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The aim of this work was to establish the structure of a crystalline basement along the previously constructed regional
cross-section located in the westernmost part of the Polish Outer Carpathians. The analysis of the gravity and magnetic
data, additionally constrained by the borehole information, geological maps and seismic profile was carried out to antici-
pate the depth to the crystalline basement. Based on the qualitative interpretation, several basement-rooted faults were
delineated that in some cases most probably affected the structural evolution of the Carpathians Fold and Thrust Belt.

Moreover, along the entire cross-section, the basement seems to be located much deeper than previously anticipated.
Lastly, the 2D potential fields modelling indicates that a continuous sedimentary cover, most probably represented by
the Devonian and Carboniferous sequence or Miocene sediments of the Carpathian foredeep, may be expected below
the Carpathian nappes along the whole cross-section length.
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1. Introduction

The Silesian Unit in the westernmost part of the Polish
Outer Carpathians Fold and Thrust Belt (OCFTB) ex-
hibits simple, almost homoclinal character. The sedimen-
tary sequence of the Silesian Unit starts with the oldest
Vendryné Fm. of the Upper Jurassic—Lower Cretaceous
age (formerly the Lower Cieszyn Beds) and ends up with
the youngest, Oligocene Krosno Fm. (Burtan 1973). Based
on the field observations, a total stratigraphic thickness of
this sequence equals to c¢. 5400 m, of which at least 2500 m
is accounted for by the Godula Fm. alone. However, even
more than 3000 m of the stratigraphic thickness was postu-
lated by Stomka and Stomka (2001) or Picha et al. (2006).

On the other hand, the published maps of the sub-
Carpathian basement show its top at depths no greater
than 3000 m b.s.l. in the southern part of the Silesian
Unit (Buta and Habryn 2008) or even 2000 m b.s.l.
as stated by Paul et al. (1996b). Assuming no drastic
thickness variations within the sedimentary sequence
of the Silesian Unit, such estimations of the basement
depth are inconsistent with the known thickness of the
Silesian Unit. Having this in mind, the rationale behind
our work was to resolve this inconsistency and verify the
actual depth and structure of the sub-Carpathian basement
along a regional cross-section (Figs 1 and 2). In order to
achieve this goal, a joint 2D quantitative interpretation

of gravity and magnetic data was performed along this
regional cross-section. The interpretation was supported
by the qualitative analysis of magnetic and gravity maps
and their derivatives to recognize structural features in
the sub-Carpathian basement.

Validation of geological cross-sections through a 2D
forward gravity and magnetic modelling is a well-estab-
lished method of de-risking used in subsurface prospect-
ing and exploration (e.g. Kadima et al. 2011; Nemcok et
al. 2013; Rippington et al. 2015). The principal challenge
within this method is, among others, in distinguishing the
source of the gravity and magnetic anomalies, and wheth-
er they relate to superposed geological bodies or a single
body mappable over a large area (Rippington et al. 2015).

In the western part of the OCFTB, the basement com-
prises part of the Brunovistulicum Terrane (e.g.: Buta and
Zaba 2008; Zelazniewicz et al. 2011; Buta et al. 2014).
The sub-Carpathian geology of the Polish part of the
Brunovistulicum was extensively elaborated on mainly
by Buta, Zaba and Habryn (e.g.: Buta and Zaba 2008;
Buta and Habryn 2008 and references therein). Because
of great depths, the basement structure was investigated
mainly by geophysical, usually non-seismic, methods
(e.g.: Bojdys and Lemberger 1986; Rytko and Toma$
1995; Kroélikowski and Mtynarski 2003; Stefaniuk 2006;
Grabowska et al. 2007; Stefaniuk et al. 2007; Bojdys et
al. 2008), however, some deep boreholes, such as Bystra-
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IG1, managed to reach it even in the more central part of
the OCFTB (Zytko 1978).

In publications of Grabowska et al. (2007) only few
magnetic anomalies were identified in the entire research
area and its immediate vicinity. In the eastern part, a sig-
nificant magnetic high (the Jordanow anomaly), related to
a deep basement, is reported, while to the north, in the area
of Andrychow, Bielsko—Biata and Czechowice, a group
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of smaller positive anomalies was identified. The origin
of these anomalies is linked to the mafic rock intrusions
(teschenites) found in the northernmost part of the Silesian
Nappe, as well as to an elevated crystalline basement in
the Andrychow area. The gravity map (a Bouguer anomaly
map) reflects rather simple structure; however, the residual
anomalies clearly indicate an anomalous zone related to
the Zywiec tectonic window and the Andrychow zone.

A remarkable analysis of the
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structure of the basement in the
eastern part of the Czech Re-
public was delivered by Gnojek
/ and Hubatka (2001). Based on
/ geophysical and borehole data,
4 the authors not only created a
detailed structural map of the
basement, but also provided
a geological interpretation of
anomalies visible on the mag-
netic maps. Because of the close
vicinity and geological simi-
larity, it is believed that those
results may also represent the

character of the basement struc-
ture in the current study area.
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In the paper by Gnojek and
Hubatka (2001), two magnetic
highs were distinguished, both
of which exhibit a roughly lati-
tudinal trend. The northern and
the southern magnetic highs,
named the Silesian Regional
Anomaly (SIL) and the South
Moravian—Beskydy Anomaly
(SMB), respectively, are separat-
ed by a magnetic-low zone. This
is interpreted as two basement
blocks divided by a suture zone
of Cadomian age. Those anoma-
lies continue into the Polish
territory; however, the magnetic
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Fig. 2 Regional cross-section after Starzec et al. (2017), slightly modified. I — anticipated Paleozoic sediments based on seismic reflections pattern,
II — horst-and-graben-like structures in the Carpathian basement interpreted based on well data and geological maps, ? — “no data zone” — unknown

structure of the Carpathian basement.

low zone (i.e. the stipulated suture) narrows significantly.
The SMB anomaly is composed of several small-scale
anomalous zones, one of which, the Beskydy Anomaly
(BES), lies close to the southern part of the research area.

