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DENSITY MODEL OF THE EARTH'S CRUST IN THE JOINT ZONE
OF THE OUTER CARPATHIANS AND THE EAST EUROPEAN CRATON ALONG
THE CISNA - KHYRIV - RAVA-RUSKA - VELYKI MOSTY LINE

The work presents the results of 2D gravity modelling of the Earth’s crust and upper mantle structure in the
joint zone of the Outer Ukrainian Carpathians and the East European Craton. This study focuses on the area
along the Cisna — Khyriv — Rava-Ruska — Velyki Mosty line. The profile traverses the complex border zone
between Ukraine and Poland, crossing the Folded Carpathians, the Precarpathian Trough, and the Rava-Ruska
zone, ultimately reaching the outer zone of the Lviv Trough. For constructing a density model, the initial
structural-tectonic model of the Earth’s crust was based on a deep seismic-geological cross-section along the SG-
1(66) traverse of the same name. The seismic-geological data confirming the depths of the Carpathian basement
and the basement surface along the seismic traverse have been verified. Additionally, the density values of both
the sedimentary rocks and basement rocks have been clarified. Increased density values of the lower crust and
upper mantle under the Outer Carpathians have been established. The paper examines the reflection of tectonic
units in the anomalous gravity field of the Carpathian structure, specifically focusing on the Turkivskyi
Paraautochthonous Complex, and deep mafic magmatic formations located between the Rava-Ruskyi and
Velykomostivskyi deep faults, as indicated by seismic data. The study identifies a region of the Earth’s crust
between the Precarpathian and Rava-Ruskyi Faults, which probably corresponds to the Trans-European Suture
Zone. This conclusion is based on the morphological features of the gravity field and the inconsistent behavior of
the surfaces of the Riphean-Paleozoic basement, the pre-Riphean crystalline basement, and the Moho boundary.
The modelling results confirm that the primary cause of regional negative gravity anomalies is the deepening of
the Moho (and basement surface) under the Carpathians and in the Teisseyre-Tornquist Zone to 45 km (10.5 km)
and 50 km (6.5 km), respectively.

Key words: Folded Carpathians, East European Craton, Trans-European Suture Zone, Teisseyre-Tornquist
Zone, deep faults, Moho boundary, Bouguer gravity anomalies, gravity modelling, two-dimensional density
model of the Earth’s crust.

Introduction domestic scientists [Kutas, 2021; Makarenko, 2021;
Makarenko et al., 2022, 2024; Orlyuk, 1983; Orlyuk
et al, 2022, 2023; Starostenko et al., 1987,
Starostenko et al., 2024a, 2004b and many others].
However, several matters regarding the deep structure
and boundaries of these tectonic units, particularly in
the border area between Ukraine and Poland, remain
debatable. Interest in this area is also linked to the
prospects for discovering new oil and gas deposits at
relatively great depths, achievable by drilling.

The tectonics and geological structure of the
border territory of Ukraine with Poland were studied
by seismic surveys in the 1970s and 1980s at both

In recent decades, numerous seismic profiles have
been used to study the deep structure of the junction
zone between the Outer Carpathians and the West
European Paleozoic Platform (WEP), as well as the
East European Craton (EEC). The area along the
Ukrainian-Polish border, where the northwestern part
of the Carpathians meets the WEP to the west and the
EEC to the east (Fig. 1), has attracted considerable
attention from researchers. Notably, the Trans-
European Suture Zone (TESZ), located between these
two regions, along with the Teisseyre-Tornquist Zone
(TTZ) are of particular interest. Their studying has

been the subject of numerous works by foreign
[Alasonati Tasarova et al., 2008, 2009; Bielik et al.,
2006, 2018, 2022; Dadlez et al., 2005; Grabowska et
al., 2001, 2011; Grad et al.,, 2002, 2006, 2019;
Guterch, Grad, 2006; Janik et al., 2011, 2020, 2022;
Narkiewicz et al., 2015, 2017 and many others] and
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local and regional levels. An important place in this
regard is occupied by the SG-1(66) traverse, along
which a seismic-geological section was constructed
[Zayats, 2013]. The SG-1(66) traverse extends for
130 km in the direction of Khyriv — Mostyska — Rava-
Ruska — Velyki-Mosty. It begins with the Skyba
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Nappe of the Folded Carpathians, crosses the Pre-
carpathian Trough, the Rava-Ruska Zone, and ends in
the outer zone of the Lviv Trough (Fig. 1). The
seismic-geological section SG-1(66) provides a de-
tailed description of the sedimentary cover, complex
geometry, and fault tectonics associated with the

East European Craton

Riphean basement (Neoproterozoic — PR3) and the
surface of the pre-Rifean basement (Meso-Paleopro-
terozoic — PR1+2). The most controversial issues of
the deep structure of the study area include the
boundaries of the tectonic units of the TESZ and TTZ,
as well as the depths of the Moho surface.
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Fig. 1. Location of the SG-1(66) traverse and seismic profiles on the terrain map (a)
and tectonic map fragment (b) of Western Ukraine (from [Hursky, Kruhlov, 2004], modified).

