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The work considers the seismic activity around the Dnister Hydro Power Complex in
the Dnister Reservoir area from 2012 to 2021. Maximum local magnitude of earthquakes
for the studied period is M;=3.4. Hypocenters of earthquakes are at the depth of 1—3 km.
They are located nearby to previously established faults and contacts of structures with a
different lithological composition. Artificial water level regulation in the reservoir is related
to the operation of the Dnister Hydro Power Plant and, according to our results, probably
affects the occurrence of seismic events. Although the maximum water level changes
only by 8.7 m, the region has increased natural seismicity and is located in the transi-
tion zone between 6™ and 7" isoseims according to the seismic zoning map of Ukraine.
Accumulated natural stresses can be triggered into earthquakes when there is a sudden
change in water pressure. The seismicity of the region around the Dnister Reservoir was
investigated for 10 years, taking into account the water level data in the reservoir, as well
as comparing the location of earthquakes with the State Geological Map of the Crystalline
Foundation. The profile of the State Geological Map of the Crystalline Foundation with
the projected earthquakes hypocenters allowed to indicate that a significant number of
earthquakes are located between different lithological structures. In order to assess the
interrelationship between seismicity and water level changes in the reservoir, 111 periods
of lowering or filling of the reservoir were selected. Parameters of seismic activity within
the periods were calculated and analysed. Correlation between the sum of logarithms of
energy with water volume changes and pressure changes in the Dnister Reservoir was
established. Considering linear dependence it is possible to predict potential intensity of
local seismicity caused by water level changes in the Dnister Reservoir.

Key words: Reservoir-triggered seismicity, water level changes, Dnister Hydro Power
Complex, Dnister Reservoir.
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Introduction. Reservoir-triggered seismi-
city (RTS) is a well-known phenomenon as-
sociated with water storage and its seasonal
fluctuations in artificial lakes. The initiation
of earthquakes by artificial reservoirs was first
observed in Lake Mead, USA [Carder, 1945;
Gupta, 2002]. Some artificial reservoirs can
cause earthquakes immediately after they are
filled or have a seasonal trend [Gupta, 2002].
Earthquakes can also appear during their
operation due to changes in the water level,

excess pressure, and changes in geological
stress. Analysis of the relationship between
temporal water level changes and seismicity
in the Mingechevir Reservoir (Azerbaijan)
statistically confirms that the seismicity oc-
curring in the area can be caused by the an-
nual cycle of the reservoir water level [Telesca
et al., 2020]. Its rise had a decisive effect on
seismic activity in the upper part of the Three
Gorges Reservoir in China [Meng et al., 2022].

Further gravity observations and numeri-
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cal modeling showed that the seismic activity
was directly related to the overburden pres-
sure caused by the rapid rise of the water level
in the reservoir. This led to the instability of
mines, karst caves, shallow rock layers, and
faults within 10 km distance along rivers and
reservoir banks, and therefore caused earth-
quakes. After the 2013 Xiluodu Reservoir
flooding in China, researchers [Chang et al.,
2022] indicated an increase in the average re-
leased energy of earthquakes. These studies
confirm the relationship between the water
level changes in large reservoirs and the trig-
gered seismicity around them.

Most artificial reservoirs were created in
regions with low seismicity for safety purpo-
ses. Earthquakes of minor magnitude cause
water level changes in reservoirs. In most cas-
es, their local magnitude is within M;=2+4.
However, there are also examples of powerful
destructive earthquakes near reservoir dams
in India [Jiménez et al., 2009]; in such cases,
seismic activity can lead to casualties and sig-
nificant destruction of infrastructure. There-
fore, conducting a detailed investigation of
each object that can cause seismicity is im-
portant. Another crucial problem is predicting
the dangerous zones of the RTS. Distinguish-
ing between natural and triggered seismic-
ity remains a challenging task that requires
developing specific criteria [Oprsal, Eisner,
2014].

The mechanism responsible for RTS in-
volves elastic increases in shear or reducing
normal stress following reservoir filling, pore
pressure increase due to diffusion, and coup-
led poroelastic phenomena due to compac-
tion [Gupta, 2002; McGarr, Simpson, 1997].
The basic mechanism associated with RTS
is attributed to an increase of pore pressure
along faults that are already close to criti-
cally stressed by the ambient tectonic stress.
Other effects include poro-thermoelastic ef-
fects and change in gravitational loading on
fault systems without the necessity of a hydro-
logic connection. Amechanism of increasing
earthquake strength due to reservoir filling is
unlikely since the formation pressure of reser-
voirs is too small to rupture the Earth's crust
[Srivastava, 1993]. The response of activity
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and its delay to water level changes and in-
creased hazard during the gap period suggest
that the main triggering factor is pore pres-
sure change due to the significant water level
changes in Song Tranh 2 reservoir, Vietnam.

