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Abstract: The research area covers the border zone between the Central and Outer Carpathians.
The purpose of this research was the interpretation of this zone based on a gravitational survey.
This survey was integrated with the results of surface mapping, a deep seismic survey, and deep
drillings. Three major tectonic units are located in this area: the Outer (Flysch) Carpathians, the
Pieniny Klippen Belt (PKB), and the Central Carpathians. All three units contain a significant amount
of flysch sequences. The lowering of the Bouguer anomaly value from north to south reflects the dip
of the crystalline European Plate; in turn, the renewed increase in value correlates very well with
the emergence of the crystalline ALCAPA Plate. The range of variability of the Bouguer anomaly
value largely masks smaller anomalies in amplitude originating from smaller geological structures.
Only three anomalies with significant horizontal extent and greater amplitudes are visible: two are
clearly correlated with the Orava-Nowy Targ Basin and the third anomaly is likely connected with
the thicker pile of the Outer Carpathian flysch. To separate the boundaries of geological or tectonic
structures (lineaments), a horizontal derivative (THDR) and an analytical signal (ASA) were used.
Both methods allowed us to confirm existing geological and tectonic boundaries (lineaments) and to
identify new ones.

Keywords: gravity; gravity anomaly; gravity derivatives; analytic signal; lineaments; Western
Carpathian; Outer (Flysch) Carpathians; Pieniny Klippen Belt

1. Introduction

The research area is located in the Carpathian Mountains in southern Poland, south of
Krakow, between Mszana Dolna and the foothills of the Tatra Mountains. The 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 [1,2].
Several secondary tectonic units are separated by thrust faults, and transverse strike-slip
faults were also distinguished in this area [3,4].

Geophysical research has been carried out in the Western Carpathians for many years.
Among them, the most common are seismic surveys [5], particularly for the exploration of
oil and gas deposits. For a deeper geological exploration, magnetotelluric studies were also
carried out [6]. This area was also analyzed on the basis of gravity and magnetic studies [7].
The latter publication focuses on the general description of the recorded anomalies and an
attempt to determine the morphology of the crystalline basement. In 2003, Pomianowski [8]
presented gravimetric and geoelectric models along the profiles crossing the Orava-Nowy
Targ Basin. Recently, more detailed analyses of gravity and magnetic studies of [9,10] for
the westernmost Polish Outer Carpathians have also appeared. They used several gravity
data processing procedures based on the filtering of the frequency domain.

In our publication a wide range of gravity data processing procedures were used
that focused primarily on the search for lineaments. Basic gravity interpretation is con-
ducted based on the distribution of Bouguer’s anomaly [11]. Usually, in the next stage
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of interpretation, the regional factor from larger, extensive structures is removed from
Bouguer’s anomaly [12]). This factor, calculated using upward continuation, allows one
to obtain residual anomalies. These anomalies have a smaller amplitude and horizontal
range and allows one to detect or better contour smaller, local structures and the separation
of lineaments [13]. A necessary but not sufficient condition for detecting structures or
lineaments is the existence of bulk density contrasts between the geological structure and
its surroundings.

There are some processing methods which use gravity derivatives to determine geo-
logical structures and lineaments. The first gravity derivatives, in particular the gravity
vertical derivative (VDR), emphasize the effects of shallow-lying structures and density
boundaries. Gravity derivatives allowed us to calculate the total horizontal derivatives
(THD) and analytic signals (ASA), which are widely used for lineament and structure
boundary detection [14].

The goal of this research was the interpretation of the border zone between the Central
and Outer Carpathians based on a gravitational survey [15]. This survey was integrated
with the results of surface mapping, a deep seismic survey, and deep drillings. The
geological field work allowed us to distinguish the main structural units in the investigated
area [1]. Several deep drillings penetrated these units. The deep seismic survey [2] divulged
the relationship between the major plates existing of this area. The character of the tectonic
boundaries between geological units and the internal structures of these units is still
controversial. We hope that studies of gravity anomalies could help unravel the details of
tectonics, especially the position of major faults and other lineaments.

The type of morphology and geology in the research area represent classic mélange.
The study of this mélange may fundamentally change our understanding of the regional
geology, paleogeography, and paleodynamic evolution of this area, as well as those of
other mountain belts. The research results may be useful in the hydrocarbon exploration
in the Carpathians. The research area can be also treated as a geological field laboratory,
with visible objects and processes helping to understand the earth’s complex geological
history. Better recognition of the geology of this region will increase its attractiveness as a
training area for students and young scientists and as geotouristic object with outstanding
cognitive qualities.