1 - TTZ boundaries based on the morphology of magnetic anomalies [Maksymchuk et al., 2024]; 2 — forecast of
TTZ boundaries in Poland based on materials [Grad et al., 2002; Narkiewicz et al., 2015; Janik et al., 2022];

3 — axis of the regional gravity minimum and its Lviv branch [Scheme..., 2002]; 4 — seismic profiles in Poland;
5 — Volyn-Podillia faults [Hursky, Kruhlov, 2004]; 6 — zones of extension of the deep faults [Zayats, 2013];
7 — deep faults by the magnetic anomalies [Maksymchuk et al., 2023]; 8 — seismic profiles in Ukraine. The

gravity modelling line is the SG1(66) profile, extended by a black dotted line. BPN — Boryslav-Pokuttya Nappe.

In eastern Poland, the Moho surface is well studied
on a number of regional seismic profiles. Thus, on
seismic models along the CELO5 profile, a gradual
deepening of the Moho is observed from the Pannonian
Basin (depths of 22-25 km), the Outer Carpathians
(about 30 km) to the TESZ, TTZ (Lublin Trough) to
depths reaching 50 km [Guterch et al., 2003; Grad et al.,
2006]. In the seismic model based on the Poland-
SPAN™ 5100 profile (near the CELO5 profile), the
Moho surface under the TTZ reaches maximum depths
of 50 km [Mikotajczak et al., 2018], or more than 55 km.
[Mezyk et al., 2021]. A comparison of this model with
the seismic-geological model POLCRUST-01 [Mali-
nowski et al., 2013; Narkiewicz et al., 2015] indicates
that in the southeast direction, closer to the border with
Ukraine, the Moho depths in the TTZ zone decrease to
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45-50 km. Near the border with Ukraine, in the stripe of
the Carpathian regional gravity minimum, the Moho
depth reaches 42 km and continues to deepen towards
the Ukrainian border, as show in the CEL11 profile and
Moho depth map [Janik et al., 2011]. In the seismic-
geological model along the CEL12 profile, running
along the Western Carpathians front, the Moho boundary
monotonically deepens to 38 km as it approaches the
Ukrainian border [Godova et al., 2018]. In the tectonic
interpretation of the TTZ-South seismic profile in the
intersection zone with the SG-1(66) traverse (Fig. 1), the
Moho depth approaches 50 km [Janik et al., 2022], or
even exceeds this mark [Bielik et al., 2022; Janik et al.,
2020]. According to the latest map of Moho depths
[Starostenko et al., 2024b], which is based on seismic
data from the WARR profile network [Starostenko et al.,
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2024a] in western Ukraine, the Moho boundary deepens
to 45 km. This finding aligns well with the definition of
“thick” crust (45 km and more) for the Carpathians and
the Precarpathian Trough, as noted by [Makarenko,
2021]. This suggests that the geometry of the Moho
boundary is quite complex, leading to ambiguous
estimates of its depths from seismic data in the area the
Outer Carpathians, the WEP, and the outskirts of the
EEC. The depth of the Moho boundary in the border
area between Ukraine and Poland requires further
comprehensive geophysical research.

In the study of the deep structure, gravity mo-
delling is essential for determining the depths of the
basement and the Moho boundary. This modelling is
based on the analysis of the anomalous gravity field
(Fig. 2) and the construction of density models for the
geological section. Such analysis is facilitated by the
availability of the high-quality Bouguer gravity field
map in M 1: 200000 for Western Ukraine [Scheme...,
2002] and a network of regional seismic profiles,
along which seismic-geological sections are con-
structed.
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Fig. 2. Location of the modelling line (SG1(66) traverse, extended by a black dotted line) on the
scheme of the Bouguer gravity field (the Western Ukrainian fragment of [Scheme..., 2002]).

The geological-tectonic nature of the anomalous
gravity field of the Carpathian region has been studied
in the works of many scientists (S. I. Subbotin,
V. I. Starostenko, S. S. Krasovskyi, G. Yu. Boyko,
S. Wybraniec, M. Bielik, T. Grabowska and others). It
has been established that the regional features of the
gravitational field are mainly caused by the relief of
the Moho boundary, the geometry of the basement
surface, the inhomogeneities of the crystalline crust,
and magmatic intrusions [Subbotin, 1955; Starostenko
et al., 1987; Bielik et al., 2006, Grabowska, Bojdys,
2001; Grabowska et al., 2011; Krolikowski, Petecki,
2002, etc.]. The structural composition of the

sedimentary cover plays a smaller role in the
formation of regional anomalies, with its impact being
more prominently observed in local anomalies. There
are also other cases. For instance, the northeastern
boundary of the Bilche-Volytska Zone in the border
region of Ukraine exhibits significant, relatively
localized gravity anomalies. These anomalies may re-
sult from the shallow occurrence of basement pro-
trusions with significant amplitude. This observation
is supported by the analysis of the seismic-geological
model along the SG-1(66) traverse and the associated
anomalous gravity field [Anikeyev & Maksymchuk,
2025)).
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The aim of the work is to study the deep structure
of the border region of Ukraine. This will be achieved
by interpreting the Bouguer gravity field and creating
a 2D density model of the Earth’s crust and upper
mantle along the Cisna — Khyriv — Rava-Ruska —
Velyki Mosty line. The study will utilize seismic-
geological sections along seismic profiles in the
Ukraine-Poland border zone.

Initial data and modelling technique

The gravity modelling line starts from the Polish part
of the Outer Carpathians and ends on the territory of
Ukraine in the outer zone of the Lviv Paleozoic Trough
of the East European Craton (Fig. 1). The initial model,
which uses the results of previous modelling [Anikeyev
& Maksymchuk, 2025], considers the geometry and
values of the densities of the sedimentary cover,
basement, and upper mantle, determined from geological
and geophysical source materials.

