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Abstract: The primary objective of the research was to identify geological structures within the mélange belt and
determine whether the carbonate rock outcrops visible at the surface are olistoliths. The study was carried out
along a 1-km profile that crossed the mélange zone perpendicularly. Three geophysical methods (gravity, geoelec-
tric and seismic) were applied to solve the problem. Each of these methods follows different physical properties
of rocks; therefore, the results should complement each other, although they may not always be fully compatible.
The results obtained from all methods allowed the identification of zones with varying physical properties, which
can be associated with known geological formations. As described above, each method also detected changes in
physical properties within the mélange zone, caused by lime rock outcrops. An integrated analysis of the results of
all three methods revealed a very high correlation in the boundaries of the identified zones, significantly validating
the final geological interpretation. The findings also confirmed that the rock outcrops observed at the surface are in
fact olistoliths embedded in a matrix, much like “raisins in a cake”.
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INTRODUCTION

The research area is located in southern Poland, south of
Krakow, east of Nowy Targ, near Krempachy, in the bound-
ary area between two major structural units. The geophys-
ical methods that were used in this research were gravity,
geoelectric, and seismic surveys. Previous geological and
geophysical studies of this area revealed the existence of two
major structural units, the Central and Outer Carpathians,
separated by the Pieniny Klippen Belt (Golonka ef al., 2018,
2019).

This region has been explored many times, using geo-
physical methods, such as the seismic method, gravity meth-
od, geoelectric method, and magnetic method. The gravity
method, tracking the density changes, was used especially
to investigate the geological background (Grabowska et al.,
2007; Stefaniuk et al., 2007; Mikotajczak et al., 2021) and
lineaments or structural boundaries (Porzucek et al., 2023).

In 2015, a deep reflection seismic survey “Czorsztyn
2D” was conducted in the study area. These were the first

high-resolution studies, carried out in the Pieniny Klippen
Belt region (Golonka ef al., 2019; Marzec et al., 2020). The
main aim of the studies was to research the structure of
three main Carpathian tectonic units (Central Carpathians,
Pieniny Klippen Belt and Outer Carpathians) in the suture
zone. The results obtained, apart from deep structural inter-
pretation (Golonka et al., 2019), allowed determination of
the position of the olistoliths, based on seismic data.

Of particular interest for the present study is the Pieniny
Klippen Belt (PKB), which has a complex geological struc-
ture. The PKB zone is a mixture of rock elements of various
origins, defined as mélange. The study of this mélange is
essential for the description of the regional geology, palaeo-
geography, and evolution, as the description of the nature of
the PKB is still controversial (Golonka et al., 2022 and ref-
erences therein). A knowledge of mélange structures reveals
their role in the geodynamics of the PKB belt and the tec-
tonic and sedimentary processes that created this belt. The
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latest geophysical research to identify the mélange was de-
scribed in Bania and Moscicki (2024), Bania et al. (2024),
Loj et al. (2024), and Cichostepski e al. (2024a, b). This ar-
ticle presents an integrated geophysical interpretation of the
geological structures, using gravity, geoelectric, and seismic
methods for a single selected survey line.

GEOLOGICAL SETTINGS

The Pieniny Klippen Belt (PKB) is a very narrow and long
boundary zone between the Central and Outer Carpathians
(Golonka and Krobicki, 2004; Golonka et al., 2018, 2019,
2024, 2025; Marzec et al., 2020). The PKB has a very com-
plicated geological structure, commonly called a mélange
(Fig. 1). It was formed as a mixture of elements that had
a different lithology and differed in age, as a result of tecton-
ic and sedimentation processes (Golonka ef al., 2017, 2018).

The sedimentation processes started with the origin of the
Alpine Tethys during Jurassic times. The Ztatne and Magura
basins were parts of the Alpine Tethys, separated by uplift
of the Czorsztyn Ridge. Carbonate sedimentation predom-
inated in these basins and on the ridge. The sedimentation
of synorogenic clastics was associated with subduction and
the origin of an accretionary prism that started at the south-
ern margin of the Alpine Tethys during the Albian. This ac-
cretionary prism reached the Czorsztyn Ridge at the end of
the Late Cretaceous. The overriding of this ridge contrib-
uted to the formation of olistoliths in the northern Magura
basin (Waskowska and Golonka, 2024, 2025). The clastic
material was deposited in both the Ztatne and Magura ba-
sins during Late Cretaceous—Neogene times. The tectonic
processes contributed to the formation of the present-day
PKB structure.