2. Outline of the Geological Setting

The research area belongs to the Carpathians that form a great mountain arc in Central
Europe (Figure 1). The Western Carpathian structure was the result of a collision between
the consolidated North European Plate and microplates included in the larger tectonic
element ALCAPA (Alpine-Carpathian-Pannonian) [16-18].

ALCAPA includes the Alps, Carpathians, the Pannonian Basin, and other smaller
basins (Figure 1). The microplates involved in the collision include the Central Western
Carpathians and Inner Western Carpathians.

Three major tectonic units are located in this area: the Outer (Flysch) Carpathians,
the Pieniny Klippen Belt (PKB), and the Central Carpathians. The PKB is located in the
suture zone between the Central and Outer Carpathians. The Central Carpathians consists
of Paleozoic granite and metamorphic rocks, as well as Mesozoic sedimentary rocks. These
sedimentary rocks include mainly Triassic-Cretaceous carbonates.
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Figure 1. Location of the study area on a simplified geological map of the Carpathian chain within
Europe. Modified after [19].

The Mesozoic-Cenozoic development of the Central Carpathians includes the depo-
sition of an epicontinental platform and deeper pelagic sediments on the granitic and
metamorphic basement. Late Cretaceous shortening caused nappe thrusting from the south
to the north [3]. The Central Carpathian Paleozoic and Mesozoic rocks are exposed in
the Tatra Mountains south of the research area. The Central Carpathian Paleogene covers
these rocks north of the Tatras. It is represented by the Middle Eocene conglomerates and
limestones, followed by 3000-m-thick Eocene-Oligocene flysch sequences (Podhale Flysch
Basin). These sequences form a syncline between the Tatra Mountains and the border
with the PKB [1]. The PKB is limited by deeply rooted faults on both sides that form the
flower structure [20,21]. The Jurassic-Albian sedimentary sequences of the PKB are mainly
represented by limestones and radiolarites. The flysch rocks were deposited during Albian-
Neogene times. They contain olistoliths arranged in two belts. The mélange character of
PKB is expressed by complex tectonics that shows both nappes and deep-rooted faults, and
by the occurrence of olistostrome and wildflysch [22].

The PKB and the Outer Carpathians are separated by a subvertical strike-slip fault.
This suture zone is partially covered by the Neogene deposits of the Orava-Nowy Targ
Basin. The thickness of sand-silt and clay, which were deposited in this Basin reaches
900 m. Some thin layers of coal intercalate faintly cemented silty clays. The age of the oldest
sediments was established in the Carpathian-Badenian (Serravalian) [23]. The Orava-Nowy
Targ Basin originated during strike-slip movements in the basement and is considered as a
pull-apart basin [8,23]. The Miocene-Pliocene marine and fresh-water deposits are covered
by Quaternary silixiclastics, mainly gravels.

The Outer Carpathians consist of the Upper Jurassic to the Lower Miocene flysch
sequences, which are up to six kilometers thick. These sequences include turbiditic sand-
stones, mudstones, calcareous shales, and marlstones, sometimes with cherts and lime-
stones. Olistoliths from various basement and ridge units and redeposited flysch packages
are common [3,24]. The flysch sequences are thrust over the North European Plate, forming
the fold-and-thrust belt.
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The Outer Carpathian flysch is divided into several nappes and thrust sheets: the
Magura Nappe, Fore-Magura group of nappes, and the Dukla, Silesian, Subsilesian,
and Skole nappes (Figure 2). The southern large Magura Nappe is divided into four
lithostratigraphic-tectonic units: Krynica, Bystrica, Raca, and Siary. All these units are built
mainly of Lower Cretaceous to Oligocene flysch rocks. The southernmost Krynica Unit
borders the PKB. The northern Outer Carpathian nappes built of Upper Jurassic to Lower
Miocene flysch sequences are covered by the Magura Nappe in the research area. They are
exposed only in the Mszana tectonic window. The North European Platform consists of
the Precambrian crystalline basement and the Paleozoic-Miocene sedimentary cover [1,24].
The rocks of the Magura nappe are cut by several deep faults perpendicular to the strike of
the nappe [25]. The Miocene andesitic dykes and sills are located near the PKB-Magura
Nappe border (Figure 2). Intrusions cut through the Magura Nappe and the PKB form
andesitic dykes and sills distributed along the Pieniny Andesitic Line (PAL) [22,26,27].
The sediments that form the Outer Carpathian nappes were originally deposited in the
Mesozoic and Cenozoic basins belonging to the western part of the Tethyan realm [23,24].
The evolutionary stages of these basins include:

Jurassic-Cenomanian syn-rift and post-rift, extension—opening of basins;
Cenomanian-Eocene synorogenic, contraction, and collisional—development of sub-
duction zones, partial closure of basin, destruction of ridges, sedimentation of synoro-
genic turbidites (flysch) formation, and development of accretionary prism;

e  Eocene-Miocene late orogenic, contractional, collisional (Eocene-Miocene)—further
development of accretionary prism closing of basins, final destruction of ridges, devel-
opment of piggy-back basins.

Jordanow ¢ ‘é\

Nowy Targ

Krynica Unit El Orava-Nowy Targ Basin - Fore-Magura Nappes

Bystrica Unit \:’ Pieniny Klippen Belt T=~< Faults

Raca Unit l:l Podhale Flysch Basin

Figure 2. Simplified geology of the study area (created based on tectonic sketches from explanatory notes
to the detailed geological map of Poland, sheets no.: 1032, 1033, 1034, 1048, 1049, 1050, 1060, 1061).

Magura Nappe

The main tectonic phase took place in the Miocene during the collision between the
overriding ALCAPA plate and the North European plate. As a result of intense Neogene
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orogeny, the sedimentary infill of the Outer Carpathian basins became folded and detached
from its substratum. Several uprooted nappes and thrust-sheets were created. The Carpathian
Foredeep was formed in front of the steeply northward-advancing nappes [23,24].

3. Methods

The gravity method, based on the natural gravitational field of the Earth, is used to
identify change in the gravity field that reflect the changes in the density distribution in
the rock mass, both in prospecting and engineering studies. In this paper, it is used, in
particular, to identify edge structures, contacts, and lineaments. The Bouguer anomalies
are a source of information on the distribution of this density and are calculated as the
difference between the sum of the measured gravity value g with the Bouguer reduction
to a reference level and the normal value of gravity gN calculated at that level (latitude
correction), using Formula (1).

Ag =g+ dgp +0gp + 08T — gN 1)

The Bouguer reduction consists of three corrections: terrain correction dgr, free-air
correction 6gg, and Bouguer correction dgp [11,28] and is applied in order to eliminate
from the observed gravity values the influence of changes in the topography of the terrain
surface. After their introduction, it is possible to calculate the Bouguer anomaly (1) by
subtracting the normal value of the gravity force gy, which is calculated on the basis of the
International Gravity Formula for the Earth model of the Geodetic Reference System 1980 [29].

The Bouguer anomaly is the sum of all gravity effects connected with all underground
sources. How big those effects are depends on the source size and mass, and their distance
from the observation points. For this reason, the interpretation of the Bouguer anomaly
can be divided into two parts. Both of these parts are connected with separation problem
techniques. As such, these techniques can be classified as isolation and enhancement
methods of interpretation [30]. First, isolation techniques are used to isolate some parts
of the anomaly from others. Generally, it means that the anomaly is divided into regional
(large-scale) and residual (local-scale) anomalies, connected with deep sources (first) and
shallow sources (second). On the other hand, using the enhancement techniques makes
it possible to bring out significant anomalies and accent their perceptibility. The group of
anomalies with similar attributes is considered as a significant anomaly.

Thanks to the fact that nowadays the Bouguer anomaly can be processed in a spectral
domain, it is possible to use more effective wavelength (wavenumber) filters, such as the
low /high-pass cut-off filter, continuous filter, etc. In this paper, we focused on the results
of four techniques: one isolation filter and three enhancement methods. The isolation filters
selected in this paper are the continuation filter and band-pass filter, and the enhancement
filters are a vertical and horizontal derivative and an analytic signal.

The continuation filter—upward or downward—is used to project the gravity anomaly
on different surfaces, above or below the originally observed level [31,32]. We used an
upward filter, which is one of the low-wavenumber pass filters, and this allowed us to
calculate the Bouguer anomaly from the original observation level to the higher surface
(Equation (2)).

L(k) — e727thk (2)

k—wavenumber [cycle/ground unit],
h—distance to upward continue [ground unit].

