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Abstract: The Pieniny Klippen Belt (PKB) is located between the Central and the Outer (Flysch)
Carpathians and forms a narrow zone with a complex structure, often described as a mélange. It
is composed of numerous tectonic elements of different size including strike-slip-bounded tectonic
blocks, thrust units, toe thrusts and olistostromes combined together and representing different
lithologies. To aid the geological interpretation of the mélanges of the PKB in the Spiskie Pieniny
Mountain Region (South Poland), seismic refraction tomography was conducted. Isolated limestone
outcrops consist of Jurassic limestones that stand out in the landscape. They form the horizontal
narrow belt. In this belt, limestone olistoliths are surrounded by a matrix consisting of sandstones,
mudstones and marl sequences forming a sedimentary mélange. The seismic refraction tomography
measurements conducted along three profiles across this belt showed significant horizontal and
vertical seismic velocity variations, which revealed the complex geological structure of this area. The
Złatne, Branisko and Hulina Units were distinguished within the PKB structure. The high-velocity
objects detected within the Hulina Unit were found to correspond to limestone outcrops and form
isolated blocks surrounded by flysch deposits representing a chaotic sedimentary complex.

Keywords: Central Carpathians; Pieniny Klippen Belt; seismic refraction tomography; flysch;
mélange

1. Introduction

The most northern fragments of the European Alpides [1] are located in several coun-
tries, including Southern Poland (Figure 1). From north to south, the main structural units
are the North European Platform, the Miocene Carpathian Foredeep, the Outer Flysch
Carpathians and the Central Western Carpathians. The Pieniny Klippen Belt zone sep-
arates the Outer Flysch Carpathians from the Central Western Carpathians [2–5]. The
Pieniny Klippen Belt (PKB) was identified by [6] as a separate geological unit. It is a suture
zone that consists of stratigraphical, lithological and tectonic elements—thrusts as well as
olistostromes—with different age and characteristics [2–5]. They are mixed together, form-
ing a chaotic structure, in the PKB, which is referred to as a mélange [7–9]. Its formation was
due to both tectonic and sedimentary processes. The elements of this mélange, consisting
of Mesozoic limestone blocks, are characteristic morphological elements of the PKB [5].
They are harder than the surrounding rocks, which consist of other sedimentary, mainly
clastic, deposits like sandstones, mudstones and marls. The Mesozoic limestones and
associated rocks were studied by geologists from Austria, Slovakia and Poland [6,10–14].
These studies allowed distinguishing several successions based on lithological differences.
Additional successions were distinguished based on Upper Cretaceous–Paleogene flysch
sequences [15]. Great resistance to erosion spurred the separation of limestone blocks in
morphology, producing rocky formations along the PKB stretch [5]. The current relief of
the PKB depends on its complex structure and on weathering processes, which expose the
limestone elements by removing other less competent clastic deposits. The presence of
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these limestone rocky forms along the narrow structure distinguishes the landscape of the
PKB and is also reflected in the name of the unit, since the term “Klippen Belt” originates
from the word cliff (Klippen, in German) [6]. “Pieniny” is a geographic term. It identifies
the mountain range along Poland and Slovakia, part of the PKB that stretches from Austria
to Romania, with numerous “Klippen” [5] (Figures 2a and 3). These cliffs form harder, more
erosion-resistant elements, residing within less competent clastic deposits, like sandstones,
shales and marls that form turbiditic (flysch) complexes. The limestone blocks have mainly
an olistolith origin, and slipped down from shallower zones to the deeper basinal areas.

The limestone cliffs are concentrated in two olistostrome belts [5]. The older one
derived from the subduction of the southern Alpine Tethys, while the other formed from
the shift of the accretionary wedge to the north. The other cliffs, as well as the whole flower
structure of the PKB, formed as a result of tectonic deformational processes. They are an
effect of the collision and strike-slip movement of the lithospheric plates [1–5]. The PKB
flower structure is separated in the north and south by deep-rooted faults and is related to
the diapiric mélange in the Pieniny Mountains in Poland.

The study of this mélange is key for the description of the PKB regional geology,
paleogeography and evolution. The PKB structure is controversial. Geologists working
in different areas of the PKB have different, equally divergent opinions about the PKB
structure [3–5,16–21]. Learning about the structure of the PKB and reconstructing from
it the sequence of past geological processes requires further detailed study of its various
elements. To facilitate the geological interpretation of the mélanges of the PKB, the authors
conducted shallow seismic refraction tomography, which allows mapping subsurface
geological features with high accuracy.