2. Geological setting

The Outer Carpathians Fold and Thrust Belt is an arcuate
orogen extending for more than 1300 km from Austria to
Romania. Its origin is related to rifting of the European
Platform followed by the collision of several microplates
(e.g.: Golonka et al. 2006). The Outer Carpathians pos-
sess a fold and thrust belt architecture, where the thin-
skinned tectonics style predominates; however, some
authors indicated the possibility of basement shortening
during the compression episode (e.g.: Slaczka et al.
2006). The OCFTB is composed of several tectonic units,
often referred to as nappes, each exhibiting a unique sedi-
mentary sequence that corresponds to a specific basin.
The units were unrooted and thrust onto their foreland.

In the structure of the westernmost part of the OCFTB,
the following units can be distinguished (from south
to north) (Figs 1 and 2): (1) the Magura Unit which is
composed of several second-order units or zones, (2) the
Fore-Magura Unit forming a narrow belt in its front, (3)
the Silesian Unit with a complete lithostratigraphic pro-
file exposed on the surface and (4) the Andrychow Unit
or series, formerly regarded as the Sub-Silesian Unit, and
currently as a unit composed of folded Miocene deposits
that can be related to the Zgtobice Unit in central and
castern part of the Polish Carpathians (Wojcik et al. 1999;
Wojcik and Nescieruk 2000).

2.1. Magura Unit

The Magura Unit is located in the most central part of
the OCFTB and is traditionally subdivided into the fol-
lowing second-order subunits or zones (from the south to

the north): the Krynica, Bystrica, Raca and Siary subunits
(e.g. Koszarski et al. 1974; Oszczypko 1992). Numerous
authors suggested rather flat and shallow morphology of
the basal thrust of the Magura Nappe that is overthrust
above the tectonically lower units (e.g. Zytko et al. 1989;
Nemcok et al. 2006). Previous interpretations of the sub-
surface structure of the western part of the Carpathians
assumed the continuation of the Fore-Magura and Sile-
sian units below the Magura Unit, which implied also a
significant thinning of the sedimentary sequence of the
Silesian Unit (e.g. Rytko and Zytko 1980; Zytko et al.
1989; Paul et al. 1996a, b; Oszczypko 2004; Golonka
2007b; Golonka et al. 2011; Gorecki 2011). However,
based on new seismic data it was suggested that the
Silesian Unit terminates abruptly just below the front of
the Magura and Fore-Magura units, while beneath the
Magura Unit cover, series of duplexes formed within
the Fore-Magura succession (an equivalent of the Dukla
Unit) is present (Starzec et al. 2017) (Figs 1-2).

Within the research area, the Magura Unit is repre-
sented by the Bystrica, Raca and Siary zones, which
differ from each other in both sedimentary succession
and structural style (e.g. Sikora and Zytko 1960; Rytko
et al. 1992; Starzec et al. 2014). In general, the oldest
sediments recorded in this part of the Magura Unit belong
to the Upper Cretaceous Malinowa Shale Fm. (Sikora
and Zytko 1960; Oszczypko et al. 1990). It is followed
by a thick sequence of turbiditic sandstones and shales
that formerly was included into one lithostratigraphic
division, named Inoceramian Beds (e.g. Ksiazkiewicz
1974), and later separated into the Jaworzynka Fm. with
the Mutne Sandstone Member occurring in the northern
Siary zone and the Ropianka and Szczawina forma-
tions in the southern zones (e.g. Sikora and Zytko 1960;
Oszcezypko 1992; Cieszkowski et al. 2007). These for-
mations represent the Upper Cretaceous—Paleocene time
span (e.g. Malata et al. 1996; Oszczypko et al. 2005).
At the transition time from the Paleocene to Eocene,
the sedimentation of the variegated shales started in the
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whole Magura Basin, forming the Labowa Shale Fm.
(Oszczypko et al. 2005). Subsequently, during the middle
Eocene, in the southern zones, shales were replaced by
thin-bedded sandstone—shale facies of the Beloveza Fm.
(Oszczypko et al. 2005; Golonka and Waskowska 2012).
In the northern part of the Raca zone this formation con-
tains also thick-bedded sandstone body distinguished as
the Pasierbiec Member (e.g. Rytko et al. 1992; Golonka
and Waskowska 2012). The youngest deposits, but also
the thickest within the Magura Unit succession, are rep-
resented by the Magura Fm. in the southern zones and
the Zembrzyce Beds in the Siary zone (e.g. Ksigzkiewicz
1966; Oszczypko et al. 2005).

According to the surface data, the present architecture
of the Magura Unit comprise thrusts or slices of variable
scale accompanied by thrust-related folds. Numerous
north—south trending (perpendicular to thrusts), normal
or transtensional faults are also present (Fig. 1).

2.2. Silesian Unit

The lithostratigraphy of the Silesian Unit includes a
continuous sequence starting from the Vendryné Fm.
(previously known as the Lower Cieszyn Beds) of the up-
permost Jurassic—lowermost Cretaceous age up to the Oli-
gocene Krosno Fm. Traditionally, the Silesian Unit in the
study area is subdivided into two subunits, i.e. the Godula
and Cieszyn units (Paul et al. 1996a) (Fig. 1). The Cieszyn
Unit consists mainly of the Vendryné Fm. covered by the
Cieszyn Limestone Fm., Hradisté (Grodziszcze), Vefovice
and Lhoty formations of the Jurassic to lower Cretaceous
age. The bulk of the Godula Unit comprises the Godula
and Istebna beds of the Upper Cretaceous—Paleocene
age that are most probably underlain by the above-listed
Jurassic—Lower Cretaceous formations known from the
Cieszyn Unit. The youngest deposits of the Godula Unit
are represented by the Eocene Hieroglyphic Fm. with the
Ciezkowice Sandstones covered by the Oligocene Menil-
ite and Krosno formations, which document the last stage
of the Silesian Basin evolution. Unlike the Magura Unit,
the Silesian Unit exhibits a simple homoclinal structure
dipping to the south at ¢. 20° with some minor thrusts
located in its northern part (Starzec et al. 2017).