The volume of the reservoir plays an im-
portant role. According to RTS studies in
Brazil, the minimum reservoir volume value
should be at the level of 10* km? for seismi-
city to occur. Magnitude 4.2 was observed in a
reservoir with a volume of more than 10> km?®
[Sayao et al., 2020].

Despite the importance of reservoir vo-
lume for RTS studies, there is a more objective
reservoir characteristic. It involves the ratio
of reservoir volume to surface area. This ratio
correlates with reservoir pressure.

The magnitude of formation pressure
causes seismic activity. It depends on a spatial
network of faults with heterogeneous perme-
ability fields. The findings obtained from re-
servoirs located on different continents have
significant discrepancies regarding the mini-
mum value of reservoir pressure. The RTS ob-
servation was conducted at the Asu Reservoir
in north-eastern Brazil. It was established that
the manifestation of seismic events becomes
possible when the formation pressure at hypo-
central depths changes by 0.05 kPa [Lunn et
al., 2004]. According to data from the Koyna
and Varna Reservoirs in India, an increase of
reservoir pressure by 300—600 kPa caused 19
earthquakes of magnitude over 5.0. In addi-
tion, earthquakes with A/>3.0 in the region are
associated with reservoir pressure changes of
100—200 kPa [Gupta, 2002].

Beneath the Jocassi Reservoir in South
Carolina, earthquakes with a magnitude of
2.0<M<3.0 occurred in homogeneous crystal-
line rock with no cracks. They were associ-
ated with an additional formation pressure
of 600—700 kPa. Earthquakes of 2.0<M<3.0
occurred in the same region in the areas with
very complex geology and dense cracks near
the Monticello Reservoir, where formation
pressure values were within 100 and 300 kPa
[Dura-Gomez, 2009]. RTS was observed after
the 1967 flooding of the Danjiangkou Reser-
voir in Henan and Hubei provinces in central
China. Starting with a low level of seismicity,
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the magnitude increased with the growth of
the lake level and caused the 4.7 magnitude
earthquake in November 1973. The pressure
change of ~300 kPa triggered earthquakes
M>4.01in the Danjiangkou Reservoir area [Liu
etal., 2011]. Seismicity increased in reservoirs
located in karst areas. Thus, seismicity in the
central-western Pyrenees in Spain was caused
by the Itoiz Reservoir flooding in 2004. In this
area, the induction of M>3.0 earthquakes was
associated with the diffusion of rising reser-
voir pressure up to ~100—500 kPa along Early
and Middle Eocene carbonate megabreccia
systems [Dura-Gomez, Talwani, 2009; Dura-
Gomez, 2010].

Considering the experience and results
obtained by various RTS studies, it can be
concluded that the mechanism of triggered
seismicity by artificial reservoirs in each case
has specific features. It mainly depends on the
geological structure of the research area and
the parameters of the reservoir, as well as its
hydrodynamic characteristics.

The purpose of this work is to investigate
the causes of increased seismicity in the area

of the Dnister Reservoir. This reservoir was ar-
tificially formed to operate the Dnister Hydro
Power Plant N1 (HPP-1) in Ukraine.

Research region. The Dnister power com-
plex includes three main facilities: the Dnister
HPP-1, the Dnister Pumped-Storage Power
Plant (PSPP), and the Dnister HPP-2 (Fig. 1).
The Dnister HPP-1 was built in 1981 on the
Dnister River. The hydroelectric power plant
is designed for electricity production, preven-
tion of flooding due to snow melt, land irri-
gation, and water supply to populated areas.

The Dnister HPP-1 is of spillway type
and has a dam with a length of 1.082 m and
a height of 100 m. The power of the Dnister
HPP-1 is 702 MW. The total estimated wa-
ter flow through the drain holes ranges from
6.800 to 11.280 m*/s. The volume of the re-
servoir is 3.0 km®, the area of the catchment
basin is 40,500 km? the length is 194 km; the
average depth is 21.0 m; the maximum depth
is 54 m.

The general view of the Dnister HPP-1 and
the reservoir is shown in Fig. 2. The reservoir
was filled during from 1981 to 1987, which was
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Fig. 1. Research region with objects of the Dnister hydropower complex, the seismic station «Novodnistrovsk»
(NDNU), and earthquake epicenters around the upper Dnister Reservoir from 2012 to 2021.
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explained by a long period of water shortage.

The Dnister Hydropower Complex is lo-
cated on the outskirts of the southwest part
of the Eastern European Platform within the
bounds of the Volyn-Podillya and Moldavi-
an plates with the presence of the Ukrainian
shield [Savchyn, Pronyshyn, 2020]. The shield
is cut off by the Podillya fault zone, which
is the southwest boundary of the Ukrainian
shield. The Podillya fault zone of over 320 km
is oriented in the north-west direction and

Fig. 2. General view of the Dnister HPP-1 and the re-
servoir [Online source: Official site of Dnister Water
resources management].

is fraught with faults of the north-west and
north-east stretch. According to [Sarnavski,
Ovsiannikov, 2005], the faults are charac-
terized by discharges with an amplitude of
50—100 m in the area of joining between
the Ukrainian Shield and the Volyn-Podillya
Plate. Much of the fracture breaks the thick-
ness of the Neogene-Quaternary deposits and
is connected with the activation of a more an-
cient layer.