Figure 1. Location of the research (see Figure 2a) area on a geological sketch map of the Carpathians
and adjacent areas. After [22], modified.
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Figure 2. (a) Location of the area where the geophysical measurements (red ellipse) were performed
on the sketch map of the Pieniny Klippen Belt between Szczawnica and Nowy Targ in Poland.
Modified from [5]. The map shows the research area from Figure 1; (b) lithostratigraphic distribution
of the sedimentary successions in the Pieniny Klippen Belt (southernmost units to the left) and
the adjacent part of the Krynica Subunit in the Outer Carpathian Magura Nappe (right), Poland,
bordering Slovakia (after [21]). FM—formation, LMS—limestone, SH—shale.

Figure 3. Simplified geological map (without Quaternary deposits) of the study area (for its location,
see Figure 2).
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Seismic refraction tomography (SRT) is a geophysical technique that allows the de-
termination of the geological and geotechnical characteristics of the subsurface for envi-
ronmental and engineering studies [23]. It allows the recognition of the distribution of
individual units present in subsurface structures and is non-invasive. The goal of SRT
surveys is to obtain a 2D seismic wave velocity model of the subsurface. Seismic refrac-
tion tomography was widely employed in the late 1980s and early 1990s, mainly for the
investigation of deep crustal structures [24]. Over time, seismic refraction was adapted
for near-surface geophysics, and seismic reflection profiling has become the main method
for deeper investigations [25–27]. Today, SRT is an established near-surface investigation
method used in environmental and engineering studies [28]. Seismic refraction tomography
performs well in many situations where traditional seismic refraction methods fail, such as
in the presence of velocity structures with both lateral and vertical velocity gradients [29,30].
SRT is commonly applied for, e.g., bedrock mapping [31–33], groundwater level deter-
mination [34,35], the characterization of landslide geometry [36,37], the assessment of
rippability [38,39] and seepage detection [40].

SRT measurements were carried out along survey lines that were oriented perpendic-
ularly to the general strike of the PKB, especially to the belt of limestone outcrops, which
is one of the most spectacular features in the investigated part of the PKB, well visible
as small hills built of Jurassic and Cretaceous rocks. The purpose of this research was to
determine the geological structure of the area in detail.

2. Study Area and Geological Setting

The study area is located in the Spisz (Spiskie) Pieniny Mountain Region, in South-
ern Poland, in a region with several limestone blocks, including the popular Obłazowa-
Kramnica, Lorencowe Skałki and Korowa Skałka, which stand out from the uniform
morphology of the area (Figure 3). The Central Carpathians and the PKB are located in
this region [1–5,41]. The Central Carpathian rocks crop out in the southernmost part of
the studied area. They consist of Central Carpathian Paleogene flysch deposits (Podhale
Flysch), mainly made of Eocene sandstone and shales of the Szaflary Formation [20,21]
(Figure 3). The subvertical fault marks the boundary between the Central Carpathian Pale-
ogene deposits and the PKB [5,41]. The Central Carpathian Paleogene deposits are strongly
deformed. At the contact with the PKB, they fall steeply (70–90◦), but a few kilometers
south of the PKB they fall gently (0–45◦) [5,21].

