacent Żukowice-39 well [74]. As the temperature during the Carpathian
overthrust is similar to those of the Triassic–Jurassic, it appears that mineral and organic
diagenesis developed in that period, whereas it was not overprinted by any later processes
due to the Carpathian overthrust (Figure 9). As only this last thermal model was based on
measurements (illite K-Ar age) related to the timing of thermal evolution in the study area,
it was assumed to be the preferred model. In contrast, the other models were based only
on the maximum exposure for heating (vitrinite reflectance) without directly constraining
the timing of the processes by thermochronological data.

The performed maturity modeling allowed petroleum system elements to be estab-
lished (Figure 10). The critical moment is the period that best depicts the generation and
migration of hydrocarbons in a petroleum system, which is likely in the Latest Triassic to
Early Jurassic (ca. 200 Ma) in the Pilzno-40 area. This is because the maximum heating
occurred in that period. Due to the remigration hydrocarbons, which could have happened
during the folding and uplifting of the Carpathians (ca. 10 Ma), a second critical period is
possible. However, considering that hydrocarbon generation developed many millions of
years before reservoir and trap formation, most hydrocarbons were dispersed and lost.
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Figure 9. Results of maturity modelling for the Pilzno-40 well assuming that 1500 m of Triassic rocks were removed in
the study area and heat flow was elevated to 120 mW/m2 during the Latest Triassic. (A) Calibration of the model by
comparison of measured VR values and calculated VR curve; (B) burial history curves with temperature overlay; (C) heat
flow evolution; (D) temperature for top of Silurian strata in the Pilzno-40 well. Note that the maximum temperature of ca.
110 ◦C occurred in the Earliest Jurassic and also during the Carpathian overthusting in the Miocene. (E) Vitrinite reflectance
evolution for Silurian strata applying model no. 5. The green dash line is the VR value equals 0.5% that represents border
between immature and mature kerogen. A significant increase in VR developed in Late Triassic to Early Jurassic. Therefore,
hydrocarbon generation developed in that period. No particular VR overprint occurred in the Miocene. Such model
diagenesis is supported by an illite K-Ar age of ca. 200 Ma from Silurian bentonite in the Żukowice-39 well [74].
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“?”means possible source rocks horizons. In Critical Moment box the sign “?”means the second possible critical moment
due to hydrocarbon generation in the Oligocene Menilite Shales (ca. 10 Ma).

5. Discussion
5.1. Burial and Thermal History

The geothermal grade pattern in an accretionary wedge depends on the thermal struc-
ture of the associated subduction zone [75]. Accretionary wedges are usually associated
with low geothermal gradients, particularly in the outermost part of the orogen. The
geothermal gradient decreases in the wedge due to accretion of cold sediments [75,76].
However, fluid flow may locally increase the geothermal gradient. Based on the general
pattern of geothermal gradients in accretionary wedges, the lowest paleogradient estimates
are the most plausible for the actual amount of erosion, e.g., [75,76]. Heat flow successively
decreases with the increase in sedimentary or tectonic burial, for example, during Miocene
Carpathian thrusting, because the rate of heat flow decrease is proportional to the rate of
subsidence [77].

Our calculated paleo-heat flow (47 mW/m2) during maximum tectonic burial in
the Late Miocene is lower than present-day heat flow values (56 mW/m2); this result
is consistent with similar results in the Alpine Molasse Basin in Austria, e.g., [7,78] and
Switzerland [79]. These basins/areas have similar tectonic settings as the studied area of
Pilzno-Tarnów because these basins belong to the entire Alpine–Carpathian System of fold-
and-thrust belts with foredeep basins. The heat flow evolution of a continental collisional
zone, which was similar to that of the Carpathians, was analyzed by Sachsenhofer [78]
in the Eastern Alps, where heat flow during continental collision was extremely low
(<40 mW/m2) along the orogenetic front, whereas very high heat flow (>150 mW/m2)
occurred a few hundred kilometers south. The former was a result of crustal thickening and
thermal blanketing due to rapid subsidence and sedimentation and nappe stacking. The
latter was caused by slab break-off and magmatic activity [78]. The reconstructed low paleo-
heat flow in Miocene resulted in low average paleogeothermal gradients, which reached ca.
25 ◦C/km in the autochthonous foreland and ca. 15 to 20 ◦C/km in the Outer Carpathians.
The present-day average geothermal gradient of 26 ◦C/km in the Paleozoic basement
of the Outer Carpathians is consistent with that of the study area [73]. Approximate
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paleogeothermal gradients inferred from methane–water fluid inclusions in quartz-calcite
veins present in the Magura Nappe, and in the equivalents of the Dukla Nappe exposed in
the Mszana Dolna and Szczawa tectonic windows, are 20 and 17 ◦C/km, respectively [80].
The fluid inclusions were related to regional collapse—the final stage in the structural
evolution of the Outer Carpathian accretionary wedge [78,80]. The paleogeothermal
gradients inferred from fluid inclusions are similar to the present-day gradient of 17 ◦C/km
in the frontal part of the Outer Carpathians [73].