The geometry of the initial model reproduces the
sedimentary nappe, the surface of the Riphean base-
ment Ko and the pre-Riphean basement K; as seen in
the seismic-geological cross-section along the SG-
1(66) traverse, as well as its extrapolation to the
southwest into the Outer Carpathians and the nor-
theast into the outer zone of the Lviv Trough. This
work is performed based on the seismic-geological
materials presented in the monograph [Zayats, 2013].

At greater depths, the proto-basement surface K
and the zone of mafic magmatic formations were
forecasted by the seismic-geological section along the
P2 profile [Zayats, 2013] considering the geometry of
K1 and the seismic-geological section POLCRUST-01
[Narkiewicz et al., 2015]. The surface of the lower
crust is designated as the conditional Ks horizon. The
Kz horizon was traced along the geotraverse Il based
on the DSS data under the Boryslav-Pokuttya and
Sambir Nappes, at depths of 28-31 km. In the Bilche-
Volytska zone and the Lviv Trough, the K3 horizon is
found at depths ranging from 20 to 27 km [Zayats et
al., 1987]. According to the density model of
V. |. Starostenko [Starostenko et al., 1987] the depth
of the horizon under these tectonic zones is at the
level of 25-29 km. It should be noted that the Ks
horizon is absent beneath the Carpathians.

The extrapolation of the seismic-geological section
was also performed taking into account the complex
analysis of the morphology of the gravity field
[Scheme..., 2002] (Fig. 2), the tectonic map [Hursky,
Kruhlov, 2004] (Fig. 1) and the geometry of the density
model along the Pancake profile [Anikeyev et al., 2022].

The geometry of the Moho boundary was forecasted
considering the schemes [Bielik et al., 2018, 2022; Janik
et al., 2011; Makarenko, 2021]. It also took into account
depth models along the profiles CEL12 [Godova et al.,
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2018], TTZ-South [Janik et al., 2020, 2022],
POLCRUST-01 [Narkiewicz et al., 2015], CEL11 [Janik
et al., 2011], CELLO5 [Guterch et al., 2003; Grad et al.,
2006] and others. The analysis of Moho depth maps
[Janik et al., 2011; Bielik et al., 2022; Makarenko, 2021]
and the variations in gravitational field intensity
[Scheme..., 2002] indicates that the Moho boundary
depths likely vary between 40 and 45 km. This con-
clusion is based on analysis of seismic and gravity data
along the Outer Carpathians and the Lviv Trough,
specifically from the Precarpathian fault to the Rava-
Ruskyi fault, as well as in the outer zone of the Lviv
Trough, northeast of the Velykomostivskyi fault.

The densities of the initial model were determined by
analyzing numerical gravity studies on of the following
seismic profiles: CELO1 and CELO5 [Alasonati Tasarova
et al., 2008; Grabowska et al., 2011; Simonova, Bielik,
2016], HT-1 and VII [Dérerova et al., 2020, 2021],
lithosphere models along some transects [Grin¢ et al.,
2013], as well as the RomUkrSeis profile [Makarenko et
al., 2024].

In the three-dimensional density model [Alasonati
Tasarova et al., 2009], the upper, middle and lower
crusts of the TESZ and EEC have densities of 2.56—
2.85-10° kg/m?, 2.72-2.96-10° kg/m® and 2.91-
3.15-10° kg/m?, respectively; the density of the upper
mantle is 3.29-3.39-10° kg/m®. The results of three-
dimensional gravity modeling conducted by [Maka-
renko, 2021] reveal the density variations within the
Earth's crust based on a variety of geophysical data. The
findings include the following value of densities: on the
surface of the basement — 2.70-2.76-10% kg/m3; in the
basement at a depth of 10 km — 2.75-2.82-10° kg/m?®; in
the basement at a depth of 20 km — 2.80-2.90-10° kg/m?,
at a depth of 30 km — 2.90-3.02:10° kg/m?; in the
basement on the Moho surface — 3.05-3.15-10° kg/m®.

For the initial model, we adopted the following
density values: upper mantle — 3.33-10° kg/m?, lower
crust — 2.95-3.00-10° kg/m®, middle crust — 2.88-
2.90-10° kg/m®, upper crust — 2.75-2.85-10° kg/m?,
sedimentary nappe of the Outer Carpathians and the Pre-
carpathian Trough — 2.50-2.60-10° kg/m?, sedimentary
cover of the Lviv Trough — 2.55-2.70-103 kg/m?.

The following selection (refinement) of model para-
meters by the gravity field anomalies using inverse
problem-solving methods is performed in a certain se-
quence. In the first steps of modelling, the initial depths
of the Moho boundary, the geometry of the basement
blocks and their densities are refined by the large re-
gional anomalies. Then, the geometry and densities of
the upper part of the basement and sedimentary cover are
corrected by the smaller regional and local anomalies.

Gravity modelling was performed applying simple
selection methods, using technologies to solve a two-
dimensional linear gravity direct problem. The
number of interactive cycles exceeds 30; however,
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most of these cycles focused on detailing individual
sections of the model. The parameters of the density
model along the cross-section include a discretization
step of 100 m along the 250 km profile. The depth has
a variable discretization step: it is set at 100 m down
to a depth of 5 km, then increases to 200—-250 m up to
20 km, and further expands to 500-1.000 m down to
80 km. The root-mean-square deviation of the cal-
culated final model field from the Bouguer gravity
field along the profile is less than 0.25-107° m/s?. The
maximum divergence of the fields up to 1.0-105 m/s?
in the contact zone of the Skyba Nappe front and
Boryslav-Pokuttya Nappe is due to the increased dif-
ferentiation of the physical properties of the rocks of
individual sections. Also, on the border of the Bilche-
Volytska and Rava-Ruska Zones, the local discre-
pancy is about 0.5-10° m/s?, which is due to the
complex geometry of the basement surface and the
influence of the Horodotskyi throw-thrust fault on the
geometry of the Mesozoic-Paleozoic cover structures.

