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THE RESEARCH OF INTERRELATION BETWEEN SEISMIC ACTIVITY
AND MODERN HORIZONTAL MOVEMENTS OF THE CARPATHIAN-BALKAN
REGION BASED ON THE DATA FROM PERMANENT GNSS STATIONS

The problem of earthquake prediction, as well as its interrelation with horizontal movements of the Earth’s
crust has not still been solved. The purpose of the work is to establish a possible correlation between
generalized parameters of horizontal movements of the Earth’s crust and seismicity. The Carpathian-Balkan
region in connection with frequent and spatial differentiation of earthquake activity and well-known geological
structures is chosen as a field for the research. Methods. Based on the data of permanent GNSS stations in
20102019, the horizontal velocities and deformations of the Carpathian-Balkan region are analyzed, as well as
the maps of fields of the annual distribution of dilatation are added. The annual generalized parameters of
seismicity for separate blocks are calculated from the data of seismological stations. Based on the spatial analysis
of horizontal deformations and generalized seismicity, the correlations between absolute values of dilatation and
semi-major axis of ellipse of scattering earthquake epicenters are established. As the results, the authors
demonstrate some territories covered by the annual high degree of correlative connection between semi-major
axis of the ellipse of scattering earthquake epicenters and absolute values of dilatation. The biggest correlative
zone includes the Rhodopes, a subduction zone between Nubia and Europe tectonic units. The territory of stable
correlations also coincides with Vrancea. The research suggests that the interconnection between horizontal
deformations and generalized seismicity occurs only in subduction zones where there are both intense seismic
activity and regular crust deformations. This is confirmed by the appearance of correlation zones which are
located along one side of the active faults.

Key words: horizontal deformations of the Earth's crust, permanent GNSS stations, earthquakes, interrelation
between seismicity and movements of GNSS stations.

Introduction studies of the same region did not reveal such
interrelation, because both small and large-magnitude
earthquakes belong to different zones of horizontal
deformations without any general dependence.
[Cenni, et al., 2015].

The purpose of the work is to establish a possible
interrelation between generalized parameters of
horizontal deformations of the Earth’s crust and

seismic activity.

The Carpathian-Balkan region is chosen for the
research. Firstly, the region includes different zones
based on the magnitude, depth and frequency of the
earthquake occurrence. Secondly, the geological
structures as well as modern horizontal deformations
of the region are well-researched.

The problem of earthquake prediction as well as
its interrelation with horizontal movements of the
Earth’s crust has not still been solved. That is why in
the last decade some detailed studies on this issue
have been conducted. Often the works of scientists
show different results. For example, regarding the
study of the Apennine Peninsula, Riguzzi, et al.,
[2012] conclude that in areas with minimal
deformation of the territories there is the highest
probability of earthquake occurrence. In contrast, later

© K. R. Tretyak, I. Brusak

There are some studies that consider the modeling
of modern tectonic deformations according to GNSS
data with spatial maps. The epicenters of the earthquakes
that occurred are added on these maps. This method
can visually single out potentially seismically dangerous
zones in different regions of the world: Western
Canada [Mazzotti, et al.,, 2011], Northern Caribs
[Benford et al., 2012], Iberian Peninsula [Pena
Castellnou, 2018]. Some mathematical interrelations
between deformations and seismicity parameters are
also established. For instance, Gulal, et al., [2016]
analyze more than 2,000 earthquakes with the magnitude
above 4 over the 100-year period in southern Anatolia
(Turkey) and identify certain mathematically correlated
regions, in which earthquakes of magnitude 6 and
above are likely to occur over the next 25 years.
Although the selection of regions was based on the
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parameter b by the Kaltek method, which is more
related to the nature of the earthquake, the constructed
maps show that areas of increased risk of earthquakes
correspond to the regions where the modern horizontal
deformations are significant. Kao, et al., [2018]
demonstrate correlations between crustal deformations
and weak injection-induced earthquakes in Western
Canada. To do this, the study area is divided into squares
with sides of 20 km. In these zones the interrelation
between the moment of earthquakes and tectonic
moments of the region is noticed. As a result of the
investigations, the authors claim that modern tectonic
deformations are a major cause in the occurrence of
injection-induced earthquakes.

Overall, the recent studies show that geodetic
monitoring together with the detailed understanding
of the modern tectonic structure of the territory could
be a ground for identifying the areas where there is a
high probability of an earthquake occurrence.

The interrelation between seismic activity and
vertical movements of the Earth's crust for Europe has
been established in [Tretyak & Romaniuk, 2014]. For
the Carpathian-Balkan region, a close correlation
between these parameters has been established in the
area covering the Dinarides and the adjacent part of
the Adriatic coast. The question arises: are there
corresponding correlations between seismic activity
and horizontal deformations of the Earth's crust too?
To get an answer to this question, this research has
been performed, which is, in fact, a continuation of
the work done by [Tretyak & Romaniuk, 2018] using
similar methods.