There is regular monitoring of the modern
geodynamics of the Dnister Power Hydro
Complex and its influence on deformations
of engineering structures [Sidorov et al., 2015;
Savchyn, Vaskovets, 2018; Savchyn, Pro-
nyshyn, 2020; Tretyak et al., 2021a,b]. Speci-
al tectonic studies of the region [Sarnavski,
Ovsiannikov, 2005] suggest that the reservoir
filling causes an increase in the pressure on
the sides of the Dnister Valley. This leads to
the deflection of the bed and an increase in
the slope, thus triggering earthquakes.

Savchyn and Pronyshyn [2020] indicate
the presence of induced seismicity in the
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studied region, which includes all the power
complex facilities. The seismicity is associ-
ated with the continued construction of units
of the Dnister PSPP. However, this statement
is based only on comparing long-term series
of seismicity and deformations of the Dnister
Hydro Power Complex region. Dnister PSPP
islocated outside the main zone of seismicity.
Anotherresearch [Zyhar et al., 2023] confirms
the relevance of studying the impact of water
level fluctuations on the geodynamic situa-
tion in the Dnister Hydro Power Complex, as
well as the importance of continuous moni-
toring and development of risk management
measures. This study looks closer at the Dnis-
ter HPP-1 region, in particular by expanding
the earthquake database.

Background seismicity in the reservoir
area. The area of the Dnister Hydro Power
Complex is seismically active. According to
the seismic zoning map of Ukraine, it falls
into the transition zone between isoseims of
6 and 7 points [DBN V.1.1-12:2014]. During
instrumental observations in 1961—2004,
15 earthquakes of local magnitude within
2.0—3.5 were registered by the network of
seismic stations in the Carpathian region in
the area of the Dnister Hydro Power Com-
plex. The network of seismic stations that
existed before 2004 could register only earth-
quakes with local magnitude M;>2.0. Weak
earthquakes in the area of the Dnister power
complex were not recorded due to the lack of
seismic stations. At that time, the three near-
est seismic stations («Chernivtsi», «Horodok»
and «Kosiv») were located 100—200 km west
of the Dnister power complex [Verbitskyi,
Verbitskyi, 2011]. The velocity model [Kutas
etal., 1999] is used in the Carpathian region.

Fig. 3 shows a network of seismic stations
in Ukraine and Moldova that could be used to
study seismic events near the Dnister Hydro
Power Complex. Not all stations record every
earthquake in the studied region.

In recent years, the seismic station «No-
vodnistrovsk» (NDNU) has been operating
in the Dnister Hydro Power Complex area.
The station belongs to the seismic network of
the Carpathian region (Ukraine), which has
20 seismic stations [Verbytskyi, Verbytskyi,
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2011]. NDNU station was installed in Octo-
ber 2005 in Lomachynci village, Chernivtsi
region. Digital automatic seismograph DAS-
05 with a magnetoelectric seismic receiver
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Fig. 3. Network of seismic stations in Ukraine and Mol-
dova for earthquake studies near the Dnister Hydro
Power Complex.

SM-3KYV is used as the main module at the
station. It registers vibration parameters along
orthogonal components North-South, East-
West, and vertical in the dynamic range up
to 140 dB. It also synchronizes the arrivals of
seismic waves with GPS time. The equipment
has a guaranteed power supply system with
automatic switching and is configured for au-
tomatic processing and analysis of regional
seismic information [Verbytskyi et al., 2019].
Seismic data is processed by the Department
of Seismicity of the Carpathian region of the
S.I. Subbotin Institute of Geophysics of the
National Academy of Sciences of Ukraine
[Online source: Official site of the National
Academy of Science of Ukraine].

The database in the study includes earth-
quakes recorded by the seismic network (see
Fig. 3) as well as only by the seismic station
«Novodnistrovsk» (see Fig. 1).

Fig. 4 shows data on the annual distribu-
tion of the number of earthquakes N and the
logarithm of the total seismic energy E in
joules (1g(3 F)), which was released in the area
of the Dnister energy complex for the period
2012—2021.

As seen in Fig. 4, the maximum number
of earthquakes occurred in 2014—2016, and
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the maximum energy was released in 2016.
In the following years, there was a decline in
both the number of earthquakes and the total
released energy. A change in the number of
seismic events may indicate a redistribution
of the stress-strain component accompanied
by a violation of rock integrity. Such proces-
ses are natural and reflect the rock's response
to technogenic intervention and possible
changes in the water level.