The methodological principle of gravity modelling
is based on the fundamental equivalence of solving
gravity inverse problems. The goal is to achieve “op-
timal” structural-tectonic and physical properties of
the final model. The final density model should
correspond to the observed gravity field with an
expected error and minimally deviate (be “optimal’)
from the set of initial geological and geophysical
materials. Both criteria are important; however, the
first is more formal, while the second possesses
greater physical and geological significance. The as-
sessment of the formal accuracy of the gravity
modelling is a combined process that includes both
the mean square and maximum deviation. In addition,
it is beneficial to analyze the reasons for any de-
viations between the final model field and the
observed data in specific sections of the profile (area).

Results of the gravity modelling

Fig. 3 presents the resulting final density model of
the deep cross-section of the Earth’s crust and upper
mantle in the junction zone of the Outer Carpathians
and the East European Craton along the Cisnha —
Khyriv — Rava-Ruska — Velyki Mosty line is presen-
ted. The root-mean-square difference of the field of
the final model Agm and the Bouguer gravity field
Agg is 0.25-107° m/s?.

When forming regional geological models of the
Carpathian cross-section, the primary task is to deter-
mine the position of deep faults that separate large
blocks of the Earth’s crust. All deep faults of the seismic-
geological section along SG-1(66) traverse were
reproduced practically unchanged. Beyond its boun-
daries, the location of deep faults was determined from
tectonic maps [Hursky, Kruhlov, 2004; Zayats, 2013].

Geometry of the sedimentary cover and basement.
The results of gravity modelling confirm the tectonic
zoning of the joint zone, the geometry of the Carpathians
thrust and the depths of its base (up to 10 km). They also
indicate the varying depths of the basement surface in
the Rava-Ruska Zone, which range from 1.5 km to 7 km,
situated on the border with the Lviv Trough. Ad-
ditionally, the findings corroborate the location of crustal
deep faults in the seismic-geological section along the
SG-1(66) traverse. Analysis comparing the morphology
of the Bouguer gravity anomalies (Fig. 2) and the fault
tectonics scheme [Zayats, 2013] and the seismic-
geological section, the Horodotskyi throw-thrust fault is
located under the northeastern border of the Bilche-
Volytska Zone, just in front of the largest protrusion of
the basement surface. To enhance the alignment of the
model field anomalies with the local Bouguer anomalies,
we provided a more detailed geometry of the individual
thrusts of the flysch rocks in the Folded Carpathians,
particularly in the Skyba Zone. Additionally, we slightly
expanded the dimensions of the Boryslav-Pokuttya
Nappe. Within the Neogene strata of the Bilche-
Volytska Zone, we identified internal boundaries that
likely represent the Sarmatian and Badenian stages.
Furthermore, we refined the geometry of the gravitating
layers within the Mesozoic-Paleozoic sedimentary cover
of the Lviv Trough.

The protrusions of the surface of the Riphean
basement Ko under the front of the Sambir Nappe (next to
the Mizhenetskyi fault) and at the boundary of the Bilche-
Volytska and Rava-Ruska zones (next to the Horodotskyi
throw-thrust fault) are distinguished by their characteristic
geometry. To increase the convergence of model field
anomalies with local Bouguer anomalies, the depth of the
basement protrusion at the boundary of the Bilche-
Volytska and Rava-Ruska Zones was reduced to 1.2 km.
The surface of the crystalline basement K, which is
practically unchanged in the model, underlies the Riphean
complex and, starting from the outer zone of the Lviv
Trough, dips in a southwesterly direction from a depth of
5 km to 23 km under the Outer Carpathians. The elevated
surface of Kj located between the Rava-Russkyi and
Velykomostivskyi Faults at depths of 6.5-9 km, exhibits
notable characteristics. Specifically, its dip relative to the
surface of the Riphean basement shows sharp incon-
sistencies as it moves southwest from the Rava-Russkyi
Fault. These features support the classification of the
Rava-Russkyi Fault as a tectonic boundary of the EEC,
indicating a disruption in the genetic relationship between
the tectonic complications found at the boundaries of the
cover and the basement. In the Outer Carpathians, a
coordinated behavior of the Ko and Ki surfaces is
restored.
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Fig. 3. Density model of the cross-section Earth’s Crust and Upper Mantle along
the Cisna — Khyriv — Rava-Ruska — Velyki Mosty line:

1 - density boundaries of the sedimentary cover layers and basement blocks; 2 — density of rocks, 103 kg/m?;
Ko — surface of the folded Riphean (or Neoproterozoic and Early Paleozoic?) basement; K; — surface of the pre-
Riphean crystalline basement; K, — surface of the proto-basement (within the granite layer) [Zayats, 2013];
Ks(?) — probable boundary defined as the surface of the “basalt” layer [Sollogub, et al., 1987;

Zayats et al., 1987]. BPN — Boryslav-Pokuttya Nappe; TPC — Turkivskyi Paraautochthonous Complex;
MMB - Mafic magmatic bodies. The white contour limits the area of the seismic-geological cross-section along
the SG-1(66) traverse [Zayats, 2013]; the arrow indicates the intersection point of the modelling line with the
TTZ-South seismic profile; Agh — anomalies of the Bouguer gravity field [Scheme..., 2002];

Agu — calculated gravity effect from density model; ABa — anomalous magnetic field [Map..., 2002].
Terrestrial heat flow data are taken from [Kutas, 2021].