The PKB rocks were deposited during Jurassic–Neogene times (Figure 2b) in two
basins—Złatne and Magura—separated by the Czorsztyn Ridge [5,15,21] (Figure 4). The
Jurassic–Lower Cretaceous deposits consist mainly of limestone and radiolarite [14,41].
They are divided by several successions, depending on their paleogeographic position
within ridge, slope and deeper basin. The Zawiasy and Hulina Successions were deposited
on the northern slope of the Czorsztyn Ridge; the Pieniny, Branisko, Czestezik and Niedzica
Successions were deposited on the southern slope of the basin. The Coresztyn Succession
was deposited in the central part of this ridge. Albian–Neogene rocks consist mainly of
flysch and marls deposited during the formation of an accretionary prism [5,14,41]. The
rocks of the Czorsztyn Succession are olistoliths redeposited into the mélange (Figure 3)
formed in the southeastern part of the Magura Basin [5]. The current structure of the PKB
is the result of compressional and transpressional movements [5,21]. The compressional
deformations produced thrust sheets (nappes). Three structural units (nappes) were dis-
tinguished within the investigated area (Figure 3). The southern Złatne Nappe is located
north of the Central Carpathian Paleogene flysch. It mainly consists of Upper Cretaceous
flysch of the Sromowce Formation [5,21]. The northern Hulina Nappe is built mainly of
Upper Cretaceous–Paleogene flysch of the Jarmuta and Malinowa formations [5,14,21,41].
Complexes with prevailing thick-bedded massive sandstones and complexes with an equal
mixture of shales and sandstones can be distinguished within this flysch. Also, a block-in-
matrix zone with olistoliths forming a sedimentary mélange can be distinguished within
the Hulina Nappe, north of the boundary with the Złatne Nappe (Figure 3). This zone
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corresponds to a belt of limestone outcrops. The olistoliths are mainly composed of Jurassic–
Cretaceous limestones belonging to the Czorsztyn Succession. They are often arranged
vertically, in contrast to the 45-degree-dipping flysch nappes [21]. Locally, between the
Złatne and the Hulina nappes, there is the Branisko Nappe, built mainly of Jurassic–Lower
Cretaceous limestone and radiolarite (Figure 3).

Figure 4. Paleogeography of the Alpine Tethys (Magura Basin, Czorsztyn Ridge and Złatne Basin)
during the Albian (112 Ma). Modified from [5].

3. Methods

Seismic refraction tomography utilizes artificially generated seismic waves that prop-
agate through a subsurface. The speed of propagation of seismic waves varies and is
dependent on the individual parameters of the medium, including the type of lithology, its
textural and structural features and the presence of tectonic structures [42]. According to
geotechnics, an increase in seismic wave velocity indicates a more solid material [43]. The
achievement of a lithological inventory of the studied area, together with the knowledge of
parameters such as the speed of propagation of seismic velocity in different media offers
the possibility to determine the internal structure of a subsurface, analyzing the thickness
of soil and weathered layer and the lithological distribution in the internal structures.

Seismic refraction tomography is based on the arrival times of seismic waves that
were critically refracted at the interface between layers having different velocity. The travel
times of the seismic waves are recorded by receivers (geophones) placed in a line. Based on
multiple registrations using a combination of shot points and geophones, a collection of
travel times can be obtained. The inversion of those travel times allows obtaining a velocity
model of the subsurface [44]. The depth of investigation can be from 0.3 to 0.5 times the
receiver spread, but depends on the geology beneath the spread. The gridded inversion
technique determines the velocity of individual 2-dimension blocks within a profile as
opposed to modeling velocities as layers. As a result, SRT provides good resolution of
the complex velocity structure of a subsurface [29]. However, velocity reversal or hidden
layers can cause errors in tomographic calculations. Velocity reversal occurs when a layer
has a lower seismic velocity than an overlaying layer. In such a situation, the refraction
wave is not created. Another limitation is due to blind zones, which occur where there is
insufficient velocity contrast or thickness difference between layers.
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4. Seismic Refraction Tomography Measurements

The seismic acquisition set-up was deployed along three profiles: S01, S02 and S03.
The survey lines passed through the belt of the limestone outcrops zone and extended far
enough into its surrounding formations on both the north and the south sides (Figure 5).
They covered the PKB structure and its surrounding areas. Figure 6 shows a view of a belt
of limestone outcrops and the nearby geophysical profile S03.

Figure 5. Location of the seismic refraction tomography measurements.

Figure 6. Illustrative photo of a view from the south of a fragment of the S03 profile (from ca.
390 m to 625 m) and the surrounding limestone outcrops. The top of the Korowa Skałka outcrop is
approximately 13 m above the ground surface.
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The data were collected using three Geometrics Geodes with 14 Hz vertical geophones
spaced 5 m apart. The active spread consisted of 72 geophones, which corresponded to a
length of 355 m. The spread spanned over 1075 m and was measured in three parts with
overlaps of 115 m (roll-along technique). As a seismic source, we used Gisco ESS-500 Turbo
(accelerated weight drop of 227 kg—impact velocity of 6 m/s, with energy of 4088 J). The
first shot’s location was one-half the distance of the receiver from the first geophone, and
the shots were located 30 m apart. To obtain a high signal-to-noise ratio, typically, up to
three weight drops were performed at each shot position. Then, the corresponding records
were vertically stacked. The sampling rate was 0.5 ms, and the recording time was 1 s. The
acquired data had excellent quality with clear first arrivals (Figure 7).