The Ztatne, Branisko and Hulina units were distinguished
within the investigated area (Golonka et al., 2024, 2025).
The Ztatne Unit contains rocks deposited in the Zlatne Basin,
the Hulina Unit contains rocks deposited in the Magura
Basin, and the Branisko Unit contains rocks deposited on
the slope of the Czorsztyn Ridge. The basins were separated
by the Czorsztyn ridge and took the form of olistostromes
with olistoliths. The belt of olistoliths (“block-in-matrix”
zone) was formed along the southern margin of the Magura
Basin and is now located within the Hulina Unit. The olis-
toliths represent rocks, associated with the Czorsztyn Ridge
(Waskowska and Golonka, 2024, 2025). The Ztatne Unit is
in contact with the Central Carpathian Paleogene, belonging
to the Central Carpathian Plate (Golonka et al., 2024, 2025).

Tectonic processes were primarily associated with the
occurrence of continuous and discontinuous deformations,
such as the formation of fault zones, block movement, fold-
ing, and uplifting. They occurred mainly within the Ztatne,
Branisko, and Hulina units, originally formed during
the Late Cretaceous Epoch. They were transformed again
in the Neogene period and are now a mosaic of tectonic el-
ements, often heavily deformed and fragmented (Golonka
et al., 2024, 2025; Waskowska and Golonka, 2024, 2025;
Fig. 1).

Geophysical research covered the area of the olistolith
belt and its complex surroundings.

MATERIALS AND METHODS

Geophysical research was conducted in South Poland
in the vicinity of Krempachy and Dursztyn villages, near
the Korowa Skata rock formation. These studies were espe-
cially focused on the identification of the mélange zone of
the Pieniny Klippen Belt. This zone has a W-E trend and
the geophysical survey was performed in a perpendicular
direction. Therefore, geophysical observations were made
along the profile, presented in Figure 2, with an almost S-N
direction. For all three methods, the profile has a length of
1 km, but with a slight offset for each other, which did not
affect the quality of the interpretation of the complex.

One of the geophysical methods used in this research was
the gravity method. According to Newton’s universal grav-
itational laws, the value of the gravity field depends espe-
cially on the mass distribution within the Earth. The gravity
method is based on observations of the small variation in
the natural gravity field of the Earth. These changes are con-
nected with the density distribution of the rock mass and are
presented as the distribution of Bouguer anomalies. These
anomalies are most often related to geological or anthropo-
genic structures. Therefore, this method is mainly used to
map the geological basement and geological structures in
the Earth’s crust and, in the same way, to investigate natural
or anthropogenic voids and unconsolidated zones.

For geoelectrical research, the electrical resistivity to-
mography (ERT) method was applied. ERT (Dahlin, 1996,
2001), originally resistivity imaging (RI), is currently the
most popular surface geoelectrical method applied for de-
tailed electrical resistivity studies. It is widely used, in-
cluding in geological and geomorphological studies (e.g.,
Chambers et al., 2012; Metwaly and AlFouzan, 2013; Nur
Amalina et al., 2017; Wozniak et al., 2018; Akinbiyi ef al.,
2019; Wozniak and Bania, 2019a, b; Bania and Wozniak,
2022; Bania et al., 2024).

For seismic research, seismic refraction tomography
(SRT) was used. SRT is a geophysical technique that allows
the determination of the elastic properties of the soil and
rock medium. This method is non-invasive and allows for
the investigation of geological units occurring in subsur-
face structures. The aim of SRT investigations is to obtain
a two-dimensional model of seismic wave velocities in the
geological medium. The SRT method is commonly used, for
example, to determine shallow geological structure (Avalos
et al., 2016; Cichostepski et al., 2024), determine ground-
water levels (Grelle and Guadagno, 2009), investigate land-
slides (Zainal et al., 2021) and assess rippability (Ismail
et al., 2010). The SRT measurement is a kind of supplement
to the deep reflection seismic studies, conducted in 2015 in
the Pieniny Klippen Belt area (Golonka et al., 2019; Marzec
et al., 2020), because owing to the methodology of conduct-
ing this type of studies, the shallow zone is not imaged.