The K3 horizon is identified with the ancient surface
of the consolidated crust in the early stages of its
development. Its presence under the Outer Carpathians is
not clearly defined. Its depths are approximately the
same as K, so it is generally believed that a complex
Ki+2 boundary is recorded here. On the platform slope,
according to the modelling results, the K horizon occurs
at depths of 16-20 km. The surface of the lower crust is
predicted to lie at depths between 28 and 35 km, which
could correspond to the Kz horizon within the platform.
While this horizon has not been identified under the
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Carpathians, it deepens to around 28-30 km under the

Boryslav-Pokuttya and Sambir Nappes [Zayats, 2013], a

finding that aligns well with gravity modelling results.
Densities of the sedimentary cover rocks. The

averaged densities of the eastern Carpathian flysch
(2.56-10° kg/m®), and the Outer Ukrainian Carpathians
(2.57-10% kg/md) as reported in studies by [Bielik et al.,
2022; Makarenko et al., 2022] coincide with the ave-
raged densities of the western Carpathian flysch, which
are given in [Grin¢ et al., 2013].
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The Dukla Nappe is characterized by slightly higher
densities (2.56-2.59-10°% kg/m®). The Skyba Nappe and
the Boryslav-Pokuttya Nappe are located within the band
of low gravity field level (Fig. 2, 3). Within the Skyba
Nappe, the rear parts of individual nappes are reflected
by local anomalies. It is probably due to the increased
density of cores of the folds filled with Cretaceous
deposits. Relatively less dense rocks of the Boryslav-
Pokuttya Nappe and the southwestern part of the Sambir
Nappe (2.52-2.53-10° kg/m®) cause negative local
anomalies. In the Bilche-Volytska Zone, with depth
(> 3 km), the density of the Neogene stratum increases to
2.60-2.64-10° kg/m. In the Lviv Paleozoic Trough,
densities increase with depth from 2.56-2.58-10° kg/m®
(Mesozoic sediments) to 2.66-2.72-10° kg/m® (Cam-
brian strata).

The density of rocks in the crystalline part of the
Earth’s crust. According to the results of gravity
modelling, the crustal rocks under the Outer Carpathians
and the Sambir Nappe are compacted. In particular, the
density of the lower crust reaches 2.99-3.04-10° kg/m?,
which in this part of the section is close to the density at
the Moho boundary according to [Makarenko, 2021;
Starostenko et al., 2024b] and [Simonov4, Bielik, 2016].
The densities of the upper crust (2.75-2.78-10° kg/m®)
and the lower crust (2.96-2.97-10° kg/m® from the

Bilche-Volytska Zone to the EEC coincide with the
averaged densities of the corresponding parts of the
lithosphere models along a number of transects
presented in [Grin¢ et al., 2013]. The densities of the
basement in the final model generally align well with the
density distribution schemes observed on the basement
surface and at depths of 10, 20, and 30 km within the
Earth’s crust, as reported by [Makarenko, 2021]. This
agreement holds true along the modelling line.

The density of upper mantle. Under the Folded
Carpathians, according to the results of gravity
modelling, the density of the upper mantle was deter-
mined to be within 3.34-3.35-10° kg/m®. In the TTZ zo-
ne under the Moho depth of up to 50 km, which was de-
termined considering the works [Starostenko et al., 2024a,
2024b], the mantle density was reduced to 3.32 10° kg/m®.
We do not exclude that the Moho depth in this zone
could be greater. Thus, the work [Guterch, Grad, 2006]
notes the probability of an increase in Moho depths to
55 km within the TTZ in southern Poland. An increase in
the depth of the Moho boundary under the TTZ in the
density model will lead to an increase in the density of
the upper mantle and lower crust.

Table presents the generalized results of gravity
modelling of the Earth’s crust cross-section along the
Cisna — Khyriv — Rava-Ruska — Velyki Mosty line.

Summary of the results of gravity modelling of the Earth’s crust section along
the Cisna — Khyriv — Rava-Ruska — Velyki Mosty line:
depths, km, and densities, 10° kg/m?, of the main tectonic units

Tectonic Sedimentary cover Upper crust Middle crust Lower crust Upper
units (above Ko)_/ _ (Ko— K1+z)_/_ (Ko = K3)/_ _ (Ks— Mohq)_/ manFI_e/
depths / densities depths / densities depths / densities depths / densities densities
ouc 0-8/ 10-24/ 15-38/ 31-45/
2.55-2.58 2.80-2.88 2.89-2.92 2.99-3.04 3.29-3.35
TPC 4.7-10/2.64 - - - -
BPN 0-9/2.53 - - - -
SN 0-9/ 5.7-23.7/ 21.5-39/ 30-45/
2.52-2.60 2.80-2.86 2.90-2.92 2.90-3.04 3.35
BVZ 0-4.3 3.1-22.4/ 21.5-33/ 30-42/
2.51-2.62 2.76-2.84 2.88-2.90 2.96 3.33
RRZ 0-6.8/ 1.3-9.3/ 20-34/ 31.5-50/
2.56-2.70 2.75-2.84 2.87-2.88 2.96-2.97 3.32
LT(inner) 0-6.8/ 5.5-20/ 18.3-34/ 30.5-50/
2.56-2.72 2.78-2.86 2.88 2.96-2.97 3.33
MMB - 11.5-20/2.89 - - -
LT (outer) 0-5.7/ 3-185/ 18-30/ 30-42.3/
2.56-2.66 2.75-2.89 2.88 2.96 3.33