It is shown that the filter reduces the weight of anomalies from shallow sources in
favor of deeper and larger sources. This is why, together with the increase of distance h,
visibility of the shallow anomalies decreases. It can be said that this is one of the isolated
filters that extracted a regional anomaly, connected with deeper geological sources from
the Bouguer anomaly.

As the result of the upward continuation filter, a regional anomaly is often used to
calculate residual anomalies connected with shallow geological sources. This regional
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anomaly is subtracted from the Bouguer anomaly to calculate the residual anomalies.
Because this filter is found to be a clear filter, it is more probable that residual anomalies
should not be overinterpreted near the edge of the research area.

The next filters use derivatives and analytic signal methods. All of them are used to
detect and bring out linear structures and structure edges, very often almost invisible in the
Bouguer or residual anomalies distribution. They are known to emphasize the perceptibility
of the anomalies based on the higher wavenumber component of those anomalies, which
means that they are produced by geological contacts and boundaries.

Vertical derivatives are especially foreordinated to bring out the shallow anomaly,
while horizontal derivatives are used to delineate the structure edges and lineaments [33,34].
In this paper, the first vertical VDR and total horizontal THDR derivatives are used and
mathematically calculated from the Bouguer anomaly using formulas VDR (3), THDR (4).

VDR = (9g/0z)'/? 3)

where g is the Bouguer anomaly,
And
THDR = [(9g/9x)* + (9g/dy)*]"/2 (4)

Another type of derivative technique is the total derivative, known as the 3D analytic
signal amplitude, and the first order of ASA is calculated as (5) [35]:

ASA = [(9g/9x)? + (9g/y)? + (0g/9z)*]/? )

4. Results

The research was based on gravity data from a data base of the Polish Geological
Institute-National Research Institute.

4.1. Bouguer Anomalies

In gravimetric studies, Bouguer anomalies are the basis for the interpretation of the
geological structure of the rock. For their correct calculation, it is necessary to introduce
the Bouguer reduction into the measured values of gravity. According to Formula (1),
the reduction consists of several individual corrections. One of them is the Bouguer
correction, whose value depends on the average bulk density of the formations that form
the near-surface part of the rock sequence. In calculations for areas with a large horizontal
extent, the average density of the earth’s crust is usually used, which is 2.67 g-cm~3.
However, taking into account the fact that the entire study area is made of Carpathian
flysch, its average bulk density was used for the calculations [36]. Analyzing the range of
density variability in individual units of the Western Flysch Carpathians [37] and data from
boreholes [38], the average density of the Carpathian flysch was assumed to be 2.5 g-cm 3
for the calculations of the Bouguer correction. Due to the mountainous nature of the study
area, it was necessary to take into account the second correction, the terrain correction,
in the calculations of the Bouguer anomaly. Since this correction also requires an a priori
value of the mean density of near-surface rocks, its value was the same as in the case of the
Bouguer correction, i.e., 2.5 g-cm 3. Terrain correction was calculated within a radius of
20 km around the gravimetric measurement point based on the DEM (Digital Elevation
Model), with a resolution of 25 m x 25 m, downloaded from the Copernicus portal, which
is part of the European Union’s Space Programme. Taking into account all necessary
corrections, it was possible to calculate the value of the Bouguer anomaly (Figure 3).

The change in the value of the Bouguer anomaly is visible in the general direction
from north to south. Going from the north of the analyzed area, the value of the anomaly
decreases towards the south, and then begins to increase, which should be associated with
the deep bedrock. The lowering of the anomaly value from north to south reflects the
collapse of the crystalline European Plate in this direction, i.e., the increase in thickness
of the lighter flysch formations. In turn, the renewed increase in value correlates well
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with the emergence of the crystalline ALCAPA Plate, and thus with the reduction in the
thickness of the lighter Podhale flysch formations. The range of variability of the Bouguer
anomaly value is significant and ranges from —61 mgal to —12 mgal, which largely masks
smaller anomalies in amplitude originating from smaller geological structures. Thus, only
anomalies with significant horizontal extents and greater amplitudes are visible in the
distribution of anomalies.

Ty
Gaar Dunae e

1 mgal =10° m/s?

A, - the name of the anomaly

[ Saaaa—  ESS—
0 5 10 15 20km

T T

-65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 mgal
Figure 3. Distribution of Bouguer anomalies.