The basement of the Polish OCFTB is composed
of two tectonic units, also referred to as terranes
(Fig. 1). The eastern unit, i.e. the Malopolska Terrane
(Zelazniewicz et al. 2011), formed a part of the Baltica
realm since the Late Neoproterozoic times (e.g.: Naw-
rocki and Poprawa 2006), and its geotectonic history
was similar to that of the Baltica Craton. The western
unit, named the Brunovistulicum Terrane (Zelazniewicz
et al. 2011), exhibits a different and not so unambiguous
Paleozoic evolution. During the disintegration of the
Pannotia Continent, the Brunovistulicum was most prob-

ably located close to the Avalonian part of the Gondwana
Continent. However, different positions and wonder-
paths of this unit during the early Paleozoic times were
also proposed (e.g., Moczydtowska 1997; Cocks 2002;
Malinowski et al. 2005; Nawrocki et al. 2004; Cocks and
Torsvik 2005; Stampfli and Kozur 2006; Kalvoda et al.
2008). During the opening of the Rheic Ocean, the Bru-
novistulicum most probably drifted northward as a part
of the Eastern Avalonia microcontinent (e.g.: Golonka
2007a; Golonka et al. 2009a; Gawgda and Golonka 2011).
From the Middle Devonian to the Late Carboniferous the
Brunovistulicum was covered by a sedimentary sequence.
The Devonian sediments are dominated by carbonates
related to extension-dominated epicontinental basin,
which continued into the earliest Carboniferous (Narkie-
wicz 2007). During the late Viséan, the Brunovistulicum
underwent a significant tectonic subsidence in response
to the formation of the Variscan Orogen. A few kilometer
thick sequence of a culm facies, i.e. syn-orogenic, ter-
rigenous sediments, was deposited during these times
(Narkiewicz 2007). In the Late Carboniferous period, the
eastern part of the Brunovistulicum (the Upper Silesian
Basin) was covered by a post-orogenic molasse with
abundant coal layers (e.g. Kotas 1994). The Paleozoic
sediments or crystalline basement rocks are covered di-
rectly by the Miocene sediments of the Carpathian fore-
deep (Buta and Habryn 2008).

Despite that the basement in the westernmost part of
the Polish OCFTB lies shallower than its eastern part, it
is still not well explored. Current geological investiga-
tions carried out in Poland and summarized by Buta and
Zaba (2008) and Buta et al. (2014) indicated a complex
structure of the Polish part of the Brunovistulicum com-
posed of metamorphosed Ediacaran sediments of flysch
affinity, as well as of crystalline rocks of various origin
and age ranging from the Archean to Early Paleozoic,
often with Variscan metamorphic overprint. Within the
research area and in its vicinity, the results of deep ex-
ploration drilling in Poland and in the Czech Republic,
supported by geophysical investigations, allowed to dis-
tinguish two separate zones composed of both mafic and
felsic rocks, i.e. the Jablunkov Massif and the Andrychow
Massif, respectively (Gnojek and Hubatka 2001; Picha et
al. 2006; Buta and Zaba 2008). The Jablunkov Massif is
built of gabbros and gabbronorites while the Andrychow
Massif is composed of silica-rich metamorphic rocks.

3. Constraining the structure of the OCFTB
along the regional cross-section — data
and methods

A regional geological cross-section, for simplicity
referred to as the Carpathica 2018, was developed by
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Starzec et al. (2017) in the framework of the Blue Gas
II-ShaleCarp Project and refined during further re-
search. It was constructed using various data, described
below, that allowed to reliably determine the structure
of the Carpathian Fold and Thrust Belt, while the infor-
mation about the sub-Carpathian units was only poorly
represented.

3.1. Well data

Numerous wells provide information regarding the
sedimentary cover and the crystalline basement in
the research area (Fig. 1). In the northernmost part of
the Carpathica 2018 cross-section, the Precambrian
rocks were reached by Ustron C-1, Ustron 1G-2, Ustron
IG3 and Ustron U-3A wells; moreover, all these wells
encountered also the Devonian and Lower Carbonifer-
ous strata above the crystalline basement. To the east,
Lodygowice-IG1 and Bystra-IG1 wells encountered the
basement metamorphic rocks directly below the Car-
pathian sedimentary cover or below a relatively thin lay-
er of brecciated rocks regarded as the Miocene deposits
(Zytko 1978). In the southern part S61-8 well reached
2000 m MD (measured depth), but only the Magura Unit
was intercepted. To the west, in the Czech Republic,

four deep wells were located in the close vicinity of
the Polish border (Picha et al. 2006). Except for Dolni
Lomna-3 well, the Carboniferous and Devonian sedi-
ments were found in all other wells. In Jablunkov-1 and
Dolni Lomna-3 wells, diorites and metamorphic rocks
were drilled, respectively. The stratigraphic profiles for
the Polish wells were derived from the Central Geologi-
cal Database (CBDG) (http://geologia.pgi.gov.pl) and
from the Explanations to the Detailed Geological Maps
of Poland (Wojcik and Nescieruk 2000; Nescieruk and
Woéjcik 2001a, b), while the paper of Picha et al. (2006)
was used for the Czech wells.