Description of the research region
Tectonic features of the region

To analyze the interrelations between modern
horizontal deformations of the Earth's crust and
seismic activity, the territory the Carpathian-Balkan
region is chosen. It is covered by a dense network
of GNSS stations and has a significant territorial
differentiation of seismic activity as well.

The region includes the Pannonian Basin, the
Carpathians, the Balkans, the Rhodopes, the Dinari-
des, the Hellenides and the Southern Alps, (Fig. 1).
The tectonic structures of the region are studied in
detail as well as their modern deformations [Caporali,
et al., 2009; Meyer, 2011; Nagel, et al., 2011; Jouanne,
et al., 2012; Faccenna, et al., 2014; Handy, et al.,
2019].

The fault between the Eastern European platform
and the Carpathians and the deformations caused in
the Southern and Eastern Carpathians are analyzed in
detail [Van der Hoeven, et al., 2005; Caporali, et al.,
2009] meanwhile Pospisil, et al., [2019] and Gintov,
et al., [2015] demonstrate verification of the tectonic
model of the Carpathian-Pannonian region and the
zone with a possible risk for earthquakes based on the
dynamics of the lithosphere, geophysical, and geodetic
data.

A new tectonic and geodynamic model was
constructed for the Vrancea seismogenic zone, within
which two regional transcurrent faults were identified.
[Toane & Stanciu, 2018].

The study of the geodynamics of Western Bul-
garia, based on the seismological and geodetic data,
reveals horizontal deformations in the north-south
direction which naturally correspond to the normal
faults in the region. [Kotzev, et al., 2006].

Research of Macedonia's regional geodynamics
shows that its territory is moving to the south along
with the part of Bulgaria, comparatively to stable
Europe. [Burchfiel et al., 2006].
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Fig. 1. Major faults and structures of the
Carpathian-Balkan region
(based on [Caporali, et al., 2009; Faccenna, et al.,
2014; Handy, et al., 2019]

Another major fault is located between the Adriatic
Sea and the Dinarides. The Adriatic plate moves as a
whole block to the north-east with the velocity equals
4 mm per year [Altiner et al., 2006]. The Dinarides
undergo major deformation changes where smaller
blocks with different annual velocities are distinguished.
GNSS stations calculated the current deformations of
Albania. The research clearly indicates that the same
deformation field affects the Western Balkans and the
Greek, Macedonian and Bulgarian zones, and the
main Shkoder-Peja fault NE-SW, which is the boundary
between the Dinarides and Albanides. [Jouanne, et al.,
2012]. Vrabec, et al., [2006] determine the tectonic style
of Slovenia and show active deformations along the
Periadriatic fault according to GNSS data.

The tectonic structure of the Balkan Peninsula is a
complex unit since in the western part there is one
large fault on the border with the Adriatic and other
two are in the south and east in the Aegean Sea. Thus
the territory of Greece is characterized by the most
significant horizontal deformations of the central part,
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compressions in the southern and southwestern
part, and stretchings in the northwestern part of the
peninsula. [Hollenstein, et al., 2008; Chousianitis, et
al., 2013]. Significant deformations are observed on
the islands in the Adriatic Sea and along the northern
fault in the Aegean Sea. [Grenerczy, et al., 2005]

The paper [Caporali, et al., 2009] is the important
work for understanding the modern geodynamic model of
the whole block that consists of the Alps, the
Carpathians, the Pannonian Basin, the Dinarides, and
the Balkans in general. Using the data of seven
permanent GNSS networks, the research defines the
modern horizontal movements of the tectonic units.
The detailed analysis is given to crust velocities in the
region which include Transylvania, the Southern
Carpathians, the Aegean Sea, and Albania. The whole
block of Macedonia, Western Bulgaria and Romania
undergoes slow movement to the south-south-west.

The Carpathian-Balkan region is located in an
important segment of the Alpine-Himalayan orogenic
belt and consists of tectonic elements of various
scales. The region is the result of the evolution of the
Tethys Ocean, which existed between the continental
plates of Eurasia (Europe) and Gondwana (Africa)
and is represented by geological units formed from
the Precambrian and Mesozoic periods. From the
Gondwana side, it is represented by the Outer
Dinarides, the Dalmatian-Ionian zone, and the Adria
microplate, which are mainly formed from the
Paleozoic to the Mesozoic.

Complex geological structure and tectonic diversity
of the Carpathian-Balkan region are an excellent
testing ground for the study of modern horizontal
crust deformations.