Figure 7. Exemplary P-wave shot gather from the beginning of the S01 profile. The gather shows a
high S/N ratio, with first breaks (green line) clearly visible even at a long distance from the seismic
source position (offset).

The obtained seismic data were processed in ZondST2D software ver. 6.0 (Zond
Software Ltd., Paphos, Republic of Cyprus). The times of the first P-wave arrivals in
each shot gather were manually picked. A P-wave velocity model was derived from the
collection of those travel times by using the tomographic inversion method. This method
utilizes an initial velocity model and iteratively traces rays through the model, comparing
the calculated travel times to the measured travel times, modifying the model and repeating
the process until the difference between the calculated and the measured travel times of
the first arrivals is minimized [29,44,45]. The initial model for the inversion was built using
a smooth gradient velocity distribution in relation to depth. The parameters of the model
varied from 0.5 km/s to 5 km/s. The inversion process was stopped after 10 iterations,
reaching an RMS (root-mean-square) error of 1.3%. The final velocity models (Figure 8)
were trimmed in the areas where there was no ray coverage. With the applied methodology,
the maximum depth of subsurface seismic imaging was 90 m.
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Figure 8. The results of seismic refraction tomography. (a) Profile S01, (b) profile S02, (c) profile S03.
The purple lines indicate the area of the belt of limestone outcrops on the surface.

5. Results and Interpretation

Seismic velocity identifies rocks and their condition. Low velocities may indicate the
presence of soft rocks like mudstones, marls and soil, while high velocities may indicate
a solid rock. The more weathered the rocks are, the greater the impact on their seismic
characteristics, and the lower the velocity [46,47]. The SRT cross sections obtained for
the Pieniny Spiskie Mountains showed significant horizontal and vertical seismic velocity
variations. The velocity ranged from 1.5 km/s to 4.5 km/s, showing strong lateral contrasts
in the subsurface properties. This revealed the complex geological structure of the study
area (Figure 8).

For the proper interpretation of the obtained results, we used geological maps of the
region (Figures 2 and 3) and performed geological observations of outcrops and along the
Dursztyński stream section (Figure 9, for the stream location, see Figure 3). This allowed
for a correlation of the velocity distribution with the rock type (Figure 10).

According to the geological maps and the field study, we found that thin-bedded
sandstones and mudstones are component of the flysch sequences of the Central Carpathian
Paleogene, Złatne and Hulina units, limestones are typical of the Branisko Unit, and thick-
bedded sandstones are characteristic of the Jarmuta Formation of the Hulina Unit.
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Figure 9. Illustrative photos of examples of mélange deposits along the Dursztyński stream. (a) Olis-
tolith of Jurassic limestone, (b) Upper Cretaceous marly deposits hosting olistoliths. The height of the
visible olistolith in (a) is about 2 m.

Figure 10. The geological interpretation of seismic refraction tomography. (a) Profile S01, (b) profile
S02, (c) profile S03. The purple lines indicate the area of the belt of limestone outcrops. Dashed
lines—interpreted boundaries between geological units. Black lines—faults.
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The lowest velocities (up to 1.5 m/s, marked in dark blue) corresponded to soil, which
is the first outer layer, with a thickness of about 2 m. At a shallow depth, bedrock with high
variation in velocity was found. A relatively higher seismic velocity (light blue and green
colors) indicated the presence of flysch. Velocities up to 2.7 km/s (marked in light blue
and green) corresponded to flysch dominated by mudstone or marl, while higher velocities
(up to 3 km/s, marked in yellow) indicated that the main component was sandstones.
The highest velocities (orange and purple colors) corresponded to limestone or massive
sandstone. Velocity values from 1.6 to 2.7 km/s were interpreted as flysch deposits of
the Central Carpathian Paleogene, Złatne and Hulina Units, while higher velocities (from
3.2 to 4.5 km/s) were interpreted as both limestone and sandstone (Branisko Unit and
Jarmuta Formation). The velocities depended on the degree of weathering and the mineral
composition of the rocks and varied within certain ranges of values.