3.2. Geological maps

For the southern part of the research area occupied by
the Magura and Dukla units, a new geological map was
compiled with numerous dip measurements available in
a digital form (Starzec et al. 2014). The northern part,
occupied by the Silesian Unit, is covered by the public-
domain “Skoczow” and “Wista” sheets of the Detailed
Geological Map of Poland 1:50,000 (Burtan 1973;
Nescieruk and Wojcik 2001a, b). All structural features
and dip measurements were digitized along the cross-
section and its immediate surroundings. For a major part
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Fig. 3 Cross-section showing the subsurface structure of the Godula Subunit: a — Cross-section extrapolated from the surface data, an outcrop-scale
homoclinal structure of different parts of the subunit is shown in the photos: (al) sequence of thin- to thick-bedded sandstones typical of the Lower
Godula Beds, (a2) sequence of mainly thin- and medium-bedded sandstone—shale interbeddings characteristic of the Upper Godula Beds, (a3) thin-
bedded black shales intercalated with sandstones and siderites typical of shaly interval of the Upper Istebna Beds. Arrows indicate dip direction, scale
bar equals 0.5 m; b — Geometry of strata approximated with the use of the Move Software by projection from dip data with the kink-band method.

165



Jan Barmuta, Mateusz Mikotajczak, Krzysztof Starzec

of the Silesian Unit, the strike and dip measurements 3.3, Seismic data
and outlines of the lithostratigraphic units were the only
available structural data used for geological cross-section ~ The structure of the Carpathian units in the southern part

preparation. However, due to its simple, homoclinal char- ~ of the cross-section was resolved based on the surface
acter, it was possible to reliably reproduce the structure ~ geology as well as on the 2D seismic data (Figs 2-4). The
of this unit using a kink-band method. designed acquisition array anticipated a 40 meter offset
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Fig. 4 Uninterpreted (a) and interpreted (b) seismic profile. Arrows point to the (1) assumed thrust within the Devonian and Carboniferous sequence
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between the shotpoints and a 20 meters spacing between
the receivers. However, due to difficult terrain conditions,
the resultant acquisition geometry was highly irregular
with numerous shot points missed, which significantly
reduced the effectiveness of processing procedures. An
explosive type of source was used to induce an acoustic
wave. One of the main problems encountered during the
seismic data processing step was the low signal to noise
ratio and strong refraction and surface waves effects
masking the useful signal. The processing was carried out
in three steps: the Post-Stack Time Migration (PostSTM),
Pre-Stack Time Migration (PreSTM) and Pre-Stack Depth
Migration (PreSDM). Results of the processing were
verified and guided by a preliminary interpretation. The
PreSDM version, considered as the most reliable, was
chosen for the final interpretation. The interpretation pro-
cess was performed in a “top-to-bottom” manner, where
the shallow structure, poorly imaged on the seismic data,
was constrained by a limited borehole information (e.g.:
S61-8 well), geological maps and dip measurements and
thereafter linked up with seismic horizons visible in the
deeper part of the seismic profile. This approach allowed
also to tentatively identify the lithostratigraphic units on
the seismic profile, as the available borehole data were
sparse and incomplete, thus making a classic seismic-to-
well tie analysis impossible.

4. The structure of the OCFTB along the
Carpathica 2018 cross-section

In the northern segment of the cross-section, the sub-
Carpathian sedimentary complex as well as the crystal-
line basement are well constrained by the borehole data
(Figs 1-2). More than twenty boreholes located within
the Cieszyn Subunit area (Fig. 1) reached the Carpathian
sole thrust. They reveal that the thickness of the Carpath-
ian sedimentary cover in this area is relatively low but
highly variable. It ranges from c. 200 m to almost 700 m,
being significantly lower only in the northernmost mar-
ginal zone of the Cieszyn Subunit. No clear trend of the
sedimentary cover thickening toward the central part of
this subunit or along its strike can be inferred from the
borehole data alone. Some boreholes located within the
middle part of the Cieszyn Subunit (e.g. Pogoérz 2 and 7)
show even thicker interval of the Carpathian units’ cover
than the ones located in its southernmost part (e.g. Ustron
IG-2 and IG-3). Specifically, 629 m and 695 m of the Up-
per Jurassic to Lower Cretaceous deposits were recorded
in the two Pogorz boreholes, whereas 600 m and 523 m
were observed in the southern ones. On the other hand,
there are instances in which closely spaced boreholes
display significant differences in thickness of the Carpath-
ian sedimentary cover, e.g. 232 m in Pogérz 1 and 629 m

in Pogorz 2 (Fig. 2). Such differences are most probably
related to geometry of the basement that is formed here
by the Brunovistulicum Terrane. According to Kotas
(1994), the south-eastern part of the Brunovistulicum is
cut mostly by normal faults dividing it into latitudinal
orientated horsts and grabens.

Between the basal thrust of the Cieszyn Subunit and
the basement, a sequence of Miocene deposits is present.
Within this sequence, the upper part is usually regarded
as an olistostrome, known as the Andrychow series, while
the lower part represents the autochthonous molasse of
the Carpathian Foredeep of the middle Miocene age. The
thickness of the top part reaches up to 400 m in the north
(i.e. Pogodrz 1) and slightly exceeds 500 m in the south-
ern part of the Cieszyn Subunit (Ustron 1G-3). On the
other hand, the thickness of the autochthonous Miocene
deposits decreases to the south from c¢. 500-600 m at the
margins of the Cieszyn Subunit to ¢. 300 m in its middle
part (e.g. Ogrodzona 1 and Migdzy$wie¢ H-2 boreholes).
The Miocene sediments disappear at a distance of
c¢. 12—13 km south of this subunit thrust (Moryc 2005),
thus Ustron IG-2 and IG-3 boreholes drilled only through
the Andrychow series, and then entered directly the base-
ment rocks (Fig. 2). As stated by Moryc (2005), the horst
and graben structure of the basement controls the thick-
ness of the Miocene sediments.