In the Polish part of the Outer Carpathians wedge, heating was mainly caused by
Late Oligocene to Late Miocene tectonic burial resulting from crustal shortening and
nappe stacking and was associated with a low to locally normal paleogeothermal gra-
dient (16–26 ◦C/km) [76,80,81]. In the Carpathians, thermochronological data generally
indicate that subsequent exhumation-related cooling occurred in several phases, mainly
from ca. 30 to 5 Ma [70,81,82]. In the Ukrainian part of the Outer Carpathians, combined
thermochronological and thermal maturity data showed that burial heating of the wedge
reached ca. 170 ◦C in the central part of the thrust belt, whereas the outermost and inner-
most parts were heated to less than 60 ◦C and less than ca. 120 ◦C, respectively. Tectonic
burial was less than 2 to 3 km in the outermost thrust sheets and in the foredeep [81], which
is similar to that of the study area (1.5–2 km, compare in; [34]).

Tectonic burial due to Carpathian overthrusting in the Miocene did not reach 2 to
3 km in the outermost part of the orogen [34,70,81]. Slightly higher maximum values of
tectonic burial of ca. 2 to 4 km, due to Carpathian load, could yield a temperature increase
of ca. 30 to 60 ◦C at the top basement in the outermost areas of the Carpathians (i.e., in the
study area). In addition, considering sediments with a thickness of ca. 1.5 km (Figure 3) up
to the top of the Silurian would yield ca. 30 to 40 ◦C, depending of the geothermal gradient
in the basement. Even assuming eroded Devonian and Lower Carboniferous strata of ca.
1.0 km, this could yield an additional ca. 20 ◦C. Combining the above temperature increases,
this would finally result in a maximum temperature of up to ca. 120 ◦C at the top of Silurian
strata during the Late Miocene. This is similar to the results of the performed modelling
and is supported by the value of 0.7%VR (Figures 5–9) and 24% illite/smectite ratio [74]. A
similar range of temperature could occur earlier in pre-Miocene evolution, e.g., in the Early
Jurassic, as shown by illite K-Ar ages of Silurian bentonite in the Żukowice-39 well [74].