Seismicity of the region

The seismic activity does not spread evenly in the
region. There are territories with high seismic activity
and strong earthquakes (Vrancea, the Dinaric Alps,
the Balkan Peninsula), as well as territories where
mostly weak earthquakes with lower frequency take
place (Pannonian Basin, the Eastern Carpathians).

Vrancea is the most seismically active zone in the
Carpathians. This zone is quite narrow (40 x 60 km). It is
the result of a collision between Africa and Eurasia
tectonic units. The deepest earthquakes in the entire
territory of the Carpathians with a high magnitude occur
exactly in Vrancea. To date, this area is studied well.
There are several geodetic and geophysical chains,
special simulations of earthquakes, as well as models
for earthquakes prediction [Ismail-Zadeh, et al., 2012;
Pospisil, et al., 2019; Ioane & Stanciu, 2018].

Along the west coast of the Balkan Peninsula there
is a zone of high activity of strong earthquakes. The
local seismicity is the result of a complex geological
structure associated with the continental subduction of
the Adriatic microplate below Eurasia. [Pearce, et al.,
2012; Halpaap, et al., 2018]. Bocchini, et al., [2018]
considered in detail the processes in the Hellenic
Subduction Zone, by refining the geometry of the

Nubian plate down to 150-180 km depth, using the
located hypocenters from the catalogs of global and
local seismicity.

There are three active seismic zones in the Dinarides:
the Adriatic coast, the zone around Zagreb, and the
Banja-Luka fault region. Spatial distribution of
epicenters and focal depths, analysis of the macroseismic
field, and the solution of focal mechanisms for several
smaller events indicate a constant reduction of the
internal Dinarides [Ustaszewski, et al., 2014].

Summarizing the foregoing, the horizontal defo-
mations caused by complex kinematics of the tectonic
units and the presence of zones with different
seismic activity give the opportunity to consider the
Carpathian-Balkan territory as a good field for fin-
ding the interrelations between these two phenomena.

The purpose and objectives of the research

The main purpose of the research is to consider
the velocity field of horizontal displacements of the
Earth's crust determined from long-term GNSS
measurements in the Carpathian-Balkan region as
well as generalized parameters of seismic activity to
their further prediction.

The following tasks are set in the research:

e to study the annual deformations caused by
modern horizontal movements of the Earth's crust in
the Carpathian-Balkan region according to long-term
GNSS measurements in 2010-2019 years.

e to establish a possible interrelation between
the values of the generalized criteria of the field of
horizontal deformations of the Earth's crust and
seismicity in the Carpathian-Balkan region.

Data
Data of permanent GNSS stations

The initial data for the study of modern geodynamic
processes in the region are the final daily solutions
of permanent GNSS stations in the coordinate system
1GS-2014 from 2010 to 2019, calculated by Nevada
Geodetic Laboratory using GIPSY-OASIS-II software
[Blewitt et al., 2018].

The study used data from 173 permanent GNSS
stations, and their annual number is shown in Fig. 2.
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Fig. 2. The annual number of permanent GNSS
stations used in the study during 2010-2019
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The selection of GNSS stations was performed
under the condition of at least 3 years of continuous
operation with a minimum annual number of 200
daily data. In addition, 8 stations were removed from
the data list, as they are located at a distance of 1 to
20 km from several other stations and may lead to
inhomogeneity in the spatial distribution of network
stations, which may deform the final results of the
study. To avoid an error associated with changing the
GNSS antennas at permanent stations, appropriate
time series corrections were introduced for 45 GNSS
stations [Tretyak & Romaniuk, 2014; Siejka, 2010].

The decrease in the numbers of stations from 2016
to 2019 is mainly due to a lack of a sufficient number
of the data (at least 200 final daily solutions per year).

The standard deviation of the coordinates of the
final daily solutions in latitude or longitude is equal to
0.6-1.0 mm. To study the horizontal deformations of
the Earth's crust, we use the annual velocity of GNSS
stations ¥y in the northern and 7V in the eastern
directions, which are determined from the solution of
linear equations, according to the annual time series.
The use of average annual velocities Vy and Vi allows
excluding the influence of seasonal factors.