For the period from 2012 to 2021, 956
earthquakes were recorded in the area of the
Dnister Hydro Power Complex. This number
includes 36 earthquakes registered by three
or more seismic stations. Table 1 presents a
catalog of reliably registered earthquakes in
the Dnister reservoir area from 2012 to 2021.
The reliably recorded minimum local magni-
tude is M;=0.7.

The epicenters of all earthquakes of
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Fig. 4. Distribution of the number of earthquakes N and
the logarithm of the total seismic energy E in joules
(1g(3E)) released in the Dnister reservoir area during
2012—2021.

2012—2021 were located in the eastern part
of the Dnister Reservoir (see Fig. 1). Only 36
earthquakes were reliably recorded in the
study area during 2012—2021 (yellow circles
in Fig. 1). This amount of data is not enough
to detect any statistical relationships. There-
fore, we took into account weak earthquakes
in the zone highlighted in orange (see Fig. 1)
and determined according to the data of one
NDNU station [Brusak et al., 2022]. Those
weak earthquakes have a magnitude in the
range of 0.1—1.3, and the hypocenters of
earthquakes are at a depth of about 2 km.
Data from 751 earthquake epicenters lo-
cated within a radius of 5 km from the bor-
ders of Dnister Reservoir was used in further
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Table 1.Catalog of reliably registered earthquakes in the Dnister reservoir area

from 2012 to 2021

o vear |Month| Day Time at hypocenter Coordinates Depth, | Magnitude,
Hour | Minutes [Seconds| Latitude N |Longitude £ km M,
1 2012 10 23 08 56 19 48.60 27.25 3.0 2.0
2 2013 2 16 13 33 58 48.66 27.31 3.0 2.1
3 2013 2 23 18 03 17 48.67 27.33 2.0 2.5
4 2013 7 13 23 45 33 48.6 27.4 2.0 1.7
5 2014 4 12 15 32 52 48.64 27.29 2.0 0.8
6 2014 4 29 01 42 46 48.55 27.30 2.8 1.3
7 2014 5 26 08 37 03 48.58 27.40 2.0 1.3
8 2014 5 28 16 52 32 48.56 27.37 1.0 0.7
9 2014 6 10 21 49 38 48.65 27.32 1.3 2.0
10 2014 7 18 13 50 35 48.59 27.37 2.3 0.9
11 2014 7 19 05 03 08 48.59 27.41 1.9 2.5
12 2014 7 19 10 51 06 48.59 27.41 2.1 0,9
13 2014 7 19 15 10 58 48.59 27.40 2.4 1.1
14 2014 7 22 16 17 38 48.55 27.32 2.0 1.1
15 2014 8 12 04 00 42 48.6 27.4 2.8 1.5
16 2015 4 23 07 26 35 48.63 27.26 2.0 2.3
17 2016 2 7 17 06 53 48.58 27.31 4.0 2.9
18 2016 2 8 4 46 39 48.63 27.32 2.0 2.2
19 2016 3 9 23 4 57 48.61 27.23 5.0 2.2
20 2016 5 5 06 57 47 48.68 27.23 2.0 1.5
21 2016 7 12 18 21 52 48.63 27.29 2.0 3.4
22 2017 3 4 04 04 29 48.60 27.30 1.1 1.8
23 2017 5 25 19 17 48 48.67 27.37 3.2 1.6
24 2017 6 14 21 47 13 48.62 27.23 2.0 0.9
25 2017 7 8 22 25 21 48.62 27.32 2.0 1.7
26 2017 11 26 04 48 46 48.61 27.306 2.0 1.6
27 2018 1 17 04 14 28 48.63 27.27 2.0 1.6
28 2018 3 24 12 20 54 48.61 27.38 1.0 2.6
29 2018 5 31 13 4 12 48.58 27.35 2.5 1.7
30 2018 7 20 4 30 28 48.57 27.15 2.0 2.0
31 2018 12 27 19 39 41 48.62 27.32 2.0 1.7
32 2019 5 16 22 45 04 48.64 27.30 2.0 1.2
33 2020 5 20 15 20 42 48.61 27.34 1.3 2.0
34 2021 2 5 00 51 27 48.57 27.45 2.0 1.4
35 2021 12 26 21 45 23 48.61 27.35 2.0 0.8
36 2021 12 29 11 50 48 48.57 27.28 2.0 1.7

research. The data was chosen as a buffer in
QGIS software.