The profile S01 (Figure 10a) from the south presented first relatively low-velocity
flysch of the Złatne Unit with a thickness of about 40 m. High-velocity limestones of
the Branisko Unit were identified below. Those units were found to span the first 450 m
of the profile, bounded by the high-velocity sandstones of the Jarmuta Formation. This
boundary appeared to be below the belt of limestone outcrops. The massive sandstones of
the Jarmuta Formation dipped towards the north and then slowly emerged towards the
surface, starting from the 700th meter of the profile. Their outcrops are exposed near the
“Strzelnica Krempachy” shooting range (see Figure 3). The Jarmuta Formation is covered
by flysch deposits belonging to the Hulina Unit.

A similar velocity distribution was found for the S02 profile (Figure 10b), which first
showed flysch of the Złatne Units, lying on the limestones of the Branisko Unit. The
thickness of the Złatne Unit was found to vary from 20 to 80 m. The boundary between
these units and the sandstones of the Jarmuta Formation was marked at the 550th meter of
the profile. The sandstones dipped toward the north and appeared covered by flysch of the
Hulina Unit, which reached a thickness up to 80 m. At the 980th meter of the profile, they
started to emerge towards the surface. The velocities of the Jarmuta sandstones were lower
compared to those in the profile S01, which may indicate that they are more weathered.

The S03 profile started at the southernmost point (Figures 5 and 10c). It first showed
low-velocity Central Carpathian Paleogene flysch, spanning the first 100 m of the profile.
There is an almost vertical fault that limits the Pieniny Klippen Belt from the south [21].
The low-velocity Złatne Unit was identified between 100 and 280 m of the profile. Below, at
the depth of 65 m, high-velocity limestones of the Branisko Unit were identified. At the
280th meter of the profile, they suddenly emerged close to the surface. This zone spanned
450 m of the profile, where, once again, low-velocity shales and thin sandstones of the
Złatne Unit were found, and limestone of the Branisko Unit dipped steeply below the
depth range of the refraction tomographer. At the 510th meter of the profile, a contact
between low-velocity flysch of the Złatne and Hulina Units could be observed. Jarmuta
high-velocity sandstones were found at depths below 80 m, where they dipped toward the
north and then, after the 1000th meter of the profile, suddenly emerged close to the surface.

An interesting rounded, isolated object with very high velocity was seen at the 475th m
of the S01 profile, at the tectonic boundary between the Złatne Unit, the Branisko Unit
and the Jarmuta Formation (Figure 10a). It appeared located within the belt of limestone
outcrops. At the same place on the surface, just a few meters from the profile, there is
an outcrop of limestone. This coincidence allowed us to identify the object as limestone,
probably an olistolith embedded in sandstone. A similar contact could be observed near
the Lorencowe Skałki limestone block (for its location, see Figure 5) where limestone lies
directly on sandstone. Such contact could be observed in a nearby stream. The same
situation was found at the 525th m of the S03 profile, where an object with very high
velocity, corresponding to a limestone outcrop near the profile was observed. There was no
similar isolated object in the S02 profile, only a high-velocity block that corresponded to
sandstone of the Jarmuta Formation. One possible cause of this situation can be that some
of the limestone outcrops within the belt of limestone outcrops are uneroded blocks of
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the Branisko Unit, while others are rock fragments what detached from the Branisko Unit.
Those objects may be interpreted as tectonic mélanges. They are the result of thrusting that
had an impact in fault or shear zones, but also of mass rocks displacement.

Geological observations carried out in the southern part of the Dursztyński stream
allowed us to differentiate the complexes of south-dipping Upper Cretaceous thin-bedded
turbiditic sandstones and shales of the Sromowce Formation, as well as the almost ver-
tical Eocene thin- and medium-bedded turbiditic sandstones and shales of the Szaflary
Formation. This chaotic complex of limestones, marls, mudstones and sandstones is
located north of the flysch complex of the Sromowce Formation. The Jurassic crinoid
and nodular limestones, as well as the Upper Cretaceous marls (Jaworki Marls Forma-
tion) belong to the Czorsztyn Succession of the Pieniny Klippen Belt. The complexes of
calcareous Maastrichtian–Paleocene turbiditic sandstone of the Jarmuta Formation and var-
iegated, mostly red, hemipelagic mudstones (with intercalations of thin-bedded turbiditic
sandstones) of the Malinowa Shale are present in the northern part of the Dursztyński
stream section.