Table 1
Part of average regional horizontal velocities
of permanent GNSS stations in 2019

The | Regional Velocity and its standard

name deviations
No. of Vs, Vi,
GNSS | mnv/ | "% | mmy | "%
. mm mm
station year year

ABIU 3.5 1.7 4.7 1.3
BACA 3.0 1.4 3.9 1.4
BERA | -0.1 1.7 -4.6 1.7
BISK 3.4 2.6 0.3 1.5
BUTE 33 1.6 0.7 1.8
CAKO 4.1 1.5 1.1 4.1
DUTH | -1.3 2.9 2.8 1.9
ISTA 0.2 2.0 1.9 1.6
KATO | -0.1 1.8 -0.6 1.3
LEHL -0.4 2.2 9.0 23
NPAZ 1.8 1.9 1.8 1.5
PASC 3.9 1.3 4.2 1.6
POZE 4.7 1.9 1.8 1.5
SFGH 4.6 1.7 5.8 2.1
SKYR | -22.0 1.6 -10.4 1.6
SRIV 4.1 2.5 1.1 24
TRO3 -2.4 2.8 -3.6 2.0
VASL 4.2 1.7 4.8 1.4
VATR 1.9 2.0 2.5 1.8
VSBO 0.6 1.4 -4.9 1.6
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Since the coordinates of the daily solutions and the
calculated velocities are determined in the coordinate
system IGS-2014, there is a need to change the
coordinate system to a regional one, hence this is the
way to better visualize the regional kinematic

processes. For this purpose, based on the results of the
annual velocities of all GNSS stations, the average
velocities for the whole network Vi, =+ 11.7 mm/year
and Vg ., = + 21.3 mm/year are determined. The
annual regional velocities can be calculated as V= Vy —
- I/}\/.avg and I/i:: I/é - I/é.awg

The part of the average regional horizontal
velocities of GNSS stations in 2019 is presented in
Table 1.

Seismicity data

In the research, the spatial data from European-
Mediterranean Seismological Centre [EMSC] are used.
10 annual special seismicity catalogs from 2010 to 2019
are formed. The main parameters of the catalog are
the coordinates of the earthquake, the depth of the
hypocenter in kilometers and the local magnitude ()
on the Richter magnitude scale. The minimum magnitude
of the earthquakes is M; = 1.5. The deepest recorded
earthquakes are at a depth 600 km.

It is well-known that the regional seismic activity
of a territory (the number of earthquakes and magnitude)
in different years may decrease or increase, due to
different planetary processes [Toksoz, et al., 1979,
Vikulin et al., 2011]. Fig. 3 shows the annual numbers
of earthquakes used in the study in 2010-2019. Fig. 4
illustrates the geographical position of earthquake
epicenters in 2015 and 2019.

The highest annual seismic activity in the region
was recorded in 2017 (6219 earthquakes), and high in
20132015 (over 5000 earthquakes). In 2018 and 2019,
the number of earthquakes in the region decreased by
half. The highest density of earthquake epicenters was
concentrated in the southern part of the region.

During the last decade, the seismic event with the
largest magnitude (M; = 6.9) occurred in May 2014:
hypocenter at a depth of 29 km, epicenter coordinates
are B=40.29° L = 25.40°.
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Fig. 3. The annual number of earthquakes used
in the study during 2010-2019

Methods

In order to study in detail the deformations of the
Earth's crust and seismicity, the Carpathian-Balkan
region is divided into a continuous network of triangles
with GNSS stations at the apexes. This division is
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based on the Delaunay triangulation principle and is used
for each year of observations because of the number of
GNSS stations annual changes.

Fig. 4 presents the Delaunay triangulation net-
works formed by the operating permanent GNSS
stations in 2015 and 2019.

B — permanent GNSS station © — earthquake
epicenter % — trian gle of the Delaunay network

Fig. 4. Networks of Delaunay triangulation formed by
the permanent GNSS stations and earthquake
epicenters in 2015 and 2019

According to the methods of [Tretyak & Vovk
2014, Tretyak, et al. 2015], it is possible to calculate
the horizontal deformations for each triangle based on
the annual regional velocities of GNSS stations. The
values of horizontal deformations are as follows:
general shift y and its azimuth Ay, dilatation A,
maximum compression E; or tension £, and © —
azimuth of the main semi-axis of deformation.

As an example, Table 2 shows the part of
generalized horizontal deformations for the Delaynay
triangles in 2019. It is based on the part of the data
given in Table 1.

The fields of the annual distribution of dilatation
and regional velocities of GNSS stations in the
Carpathian-Balkan region during 2010-2019 are
presented in Fig. 5. In general, during 2010-2019 the
annual dilatations of the territory are quite similar as
most permanent GNSS stations have a relatively
stable annual trend. In general the maximum changes
in the rate of dilatation are less than 50-10° 1/year.
The southern part of the Balkan Peninsula in the
regional coordinate system moves to the south-west.
There is the compression in that zone up to — 40-10®
in 2010-2013 but later after the expansion in 2015 the
trend of compression disappears. In the next 2016—
2019 there is a slight expansion in the zone. In
general, the largest expansions are in 2014, 2015 and
contractions in 2010-2013.