The results of the performed modeling exercises cannot be directly compared to
other thermal modeling performed in the study area because almost all published mod-
els have not shown their calibration quality, i.e., measured VR data vs. calculated val-
ues [48,53,61,83]. However, all of this modelling shows the major influence of the Carpathian
overthrust on thermal maturation in the Paleozoic–Mesozoic basement. The only exception
is the thermal modelling results of Poprawa et al. [73] for the Tarnawa-1 well, which is
located in the west of the study area in the Liplas–Tarnawa Trough. This tectonic struc-
ture is characterized by particularly thick Permian–Triassic sediments [72]. The clastic
sediments of the undivided Permian–Triassic have been preserved in many places south
and south-east of the Kraków area. Initially, they were located in a more extensive area,
which later underwent multi-stage erosion. They have survived only in the areas originally
constituting the axes of older Paleozoic synclines along the NNW–SSE direction, built from
the Lower Carboniferous, and in some places, the Upper Carboniferous. These synclines
were strongly dislocated by block tectonic movements in the Permian. At that time, nu-
merous tectonic troughs with significant subsidence were developed. One of these is the
Liplas–Tarnawa Trough, which is filled with Permian–Triassic sediments with a thickness of
up to 1400 m [46,49,72]. Below the Permo–Triassic succession, Devonian and Carboniferous
strata are present, which are not present in the Pilzno-40 section. In the Tarnawa-1 well, the
thermal maturity for the autochthonous Miocene is 0.45 to 0.48%VR, and 0.6%VR in the
Jurassic, which is similar to that in the Pilzno well area. The VR in the Carboniferous is
0.7 to 0.85%, whereas in the Devonian it is 0.72 to 0.96%. The results of maturity modelling
in the Tarnawa-1 well suggest that a short-term Late Permian to Early Triassic heat flow
(ca. 100 to 150 mW/m2) anomaly occurred due to pull-apart tectonic development [73].
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Additionally, along the Krakow–Lubliniec Fault Zone, magmatic activity could cause an
increase in heat flow, which may be an alternative explanation of this heat flow anomaly.
The Krakow–Lubliniec Fault Zone contains numerous igneous intrusive rocks that are the
products of bimodal magmatism and developed during two major Variscan phases. The
older magmatism is related to extensional faults in the basement of the Moravo–Silesian
foreland. The younger, Latest Carboniferous to Early Permian, more intense magmatic
activity is known only along the eastern border of the Upper Silesia Coal Basin and on
the Małopolska Block, e.g., ([84] and references therein). Similar to the case of the Liplas–
Tarnawa area, a thermal history model was also proposed by Dudek et al. [45] for the area
to the north, i.e., Bochnia-Grobla, which emphasized a Late Paleozoic to Early Mesozoic
maximum heating and petroleum generation in several stages for the given source rocks.
Therefore, in the Liplas–Tarnawa Trough, two stages in the thermal history can be dis-
tinguished: the older stage with a warmer thermal regime and the younger stage with a
cooler thermal regime. First, the Devonian and Carboniferous deposits and the lower part
of the Permian sediments were heated, then the thermal maturity of the sediments of the
Upper Permian, Mesozoic, and autochthonous Miocene developed [45,73]. However, a
constant heat flow option cannot be completely ruled out. After the Late Carboniferous
and before the Middle Jurassic, a thermal event occurred in the study area, which may have
been related either to the heating resulting from the development of the Liplas–Tarnawa
pull-apart basin or to the magmatic activity along the Krakow–Lubliniec Fault Zone. Later,
in the Miocene, the thermal structure was disturbed due to the overlapping of relatively
cool deposits of the Outer Carpathian orogen, and the process of rebuilding the thermal
equilibrium as a result of this event continues to the present [73].

Considering the more likely model of heating associated with the development of
the pull-apart basin, the potential source rocks of the Paleozoic could have achieved the
thermogenic hydrocarbon generation phase in the Permian–Triassic, whereas during the
Miocene, tectonic burial could only slightly reactivate the generation process. With the
adoption of a less probable model, in which heat flow is constant over time, the above-
mentioned processes reached generation phases in the Late Miocene. In the more likely
Variscan or pull-apart heating model, any generated hydrocarbons were dispersed in
the Late Triassic to Early Jurassic, and/or in the Paleogene, due to the lack of regional
sealing [73]. To summarize, in the study area, an Early Mesozoic thermal event caused
hydrocarbon generation in Paleozoic source rocks, and no overprint occurred later in
the Miocene.

The relatively low thermal maturity of Carboniferous strata under the Carpathian
overthrust and a coal rank pattern similar to that of the more northern part of the Upper
Silesian Coal Basin not covered by the Carpathians, e.g., [85], in addition to thermal
modelling results [86,87], show that the Carpathian overthrust and development of the
Carpathian Foredeep in the Miocene was most likely too small to reinitiate further thermal
maturation and petroleum generation in either the Czech [87] or Polish parts of the Upper
Silesian Coal Basin [86].

In the Ukrainian region, the autochthonous foreland is part of the SW margin of
the East European Platform and is partially overthrust by the Carpathian orogen. Sedi-
mentary succession belonging to several different sedimentary cycles occurs there. Pre-
Mesozoic rocks in the foreland are overmature, at least within the central and SE parts of
the study area. Therefore, petroleum accumulations in this area are probably confined to
the Mesozoic–Cenozoic sedimentary cover [88].