At the negative extreme of the Bouguer anomaly, three latitudinal extent anomalies
A1, Ay, and Aj are visible. The first two clearly correlate with the Orava-Nowy Targ Basin;
the western A; anomaly is generated by the Orava Basin, while the eastern A; is generated
by the Nowy Targ Basin. The formations of both basins are less dense than the surrounding
rocks, resulting in relatively negative anomalies. To the west of the interpreted area, there
is an extensive, relatively negative, A3 anomaly with much smaller amplitude anomalies of
two basins mentioned above. In the northern part of the research area, south of the town of
Rabka, a relatively negative anomaly Ay is visible. Its small surface range and amplitude
smaller than the basin anomalies means that its source is a structure of a size and depth
smaller than the Orava-Nowy Targ Basin. The anomalies A3z and A4 perhaps indicate a
thicker pile of the Outer Carpathian flysch above the basement of the North European Plate.
They are probably linked to deep faults reaching the basement. Some Neogene deposits are
also possible below the Carpathian’s thrusts.

4.2. Residual Anomalies

The shape of the Bouguer anomaly, which is significantly influenced by the deep
basement, makes the influence of local geological and tectonic structures hardly visible
or invisible on the anomaly distribution (Figure 3). For this reason, isolation techniques
are used to isolate the regional (large scale) and residual (local scale) anomalies connected
accordingly with the deep and shallow sources. To divide the regional anomaly, an upward
continuation filter was used to calculate the Bouguer anomaly of the surface 3000 m above
the original level (Figure 4). The obtained regional anomaly distribution confirms the
previously described relationship between the Bouguer anomaly and the general geological
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structure and reflects the shape of the crystalline basement. Subtraction of the regional field
from the Bouguer anomaly allowed us to obtain the distribution of residual anomalies as
the closest mathematical approximation to real local anomalies (Figure 5).

Falsztyn
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Figure 4. Distribution of regional anomalies.

1 mgal =10° m/s?

.’ .

" 0 -L __ -lineament
S Ny ——

K —X_.— -"river" anomaly
A1 - the name of the anomaly
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Figure 5. Distribution of residual anomalies.
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The removal of the regional field emphasized anomalies A; and A, within the Orava-
Nowy Targ Basin, which bring two standalone basins out: the Orava Basin and the Nowy
Targ Basin, separated by the LudZmierz Elevation. The horizontal range and amplitudes of
anomalies generated by both basins clearly indicate that the Orava Basin is deeper than the
Nowy Targ Basin. This conclusion is confirmed by drillings [39] and seismic surveys [8].
Based on the distribution of anomalies generated by both basins, it is possible to determine
the approximate location of the faults that limit the basin (Figure 5, red dashed lines). It is
characteristic that, for both basins, the values of anomalies decrease faster at their northern
border than at the southern one. This may indicate that in the northern part, the shore of
the basin is steeper, that is, the bottom of the basin was thrown faster by a fault or a series
of faults.

In the discussed area, narrow, linear residual anomalies are clearly visible, which
correlate with the course of the rivers (Figure 4, blue dashed line).

The Vp anomaly is associated with the Dunajec River, the Vg anomaly with the
Kamienica River, and the Vo anomaly with the Ochotnica River. These anomalies are
probably related to the existence of alluvial deposits, the density of which is much lower
than that of the surrounding flysch. It cannot be ruled out that, despite the exact NMT,
the calculated terrain correction did not fully remove the influence of the complex relief.
It is worth noting that, apart from these rivers, in the remaining study area, there is no
correlation between anomalies and the course of the rivers.

Separation of the fields allowed us to obtain a more accurate picture of anomaly A3,
which was previously seen on the distribution of Bouguer anomalies (Figure 3). This
anomaly, or rather an anomalous region with relatively negative values, has a much more
complicated shape than anomalies A; and A,. Above the village of Lacko, a negative
anomaly A3, is visible, which cannot be correlated with the Dunajec River. Furthermore,
there was a negative anomaly Ag,, which has clear boundaries that may correspond
to faults.

In terms of the distribution of residual anomalies, the Pieniny Klippen Belt is very
poorly visible, and only its northern border, which is the border with the Nowy Targ Basin,
is clearly marked. It is worth noting that to the east of Dursztyn, lower values of the
residual anomaly are observed than to the west. These values may indicate that the average
bulk density of rocks in this region is lower than in the rest of the PKB area. This very well
corresponds with the type of rocks in the PKB research area—in the western part, a mixture
of different sedimentary rocks and in the eastern part, limestones. The southern boundary
of the Pieniny Klippen Belt with the Podhale flysch is either invisible or very poorly visible,
probably due to the small density contrast between the two geological structures [2,22].