6. Discussion

The combination of geologic cartography and geophysical methods made it possible
to determine the distribution of the tectonic and sedimentary elements of mélanges in
the PKB. The southern part of the analyzed geophysical profiles appeared as a turbiditic
succession composed of sandstones and mudstones. We found that higher velocity rock
complexes constitute a sandstone-dominated flysch, where areas of low-velocity rocks show
prevailing claystones and mudstones. Flysch characterized both the Central Carpathian
Paleogene deposits and the Złatne Unit. It was not possible to distinguish this boundary
using only seismic data due to the similar physical parameters of the rocks occurring in
the two units. This boundary is outcropped in the Dursztyński stream section and was
extrapolated into the seismic profiles. It represents the upper part of the Southern Pieniny
Fault, the subvertical major tectonic boundary separating the Central Carpathians from the
Pieniny Klippen Belt. This fault is well visible in deep seismic profiles [17,21]. It is part of
the flower structure, originated during the strike-slip motion of the Central Carpathian and
North European plates [3,4,21,41].

The low-velocity flysch of the Złatne Unit was found to overlay the high-velocity
limestone complex. Extrapolation from the nearby Branisko Mountain in the Spisz Pieniny
Mountains suggests interpreting this complex as Jurassic–Lower Cretaceous pelagic cherty
limestones (Pieniny Limestone Formation) of the Branisko Unit. The belt of limestone
outcrops is separated from the Złatne Unit by a tectonic boundary. This belt was found to
be a chaotic sedimentary complex containing limestones, marls, sandstones and mudstones.
It represents an olistostrome belonging to the Hulina Unit. Low-velocity complexes of
hemipelagic mudstones with intercalations of thin-bedded sandstones were identified in the
Malinowa Shale Formation deposited within the Magura Basin. The northernmost part of
the geophysical profiles identified high-velocity rock complexes. After correlation with the
geological cartography data, these high-velocity complexes appeared to correspond to the
massive thick-bedded sandstones of the Jarmuta Formation belonging to the Hulina Unit.

The nature of geophysical measurements and their dependence on many equal factors
make them not always clear and unambiguous. For example, changes in vertical or
lateral velocity can be interpreted as changes in lithology or as weathering zones. The
interpretation of data using one method has limits. Reliability can be improved by applying
additional geophysical surveys using other methods [5,48] and obtaining data from a
maximally large database of geological data from surface and subsurface structures, such
as boreholes. The use of specific methods, whose implementation has both advantages and
disadvantages, must be analyzed in detail, and the choice of the method should depend on
the type of information to be obtained, the specifics of the area and the experience of the
geophysicists performing the survey.
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There are not many shallow geophysical studies regarding the Pieniny Klippen Belt in
the literature [5]. Most studies focused on the geological interpretation of the deep structure
of PKB [21,49–51] or on measuring seismicity and investigating faults in the area, because
the PKB is tectonically active [26,52,53]. To obtain a more detailed and unambiguous image
of the shallow part of the PKB area, the next step in our research will be to perform more
seismic refraction tomography measurements, followed by electrical resistivity tomography
and gravimetric surveys.

7. Conclusions

SRT cross sections across the Pieniny Klippen Belt in the Pieniny Spiskie Mountains
(Krempachy area) showed significant horizontal and vertical seismic velocity variations.
Low-velocity complexes were found to correspond to flysch deposits dominated by mud-
stones and marls as well as claystone- and clay-dominated weathering deposits or soils.
High velocities were related to the presence of limestones or massive sandstones. In the
SRT cross sections, the tectonic Złatne, Branisko and Hulina Units were distinguished
within the PKB. The deposits of the Hulina Unit representing the northern part of the PKB
appeared to consist of three lithological complexes: mudstones, marls and thick-bedded
sandstones. The northern part of the Hulina Unit was found to be dominated by a sed-
imentary mélange containing isolated limestone blocks interpreted as olistoliths, which
form the "Klippen”. The Branisko Unit is located in the southern part of the PKB, which
appeared mostly covered by flysch deposits of the Złatne Unit. The subvertical fault, which
is the contact structure of the PKB with the adjacent part of the Central Carpathians, was
not clearly visible in the SRT cross sections because the rocks on both fault sides displayed
similar physical parameters. The fault location was derived from the geological cartography
(Figure 3).
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