In order to determine the generalized parameter of
seismic events that occurred during a certain year in
the area of a triangle, we use a generalized earthquake
scattering ellipse [Tretyak, et al., 2008] with parameters

of major semi-axis @, minor half-axis b and azimuth
of major semi-axis 6 .

Fig. 6 shows the theoretical location and azimuth
of generalized earthquake scattering ellipse in the
triangle with some earthquakes of varying magnitude
Zy . Zy.

Fig. 6. Triangle formed by GNSS stations, located on
the territories where earthquakes of varying
magnitude Z; .... Z, had occurred
[Tretyak & Romaniuk, 2018]

The major and minor semi-axes of the scattering
ellipse of the earthquake epicenters (¢ and b) can be
calculated as values of correlation matrix Q:

Q=a” b 0
@ Ay
where:
a, = Z;il[(xi_xavr)z Mlj|
11 B
i:lMi
a ZZI[(J@ V)’ 'Ml}
22 B
i:lMi
Ll =20y M,
R AT
M,
where:
b =M =M

avr o Yaw p
Zi:lMi Z ilei

x;,y; — the coordinates of earthquake epicenters
located within the selected triangle; » — the number
of earthquakes recorded for a certain period of time;
M — the magnitude of the earthquake.

Azimuth of semi-major axis defined by the
following equation:

1 2a,,
—arctq| — >l Gy >ay
2 a4, —dy

>
Il

1 2
Earctq[ > a‘22 j+90° , 4, <a, (3)

a; —dy
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The bigger semi-axes of the scattering ellipse of
the earthquake epicenters are, the larger the area the
epicenters of the earthquakes cover, and the more
uniform the distribution of earthquakes within the
triangle is.

Table 3 demonstrates the part of generalized
seismic parameters in 2019.

So, the parameters of horizontal deformations are
annually determined (see Table 2). And besides,
generalized seismicity as parameters of the earthquake
scattering ellipse (see Table 3) for each triangle is
calculated.

Depending on the spatial location of tectonic
blocks and its movements the Earth's surface can
compress or expand. That is why the absolute value of
dilatation may be used to generalize the movements.

In order to establish correlations between horizontal
deformations of the Earth’s crust and seismicity, we
conducted a comparative analysis of the major semi-
axes of the scattering ellipse of the earthquake
epicenters and the absolute value of dilatation for
each Delaunay triangle in a year.

To do this, two triangles are determined from the
formed array of annual dilatation data and the major
semi-axes of the scattering ellipse by the method of
search of all combinations. This corresponds to the
maximum correlation between the parameters |A|
and a.

For 2019, there are two triangles number 155 (VASL,
PASC, BACA) and 81 (SFGH, VATR, ABIU), with the
correlation coefficient K equal to 1 (Table 4). Then the
number of the selected triangles by the criterion of the
maximum correlation coefficient between the parameters
a and |A| is iteratively increased.

Fig. 7 presents a graph of changes of semi-major
axis of ellipse of scattering earthquake epicenters and
absolute dilatation with increasing number of correlated
triangles in 2019. It is seen that the curves of changes
of parameters a and |A| are much likely synchronous
for the first 23 triangles. But the subsequent increase
of new triangles leads to loss of synchronicity of
change of these curves (see I and II zones in Fig. 7).

The curve of reduction correlation coefficient in
the set of triangles between a and |A| is shown in
Fig. 8. Conventionally this curve can be also divided
into two parts, I and II. The first part of the curve is
characterized by a slow decrease in the correlation
coefficient between the parameters a and |A| and the
second part of the curve, which is characterized by a
rapid decrease in the correlation coefficient.

In this manner, according to the results of 2019,
the triangles of the first group (I) have a high correlation
between the parameters a and |A|. The group of triangles
that have a high correlation between a and |A| is limited
to 23 triangles with a correlation coefficient of 0.915
(see table 4).