5.2. Implications for Petroleum Exploration

The easiest apparent interpretation of burial and thermal history in the study area
is the assumption of a dominant role of the Carpathian overthrust over foreland. In
such a case, tectonic load may have caused an increase in subsidence and burial, and in
temperature in rocks below the overthrust [73,89,90]. Alternatively, a two-stage process is
possible, comprising some increase in pre-Late Jurassic and further development under
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the Carpathian overthrust in the Miocene, e.g., [48]. It is rarely assumed that pre-Jurassic
hydrocarbon generation was a major phase of these processes [46,73]. However, Paleozoic
strata occur in very limited areas of the Małopolska Block [40]. The pre-Silurian erosion is
well marked in the whole study area because various Ordovician levels are present under
the Silurian deposits [67]. In addition, Variscan erosion must have been significant [43,46]
because Devonian and Carboniferous strata are known, for example, in the west of the
study area, whereas they do not occur in the Pilzno-40 area [40]. Limited occurrence of
Permian and Triassic sediments is also known [49,72]. Therefore, a significant sedimentary
record was removed by Caledonian, Variscan, and post-Variscan erosion [40,43,49,67]. The
occurrence of Ordovician and Silurian sediments is particularly limited in the study area.
Therefore, it is likely that the interval of the source rocks located within them were only
locally able to generate hydrocarbons (if any) due to the Carpathian tectonic overburden.

The maximum paleotemperature for the top of Silurian strata, calculated from il-
lite/smectite data, is ca. 125 ◦C, whereas the illite K-Ar age for Silurian bentonite is 200 Ma
(Early Jurassic) in the Żukowice-39 well section [74]. Therefore, the maximum paleotemper-
atures of diagenesis of Silurian rocks likely occurred in the Latest Triassic to Early Jurassic
in the study area, corresponding to thermal phenomena that were related to the breakup of
Pangea and an enhanced heat flow related to the opening of the North Atlantic, e.g., ([91]
and references therein). Contemporary, rapid burial-driven diagenesis that occurred due to
development of a pull-apart Liplas–Tarnawa trough and/or other transtensional processes
may also be related to these regional phenomena. Such a tectonic regime implies that
both factors—high heat flow and rapid burial—contributed to diagenesis development.
Moreover, the temperature of 125 ◦C can be transferred into a VR scale, resulting in values
of ca. 0.7%, which are typical for the top of the Silurian in study area, including the Pilzno-
40 area [47,48]. This compatibility between organic diagenesis and mineral diagenesis
suggest that these processes were mainly caused by burial heating. Therefore, the thickness
of Triassic or Permo–Triassic sediments would have been much higher. However, these
sediments survived only in some troughs, such as Liplas–Tarnawa [49,72]. This maximum
heating event caused major phase hydrocarbon generation in Paleozoic source rocks.

Oils in the deposits of the Paleozoic–Mesozoic foreland are very similar to Carpathians
thrust-belt oils, having a light to medium character, with densities of 0.81 to 0.86 g/cm3