Acquisition and processing of gravity data

The gravity survey was carried out along the Gl profile,
about 1 km long and extending in a SSW-NNE direction.
The distance between the gravity observation stations was
10 m.
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Fig. 1.

Gravity observation was done using the Autograv CG-5
Scintrex Gravimeter, an instrument that is used to measure
relative gravity values. All gravity observations along the
survey profile were performed with a special measurement
system, consisting of performing gravity observations in an
independent closed loop, where the first- and the last-loop
observations were done in a reference (drift) base station.
The gauge of the accuracy of the gravity observations was
the mean square error of a single measurement. To evalu-
ate the gravity survey, gravity observations are repeated on
at least 5-10% stations. If this gravity survey is performed
with high quality, it can be processed to obtain the Bouguer
anomaly (Dg,).

The law of gravity shows that the gravity value depends
on the distance from the geological source that causes it. The
topography of the Earth’s surface is very variable, so the
gravity observation stations are on different levels (eleva-
tions). In that case, gravity research cannot be done without
a geodetic survey. Geodetic activities included determining
the location and elevation above sea level of the observation
stations, using GPS and tachometric measurements.

The Bouguer anomalies can be calculated only when the
influence of terrain elevation values is removed from gravity

The PKB geology in the geophysical research area. Modified after Golonka et al., 2025.

observations. Bouguer reduction was used to remove this
effect (influence). It means that the values of three correc-
tions — free-air correction, Bouguer correction, and terrain
correction — were added to gravity observations (Telford
et al., 1990a; Porzucek and Loj, 2021).

It is necessary to determine a value of the average rock
mass density in order to calculate Bouguer and a good-qual-
ity terrain correction. The gravity survey was carried out
in the area, where the PKB, Podhale flysch, and Magura
Nappe boundary are located. Therefore, the determination
of the density, based on archival data, was difficult. For this
reason, it was decided to use special gravity methods to de-
termine this density (in situ). After calculations, it was de-
termined that the average density in the research area was
2.51 g/lem™ (Loj et al., 2024).

The Bouguer anomaly was calculated as the difference
between the gravity observation value with Bouguer re-
duction and the latitude correction (normal gravity value).
The latitude correction was calculated on the basis of the
International Gravity Formula for the Earth model of the
Geodetic Reference System 1980 (Moritz, 2000).

The Bouguer anomaly reflects the distribution of the den-
sity (mass) of geological structures. The anomaly value at
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Fig. 2.

each observation point depends on the mass distribution be-
low and around this point, and for this reason, anomalies
can be divided into components that can be connected with
the size and depth of the sources. The anomalies connected
with deep sources are named regional and associated with
shallow sources, namely, residuals (local).

All Bouguer anomalies can be described on the basis of
their amplitude and horizontal range. These attributes can
be identified as an anomaly frequency (Fajklewicz, 2007).
From this point of view, it is possible to use frequency fil-
ters to interpret the gravity data. It can be carried out using
the Fourier transformation. This approach has been known
since the 1950s (Dean, 1958; Swartz, 1954) and was succes-
sively developed (Bhattacharyya, 1966, 1967, Darby and
Davies, 1967; Gunn, 1975). It means that it is possible to
use wavelength (wavenumber) filters to divide the Bouguer
anomalies into regional and residual components.

During the interpretation of gravity data, Butterworth and
Gauss low-pass and high-pass filters were used. The low-
pass filter (passes the low-frequency signal) was used to
calculate the regional anomaly, connected with deep sourc-
es, and the high-pass filter to calculate residual anomalies,
connected with small shallow sources.

ERT Data Acquisition and processing

2D ERT measurements were performed on survey line
P01, 975 m long (Bania et al., 2024; Golonka et al., 2024).
The PO1 profile was orientated approximately perpendicular
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Location of the geophysical research profile (acc. to: www.geoportal.gov.pl/pl/dane/ortofotomapa-orto/).

to the “block-in-matrix” zone orientation. This location rela-
tive to the “block-in-matrix” zone was intended to best meet
the measurement and interpretation conditions for the 2D
ERT variant. Measurements were made with a SuperSting
R8/IP/SP system (AGI — Advanced Geosciences, Inc.) and
a set of 112 electrodes. The electrodes were placed at a 5 m
spacing. The initial section of the planned profile was 555 m
long. Using the roll-along technique, the measurement was
continued by extending the profile by repeatedly moving the
appropriate sections of the 8-part measuring cable so that
the final length of the survey line was approximately 1 km.
The measurement line covered the expected width of the
“block-in-matrix” zone with appropriately large overlaps.
The amount of data recorded for this profile was 12,086 ap-
parent resistivity values. Such a large amount of data re-
sulted from the use of a specially developed measurement
scheme, using Multiple Gradient Arrays (Dahlin and Zhou,
2004; Loke, 2012). This approach provided high-density
and high-resolution data. At the same time, gradient arrays
were selected to maintain the AB/MN = 10 relation for all
sizes of the current AB dipole, which ensured an appropri-
ately high “signal” level.