Location of earthquakes on the geologi-
cal map of the region. In order to review
the probable nature of earthquakes, we will
consider the geological map of the crystal-
line basement on a scale of 1:200.000 in this
region [State..., 2007]. According to the zo-
ning scheme of the Precambrian formations,
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the region belongs to the Sokyryan subzone
and the Bakhtyna trough structure. There are
the following local stratigraphic subdivisions
and complexes of the Precambrian basement
(from top to bottom):

— the Berdychiv complex of the Paleopro-
terozoic era of the Proterozoicis composed
of granites and migmatites (y,PRbd in Fig. 5,
6), porphyry biotite granites with apatite and
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magnetite (y;PR\bd in Fig. 5, 6), hypersthene-
garnet-biotite migmatites, sometimes granite-
vinnitites (y,PRbd in Fig. 5, 6), charnockitoids
and magmatites;

—the Mikhalkiv association of basites and
ultrabasites of the Neoarchean era of the Ar-
chaean, which is composed of pyroxenites
(vAR3mh?);

— the Lityn complex of the Mesoarchean
era of the Archaean is composed of ender-
bites, cherno-enderbites;

—the Berezny Formation of the Paleoarche-
an era of the Archaean is mainly composed of
garnet-biotite-sillimanite- and cordierite-con-
taining gneisses, as well as biotite, graphite-
biotite, and sillimanite-biotite.

Fig. 5 shows only reliably recorded earth-
quakes on a 1:200.000-scale geological map of
the crystalline basement. An explanatory note
contains a detailed description of the nota-
tions for the geological map and the mineral
map of the crystalline foundation [State...,
2007].

The ABCD profile [State ..., 2007] passes
SW-NE through the studied territory (see
Fig. 5). The selected geological map of the

48,65

48,60 g o

b —/ = ‘_Q&“‘{

27.15 27,20 27,30

crystalline foundation includes sediments
up to 10 km deep. It is satisfactory for consi-
dering hypocentres of 1—5 km depth in this
region. ABCD profile consists of segments
AB, BC, and CD. For each of these segments,
the coordinates of the vertices A, B, C, and D
are known. Based on this, we can calculate
the segment's azimuth and perpendicular
azimuth. The line with the known azimuth
is drawn from each point (earthquake) that
forms the 90° angle with the profile segment.
The intersection of these two lines is the per-
pendicular projection of the epicenter onto
the profile. To identify the hypocenter, the
depth of the earthquake is used. In Fig. 6,
reliably recorded earthquakes with known
magnitude are projected onto the geologi-
cal profile ABCD.

Figs. 5 and 6 show that the location of
earthquakes only partially corresponds to
recorded and probable faults. The profile
demonstrates that part of the earthquakes
is located between two structures formed in
the Proterozoic. They have different compo-
sitions. This is typical for the region where
the profile line crosses the Dnister reservoir.

Faults:
— — reliable
— probable
“w profile line
settlements
A seismic station
Local
magnitude (ML):

0,7 .. 3.4

27,35

Fig. 5. Epicenters of reliably recorded earthquakes from 2012 to 2021 around the upper Dnister reservoir on the
geological map of the crystalline foundation [State..., 2007].
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Fig. 6. Hypocenters of reliably recorded earthquakes from 2012 to 2021 on the geological profile of the crystal-
line basement [State..., 2007]. Geological sediments: Proterozoic granites and migmatites (y;PR|bd), Proterozoic
porphyry biotite granites with apatite and magnetite (ymPR|bd), Proterozoic hypersthene-garnet-biotite migma-
tites (monPR\bd), Archaean Mikhalkiv association of basites and ultrabasites composed of pyroxenites (VAR;mh?).

The depth of most recorded earthquakes is
1—3 km. They are mostly concentrated in the
contact zone of rocks composed of granites
and migmatites (ymPR bd), as well as porphy-
ritic biotite granites with apatite and magne-
tite (y;PRibd). The contact zone activity may
be triggered by the fact that there are more
cracks and weak zones in such an interface.

Pore pressure causes an increase in the
shear stress, and small discontinuities located
near the interface start to slip. Given the shal-
low depth and the features of the earthquake
hypocenter location, it can be assumed that
seismicity results from pressure changes cre-
ated by the water masses of the upper Dnister
reservoir.

Relationship between the regional seis-
micity and reservoir volume changes. The
water level in the reservoir depends primarily
on the operation of HPP-1 and the Dnister
Hydro Power Complex as a whole. For ex-
ample, when needed, several meters of water
can be released from the reservoir, which is in
a volume equivalent to great changes in the
load on the earth's surface.

The research uses information on the
upper reservoir level change of the Dnister
HPP-1. It includes the automatically recorded
hourly data since September 2016. Archival
data on the water level was recorded daily
from 2012. The lowest level in the reservoir
was 112.92 m in 2015. The highest level of
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121.62 m was recorded in 2018. Thus, the dif-
ference between the highest and lowest levels
during the observation period was 8.70 m, cor-
responding to a change in pressure difference
of 87 kPa. The average water level for those
years was 118.56 m.

Fig. 7 shows a time series of water level
changes and manifestations of all earth-
quakes at a distance of up to 5 km from the
Dnister Reservoir from 2012 to 2021. Seismic-
ity is generalized by the parameter of the sum
of the energy of earthquakes every 2 months.
The red curve represents the logarithm of the
total released energy of earthquakes (g3 F)).