The top part of the basement is built of almost horizon-
tal deposits representing the Devonian and Carboniferous
sedimentary cover of the Brunovistulicum Terrane. De-
posits of the first period are represented by dolomites and
limestones, subordinately interbedded with mudstones.
The whole complex is densely fractured. The Devo-
nian sediments are overlain by the Lower Carboniferous
clastic deposits of the Culm facies, mostly sandstones
and mudstones alternating with conglomerates. These
deposits represent the uppermost part of the basement
sedimentary cover present below the southern part of the
Cieszyn Subunit. To the north, the Lower Carboniferous
sequence is covered by the Upper Carboniferous clastic
sediments with abundant coal seams. The whole Devo-
nian and Carboniferous sequence reaches almost 700 m
in thickness (Ustron IG-3 borehole).

Within the studied part of the Cieszyn Subunit the
crystalline rocks of the basement are known only from
four boreholes, i.e. Roztropice 1, Ustron 1G-3, Krasna 1
and Puncéw 1 (Fig. 1). In all of them the basement is
built of metamorphic rocks, mostly biotite and migma-
tite gneisses, crystalline schists and diabases (Konior
and Tokarski 1959; Heflik and Konior 1974; Heflik and
Moryc 1996). The structural pattern of the crystalline
basement surface shows a maximum elevation in the
area of Kety—Bielsko Biata, where it reaches depths of
1500 m b.s.l. According to Moryc and Heflik (1998), the
basement elevation decreases to the north, south and east,
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whereas to the west it remains at constant depths, which
is suggested by Bystfice 2 borehole on the Czech side
of the Carpathians. Therefore, the discussed area of the
Cieszyn Subunit is situated at the northern slope of this
basement elevation.

The more central parts of the Silesian Unit, belonging
to the Godula Subunit, lack any subsurface control. No
boreholes, nor seismic data are available for this area. The
structure of this subunit can only be extrapolated from
the surface data. The well exposed Upper Cretaceous to
Oligocene sedimentary sequence of this subunit. It reveals
a rather simple, homoclinal structure; still, a repetition
of the lowermost interval evidences the presence of at
least two thrust sheets within this subunit (Fig. 3a). The
stratigraphic thickness of the sequence is estimated at c.
4500-5000 m. Assuming a constant layer thickness, an
extrapolation of the surface data yields an excessive thick-
ness of the Godula Subunit in relation to the postulated
depth of the basement in this area (Buta and Habryn 2008;
Paul et al. 1996b). A space significantly exceeding 5,000
m would be needed in order to accommodate the entire
sequence of the Godula Subunit (Fig. 3b).

The internal structure of the Carpathian units, as well
as depth to the basement in the southern part of the cross
section, were resolved based on the interpretation of
the seismic data (Figs 2 and 4). The Magura and Fore-
Magura units crop out at the surface along the seismic
profile. The main thrust of the Magura Unit exhibits a
rather flat geometry; however, its shape is affected by an
anticlinal stack formed within the underlying Dukla Unit.
The thickness of the Magura Unit reaches c. 3000 m. In
the northern part of the seismic section the pinching-out
sedimentary sequence of the Silesian Unit is present.
A pronounced seismic reflection is observed at ¢. 4000 m
b.s.l. Due to the lack of well control, it was impossible
to correlate it with any specific geological horizon.
Nevertheless, it indisputably represents the base of the
Carpathian units. Based on the similarity to the seismic
signal characteristics observed on a seismic section in
the Andychow—Lachowice area (Golonka et al. 2009b),
as well as the results of the wells drilled in the Czech
Republic (see above), it was assumed that this horizon
could represent the top of the Devonian—Carboniferous
sequence. Our interpretation proved that thin-skinned tec-
tonics prevailed in this area but indicators of basement-
involving tectonics are also visible (Figs 2, 4).

5. Potential fields data analysis

5.1. Data origin and description

The gravity and magnetic data were provided in a digital
format by the National Geological Archives of the Polish

Geological Institute — National Research Institute. The
gravity data provided by the Polish Geological Insti-
tute represent the Bouguer anomaly. The international
gravimetric standard IGSN71 datum was used, while the
theoretical gravity was based on the GRS80 (Geodetic
Reference System ‘80) reference ellipsoid. The Free
Air Gravity data were enhanced by a complete Bouguer
reduction for an infinite horizontal slab with density of
2.67 g/cm? using a digital elevation model (DEM) from
Shuttle Radar Topography Mission 30 Plus (SRTM30P-
lus). The gravity data set employed in this study consists
of gravity measurements derived from over 17 000
ground stations completed between 1972 and 1983 dur-
ing numerous projects. The measurement points cover
the study area regularly, with an average of 5.5 points
per square kilometer. The gravity data were gridded at a
500 m interval using a minimum curvature algorithm. The
total magnetic intensity (TMI) grid was compiled from
the ground and airborne surveys conducted between 1945
and 2004. The magnetic data were gridded at a 500 m
interval and upward continued to 500 m mean terrain
clearance (Fig. 5). The reduction-to-pole (RTP) transform
was applied to the magnetic data. It attempts to simplify
the magnetic field by rotating the magnetic vector to be
vertical, thereby centering all magnetic anomalies above
their causative bodies (MacLeod et al. 1993). In other
words, after the RTP transform, the TMI can be regarded
as measured at the north magnetic pole.