Conducting electrical resistivity tomography measure-
ments requires knowledge of the morphology of the terrain
surface along the survey line (see e.g., Fox et al., 1980; Lu
et al., 2015). In practice, this means that the position of the
electrodes must be levelled. In the discussed case, to lim-
it the scope of geodetic field work, appropriate, common-
ly available for Poland, topographical data (XYZ) in the
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form of a digital elevation model (DEM) was applied. This
model is represented in the form of a rectangular grid with
a mesh size of | m x 1 m (www.geoportal.gov.pl/dane/num-
eryczny-model-terenu.). Therefore, geodetic field work for
the ERT studies was limited to determining the position of
selected points on the POl profile with the GNSS receiver.
The accuracy of the applied method is completely sufficient,
especially considering the scale and objectives of the ERT
measurements.

ERT Data inversion

In geophysical interpretation, two basic stages can be
distinguished: quantitative interpretation of data and con-
textual interpretation, that is, description of the results of
geophysical interpretation in geological categories, taking
into account the purpose of the research.

One of the latest versions of Res2Dinvx64 software (ver.
4.10.21; Aarhus Geosoftware; Loke, 2012) was applied for
the new variant of quantitative interpretation of 2D ERT
data. This software allows for the modification of numerous
parameters (or procedures) to control the numerical iterative
inversion process. Each of these parameters (or procedures)
affects the final result of the interpretation to a varying ex-
tent. It should be noted that the inversion result is inherently
ambiguous (from the mathematical and physical perspec-
tive) even for an ideal 2D situation.

The basic step in the Res2Dinvx64 software is the selec-
tion of the inversion method. Most often, this comes down
to applying one of the two main variants: blocky (robust;
L,-norm) inversion or smoothness-constrained (L -norm)
inversion, which use different definitions of the inversion
error (e.g., Loke et al., 2003). To obtain greater details of
the geological setting in the near-surface zone, which was
intended to isolate a larger number of high-resistivity struc-
tures (olistoliths?), as well as a more accurate comparison
to the anomaly distribution obtained by the gravity meth-
od, a specific set of other inversion parameters was applied.
These parameters are identical to those used by Wozniak
and Bania (2019a). After inversion, an analysis of the dis-
tribution of inversion errors (which are related to the im-
possibility of matching the theoretical 2D model with the
measurement data) was carried out, using the “RMS error
statistics” option. From the entire dataset, those for which
an individual error exceeded 12% were removed. The fil-
tered data were subjected to reinversion with a previously
selected set of parameters. The result of the last inversion it-
eration, with the absolute error achieved at a level of 1.00%,
was treated as the final model. Then, the obtained result data
were visualized in the form of an inverse model resistivity
section.

Acquisition and processing of seismic data

Seismic refraction tomography uses artificially gener-
ated seismic waves that propagate through the subsurface.
The propagation velocity of seismic waves varies and de-
pends on the parameters of the medium, such as lithological
composition, structure, texture, rock framework, porosity,
fracturing, and degree of weathering (Adelinet ef al., 2018).

The velocity of the seismic wave is related to the hardness
(strength) of the material. Generally, the harder the rock,
the higher the velocity of the seismic wave (Olona ef al.,
2010). Knowledge of the geology of the study area and
the obtained distribution of seismic wave velocities pro-
vide the possibility of determining the subsurface structure,
the thickness of the weathered zone, and the type and depth
of the rock basement.