OUC - Outer Ukrainian Carpathians (except BPN); TPC — Turkivskyi Paraautochthonous Complex; BPN —
Boryslav-Pokuttya Nappe; SN — Sambir Nappe; BVZ — Bilche-Volytska Zone; RRZ — Rava-Ruska Zone; LPT(inner) —
Lviv Paleozoic Trough (inner zone); MMB — mafic magmatic bodies; LPT(outer) — Lviv Paleozoic Trough (outer zone).
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Tectonic interpretation of the density model

The tectonic interpretation of the constructed
density model (Fig. 4) was performed considering the
available data on the deep geological structure and
tectonics of the research region. The geological and
tectonic complexes that are reflected in the gravity
anomalies include the following.

Mesozoic-Paleozoic complex of sedimentary strata
and basement under the Carpathian thrust. In the den-
sity model under the Carpathian thrust, autochthonous
Mesozoic (Mesozoic-Paleozoic?) strata, as in the seis-
mic-geological cross-section along SG-1(66) transect, lie
on the Proterozoic (Paleozoic-Proterozoic?) basement
and are in places covered by Neogene rocks of small
thickness. The occurrence of autochthonous Mesozoic
sediments of carbonate and non-flysch terrigenous rocks
under the Sambir Nappe and the Folded Carpathians is
indicated, for example, by geodensity models along a
number of regional profiles [Mayevsky et al., 2012] and
geological interpretations of the complex of seismic
materials along profiles P1, P2 [Zayats, 2013].

The Turkivskyi Paraautochthonous Complex (TPC)
of Paleogene-Cretaceous sediments is distinguished in
the area of maximum dipping of the basement under the
Outer Carpathians, above which the Krosno Zone front
borders the Skyba Nappe. The TPC, up to 30 km wide,
has a significant spread with a gradual increase in the
depth of occurrence in the southeast direction from the
border territory of Poland along the strike of the Skyba
Nappe. This closed structural object was formed as a
result of gravitational sliding in the autochthonous
surface along the Uzhotskyi scarp into the northeastern
part of the depression at the first stages of the formation
of flysch folds. Its structural and tectonic isolation and
location above the Uzhotskyi Fault zone create favorable
conditions for migration and retention of deep hydro-
carbons in large volumes [Zayats, 2013]. Gravity
modelling confirmed the presence and size of the TPC
with a weighted average density of 2.64-10° kg/m?®.

TESZ, TTZ. In the gravity field along the mo-
delling line, the tectonic blocks of the Sambir Nappe,
Bilche-Volytska and Rava-Ruska Zones stand out in
quite contrasting ways. In many works, this area is
considered as TESZ. It is separated from the Folded
Carpathians by the Precarpathian Fault, and from the
EEC by the Rava-Ruskyi Fault. We interpreted the
modelling results considering the analysis of the
content of these tectonic units given in the works
[Grad, 2019; Narkiewicz et al., 2015].

In Ukraine, within the southwestern margin of the
EEC, between the Rava-Russkyi and Velykomos-
tivskyi deep faults, a TTZ is predicted along a strip of
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intense positive magnetic anomalies, which here has a
width of 30-50 km [Maksymchuk et al., 2024]. A
series of basement faults is between these deep faults
(Nesterivskyi, Lvivskyi, and probably others).

In Poland, the EEC is limited by the subvertical
Tomaszow Fault, the strike zone of which corresponds to
the TTZ. In the southeast, in Ukraine, the TTZ has a
continuation by the Rava-Ruskyi Fault zone [Narkiewicz
et al., 2015; 2017]. According to the results of
gravimagnetic modelling [Grabowska, Bojdys, 2001], a
deep fault has also been identified that delimiting the
TTZ on SW. We can conclude that, the Rava-Ruskyi
Fault, which continues from the Tomaszow Fault from
Poland to Ukraine, marks the southwestern boundary of
the TTZ — the Teisseyre-Tornquist Line (TTL) [Grad,
2019; Narkiewicz et al., 2015].

The TESZ, which contacts the TTZ in the
northeast [Dadlez et al., 2005; Narkiewicz et al.,
2015], is considered to be a much more complex zone
than a separate suture, formed during the evolution of
the crust from a complex collage of terranes during
the late Paleozoic [Pharaoh, et al., 1999]. By
definition [Narkiewicz et al., 2015], the TESZ is a
transitional structure between the WEP and the EEC,
consisting of subordinate tectonic blocks (terranes) of
different ages with fault contacts, which probably
represent (at least partially) accretionary sutures.

In the work [Zayats et al., 1987], which analyzed
seismic data from the DSS, CDPM and drilling, it was
suggested that on the territory of Ukraine, the
southwestern edge of the EEC is bordered by
Caledonian (early Paleozoic) folded structures. The
characteristics described support the hypothesis that
the Earth's crust in the area between the Folded
Carpathians and the southwestern edge of the EEC
corresponds to the TESZ. This aligns well with the
tectonic schemes proposed by [Guterch, Grad, 2006]
and [Narkiewicz, Petecki, 2017], which encompass
the border region of Ukraine.