5.2. Data enhancements

Total horizontal derivatives (THD) were used to enhance
specific signatures of gravity and magnetic fields and as-
sociate them with the corresponding geological structures
(Figs 5-6). These were calculated using a combination
of two software packages: the Geosoft Oasis Montaj™
and Getech’s non-commercial software (GETGrid). The
THD shows distinct linear trends along locations of faults
that juxtapose blocks of contrasting density (Grauch and
Cordell 1987). Consequently, it is a powerful tool for
mapping fault trends that may have placed sedimentary
rocks against the crystalline basement.

Quantitative modelling for this study was carried
out along the Carpathica 2018 cross-section using the
Geosoft GMSYS 2D forward modelling package with
model layers of infinite length. This modelling technique
enabled the conversion of seismically interpreted hori-
zons into the geological bodies present within the model.
Each of these bodies appeared as a polygon with a den-
sity and magnetic susceptibility assigned. The software
forward-calculated the gravity and magnetic response of
the model, using the techniques outlined in Talwani et
al (1959) and Talwani and Ewing (1960) for the gravity
and Talwani and Heirtzler (1964) and Talwani (1965) for
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overlain on: a — Complete Bouguer anomaly map filtered with a 2 km
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the magnetics. The model was then interactively adjusted
until a satisfactory fit between the synthetic response and
the observed gravity and magnetic profiles was obtained.

18°40'E

18°50'E 19°10'E 19°20'E

T T
18°40'E 18°50'E

18°40'E 18°50'E 19°0'E 19°10'E 19°20'E

T
18°50'E

T
18°40'E

T T T
19°0'E 19°10'E 19°20'E

Fig. 6 Qualitative interpretation of gravity data. Structural elements
overlain on: a — Total horizontal derivative of the Bouguer gravity
and b — Total horizontal derivative of the RTP magnetics. Both filtered
with a 2 km low-pass filter. B-B low stands for the Bielsko—Biata Low.

Gravity and magnetic models are non-unique; this
means that there is a multitude of density and suscepti-
bility configurations that can produce an anomaly of the
same amplitude and wavelength. However, the plausibly
resolved structure of the Carpathian units along the cross
section, along with the density measurements from wells
(Grabowska et al. 2007; Bojdys et al. 2008) and the re-
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Fig. 7 Simplified geological map of the research area with gravity (solid red lines) and magnetic (solid orange lines) lineaments juxtaposed. Color

coding for individual units as in Fig. 1b.

sults of refraction experiments for the Moho and top limit
of the lower crust (Majdanski 2012) significantly reduced
the number of possible solutions (Tab. 1). Based on the
available data, the low density contrasts were assumed to
be present within the Carpathian sedimentary succession.
Since the Moho is practically flat in the study area, the

pattern of gravity anomalies is influenced mostly by the
crystalline basement configuration. The basement geom-
etry and composition also control magnetic anomalies
owing to negligible susceptibility of sedimentary rocks
of the Carpathian units, the Paleozoic cover and the Mio-
cene foredeep (Gnojek and Hubatka 2001).
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5.3. Interpretation

The main objective of the potential field study was to
model the geometry of the Precambrian basement along
the Carpathica 2018 cross-section. However, a qualitative
analysis was carried out over a much larger area in order
to investigate its broader structural context.

The obtained Bouguer anomaly values range from
—58 to +11 mGal in the south and north, respectively
(Fig. 5). There is a gradual southward increase of grav-
ity force values, with positive anomalies aligned along
the northern limit of the study area. The total horizontal
derivative (THD) of the gravity data reveals ten struc-
tures, which are oriented in two dominant directions:
(1) NE-SW in the western and southern parts of the area,
and (2) W-E in its eastern part (Fig. 6). These features cor-
respond to some structural elements that are shown on the
geological map of the area (Figs 1 and 7). Lines marked as
1-4 (Figs 5-0) correlate perfectly with traces of the Carpath-
ian thrust faults (Fig. 7). Consequently, the thrust planes
have to represent the important density contrasts, and due to
the shallow position, the associated gravity anomalies pre-
dominate over those related to the basement irregularities.

The Reduced-to-Pole (RTP) magnetic anomaly map
clearly outlines the Bielsko—Biala magnetic low (B-B
Low) (=78 nT) and So6l magnetic high (S61 High) (+65 nT)
(Figs 5b, 6b). These anomalies most probably represent
lateral variations in the susceptibility of the basement
rocks rather than basement depression or elevation. Such
interpretation is suggested by the 2D modelling exercise
described in the paragraph below and by previous studies
carried out in the neighboring areas. The S61 magnetic
high belongs to the South Moravian—Beskydy regional
magnetic anomaly (Gnojek and Hubatka 2001) that contin-
ues beyond the Czech Republic into Poland and Slovakia.
Several authors postulated a deep position of the basement
in this area (Rytko and Tomas 1995; Paul et al. 1996a, b;
Gnojek and Hubatka 2001; Buta and Habryn 2008).

Derivatives of the RTP magnetic data reveal some
structures that might be rooted in the crystalline basement
(Fig. 6). Structures related to the Sol High are oriented
NE-SW, while those associated with the B-B Low en-
circle this feature (Figs 5b and 6b). It seems that some
structural elements interpreted from the magnetic data
represent zones of maximum lateral susceptibility gradient
rather than eventual basement faults. However, three of
the interpreted faults (denoted A, B and C on Figs 5b and
6b) appear in a 2D combined gravity and magnetic model
that was built for the Carpathica 2018 section (Fig. 8).
This suggests that they represent real basement faults.