Seismic refraction tomography is based on the arriv-
al times of seismic waves that were critically refracted at
the interface between layers characterized by different ve-
locities. The travel times of seismic waves (first arrivals
of direct and refracted waves) are recorded by receivers
(geophones), placed in a straight line along the measure-
ment profile. From multiple recordings, using a combina-
tion of shot points and receiver points, a set of travel times
can be obtained. The geophysical procedure of tomographic
inversion of the travel time dataset allows obtaining a ve-
locity model of the subsurface (Zhang and Toksoz, 1998),
providing good resolution, even in the case of a complex
geological structure (Sheehan et al., 2005). The depth of in-
vestigation is usually between 0.3 and 0.5 times the active
spread length.

Seismic data were measured, using three Geode seismo-
graphs (Geometrics) and 14 Hz vertical geophones, spaced
at 5 m intervals. The active spread contained 72 geophones,
corresponding to a measurement length of 355 m. The pro-
file was measured in sections with 115 m overlaps (roll-along
technique). The measured profile had a length of 1075 m.
A Gisco ESS-500 Turbo weight drop was used as the seis-
mic wave source (weight drop of 227 kg mass). The first
shot point was located 2.5 m from the first geophone and
then the seismic wave was generated every 30 m. To achieve
a high signal-to-noise ratio, up to three shots were made at
each shot point and then summed. The data obtained are of
very good quality.

The first step in the processing of seismic refraction data
is the manual picking of the first arrivals of the compres-
sional wave on each recorded seismic record. On the pre-
pared travel time sets, the seismic inversion procedure was
applied using the tomographic algorithm of the shortest path
ray tracing. This method utilizes an initial velocity model,
which is then iteratively modified (in terms of vertical and
horizontal velocity distributions), where during each itera-
tion the theoretical travel times generated based on the given
model are compared with the actual travel times. This pro-
cess continues until the difference between theoretical and
interpreted travel times is minimized (Zhang and Toksdz,
1998; Sheehan et al., 2005). The initial model for inversion
was built, using a gradient increase in velocity with depth.
The model parameters ranged from 550 m/s to 5,000 m/s.
The inversion process was stopped after 10 iterations,
when it reached an RMS (root mean square) error of 1.2%.
The velocity model obtained was trimmed in areas, where
there was no ray coverage. With the applied methodology,
the maximum depth of subsurface seismic imaging was
80-100 m.
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RESULTS OF GEOPHYSICAL
RESEARCH

The geophysical observations have been subjected to pro-
cessing, according to the principles described above. This
allowed the use of interpretation procedures, and their re-
sults are described below.

Gravity results

The gravity interpretation was carried out on the basis of
Bouguer anomalies. These anomalies were calculated by
taking into account the previously determined average den-
sity value. There was no correlation between the Bouguer
anomalies and the terrain shape along the profile, so this
means that the average density value estimation was accu-
rate and the Bouguer reduction was calculated correctly.

No doubt, the observation gravity value included meas-
urement error as well as high frequency noise, which was
connected with near-surface density changes. The low-pass
frequency filter, the Butterworth filter, for the 50 m wave-
number cut-off value was used to remove the measurement
errors and noise from the observation values. The Bouguer
anomaly distribution without any disturbances is presented
in Figure 3.

The amplitude of the anomaly along the profile was high
and approached 17.5 p/s? and along the profile the gener-
al changes were visible. First, from the south the value of
Bouguer anomalies decreased, and they had minimum near
750 m of profile, and next, in a northerly direction, those
values start to increase. This direction of anomaly changes
should be connected with the thickness of flysch sequences
of the Podhale Flysch Basin. There was geological contact
between the Podhale Flysch Basin and the Pieniny Klippen
Belt in this part of the profile, but there were no visible
changes in the Bouguer anomalies. So, it can be argued that
there had not been any contrast between the density value of
both structures and that this density is close to 2.51 g/cm™.

The distribution of Bouguer anomalies can be divided
into four zones (Fig. 3) with a different anomaly character.

Fig. 3.

The Bouguer anomalies distribution Dg, along the profile.

The part of the Bouguer anomaly distribution, where the
fastest value change was visible, was divided into two
zones, zone G-I and zone G-II. This division was deter-
mined by the different nature of the distribution. While in
zone G-I the distribution was smooth, but with a significant
horizontal gradient, in zone G-II the horizontal gradient of
the distribution was smaller, and some local fluctuations ap-
peared. The “block-in-matrix” zone, with rocks visible at
the ground surface, was located in the part of zone G-II,
but in Bouguer the distribution of the anomalies was almost
invisible. In the next G-III zone, the anomaly distribution
had a good visible relative negative nature, which is most
probably associated with a geological zone of lower den-
sity than in its southern surroundings, but also in relation
to the northern side, where the value of Bouguer anomalies
increased again, making zone G-IV.