Table 2
Part of generalized horizontal deformations for the Delaunay triangles in 2019
The The names apex of triangle A y E, E,
number 10* w0, | A | 10, | 108, | @
of I I 1 1/yea;r 1/yea’r ’ 1/yea;r 1/yea;r ’
triangle
155 VASL PASC BACA 2.62 0.16 86 24.10 2.04 43
81 SFGH VATR ABIU -1.19 -1.93 219 6.55 -18.40 20
177 SKYR ISTA DUTH 8.09 8.46 35 91.80 -10.90 17
109 BUTE CAKO POZE -0.45 -0.69 219 2.19 -6.66 19
167 DUTH LEHL TRO3 9.25 -10.10 185 96.80 -4.28 3
103 BISK VSBO KATO 1.89 3.35 65 49.60 -30.70 33
112 SRJV BERA NPAZ 2.25 -0.53 113 17.90 4.60 147
Table 3
Part of generalized seismic parameters in 2019
The The names apex of triangle Semi- . Azimuth of
number minor Semi-major semi-major | The number of
of 1 1I I axes axke S axis earthquakes
triangle b, km 4 xm 0,°
155 VASL PASC BACA 0.001 0.336 20 2
81 SFGH VATR ABIU 0.001 0.157 143 2
177 SKYR ISTA DUTH 0.163 1.077 160 342
109 BUTE CAKO POZE 0.001 0.027 39 2
167 DUTH LEHL TRO3 0.001 1.292 36 2
103 BISK VSBO KATO 0.023 0.196 162 12
112 SRJV BERA NPAZ 0.178 0.344 167 279

11
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The annual number of the selected triangles
with a high correlation between the parameters a

territories of triangles covered by the high degree
of correlative connection between a and |A| in

and |A| is given in table 5. Fig. 9 shows mapping  2010-2019.
Table 4
Part of triangles by the maximum of correlation coefficient K between the parameters a
and | A | according to seismic activity and GNSS measurements in 2019
Th The names apex of triangle Semi-major Absolute Correlation
e number . . .
No. of triangle I I I axes dllggatlon coefficient

a, km |A| 107, 1/year K

155 VASL PASC BACA 0.336 2.62 1

2 81 SFGH VATR ABIU 0.157 1.19 1

3 177 SKYR ISTA DUTH 1.077 8.09 1

4 109 BUTE CAKO POZE 0.027 0.45 1
5 167 DUTH LEHL TRO3 1.292 9.25 0.999
6 103 BISK VSBO KATO 0.196 1.89 0.999
7 112 SRJV BERA NPAZ 0.344 2.25 0.998
8 32 SRJV SABA POZE 0.071 1.27 0.998
9 36 DMDM KNJA DRTS 0.227 1.41 0.997
10 34 DMDM DRTS BUZE 0.146 1.70 0.996
11 13 GANP PENC OROS 0.122 1.64 0.994
12 147 DUTH AUTI1 SKYR 0.488 3.20 0.992
13 79 TGTS BUZA ADJU 0.059 1.59 0.988
14 148 SOFI DUTH TRO3 0.488 4.85 0.985
15 141 GRAZ TRIE GSRI1 0.403 1.69 0.981
16 116 NOA1 VLSM | NEAB 0.793 4.71 0.976
17 108 GRAZ GSR1 CAKO 0.251 0.54 0.970
18 48 ORID AUTI1 SOFI 0.548 2.83 0.958
19 115 KLOK NOA1 LARM 0.297 0.45 0.950
20 144 SRJV POZE ZADA 0.205 0.09 0.943
21 50 LARM NOAL1 SKYR 0.370 5.18 0.931
22 47 SOFI DUTH AUT1 0.470 1.86 0.925
23 25 CAKO POZE ZADA 0.372 0.37 0.915
24 138 KATO WROC BISK 0.014 2.00 0.894
25 35 SABA SRIV NPAZ 0.398 1.27 0.873
26 142 ZADA GSR1 CAKO 0.481 0.81 0.858
27 41 NPAZ DMDM | KNJA 0.391 0.68 0.845
28 146 MAL3 KLOK | VLSM 0.580 7.63 0.832
29 164 ZADA BERA SRJV 0.637 1.82 0.814
30 38 NPAZ KNJA ORID 0.695 1.22 0.792

Table 5

Annual values of triangles with the high correlation coefficient between a and |A|

Year Correlation coefficient The number of triangles
2010 0.88 22
2011 0.89 31
2012 0.84 30
2013 0.88 41
2014 0.84 31
2015 0.87 45
2016 0.87 35
2017 0.92 30
2018 0.87 32
2019 0.91 23

12
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Fig. 7. Changing of semi-major axis of ellipse
of scattering earthquake epicenters and absolute

dilatation in 2019

The method proposed in [Tretyak & Romaniuk,
2018] is used in order to determine territories covered by
high degree of correlative connection between the major
semi-axis of the earthquake scattering ellipse a and
absolute dilatation |A|. The entire territory of the
Carpathian-Balkan region is divided into a grid of points
in the apex of squares with a side of 10 km. The triangle
is determined for each point in which it is located. If the
defined triangle is selected in a number of triangles with
a high degree of correlation between the parameters a
and |A|, the point is assigned a value of 1, otherwise 0.