and paraffin content of 2 to 9% [89]. Based on geochemical source rock characteristics,
possible source rock candidates for the described fields in orogenic foreland are: Ordovician,
Silurian, Middle-Upper Devonian, Lower Carboniferous of the foreland, and Oligocene
Menilite shale thrust-belt strata [38,47]. All of these source rocks are characterized by
the quantity, quality, and maturity of organic matter that allowed the generation of the
analyzed oils [47]. The oil/source rock correlation for hydrocarbon fields, e.g., Grobla,
Partynia-Podborze, and Tarnów, indicates that oils from the autochthonous foreland are
characterized by the presence of 28, 30-dinorhopane, oleanane, and highly branched C-25
isoprenoid alkane [55]. In addition, in the Czech part of the Carpathian Foredeep, these
biomarkers have been identified [92]. The unequivocal identification of oleanane and
related angiosperm-derived biomarkers indicates that the effective source rock has a Late
Cretaceous-Cenozoic age [93–95]. Więcław et al. [47] and Kotarba et al. [38] assumed
that oleanane in these oils is most likely to be sourced from the Upper Cretaceous rocks
and/or the Miocene strata sealing rocks. Więcław [96] supposed that oleanane was likely
eluted from Cretaceous rocks during the migration of hydrocarbons from Paleozoic source
rocks. Considering that Upper Cretaceous carbonates contain a very low amount of organic
matter, such an elution mechanism seems to be impossible; in particular, Paleozoic oils
would have only migrated through fault systems directly into Cenomanian sandstones. The
contamination of the oil with this biomarker in the sandstone reservoir condition is rather
unlikely in this case. However, generation of these oils by the Oligocene Menilite Shales
was also accepted by Więcław et al. [47] as an alternative explanation because it cannot be
clearly excluded. It should be noted that Upper Cretaceous rocks sealing the Grobla deposit
are carbonates, which are very poor in organic matter; therefore, the admixture from them
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is doubtful, and the Miocene is not directly sealing the oilfield. Therefore, hydrocarbons in
Grobla and adjacent oil fields likely come from the Menilite Shales.

High sulfur content in oils can be related to high sulfur type-II kerogen documented
in the lower Menilite Beds [55–57], which excludes Ordovician–Silurian source rocks.
Due to this sulfur content, kerogen was able to generate oil much earlier and faster than
typical low-S-II type [56,57]. Thus, it appears that the Lower Menilite Shales [55–57] are
the main source of these oils, because Menilite Shales kerogen is mature in the Dukla
Unit and in deep synclines of the Silesian Units [38,54,62]. Therefore, it appears that, as
shown by Nemčok and Henk [63] based on numerical modeling, hydrocarbons migrated
from the Menilite Beds to the foreland. Moreover, hydrothermal quartz from mineralized
joints of the Outer Carpathians contains numerous fluid inclusions, which indicate the
migration of hot (above 200 ◦C) methane-rich fluids from over-pressured sediments with
fluid pressures of 50 to 300 MPa [80]. Hydrocarbons generated in the Menilite Beds were
squeezed and migrated and filled a few traps in the basement of the Carpathian Foredeep.
In contrast, further to the N and NW or NE, this migration did not occur. Therefore, no
hydrocarbon accumulations exist further from the frontal Carpathians thrust (Figure 1). In
Paleozoic source rocks, hydrocarbon generation developed mainly in pre-Jurassic times.
A similar thermal phase was also identified in Carboniferous strata in the Fore-Sudetic
Homocline [97], confirming earlier thermal modeling results [98].

In the study area, the major petroleum reservoir horizon is Cenomanian sandstone
has a thickness of up to ca. 120 m (Figure 10). Considering the very limited occurrence
of Silurian and Ordovician source rocks, which likely generated hydrocarbons in pre-
Middle Jurassic phases, it appears unlikely that they could contribute to the charge of these
Late Jurassic and Cenomanian petroleum fields (Figure 11) because, during hydrocarbon
generation, no reservoir and traps or sealing existed. It is worth noting that the Cenomanian
reservoir extends to the south below the Carpathian overthrust, which may have been
charged by the Menilite Shales.
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quently expose the kerogen to higher temperatures. Any scenario, however, is difficult to 
prove without additional mineralogical, geochemical, and, in particular, thermochrono-
logical research of the Paleozoic–Mesozoic basement. 

6. Conclusions 
The following conclusions can be drawn based on the thermal maturity modeling 

results: 

Figure 11. Simplified maps of: (A) distribution of oil (green dots) and gas (red dots) fields in reservoirs of Cenomanian
sandstones [4], on the thickness (in m) of Cenomanian strata [35]. Dark green lines show the pattern of the Ordovician–
Silurian source rocks [40]. (B) Hydraulic conductivity (in m3/s × 10−5) in Cenomanian sandstones [35]. The orange
line shows the northern extent of the Miocene sediments. The bold black line shows the northern occurrence of the
Outer Carpathians. Note that the southern extent of Cenomanian sandstones is under the Outer Carpathians. Hydraulic
conductivity values increase with the thickness of Cenomanian sandstones.