The sufficiently dense measurement step (10 m) along
the profile allowed recording smaller, more local anoma-
lies. This type of anomaly is associated with small, shal-
low, local geological structures, such as olistoliths, which
are of particular interest in this geophysical research.
The problem was that the low amplitude of these anoma-
lies in relation to the amplitude of the complete Bouguer
distribution made their interpretation difficult. Therefore, to
better identify them, the authors removed the regional trend
from the Bouguer anomaly values using the Gauss filter as
the isolation filter. Analysis of several wavenumber cutoff
values showed that the best wavenumber cutoff value was
300 m. After this, the residual anomalies were calculated as
the best approximation of the local anomalies (Fig. 4).

Along the profile, several residual anomalies appeared
with small amplitudes and a reduced horizontal range.
These small positive and negative anomalies could be relat-
ed to small changes in density in the shallow part of the rock
mass. Therefore, the first smooth zone G-I could be divided
into three subzones: two zones with a positive value of re-
sidual anomalies, separated by a negative residual anomaly
G-Ia. It means that there is a shallow geological layer with a
smaller density, surrounded by layers with a higher density.
Zone G-II was non-uniform in nature as well; the detailed
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Fig. 4. The distribution of residual anomalies along the profile.

analysis of the residual anomalies distribution in this zone
allowed the division of it into two subzones: G-II-1 and
G-II-2. The first one generally had a negative nature of
residual anomaly, but with two small positive anomalies,
G-II-1a and G-II-1b, visible inside. There was only one
large-amplitude residual anomaly in the second subzone of
zone G-II. In gravity research, limestone olistoliths should
appear as relatively positive Bouguer anomalies and pos-
itive residual anomalies, so the visible anomalies G-II-la
and G-II-1b were of a suitable nature. Furthermore, these
anomalies were very closely correlated with the limestone
rocks that protruded above the surface near the gravity
profile. So, it is very probable that these anomalies are
associated with the same type of limestone, located be-
low the ground surface. From this point of view, the first
subzone of zone G-II can be described as a low-density
layer with individually separated limestone blocks (high

Fig. 5. Inverse model resistivity section for ERT POl survey line.

density); therefore, this confirms the assumption that the
visible rocks are olistoliths.

To the north of zone G-II (Fig. 4), the anomalies with a
small horizontal range were no longer observed; only in
zone G-III the positive residual anomaly G-IIla appeared,
indicating the existence of the higher density layer.

ERT Results

The result of the quantitative interpretation of the ERT
POl profile in the form of an inverse model resistivity
section clearly shows six zones in the geological setting
(Fig. 5).

From the southern side to about 250 m of the cross-sec-
tion, the first zone E-I is visible as a layered structure. It con-
sists of high (80-300 Qm) and low-resistivity (10-20 Qm)
structures located close to the surface, and below it there is
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a medium with a resistivity of about 40 Qm. Furthermore,
on the profile is a visible high-resistivity zone E-II (resis-
tivity 60-100 Qm), the monolithic nature of which clear-
ly differs from the structure of the “block-in-matrix” zone.
In the “block-in-matrix” zone E-III, local high-resistivity
anomalies (>150 Qm), and accompanying low-resistivity
anomalies (<25 Qm) are visible. The location of high-resis-
tivity structures correlates in places with limestone rocks,
visible at the surface. Compared to the interpretation variant
obtained earlier (Bania et al., 2024), instead of the Ol struc-
ture, two separate structures were obtained in the inversion
process: E-I1la and E-IIIb. It should be noted that structure
E-Illa, owing to its relatively high interpreted resistivity
(>800 Qm), compared to the remaining structures E-IIIb,
E-lllc, and E-IIId (approximately 150-200 Qm), will
most likely be associated with the close proximity of the
limestone block, which protrudes from the surface (Fig.
5). Such a high value of the interpreted resistivity may be
caused by the 3D effect of the blocks (cf. Sjodahl et al.,
2006; Bania and Cwiklik, 2013). It is difficult to assess
whether the E-IIIb structure is an independent structure or
is somehow related to the E-Illa structure. Generally, in
geological terms, E-Illa-b structures could be olistoliths,
which are embedded in a low-resistivity matrix, composed
to a large extent of clay.