After every point for all years was checked, the
sum of the assigned values for all years of
observations corresponds to the number of years in
which the given point was in a triangle with a high
degree of correlation between the parameters a and |A|
Thus, if every year from 2010 to 2019 the point was
within the triangles with high correlation, the number
of points would be 10, if none of the year it would be
0. After the appropriate calculations, it was found out
that there are points with a maximum value of 8 for
the studied region.

Fig. 10 illustrates the areas in which the correlation
between the parameters a and |A| is more than 5 years
in 2010-2019 (yellow zones). It should be noted that
all selected areas with a high degree of correlations
between seismicity and horizontal deformations
border on the lines of active faults. The largest area
with a high correlation covers the Rhodopes and
subduction zone between Nubia and Europa tectonic
units. The area of high correlation also coincides with
Vrancea. According to research [Pami¢, 2002], the
Sava Suture Zone (see green line in Fig. 10) is the
suture of the junction of the Rhodopes, the Hellenides
and the Adria microplate that in general can be
identified as subduction zone of African and Eurasian
tectonic plates.

0.9%
.94
0184
.92

Al, 10 -8 jyear
correlation coefficient

— 7 1l

H 15 4 i
number of triangles

Fig. 8. Curve of reduction correlation
coefficient in the set of triangles between
a and |A|in 2019

Fig. 11 presents a cross section of tectonic structures
of Dinarides-Hellenides, the trace of which is shown
in Fig. 10. The profile also shows the locations of
earthquake hypocenters in 2010-2019 and the zone of
the high correlation between the parameters a and |A|.
The Rhodopes expand in the direction perpendicular
to the fault axis, and the Hellenids, on the other hand,
undergo compression [Nagel et al., 2011].

Accordingly, it can be assumed that the correlation
between the horizontal deformations determined by
GNSS data and generalized seismicity is detected
only in the subduction zones, where there is an
intense seismic activity as well as deformations of the
Earth's crust. This is confirmed by the detected
correlation zones (see Fig. 10) which are located on
one side of the active faults.

It should be noted that the zones of high correlations
between generalized seismicity and vertical movements
of the Earth's crust [Tretyak & Romaniuk, 2018]
are much larger than the zones of correlations with
horizontal deformations. This may indicate that
seismic energy primarily causes the vertical movements
of the Earth's crust. So, horizontal deformations
may be derived from vertical ones. In the subduction
zones the appearance of horizontal tensions is caused
by the collision of two plates which causes seismic
events. Then, released seismic energy may in turn lead
to vertical and horizontal deformations and this process
is cyclical.

In the future, it is necessary to improve the
research methodology by adding new generalized
seismicity criteria related to magnitude, energy and
depth of earthquake hypocenters. Then the improved
methodology should be tested on the results of
measurements of other seismically active regions
taking into account different deformation parameters.
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H — territories with the annual hifh degree of correlative connection between a and |A|; - —main faults;
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Fig. 10. Mapping territories covered by annual high degree of correlative connection between a
and |A] in 2010-2019 (added profile from [Handy et. al, 2019])
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Fig. 11. Cross section of tectonic structures of Dinarides-Hellenides
with earthquake hypocenters (modified from [Handy, et al., 2019; Nagel,et al., 2011])
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Results and conclusions

1. The paper presents the method for identifying
interrelations between the values of the generalized
criteria of horizontal deformations of the Earth's crust
and generalized seismicity.

2. The studies of the annual distribution of dilatation
according to GNSS data as well as the development of
special maps for the Carpathian-Balkan region in
2010-2019 are done. According to the seismic data,
the annual parameters of generalized seismicity are
determined for Delaunay triangles with GNSS stations in
apexes.

3. Based on the analysis of the obtained results, the
search for correlations between the absolute values of
dilatation and the major semi-axes of the scattering
ellipse of the earthquake epicenters is carried out. The
annual correlative zones and total correlative territory
with a high degree of annual correlation (> 0.84)
between these parameters are selected.

4. All the selected territories with a high degree of
correlations between seismicity and horizontal
deformations border on the lines of active faults
which are the subduction zones. The largest area with
a high correlation covers the Rhodopes, where there is
the collision between Nubia and Eurasian plates. The
area of high correlation also coincides with the
Vrancea zone.

5. According to the research, it can be assumed
that the correlation between horizontal deformations
determined according to GNSS data and generalized
seismicity appears only in subduction zones,
characterized by an intense seismic activity as well as
regular deformations of the Earth's crust. This is
confirmed by the location of correlation zones on one
side of the active faults.