Fig. 7 indicates that water level changes in
the reservoir do not have a clear seasonal na-
ture. The red and blue curves in some periods
show common dynamics of changes, which
may demonstrate a relationship. There are
also noticeable periods in 2016—2017 when
the dynamics of reservoir level and seismic
energy are different.

Based on the data, it is also possible to cal-
culate the volume changes in the reservoir.
Since the change in the reservoir water level
is known, we can establish the area of the re-
servoir mirror. We will use the reservoir area
within which seismic activity occurred from
2012 to 2021. For this purpose, the limits of
the Dnister Reservoir are set in the QGIS en-
vironment. The approximate area of its flood-
ing is selected based on the Open TopoMap
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Fig. 7. Time series of the amount of energy released by
earthquakes every 2 months as well as changes in both
water level and pressure of the Dnister Reservoir from
2012 to 2021.

model of the area. The area of the reservoir
siteis S, ;,=34.5 km? at the lowest water level.
With the maximum change in the water level
of 8.70 m, the reservoir mirror increases by
2.6 km?.

The lowest water level is taken as the con-
ventional zero level. Since the estimation is
approximate, the reservoir can be represented
as an equilateral trapezoid in cross-section.
When calculating the volume, we take into
account that it is not directly proportional to
the growth of the water level in the reservoir.

The first approach to finding the relation-
ship included dividing the studied period into
equal phases, e.g., monthly. The integral daily
change of water volumes and the sum of the
released earthquake energy were calculated
within a month. A search for correlation was

performed when the periods changed from
1 to 5 months. However, such a correlation
relationship was not found (+=0+0.1).

The second approach included defining
periods of unidirectional changes in the re-
servoir water level. Thus, this helped to dis-
tinguish 111 periods of growth and decline
in the water level. Accordingly, we calculated
the number of earthquakes N and the sum of
logarithms of earthquake energy Y IgE.

In order to find correlations between the
water level change in the reservoir and the to-
tal seismicity, one should use the sum of loga-
rithms of energy (3 1gE) but not the logarithm
of total earthquake energy (Ig(3_E)). Similarly,
the study [Tretyak, Romaniuk, 2018] estab-
lished stable correlation relationships (=0.95)
between the sum of earthquake magnitudes
with vertical territory deformations shown
by the integral velocity index of the verti-
cal displacement from 2000 to 2011. Such an
approach was used to study the relationship
between seismicity and modern horizontal
displacements of the Earth's crust. It also al-
lowed the identification of correlational re-
lationships between parameters [Tretyak,
Brusak, 2020].

Table 2 presents the periods of unidirec-
tional changes in the reservoir water level.
It also demonstrates the number and sum of
logarithms of energy recorded within a radius

Table 2. An excerpt of the catalog of 111 periods of unidirectional pressure and water
volume changes in the reservoir when the earthquakes were observed within a radius of
5 km from the Dnister reservoir from 2012 to 2021

Pressure Reservoir Sum of
Initial era | Final era earthquake's Number of
Ne changes |volume change, .
T1, years | T2, years 6_ 3 logarithm | earthquakes N
AP, kPa |AV] 10° m
energy y IgE
1 | 2011.996 | 2012.284 25.9 58.51 13.5 3
2 | 2012.284 | 2012.467 26.2 59.12 26.9 6
3 | 2012.467 | 2012.571 9.3 33.68 13.8 3
4 | 2012.571 | 2012.640 5.3 19.19 8.7 2
5 | 2012.640 | 2012.999 27.5 97.76 88.6 20
6 | 2012.999 | 2013.327 48.2 171.35 90.3 17
7 | 2013.327 | 2013.508 15 54.82 61.4 13
8 | 2013.508 | 2013.558 2.7 9.87 23.1 5
9 | 2013.558 | 2013.853 15.4 55.69 56 14
10 | 2013.853 | 2013.908 4.7 17.00 24 6
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of 5 km from the Dnister Reservoir from 2012
to 2021. According to Table 2, the duration of
unidirectional changes in the water level in
the reservoir lasts from 1 week to 2 months.
Fig. 8 is based on the data from Table 2.
Fig. 8, a shows the pressure change and the
corresponding sum of logarithms of energy
Y'lgE. Fig. 8, billustrates the pressure change
and the number of earthquakes N during
these periods. The width of the blue columns
corresponds to the duration of the descent
period or the reservoir filling, and the height
is the pressure change in absolute value AP.
From Fig. 8, there could be some relation-
ship between the parameters. We calculated
the Pearson correlation coefficient between
AP and total seismicity Y IgE. The coefficient
is =0.78, which may indicate a relationship
between the parameters. The correlation co-

T £1000

L0

2012 2014 2016 2018 2020 2022

b

Fig. 8. Water pressure changes of the Dnister Reservoir
and the sum of the energy logarithms Y IgE (a) and the
number N (b) of earthquakes for the corresponding pe-
riod from 2012 to 2021.
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efficient between AP and the total number of
earthquakes N was calculated, »=0.79. Simi-
larly, we calculated the Pearson correlation
coefficient between |AV] and total seismicity
YIgE (r=0.70) and |AV] and N (»=0.72). Accor-
ding to the Student t-test, the reliability of the
determined correlation was confirmed.