The next distinctive zone E-IV is dominated by a slight-
ly northward inclined monolithic high-resistivity structure
(100-300 Qm). Further north, the authors observe a rapid
change of the medium, a low-resistivity (<20 Qm) zone
E-V, in which several high-resistivity structures (approx-
imately 150 Qm) are visible, the first E-Va at 750 m, and
two E-Vb and E-Vc (one above the other) in the centre
at 810 m. In the northernmost part of the cross-section is
visible the high-resistivity formation E-VI (approximately
100-450 Qm).

Seismic results

The velocity of seismic waves depends on the type of
rocks and the degree of their diagenesis. Lower veloci-
ties may indicate the presence of poorly consolidated or
weathered rocks with a low degree of diagenesis, such as

Fig. 6.

mudstones, marls, and soil, while higher velocities may
indicate hard rock, such as sandstones and limestones
(Yilmaz, 2001). The obtained SRT section showed signif-
icant horizontal and vertical variations in seismic P-wave
velocity from 1,500 m/s to 4,000 m/s, showing strong lat-
eral contrasts in subsurface properties (Fig. 6), which re-
vealed the complex structure of the studied area. On the
basis of the velocity distribution, the profile was divided
into five zones marked in Figure 6.

The lowest velocities (up to 1,500 m/s) correspond to
a soil layer that is about 2 m thick, and below it a high hori-
zontal velocity variability is observed. The profile begins
with a high velocity (up to 3,300 m/s), which dips steeply
towards north, and it is the south boundary of zone S-I.
The zone is divided with a horizontal velocity boundary at
a depth of 90 m into two parts: a shallower layer with mod-
erate velocity (2,900 m/s) and a deeper layer with velocity
of 3,100 m/s. In the shallower layer, near the surface, two
areas of low velocity (2,000 m/s) are visible.

The next highlighted zone S-II points to a massive
structure with the highest velocity (up to 4,000 m/s). The
following zone S-III contains several high- and moder-
ate-velocity areas, which are bounded by low-velocities.
The authors observed a high velocity (3,500 m/s) round-
ed structure S-IIla and two moderate velocity areas S-IIIb
and S-IIIc (2,800-2,900 m/s). The S-IIIa structure and the
S-IIIb area occur within the “block-in-matrix” zone. At
the location of the S-IIla structure, just a few metres from
the profile, there is a limestone outcrop. This convergence
allowed identifying the structure as limestone, probably
an olistolith embedded in a low velocity medium such
as mudstone or weathered sandstone. Below highlighted
structure and areas the authors observe rocks with higher
velocity (3,300 m/s).

The S-IV zone has generally lower velocities, 2,000 m/s
for the shallower part, and 2,700 m/s for the deeper part.
Within this low velocity part, a small structure S-IVa of
slight increase in velocity can be observed at 850 m of
the profile and another structure S-IVb with higher mod-
erate velocity (2,800 m/s). The zone S-V describes a high
velocity layer (up to 3,800 m/s), which rises steeply to-
wards the south.

The results of seismic refraction tomography along the profile. Dashed lines — main seismic boundaries.
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DISCUSSION

Geophysical research was carried out using three geo-
physical methods (gravity, ERT, and SRT) along a profile,
running perpendicular to the boundaries of the mélange
structures of the PKB (Figs 1, 2). The purpose of the study
was to identify the melange zone of the PKB and, in par-
ticular, to test the hypothesis that the “block-in-matrix”
zone consists of a group of separate limestone blocks dis-
tributed in the zone as “raisins in a cake”. Using different
geophysical methods, the authors obtained a description of
the same geological site, based on different physical pa-
rameters of the geological structures. The use of the grav-
ity method allowed the authors to follow the changes in
mass (density) distribution in the rock formations, which
are observed in the form of gravity anomalies. The ERT
method uses the variable resistivity of rock formations to
identify geological structures. However, the basis of the
SRT method is the fact that seismic waves propagate at
different speeds in different formations.

Therefore, it is logical that the results of the research
may differ to some extent from each other. However, what
is more important is that despite the trace of different
physical parameters, the research results obtained clearly
indicate zones corresponding to the same geological struc-
tures. An integrated interpretation of the results of the vari-
ous geophysical methods showed that several of such com-
patible zones can be identified along the profile (Fig. 7).