The integrated quantitative analysis of gravimetric
and magnetic data, including borehole and seismic data,
resulted in a very small root mean error (+2.4 nT for mag-
netics and 0.41 mQGal for gravity data, Fig. 8). The gravity

modelling process included the use of polygons determined
based on surface and seismic data interpretation. Then, for
each polygon, the density value was assigned correspond-
ing to the particular rock type. The densities of rocks used
for modelling (Tab. 1) were adopted from the literature
(Grabowska et al. 2007; Bojdys et al. 2008) and the public-
domain density data from boreholes located close to the
Carpathica 2018 section (Central Geological Database,
http://geologia.pgi.gov.pl). The above-mentioned authors
conducted a broad analysis of rock density for the Outer
Carpathian units. Particularly Bojdys et al. (2008) presented
the density spectrum along a profile parallel to, and located
c¢. 40 km further E of, the Carpathica 2018 cross-section.
For the Precambrian rocks, the density of 2.7 g/cm® was
used, while for the lower crust and upper mantle, densities
0f 2.9-3.3 g/cm’ were assumed. These values were adopted
from the results of a seismic velocity and density modelling
of Grad et al. (2006) and Malinowski et al. (2015). The
Moho and the top of lower crust horizons were extracted
from the grids compiled by Majdanski (2012) based on the
deep refraction sounding. The Moho is flat, smooth and lies
at 36.5 km b.s.1., whereas the top of lower crust gradually
descends from 26 km b.s.l. in the north, to 30 km b.s.1. in
the south (Fig. 9). The model base is fixed at 70 km u.s.1.

Tab. 1 Color patterns for stratigraphic subdivisions used in geologi-
cal models and values of density and susceptibility used in modelling

Foremagura
Unit

Folded Miocene
complex

Miocene
(Foredeep)

Precambrian
crystalline 2.7 0.01-0.015
basement
Upper Mantle 3.3 0
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Fig. 8 Model Carpathica 2018. Upper part of the figure shows magnetic and gravity data. Dotted lines and solid black lines signify observed and
modelled values, respectively. Red thin line denotes the magnitude of error. Lower part of the figure shows upper part of the geological model.
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basement (Buta and Habryn 2008) and top of consolidated basement (Paul et al. 1996b), respectively.

(well below the Moho) and model layers extend to infinity
in order to eliminate boundary effect on the edges of the
model. Also, as the Carpathica 2018 cross-section runs
orthogonal to the strike of first-order structural features, the
gravity and magnetic effect of rock masses lying aside from
the cross-section is believed to be negligible. The induced
component was assumed as a main source of magnetiza-
tion. This simplification was necessary as it is impossible
to measure the remanent component in this case.

The gravity values gently increase northward along the
profile from —52 to almost —3 mGal, whereas the mag-
netic profile data present the reverse trend, thus decreas-
ing from +55 to —70 nT (Fig. 8). The lateral changes in
the magnetic susceptibility along the profile appear small
and vary from 0.01 to 0.015 (cgs).

The 2D model shows the smooth top of the Precam-
brian crystalline basement gradually rising northward
from 6700 to almost 1400 m b.s.I. Normal faults A, B
and C are basement steps with vertical throws of 480 m,
550 m and 300 m, respectively. Furthermore, faults C,
B and A coincide with the position of the Magura, Fore-
Magura and Silesian frontal thrusts, respectively. This
coincidence suggests significant basement control on the
architecture of the allochthonous units.

Two basement horizons resulting from the earlier
depth-to-basement studies are shown on the 2D model
(Fig. 8). The thick black line represents the top of consol-
idated basement according to Paul et al. (1996b). To the
north from the Ustron IG-3 well, in the area controlled by
boreholes, previous interpretation nearly coincides with
the Precambrian basement on the current model solution
(Fig. 8). However, further south it is much shallower than
the present solution. The thick red line shows the top of
the pre-Permian Paleozoic according to Buta and Habryn
(2008). This horizon corresponds well to the top of the
Paleozoic sequence in the current model although it is
somewhat too shallow in the central part of the profile.
Both above-discussed horizons do not reach the southern
end of the 2D model since the original maps (Paul et al.
1996b; Buta and Habryn 2008) do not cover the entire
study area.

6. Geological implications and discussion
As stated in the introduction, the primary goal of the

current study was to establish depth to the crystalline
basement along the regional cross-section.
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Our results clearly show that the top of the crystalline
basement should be located much deeper than previously
anticipated (Fig. 8) (Paul et al. 1996b; Buta and Habryn
2008). Our solution allows encompassing the whole
sedimentary sequence of the Silesian Unit between the
topographic surface and the top of the interpreted sub-
Carpathian strata, which was impossible based on the pre-
vious interpretation (Fig. 8). In our opinion, the reasons
for such inaccurate estimations of the basement depth
and its cover thickness, presented by Paul et al. (1996a,
b) and Buta and Habyn (2008), were related mainly to
the lack of constrains (e.g. wells or seismic data) in the
southern part of the Silesian Unit. Paul et al. (1996b) used
only the magnetotelluric data to determine the depth and
the basement structure. It the northern part of the profile,
where numerous wells reached the crystalline rocks, the
results of Paul et al. (1996b) fit our solution. However,
in the southern part of the Silesian Unit, where the in-
version of the magnetotelluric data was unconstrained,
the solution may be uncertain. Moreover, as stated by
Rytko and Tomas (1995), the high resistivity horizon
visible in the magnetotelluric data was interpreted as the
top of the crystalline basement. In our opinion, it cannot
be ruled out that high resistivity horizons exist within

the Carpathian flysch or the Paleozoic cover (Stefaniuk
2006). If so, they may be easily misinterpreted as the
crystalline basement. On the other hand, upper limit of
the Paleozoic and Precambrian strata presented by Buta
and Habryn (2008) differs mainly in terms of depth, while
its shape is comparable to our results (Fig. 8). An appli-
cation of lower densities for the Silesian Unit during the
2D gravity modelling would shift the basement to lower
depths and produce results comparable to the solution of
Buta and Habryn (2008). Such an approach, even though
theoretically possible, would require geologically unre-
alistic densities.