Fig. 9 is based on the data from Table 2.
It presents the relationship between the sum
of logarithms of energy }IgE and the pres-
sure changes AP and volume changes |[AV] in
the reservoir for the corresponding periods.
It shows that this distribution is functionally
close to linear.

Accordingly, the interrelationship between
parameters will be represented by a linear
function:

D 1gE=aAP+b, (1)

where AP are pressure changes in the reser-
voir, Y lgFE is a sum of logarithms of energy;,
and a and b are constant coefficients.

The coefficients of the linear equation
from 111 periods are determined. The equa-
tion with accuracy assessment is represented
by a linear function (2, 3):
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Fig. 9. Linear function of the relationship between the
sum of logarithms of energy }IgE and the pressure
changes AP (a) and volume changes |AVI (b) in the
reservoir for the corresponding periods.
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D 1gE =(2.029£0.150) AP +(8.94+0.27), (2)

where AP are pressure changes in the reser-
voir, Y IgFE is a sum of logarithms of energy

The standard deviation of determining the
Y'lgE parameter is 22 when it changes within
the limits of 4—236. The value of the approxi-
mation probability is R?=0.6

3 1gE = (0.597+0.059)|AV| +(8.09+3.38),(3)

where |AV] is absolute volume changes in the
reservoir, Y IgE is a sum of logarithms of en-
ergy

The standard deviation of determining the
>'lgFE parameter is 28 when it changes within
the limits of 4—236. The value of the approxi-
mation probability is R*=0.5.

The interrelationship between pressure
changes AP and the sum of logarithms of
energy Y lgFE is established more accurately
than between absolute volume changes |A/V]
and the sum of logarithms of energy Y Ig£ for
the corresponding periods.

The established correlations show a pro-
bable relationship between the water volume
and pressure changes in the reservoir and the
number and energy of earthquakes formed
in the region of the Dnister Reservoir. This
connection is clearly not strict. However, it
allows us to assert the influence of the water
level change of the Dnister Reservoir on the
manifestation of local seismicity. In addition,
formulas (2, 3) make it possible to predict the
intensity of local seismicity when the water
level in the reservoir changes due to floods or
the technical conditions of the Dnister HPP-1.

Conclusions and discussion. The study
considered seismic activity around the Dni-
ster Hydro Power Complex from 2012 to
2021. The work also includes research on the
probable impact of the water level changes
in the Dnister Reservoir of region seismicity
(RIS). The maximum difference between the
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highest and lowest water levels during the
observation period is 8.70 m, corresponding
to a change in pressure at the bottom of the
reservoir of 87 kPa.

During that period, according to the
NDNU seismic station, 956 earthquakes we-
re recorded in the area of the Dnister power
complex. In addition, 751 were located within
a radius of 5 km from the Dnister reservoir.
Only 36 earthquakes were reliably registered
by three or more seismic stations with a maxi-
mum local magnitude M;=3.4 in 2016. Most
earthquakes were weak, with a magnitude
M;~0.3+1.0. Most earthquakes occurred in the
eastern part of the reservoir and surrounding
areas. The hypocenters of earthquakes were
located close to the established faults and
contacts of structures of different lithologi-
cal compositions at a depth of 1—3 km. The
hypocenters of earthquakes are concentrated
at shallow depths. They were in the contact
zone of rocks composed of granites and mig-
matites and porphyry-like biotite granites
with apatite and magnetite.

The study established a correlation of the
sum of logarithms of earthquake energy with
water pressure changes (+=0.78) and earth-
quake number (+=0.79) for unidirectional pe-
riods from 2012 to 2021. The use of the sum
of energy classes (3 lgF), in contrast to the
total energy of earthquakes (Ig} E), allows us
to reveal the relationship. Based on the fact
that the interrelationship between the sum
of logarithms of energy ) IgE with pressure
changes AP is established as more linear than
with absolute volume changes of the reservoir
|AV], the assumption about earthquakes trig-
gered by pore pressure mechanism is likely
correct. The established linear dependence
allows us to predict the possible intensity of
local seismicity when the reservoir water level
changes during the man-made impact on the
Dnister HPP-1 operation.
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CelncMiyHICTh CIPUYMHEHA BOAOMMOIO:
AOCAIAKEeHHSI Ha NMPUKAaAi AHICTPOBCBKOTO
riApoeareKTpokoMIIAeKCY (YKpaiHa)