In the first common A-B zone, an increase in gravity
values and seismic wave velocity was observed. On the
southern side, this zone can be linked to the direction of the
boundary between the Ztatne and the Branisko units, while
its northern boundary was the contact of the Branisko Unit
and the “block-in-matrix” zone. The increase in the values
of the physical parameters was related to the fact that the
Branisko Unit is mainly composed of limestone. While for
gravity and seismic methods, this zone appears to be fairly
homogeneous in terms of the distribution of physical pa-
rameters, the ERT method shows variations within it, with
a strongly defined resistivity boundary from 380 m of the
cross-section.

The next zone B-C was also observed by all three meth-
ods, and the reduction in physical parameters tracked by all
of them indicates that it may correspond to weakly compact-
ed siltstone or marl-type rocks. However, two anomalies, “1”
(centre about 530 m) and 2" (centre about 600 m), with high
values of density, resistivity, and seismic wave velocity, are
strongly defined. By analysing the direction of the profile on
the ground surface and on the geological map (Figs 1, 2), it can
be seen that in these anomalous areas the profile runs close to
limestone rocks protruding at the surface. Seismic and geoe-
lectric studies clearly indicate that these rocks have limited
vertical dimensions. The nature of the observed changes in
physical parameters leads to the conclusion that these struc-
tures are separate, unconnected blocks of rock stuck in the
surrounding rocks, like “raisins in a cake”, therefore, one can
conclude that the observed changes are associated with sedi-
mentary-type olistolith blocks.

Further north, another D-E zone, common to all methods,
appears and is located within the Jarmuta Formation. The

distribution of gravity anomalies and of interpreted resistiv-
ity sections is marked by a very strong increase in the values
of the physical parameters, while the distribution of velocity
also shows a weaker increase. It is also worth noting that
the maximum of the gravity anomaly is shifted southward,
relative to the maxima of the resistivity and wave velocity
values in the other methods. This is due to the fact that the
structure that generates these distributions is tilted towards
the south. On the basis of the properties of the physical
parameters, it should be inferred that this structure is com-
posed of compact formations, probably sandstones.

Subsequently, from 780 m until almost the end of the
profile, an E-F zone of reduced density, resistivity, and
seismic-wave velocity appears within similar limits for all
methods, most probably associated with the Jarmuta and
Malinowa formations. In the distributions of results from
all methods, a small anomaly “3” (approximately centred
at 925 m) can be seen within this zone, clearly marked by
gravity and ERT methods, and somewhat weaker by seis-
mic. The increase in the values of the physical parameters
for all methods indicates that the formations in this zone are
hard rocks, and analysis of the geological map reveals that a
belt of Jurassic limestone appears to the north of the profile.
Thus, it is possible that these formations are present in the
anomalous area, but in the form of a small lens or block, not
visible on the ground surface. Toward the end of the profile,
from about 1,010 m, an increase in the physical parameter
values for all methods is again marked, but owing to limited
geophysical data, it is difficult to clearly identify the source
of these changes.

In addition to interpreting the shallow part of the sub-
surface, geophysical methods also allow inferences to be
made about the deeper structure; however, owing to the
burden of greater interpretation error, the results obtained
are not always fully compatible. In the case of the dis-
tribution of gravity anomalies, by analysing the regional
trend of Bouguer anomalies distribution, it can be con-
cluded that this reflects a northward sinking of the crystal-
line basement and thus an increase in the thickness of the
flysch rocks.

CONCLUSIONS

The use of three geophysical methods provided informa-
tion on the geological structure along the research profile,
on the basis of different physical properties of the rocks:
bulk density, resistivity, and seismic P-wave velocity. The
correlation between them is not regular, i.e., an increase (de-
crease) in one property does not always correspond to an
increase (decrease) in another property. In the investigated
profile, the compatibility of changes in physical properties
was very high, and therefore the reliability of the geophys-
ical interpretation is also very high. Therefore, it should be
assumed that rocks projecting above the ground surface in
the “block-in-matrix” zone have relatively limited dimen-
sions. They should be identified as olistolithic-type rock
blocks. In addition, the geophysical survey has very well re-
flected the position of the boundaries between the different
formations, crossed by the profile.
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Fig.7. The results of geophysical research (sequentially from the top: gravity, the ERT, the SRT methods) along the profile shown on
the geological map (description as in Figure 1).
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