A certain correlation with the gravity field along
the modelling line is observed with the thermal field.
The Sambir Nappe, significant parts of the Bilche-
Volytska and Rava-Ruska Zones are distinguished by
anomalies of high Heat Flowes, reaching 60—
70 mwW/m? [Kutas, 2021]. The maximum values of the
thermal field tend to the zones of Mizhenetskyi,
Krakovetskyi and Horodotskyi deep faults. An
increase in heat flux is also observed in the Lviv
Paleozoic Trough between the Rava-Ruskyi and
Velykomostivskyi deep faults (Fig. 4).
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Fig. 4. Tectonic interpretation of the Density model along
the Cisha — Khyriv — Rava-Ruska — Velyki Mosty line:
1 — boundaries of lithological-tectonic nappes; 2 — sole of the nappes; 3 — throw-thrust faults in the Paleozoic;

4 — deep faults. EEC — East European Craton; TTZ — Teisseyre-Tornquist Zone;
TESZ - Trans-European Suture Zone. Other explanations as in Fig. 3.

Zone of development of mafic magmatic forma-
tions. A zone of development of mafic magmatic bo-
dies was identified according to seismic materials
[Zayats, 2013] in the southwest of the EEC between
the surface of the protobasement K, and the pre-
Riphean surface Ki, along a series of traverses P5,
SG-1(67), P3, P2. A deep zone of compacted up to
2.89-10% kg/m® mafic magmatic bodies was distin-
guished in the density model, between the Rava-
Ruskyi and Velykomostivskyi Faults.

The same mafic bodies are also traced in Poland in
seismic-geological sections along the POLCRUST-01
profiles [Malinowski et al., 2013; Narkiewicz et al.,
2015], PolandSPAN™ [ 5100 and L5200 [Mezyk et
al., 2021] and in the results of gravimagnetic
modelling of the SG-1(67) profile [Anikeyev et al.,
2019]. In the section, this zone is associated with a

number of deep faults of the EEC margin and in plan
coincides with the extension of the TTZ. The zone is
likely to contain “intrusive bodies that penetrated
Proterozoic sediments. Uplifts of the Ky, K; horizons
are observed above this zone. The blocks separated by
faults are inherited by the sedimentary cover in the
form of southwest-dipping fault-thrust planes. The
intrusions could penetrate along the faults of the
granite layer and play a structure-forming role in the
sedimentary cover” [Zayats, 2013]. In the magnetic
field, they are reflected by a large positive anomaly
(Fig. 4), the nature of which is associated with highly
magnetized deep bodies of mafic-ultramafic
composition [Pashkevich et al., 2025].

Depths of the Moho boundary. In the density
model, the depths of the Moho boundary along the
modelling line vary from 37 km to 50 km. The depth
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of the Moho boundary gradually increases from the
Folded Carpathians (Dukla Nappe, 37 km) towards
the EEC (42 km). In some areas, the maximum Moho
depths were found as follows: 45 km under the Skyba
Nappe and 50 km under the TTZ (Rava-Ruskyi
Fault). In the area where the modelling line intersects
with the TTZ-South seismic profile [Janik et al.,
2022] the Moho boundary at depths from 45-48 km to
50 km (Fig. 4), and it may be even deeper. This
suggestion arises from the detection of an anomalous
zone of velocity reduction, dipping to 8.10 km/s
below the Moho boundary as defined in this inter-
pretation. Previous interpretations of this profile
[Janik et al., 2020] indicate a clear deepening of the
Moho boundary to 50 km, with similar dimensions
noted. Furthermore, there is an uplift of the middle
crust surface to depths of 12-15 km and the lower
crust to 32-34 km. In our density model, these
surfaces in the area of intersection with the TTZ-
South profile were also found at the same depths.

Conclusions

A density model of the Earth’s crust has been
developed along the Cisna — Khyriv — Mostyska — Rava-
Ruska — Velyki Mosty line in the junction zone of the
Outer Carpathians and the East European Craton. This
model accurately represents the seismic-geological sec-
tion along the SG-1(66) traverse, detailing the structure
of the sedimentary cover, the fault-block architecture of
the basement of the Outer Carpathians and the south-
western slope of the East European Craton.

The main findings from gravity modelling are as
follows.

The Mesozoic-Paleozoic complex under the Carpa-
thian Thrust and under the Bilche-Volytska Zone of the
Precarpathian Trough is outlined. The deep Turkivskyi
Paraautochthonous Complex of Paleogene-Cretaceous
sediments with increased density is distinguished under
the boundary between the Krosno and Skyba Zones.
Under the Folded Carpathians, an increased density of
rocks of the lower crust and upper mantle up to
3.04-103kg/m® and 3.35-10° kg/m?®, respectively, is
established.

Based on the morphological characteristics of the
gravity field and the inconsistent behavior of the surfaces
of the Riphean-Paleozoic basement, the pre-Riphean
crystalline basement, and the Moho boundary, a region
of the Earth’s crust has been identified between the
Precarpathian and Rava-Ruskyi Faults. This region li-
kely corresponds to the Trans-European Suture Zone.

Within the Teisseyre-Tornquist zone, between the
Rava-Russkyi and Velikomostivskyi faults, a deep
area of development of compacted mafic magmatic
formations has been identified.
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The depth of the Moho boundary has been fore-
casted. Its characteristic feature is significant varia-
tions in the depth of occurrence from 37 to 50 km in
the junction zone of the Outer Carpathians and the
East European Craton. Based on regional negative
gravity anomalies under the Folded Carpathians and
the Teisseyre-Tornquist zone, the Moho boundary is
predicted to deepen to 45 and 50 km, respectively.