6. The spatial zones of high correlations between
generalized seismicity and vertical movements of the
Earth's crust [Tretyak & Romaniuk, 2018] are much
larger than the zones of correlations with horizontal
deformations. This may indicate that seismic energy
primarily causes the vertical movements of the Earth's
crust. So horizontal deformations may be derived
from vertical ones. In the subduction zones the
appearance of horizontal tensions is caused by the
collision of two plates, which cause seismic events.
Then, released seismic energy may in turn lead to
vertical and horizontal deformations and this process
is cyclical.
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JOCJIPKEHHS B3AEMO3B’SI3KY CEUCMIYHOCTI TA CYYACHHX .
I'OPU3OHTAJIbHUX 3MIIIEHDL 3A JTAHUMU ITEPMAHEHTHUX 'HCC-CTAHIIIN
YV KAPITATO-BAJIKAHCBEKOMY PET'TOHI

IIpo6iema mporuo3y 3eMyeTpyciB Ta iX B3a€MO3B’SI3Ky i3 TOPU3OHTAIBLHUMH Je(opMallisiMU 3eMHOI KOPH
noci He BupimieHa. Y wili poOOTI METOI € MOUIYK MPOCTOPOBO-YACOBUX B3a€EMO3B’S3KIB MK 3HaYEHHSIMHU
y3arajlbHEHUX KPUTEpIiB MOJISI TOPU3OHTAIBHUX MIBUAKOCTEH 3€MHOI KOPH Ta y3araJbHEeHOi ceificMidHOCTI. Sk
TIOJITOH JOCTi/KeHb BUOpaHo Teputopito Kapnaro-bankaHcbkoro perioHy, B 3B’sI3Ky i3 HIMPOKOIO udepeH-
iaIiero ceCMivyHOI aKTUBHOCTI Ta JOOpE JOCHTIIKCHOI T'€OJOriYHOI CTPYKTYPOIO periony. Meromuka. 3a
nmauaumu Mepesk [ HCC-cTaHIiii npoaHaii3oBaHO TOpU30HTaIbHI aedopMartii Tepuropii Kapmaro-bankaHchkoro
periony 3a 2010-2019 pp. Ta moOymoBaHO KapTH PO3MOAUTY IIBUIAKOCTEH Amiartariii. 3a JaHUMH CEHCMIYHUX
CTaHI[Ii BU3HAYEHO IOPIYHI MapaMeTpH y3arajibHEHOI CEHCMIYHOCTI I OKpEeMHUX OJIOKIB, y BEpIIMHAX SKUX
posramoBani ['HCC-cranuii. Ha OCHOBI NpocTOpOBO-4acOBOrO aHajiily TOPH30HTAIBHUX jAedopmariii Ta
y3arajgbHEHOI CEHCMIYHOCTI 3IMCHEHO TOIIYK KOPENAIIHHUX B3a€MO3B’S3KIB MiK aOCONIOTHUM 3HAYCHHSIMHU
JUaTamii Ta y3aralbHEHHMHU NapaMeTpaMy CEHCMIYHOCTI TepUTopiil. Y pe3yiabTaTi BHIUIEHO CTalll 30HH, i3
BHUCOKHUM CTYIEHEM KOpeJslii MK aOCOJTIOTHMM 3HA4YCHHSMM JWIaTalii Ta BEJNUKOI IIBBICCIO eirca
po3ciroBaHHs 3eMyeTpyciB. HalOinbIna 3a MIOMICI0 TEPUTOPIs i3 BUCOKOI KOPENAIIEI OXOILTIE Pomonchkuii
MAacHB, 30HY 3aHypeHHS AQPHKAaHCHKOI IUTNTH M €Bpa3iicbky. TepuTopis BUCOKOI KOpEIsIii TakoXK 301raeThb-
cs 13 30HOI0 BpaHua. Ha ocHOBI BUKOHaHHX JIOCHIDKEHb MOKHA TPHUITYCTUTH, IO KOPEIALIHHNN B3a€MO3B’I30K
MIX TOpPH3OHTAIRHMMHU JedopmarisMu, BuzHadyeHuMu 3a ganumu [HCC, i y3araibHEHOIO CEHCMIYHICTIO
MIPOSIBIISIETBCSL TUIBKU Y 30HaX CyOAYyKIii, Jie € IHTEeHCMBHA CEHCMOAKTHBHICTD 1 TPOSIBU MOCTIHHUX JAedopmartii
3eMHOi KopHu. lle MiATBEPIKYEThCS TMPOSBOM 30H KOPEISIiN, sKi pO3TAlIOBaHI B3OBXK ONHIET 31 CTOPIH
aKTHBHHUX PO3JIOMIB.

Kmiouosi cnoea: topuszoHTanbHi nedopmamnii 3emuHoi kopw; mnepmaneHtHi ['HCC-craHiii; 3emierpyc;
B3ae€MO03B’ 130K ceificMiuHocTi Ta pyxy 'HCC-craHmii.
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