In both discussed cases it seems very likely that the
authors did not consider the thickness of the Silesian Unit
as an important input during the depth to the basement es-
timation. What also speaks in favor of our interpretation
is the fact that in the southernmost part of the Carpathica
2018 cross-section the base of the Carpathian units was
firmly constrained by the seismic data. This information
was unavailable to the previous authors.

Two-dimensional gravity modelling also allowed us to
identify a relatively thin layer of the basement sedimen-
tary cover (most likely represented by the Devonian and
Carboniferous sediments) along the entire cross-section.
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While the presence of the Paleozoic strata in the north is
proven by numerous wells (e.g.: Ustron C-1, Ustron 1G-2
and Ustron U-3A) and in the southernmost part might
be inferred from the seismic data, their presence in the
center is in disagreement with the previously published
maps (Picha et al. 2006; Buta and Habryn 2008). Due
to the insufficient accuracy of the gravity and magnetic
data and their non-unique solution, it is not possible to
unequivocally identify this body as the Devonian and
Carboniferous strata. However, almost all deep wells
drilled in the Czech Republic in the vicinity of the Polish
border encountered the Paleozoic strata below the Car-
pathians Fold and Thrust Belt (Fig. 1). On the other hand,
the Bystra-IG1 well located to the east (Fig. 1), reached
the basement directly below the Carpathian units. Thus,
despite the fact that our interpretation favors the presence
of a continuous Paleozoic cover along the entire cross-
section, we are aware of its uncertainty. Alternatively,
the Paleozoic complex might be replaced by the Miocene
sequence, or possibly, thicker than estimated, lowermost
part of the lithostratigraphic profile of the Silesian Unit
(the Vendryné Fm.?).

Although the qualitative interpretation of the gravity
and magnetic maps was initially performed only to sup-
port the 2D quantitative interpretation, it has helped to
recognize some distinct features of the crystalline base-
ment. The Bouguer anomaly gravity map, portraying the
general structural character of the basement, suggests
rather simple south-dipping morphology (Fig. 5). The
gravity THD map clearly shows a zone corresponding
to the Zywiec tectonic window (Fig. 6a). The gravity
data indicate that the crystalline basement within this
zone is much deeper than in the surrounding area (Fig.
Sa). Taking into consideration that the Subsilesian Unit
crops out within the Zywiec tectonic window, which is
located below the Silesian Unit, an elevated basement
was rather expected. To resolve this contradiction, a
thick layer of Carboniferous and Devonian sedimentary
rocks is presumed. Other distinct features interpreted
from the gravity data are the lineaments which belong
to two groups. The first group exhibits WSW—-ENE
trend and is representative of the western part, while
the second one, with almost latitudinal strike, occurs to
the east of the Zywiec tectonic window. This might sug-
gest that this window forms a part of a broader tectonic
zone that probably juxtaposes two separate basement
blocks of different structural characteristics. Also the
small tectonic window located between Skoczow and
Ustron is bound by lineaments detected by gravity and
magnetic methods (Figs 6—7). This supports the idea
that the basement structure influenced the evolution of
the OCFTB.

The magnetic map reveals also a strong positive anom-
aly located directly below the S61-8 borehole (Fig. 5b).

As our interpretation suggests rather deep basement posi-
tion in this part of the OCFTB, the anomaly should be
linked with the changes in the magnetic susceptibility of
the basement rocks, which most probably constitute an
extension of the positive anomaly identified in the Czech
Republic and related to the intermediate and basic rocks
(Gnojek and Hubatka 2001).

The second characteristic feature is a negative anoma-
ly (the Bielsko—Biata Low) located in the central part of
the research area (Fig. 5b). Its outline can be precisely
traced on the magnetic THD maps (Fig. 6b). Currently,
no probable explanation of the origin of this structure is
available.

It was also observed that, except for the area of the
frontal thrust of the Magura and Fore Magura units, the
lineaments detected based on the gravity and magnetic
data analysis do not coincide with each other. Our inter-
pretation is that, due to the low magnetic susceptibility
contrast within the sedimentary units, lineaments detected
on magnetic maps represent solely the basement-rooted
structural features, while the gravity-detected lineaments
might have originated in both the Carpathian units and
the crystalline basement. The structures interpreted on
the gravity THD maps in the Magura and Fore Magura
thrust zone are believed to reflect superposition of the
gravity effects from the deep rooted faults, visible on the
magnetic THD map, and the shallow structures.

7. Conclusions

The main objective of this project was to determine the
structure and the depth of the crystalline basement along
the regional cross-section that stretches SE-NW in the
westernmost part of the Polish Outer Carpathians. In
our approach, we used seismic data, well information
and surface observations to establish the structure of
the Carpathian Orogen along the regional cross-section,
which provides the main input for the 2D potential field
modelling. The modelling allowed to upgrade the initial
cross-section, which currently encompasses both the Car-
pathian units and their substratum. Additionally we used
gravity and magnetic maps and their derivatives to iden-
tify possible fault zones within the crystalline basement.

The most important finding from our work is that the
assumption of a deeper position of the crystalline base-
ment has been proven. We also identified a continuous
sedimentary layer sandwiched between the Carpathian
units and the crystalline basement. In our opinion, this
layer should be regarded as the Devonian—Carboniferous
sedimentary cover. However, other possibilities, such
as the Miocene foredeep deposits, should be also taken
into account. The gravity and magnetic maps, as well
as their derivatives, suggest a complicated structure of
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the basement in terms of tectonics and lithologies. The
origin of some of the anomalies (e.g. the So6l High) can
be plausibly explained by higher magnetic susceptibility
of the intermediate and basic basement rock units, while
the origin of other anomalies, such as the Bielsko—Biata
Low, remains unknown.
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