In addition to the anomalies described above, several lineaments and density borders
can be distinguished in the study area. Two lineaments, L; and L, can be observed in
the Krynica Unit of the Magura Nappe (Figure 5, black dashed line), which have a similar
SW-NE azimuth, with L originating at the northern border of the Orava Basin and L, at
the northern border of the Nowy Targ Basin. It seems that these lineaments are a reflection
of deeper faults that constitute density boundaries. North of Jordanow, at its northern
border, the L3 density boundary is visible, which runs partly in the Ra¢a Unit and partly
on its border with the Bystrica Unit. Above the highlighted anomaly Agz,, east of the
village of Szczawa, two lineaments L4 and Ls can be distinguished, which coincide with
the boundaries of overthrusts within the Bystrica Unit.

The Naprawa-Skawa Dolna fault and its extension, the Rokiciny-Lasek fault with
a strike almost perpendicular to the overthrusts, are not marked at all in the anomaly
distribution. The second fault of a similar course, the Dunajec fault, is visible only in
fragments. In general, it can be stated that the NNW-SEZ faults are practically invisible.
The distribution of residual anomalies also does not allow us to separate the boundaries of
the Mszana Gérna window. Thus, the formations in the window area do not differ in terms
of density from those of the adjacent areas.
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4.3. Gravity Vertical Derivative (VDR)

To bring out the significant anomaly and accent their perceptibility, enhancement
techniques are used, in particular the vertical and horizontal derivative and the analytic
signal. In the first step, the gravity vertical derivative was calculated (Figure 6), which
generally allows us to emphasize the shallow changes in density.

ordanowhe Mszana Gorna o -
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1 mgal/m = 10" s
NV river® anomaly
A; -the name of the anomaly

_-_'_'. - the border of the geological structure

9 = 30 s oy DN 20000

-0.010 -0.005 0.000 0.005 mgal/m

Figure 6. Distribution of gravity vertical derivative (VDR). (The color scale corresponded to the best
visibility of the zones).

Both basins—the Orava (A1) and the Nowy Targ (A;)—are clearly visible in the
distribution of anomalies. The meridional sections of both anomalies confirm that the
northern edges of the basins dip steeper than the southern ones. The designated anomaly
boundaries, especially the northern one, provide a better location of the actual tectonic
boundaries of the basins. It should be noted that the southern border of the A, anomaly
does not coincide with the location of the border between the PKB and the Nowy Targ Basin.
The deposits in the basin cover the northern boundary fault (blind fault) of the PKB [2].

To the south and east of the A, anomaly, two smaller anomalies Ay, and Ay, appeared
as the continuation of the Nowy Targ Basin. Both anomalies indicate shallow deposits
with a lower density than their surroundings. These anomalies are located in the valleys
of the Biatka and Dunajec rivers and are filled with significant amounts of Quaternary
pebbles. These pebbles are mined at the Frydman Plant. The artificial Czorsztyn lake is
located in anomaly A;,, while anomaly Ay, indicates the location of the ancient valley of
the Biatka River.

The decomposition of the vertical gravity derivative confirms the existence of the
previously discussed anomalies A3, and Ajp,. On the other hand, Rabka Basin Ay is less
visible, indicating the small thickness of the formations that fill it. The previously isolated
anomalies of Vp, Vi, and Vg are clearly visible. The distribution of the vertical derivative
confirms that they are undoubtedly associated with river valleys and most likely that they
originate from light alluvial formations.
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4.4. Total Horizontal Derivative (THDR) and Analytic Signal (ASA)

To separate the boundaries of geological or tectonic structures (lineaments), a hor-
izontal derivative (ITHDR) and an analytical signal (ASA) were used. In both methods,
the lineaments are determined on the basis of their local maxima. It can be seen on the
THDR distribution (Figure 7) that more lineaments were determined than based on the
distribution of residual anomalies (Figure 5).

3

o

L. lineament
1 mgal/m =10%s?

0.005 0.010 mgal/m

Figure 7. Distribution of gravity total horizontal derivatives (THDR).