K. TpeTHKI, L prcaKI, P. HpOHI/IlHHHZ, 2024

1 . o . . . . . .
Hanionaabauit yHiBepcuTeT «/AbBiBChbKa MOAITEXHIKa», IHCTUTYT reoaesii, AbBIB, YKpaiHa
2y, . o . . . . . .
Bipain cericmivnocTi KapnaTtcekoro periony luctutyrty reodiszuku im. C.I. Cyb60oTiHa
HAH Vkpainu, AbBiB, YKpaiHa

Y cTaTTi PO3TAIHYTO CEMCMIUHY aKTUBHICTh HABKOAO AHICTPOBCBHKOI'O TIAPOBY3Aad B
parioni AHicTpoBchKOTO BopocxoBuia 3 2012 o 2021 p. MakcuMaabHa AOKaAbHA MarHi-
Ty 3€MACTPYCIB 3a AOCAIAKYBAHHUM IIEPiOA CTaHOBUTE: M;=3,4. I'imoneHTpy 3eMACTPYCiB
PO3MIITYIOTECS Ha TAMOUHI 1—3 KM, NOOAM3Y paHillle BUIBAEHUX PO3AOMIB i KOHTAKTIB
CTPYKTYP 3 PI3HUM AITOAOTIUHUM CKAAAOM. LlITyuHe peryaroBaHHS pPiBHSA BOAU Y BOAO-
cxoBmli ITOB'g3aHe 3 poboToro AHicTpoBchbKOl 'EC-1, 3a pe3yabTaTraMu AOCAIAKEHHS
MMOBIPHO BOHO BIIAMBA€ HA BUHUKHEHHS CEMCMIUYHUX MOAIN. MaKkcUMaAbHI 3MiHU PiBHA
3MiHM CATAIOTh AHUIlle 8,7 M, IPOTe Iel PerioH Mae€ MiABUIEHY IPUPOAHY CEHUCMIUHICTS i
MOTPAIIASIE AO TIEPEXiAHOT 30HU MiXK i30ceiiMamu 6 Ta 7 6aAiB 3riAHO 3 KapTOIO CEeNCMid-
HOI'O pallOHyBaHHSA YKpaiHU. BIATIOBIAHO HaKOIIMYeHI NPUPOAHI HAIIPY’KEHHS MOJKYTh
IHAYKYBATHUCS y 3€MAETPYCH 3a PI3KOI 3MIHU THUCKY PiBHA BOAH. 3a 10 pOKIB OLiHEHO
CEUCMIYHICTh perioHy AOBKOAA AHICTPOBCBKOTO BOAOCXOBUIINA 3 OTASIAY HA AaHI piBHA
BOAM Y BOAOCXOBHIIL, @ TAKOJK Ha 31CTaBACHHS PO3MIllleHHA IIIOLEeHTPIB 3€MAETPYCIB Ha
Aep>KaBHil reOAOTIYHIN KapTi KpUCTaAigHOro (pyHAaMeHTYy. OKpeMo IMOKa3aHo IPodinb
IIi€1 KapTH 3 MPOEKTOBAHUMMU TiNIOIIEHTPAaMM 3€MAETPYCIB, 3TIAHO 3 3Ha4YHa KiABKICTB Ii-
MIOIIEHTPIB 3€eMAETPYCiB PO3MIIIYETHCA Mi’K PI3HUMU AITOAOTIYHUMU CTPYKTypPaMu. AAd
OIIIHIOBAHHS MATeMAaTUYHOT'O B3a€EMO3B' 3Ky Mi’K CEMCMIUHICTIO Ta 3MIHOIO DIBHS BOAHU
Y BOAOCXOBHUIIL BHAIA€HO 111 mepioaiB CIYCKy YM HAIIOBHEHHS BOAOMMU i OOYMCAEHO
CYKYIIHI IapaMeTpy CeMCMIYHOI aKTUBHOCTI 3a IIi mepiopn. BcTaHOBAEHO B3a€EMO3B'I30K
cymu Aorapu@MiB eHeprii 3i 3MiHOIO 00'eMy BOAU Ta IIOBEPXHEBOTO TUCKY B AHICTPOB-
CBKOMY BOAOCXOBHIIII. 3 OTASIAY HAa BUBEAEHY AlHIMHY 3aA€KHICTh MOJKHA IIPOTHO3YBATH
MIOTEeHIIWHY IHTEHCUBHICTb AOKAaABHOI CEMCMIYHOCTI, CIPUYNHEHY 3MiHOIO PiBHS BOAU B
AHICTPOBCBKOMY BOAOCXOBHIII.

KAm040Bi cAOBa: CEICMIUHICTD, CHPUYMHEHA BOAOYMAaMH, 3MiHU PiBHS BOAY, AHICTPOB-
CBKUM rAPOEHEPTOKOMIIAEKC, AHICTPOBCHKE BOAOCXOBHUIIIE.
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