The deep Turkivskyi Paraautochthonous Complex
as well as Paleozoic deposits, which is situated in an
area characterized by the development of throw-thrust
faults within the inner zone of the Lviv Trough, and
possibly in the Rava-Ruska Zone, should be regarded
as a promising objects for the exploration of new oil
and gas fields.

The obtained results confirm the high informa-
tiveness of gravity modeling for studying the deep
structure of the Earth’s crust and upper mantle. It is
advisable to construct density models along other
existing seismic-geological sections in the border
areas of Ukraine and Poland, which would allow ob-
taining new data on the tectonic structure of the tran-
sition zone from the Outer Carpathians to the East
European Craton.
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I'YCTUHHA MOJEJIb 3EMHOI KOPY 30HU 3UJIEHYBAHHS
30BHIIIHIX KAPIIAT TA CXIJJTHOEBPOIIEUCHKOI INTAT®OPMU
V310BX JIHIT TICHA — XHUPIB — PABA-PYCBHKA — BEJIMKI MOCTH

HaBeneno pesynbraTi rpasiTauiitnoro 2D-monenroBaHHs OylOBH 3eMHOI KOpU Ta BEpXHbOI MaHTIl B 30HI
3wieHyBaHHS 30BHIMHIX YkpaiHcekux Kapmar ta CximHoeBpomeiicbkoi mmatdopmu B3noBx miHii TicHa —
Xwupie — PaBa-Pycpka — Benuki Moctu. [Ipodins mpoxoanuTts depes CKIaTHOMOOYIOBaHY 30HY IPHUKOPIOHHS
Vkpainn 1 Ilombmii, neperunae Cknamguacti Kapmatu, Ilepenkapnartcbkuii mporuH, PaBa-Pycbky 30HY Ta
3aKiHYYy€eThCS y 30BHINIHIN 30HI JIbBiBCbKOTO MporuHy. st moOynoBH T'yCTHHHOI MOJENi SIK BUXIIHY CTPYK-
TYpPHO-TEKTOHIYHY MOJEJIb 3€MHOI KOPHM BHKOPHCTAHO TJIMOMHHUI ceficMOreosIoriuHMiA po3pi3 1O OAHO-
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fimerromy Tpasepcy CI-1(66). ITinTBepmkeHO celcMOreosoTiuHi faHi 00 TIMOWH KapmaTchKoi OCHOBH Ta
MOBEPXHI (PyHIAaMEHTY y3/I0BX ceiicMoreoTpasepcy. Y TOYHEHO 3HAUEHHS T'YCTHH IOPiJ 0CaI0BOTO KOMILIEKCY
Ta QyHIaMeHTy. BcTaHOBIEGHO MiABHINEHI 3HAYEHHS T'YCTHHHM HIDKHBOI KOpHM Ta BepXHBOI MaHTIl mijg 3o-
BHimHIME Kapnatamu. [locmimkeHo BioOpaXkeHHS y aHOMANbHOMY TIpaBiTaIliifHOMY MHOJi TEKTOHIYHHUX OJAH-
Hune Kaprnarcekoi cropyan, TypkiBChKOTO HapaaBTOXTOHHOTO KOMIUIEKCY, TTIMOMHHUX MadiyHMX Marma-
TUYHHUX YTBOpPEHb INOMDK PaBa-Pycbkum Ta BenmkomMocTiBCHKMM TTTHOMHHUMM pO3JIOMaMH, BHIUICHHX 32
ceiicMiyanMHu Matepiasamu. Ha 0CHOBI MOP(OJIOriyHKX 0COOIMBOCTEH TPaBITALINHOIO MOJS Ta HEY3rOKEHOT
MOBE/IIHKU MOBEPXHI pU(ei-naneo30iicbkoro (pyHIaMeHTy, MOBEpXHi nopudeicbkoro KpucTatigyHoro ¢yHzaa-
MeHTy Ta Mexi Moxo, Mix I[lepenkapnarcekim Ta PaBa-PychkuM rmuOMHHUMHM pO3JI0MaMH BUOKPEMIICHO JTISTH-
Ky 3€MHO1 KOpH, siKa, IMOBIpHO, BianoBigae TpaHc eBponeichKiii MOBHIH 30Hl. MOJeMOBaHHAM ITiITBEPIKEHO,
110 OCHOBHOO MPUYHHOIO PETIOHATBHIX BiZ' EMHHUX TPaBITAI[IMHUX aHOMATi# € 3arnmubnexns Moxo (ta moBepxHi
¢dbynnamenty) nin Kapmaramu ta y 3o0mi Teticceiipe — Topuksicta mo 45 km (10,5 kM) ta 50 km (6,5 kM)
BiIITOBITHO.

Kniouosi cnosa: Cxknanuacti Kapnatu, 3axigHoeBporneiicbka miardopma, CxigHoeBponeiicska miardopma,
Tpanc’eBporneiicbka 10BHA 30Ha, 30Ha Telcceiipe — TopHKBicTa, TTUOMHHI PO3TOMH, Mexa Moxo, aHoMaii
TIOJISL CWJIM TSDKIHHS, TpaBiTalliiiHe MOJICITIOBaHHS, IBOBUMIpHA T'YCTHHHA MO/JIEIIb 36MHOI KOPH.
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