Picha [2] postulated that one of the many factors affecting thin-skinned thrust belts
and their foreland is late orogenic normal, reverse, and strike-slip faulting, which occurs in
the foreland and sometimes extends into the overlying thin-skinned thrust belts. These
processes are active during the late phases of convergence, when subduction-driven thin-
skinned thrusting ceases, and the remaining convergence and geometric adjustment occur
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mainly within the foreland plate [2]. As major petroleum generation and migration in both
the thrust belt and the foreland usually occur in the late orogenic phase, this faulting could
influence the development of migration pathways, particularly in the outermost part of
the fold-and-thrust belt, as in the study area in the Carpathians. In the Austrian part of
the Alpine fold-and-thrust belt, hydrocarbon migration from sub-thrust Oligocene source
rocks into the undeformed foreland Cenomanian reservoirs by the fault system has also
been emphasized [7]. The possibility of filling the reservoirs in the Mesozoic basement
with the hydrocarbons generated within the Carpathian flysch strata suggests that other
structures similar to the Ukrainian Lopushna field may have accumulated hydrocarbons,
and that new discoveries of such fields are possible [99].

Generally, Paleozoic source rocks were subjected to several heating/cooling phases
due to burial and tectonic inversion that occurred in the Late Paleozoic and Mesozoic.
Therefore, it appears that during the Miocene Carpathian tectonic burial, Paleozoic source
rocks were almost completely exhausted and unable to generate hydrocarbons. In terms of
petroleum exploration, the modeling exercise and geological consideration presented here
has important implications for the timing of maturation of Paleozoic source rocks in the
study area. If Paleozoic source rocks are present, they will make a significant contribution
to the hydrocarbon charge only in those areas that experienced relatively low heat flow
and low burial during the pre-Middle Jurassic period, and where sufficient Late Jurassic–
Cretaceous or Carpathian overthrust in Miocene burial has occurred to subsequently expose
the kerogen to higher temperatures. Any scenario, however, is difficult to prove without
additional mineralogical, geochemical, and, in particular, thermochronological research of
the Paleozoic–Mesozoic basement.

6. Conclusions

The following conclusions can be drawn based on the thermal maturity modeling results:

• Tectono-thermal evolution excludes Paleozoic source rocks of the foreland from being
an effective and important source rock for many Mesozoic petroleum fields in the
autochthonous foreland, at least in the study area.

• In the frontal Carpathian orogenic wedge, the Paleozoic source rocks in the basements
likely reached maximum heating in the Late Triassic to Early Jurassic period, which
caused a major phase of hydrocarbon generation.

• The hydrocarbon potential of Paleozoic source rocks was exhausted before Upper
Jurassic and Cenomanian reservoir rocks and traps were formed. Consequently, the
majority of hydrocarbons generated during the pre-Jurassic stages were lost. Thus,
it can be concluded that the hydrocarbons contained in Mesozoic reservoirs were
charged by younger source rocks, i.e., occurring within the Outer Carpathians, such
as the Oligocene Menilite Shales.

• This work shows that more comprehensive mineralogical, geochemical, and, in partic-
ular, thermochronological research of the Paleozoic–Mesozoic basement is necessary
for petroleum system analysis in this region. In particular, explanation of pre-orogenic
evolution is crucial for establishing effective source rocks for hydrocarbon charge in
Mesozoic reservoirs. Combined with seismic data, this would likely help in hydrocar-
bon exploration in the pre-Miocene basement of the Carpathian Foredeep.
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circum-Carpathian region. In The Carpathians and Their Foreland: Geology and Hydrocarbon Resources; Golonka, J., Picha, F.S., Eds.;
AAPG Memoir: Washington, DC, USA, 2006; Volume 84, pp. 11–46.
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45. Zając, R. Stratigraphy and facies development of the Devonian and Lower Carboniferous in southern part of the Carpathian
Foredeep. Kwart. Geol. 1984, 28, 291–316, (In Polish with English Summary).

46. Dudek, L.; Strzetelski, J.; Botor, D.; Florek, R. Petroleum potential of the Mesozoic-Paleozoic basement in the Bochnia–Tarnów
area. Prace Inst. Górnict. Naft. Gazow. 2003, 122, 1–68, (In Polish with English Summary).
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