Lineaments contouring the boundaries of the Orava Basin and the Nowy Targ Basin
are well visible. To the south of the latter, lineaments Lg and Ly were identified. Lineament
Lg marks the southern boundary of the structure, with reduced density A;, recorded in the
distribution of the vertical derivative, and lineament L; marks the southern boundary of
the structure Ay, (Figure 6).

North of both basins, the existence of lineaments L; and L, is confirmed. Lineament Lg
with a latitudinal course is drawn between them. It has no correlation with relief and known
geological boundaries. In the early recorded anomalies Az, and Ag, (Figures 5 and 6), only
the northern boundaries of the structures generating these anomalies are visible. The Ly
and Ls lineaments interpreted earlier are also clearly visible, but their course has become much
more complicated, which proves the nature of the geological and tectonic structure of this area.

In the THDR image from the boundaries of the A4 anomaly in the Rabka Valley area,
only the northern boundary of the structure (lineament Lo) is well reproduced. To the north
of it, the existence of an earlier L3 lineament is confirmed. A small L1y lineament can also
be distinguished along the Dunajec Fault.

The transfer of the lineaments extracted in the THDR procedure to the distribution
of the analytical signal (Figure 8) shows that they coincide with the structures visible on
the ASA distribution, although some of them are marked slightly weaker, such as the Lg
lineament or the L4—L5 group. This can be related to the fact that ASA as a total derivative
is calculated taking into account the vertical derivative, which emphasizes shallower, even
small structures, making the distribution of ASA more disturbed.
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Figure 8. Distribution of gravity analytic signals (ASA).

5. Discussion and Conclusions

The interpretation of gravimetric studies was carried out for the area, which covered
both the Outer and Inner Carpathians. As presented above, both geological formations are
separated by the Pieniny Klippen Belt, and therefore the research area had a complicated
geological structure. Since gravimetric studies reflect the spatial distribution of bulk density,
gravimetric interpretation was particularly difficult because of the regular stratification of
the Outer (Flysch) Carpathians.

Almost the entire research area was located in a mountainous area; despite the intro-
duction of terrain correction, some boundaries and lineaments (especially those that run
through the top parts of the mountains) could have been incorrect. To verify the results,
all the interpreted boundaries of the structures and lineaments were applied to the terrain
digital model of the research area (Figure 9). The analysis did not show a significant effect
of morphology on the results obtained.

The general distribution of Bouguer anomalies reflects the basement and is consistent
with the general geological setting. The distribution confirms the dip of the crystalline
European plate and the surface of the ALCAPA plate, whereas the Pieniny Klippen Belt is
less distinguished. The southern contact of the PKB with the ALCAPA plate is practically
invisible, which indicates a very similar bulk density of both geological structures at the
study site. The northern border of the PKB correlates well with the contact of the Nowy Targ
Basin, which, like the Orava Basin, is clearly visible in the distribution of gravity anomalies.

The general geological structure is also well seen in the distribution of regional anoma-
lies, which were calculated and then removed from Bouguer’s anomalies to emphasize
smaller local structures. The obtained distribution of the residual anomaly not only better
demonstrated both of the basins mentioned above (anomalies A; and A;) but also allowed
us to determine the unknown boundaries of lighter formations in the Rabka Basin and
an area located north of the village Lacko (the anomaly Ay). It is worth noting that the
boundaries of the basins do not fully coincide with the morphology of the terrain (Figure 9).
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Figure 9. Distribution of the digital terrain model (DTM) with interpreted lineaments.

The confirmation of the above structures and refinement of their boundaries was
obtained by analyzing the distribution of the vertical gravity derivative. This distribution
also allowed us to determine the boundaries of new formations A,,, As,, and Asy,. The area
of anomaly A, contains lighter deposits located in the ancient valley of the Biatka River.
The unknown formations Az, and Ag}, also contain lighter deposits than surrounding rocks.

Based on the distribution of the residual anomaly, several lineaments were determined
reflecting the density limits. In addition, the total horizontal derivative and analytic signal
distributions were calculated and plotted, which makes it easier to identify the discovery of
the boundaries of geological structures and the course of faults. Both methods confirmed
and refined the course of the designated lineaments, as well as the existence of others.

The faults shown in Figure 2 are completely invisible, except for a fragment of the
Dunajec fault (the lineament Lyg). A group of lineaments L; and L5 are generally known,
but other lineaments were discovered during this research. Some of these lineaments may
be the result of deeper subsurface faults, particularly L; and L,. A confirmation of all
lineaments is possible by seismic research.
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