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Abstract In the frame of the DAMAST (Dams and
Seismicity) project, we deployed a dense high-fidelity
seismological real-time network to investigate in detail
the spatio-temporal seismicity distribution around the
Enguri high dam, situated in the greater Caucasus in
western Georgia. We aim at recording the weak seis-
micity in a 10km distance around the dam structure. To
lower the detection threshold by reducing the ambient
background noise, we installed four seismic stations
in shallow (ca. 20m) and deep boreholes. From these
stations, KIT1 with a depth of ca. 250m is the deep-
est seismological station in Georgia. In this paper, we
characterize the seismicity recorded by the local seis-
mic network from October 2020 to July 2022. To have
a better historical picture of the seismic activity, espe-
cially since the dam construction and initial operations,
re-processing of the old seismological catalogs was car-
ried out. This required digitizing the paper-only catalog
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copies prior to relocation. We finally obtain a uniform
catalog for the Enguri region to characterize the seis-
micity and start investigating its possible relationship
with the exploitation of the dam reservoirs.

Keywords Active faults - Earthquake cata-
log - Ingirishi fault - Local seismic network -
Old seismic data - Seismicity monitoring

1 Introduction

The study region is centered on the Enguri dam, in west-
ern Georgia, and is located in an area prone to high seis-
mic activity with moderate intensity, i.e., greater Cau-
casus, about 5S0km east of the Black Sea (see Fig. 1).
The dam is the main part of the Enguri hydroelectric
power plant (HPP), which is partly located in Abkhazia
region and plays an important role in power supply for
Georgia. With 271 m in height, the Enguri dam is one
of the world’s highest arch dams. The dam reservoir
with an average volume of one billion cubic meters
and an annual water level variation of about 100m in
close vicinity of active faults, makes the area a very
interesting case study for reservoir-induced seismicity
and the study of the interaction between dam reservoirs
and faults (Braun et al. 2018; Gupta 1992; Stabile et al.
2014).

The installation of a seismic network around the Enguri
dam began in 1972 prior to the temporary operation of
the dam in 1978. The first induced earthquake recorded

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-023-10173-5&domain=pdf

J Seismol

by that network took place in 1979 when the dam reser-
voir was filled for the first time. The magnitude of the
main shock was M, 4.3 and about 80 aftershocks were
observed over several months. In 1992, the mainte-
nance of the seismic network around the Enguri dam
stopped. In July 2010, however, another earthquake of
M, 4.3, recorded by the National Seismic Network of
Georgia, took place but the related aftershocks could
not be recorded, due to poor National network coverage
in the area.

The old catalog of seismicity provided a great resource
to investigate the initial changes imposed in the regional
seismicity as a result of the dam’s early-day opera-
tions. The analysis of the old catalog indicates the dra-
matic increase of seismic activity in the initial stages of
reservoir filling and decrease of it in subsequent years
(Peinke et al. 2006). Further studies of the changes in
regional seismicity as a result of water level variation
revealed evidence of annual oscillation of seismicity
with the dam water level variations (Chelidze et al.
2019, 2021; Matcharashvili et al. 2013; Peinke et al.
2006; Telesca et al. 2012, 2015).

The present paper contributes from the integration and
harmonization of old and recent seismological data to
increase our knowledge of the seismicity induced by
high dams and in the assessment of seismic hazards
related to hydroelectrical power generation in general.
We show the current state of seismicity close to the
Enguri dam reservoir, as recorded by the local mod-
ern seismic network installed in the framework of the
DAMAST project and operating for about 2 years. The
newly installed local seismic network includes four sta-
tions at the surface, 3 stations in shallow boreholes,
and one in a deep borehole. It focuses mainly on the
weak seismicity within a 10km distance from the dam
structure and the Ingirishi fault. The current seismic-
ity map indicates activity on existing faults; however,
the detailed identification of the active faults branches,
geometry and slip mechanism, and the possible link
between seismicity and the dam-reservoir water level
changes are subjects to ongoing studies. Nevertheless,
for the biggest event that occurred inside the network,
the fault plane solution is calculated using the first
arrivals polarities and S-phase to P-phase amplitude
ratio. Besides the real-time monitoring of the seismic-
ity around the dam, we digitized and re-processed the
old analog data using a standard numerical location
method to improve the image of the seismicity espe-
cially at, during, and shortly after the dam construction.
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1.1 Seismotectonic of Enguri area

Tectonic and geodynamics of Georgia, as a part of the
Caucasus region, were influenced by the continental-
continental collision of the Eurasian and Afro-Arabian
plates in the Mediterranean belt (Alpine-Himalayan),
at the interface of the European and Asian segments.
The conversion of the two plates resulted in an intra-
continental mountain belt in the Caucasus region, with
active structures and topography, i.e, high mountain
ranges of the Great and Lesser Caucasus, intermon-
tane lowlands of the Transcaucasus, and volcanic high-
lands, intensely being developed since the late Sarma-
tian (7 Ma) (Adamia et al. 1981, 2010, 2017; Allen
et al. 2004; Banks et al. 1998; Dewey et al. 1973;
Jackson et al. 1997; Khain 1975; Martin et al. 2010;
Mcclusky et al. 2000; Mosar et al. 2010; Pasquare et al.
2011; Pearce et al. 1990; Reilinger et al. 2006; Smith
1971; Sosson et al. 2010; Tan and Taymaz 2006; Tibaldi
etal. 2017a,b, 2018a, 2021). The tectonic deformation
of the region is mainly formed by the wedge-shaped
rigid Arabian block motion, which intensively indents
into the relatively mobile area (Adamia et al. 2017;
Allen et al. 2003; Berberian and Yeats 1999; Jack-
son and McKenzie 1988; Jackson et al. 1997; Kogyigit
et al. 2001; Mcclusky et al. 2000; Okay and Sahinturk
1997; Vincent et al. 2005; Yilmaz et al. 1997). Conse-
quently, all structural-morphological lines represent a
clear arcuate northward convex pattern following the
contours of the Arabian block (Allen et al. 2003; Axen
et al. 2001; Reilinger et al. 2006). However, farther
north, the geometry of the fold-and-thrust belt revolves;
for instance, the Achara-Trialeti structure appears in an
Eastward-Westward orientation. The Great Caucasian
old-and-thrust belt extends ina WNW-ESE (300-120°)
direction, while the chains of Neogene-Quaternary vol-
canoes in the Lesser Caucasus are oriented in a sub-
meridional (N-S) direction. The submeridional com-
pression reaches its maximum within the central seg-
ment of the Caucasus, along a line running through
the central part of the Transcaucasus. This line actu-
ally represents the watershed between the basins of the
Black Sea and the southern Caspian Sea. Westward
of this line, the escape of the central Anatolia plate
takes place. So, the territory of the Black Sea expe-
riences weak submeridional compression. Apparently,
the same conditions also exist eastward of the line of
maximal compression in the territory of the Kura fore-
land and Talesh in southeastern Caucasus (Adamia et al.



J Seismol

2008; Kocyigit et al. 2001; Varazanashvili et al. 2011).
The Caucasus region is subjected to not only S-N, but
also E-W compression. Since it is directly adjacent to
the eastern Black Sea on the west and the Caspian Sea
on the east, each of which with a suboceanic high-
density crust that hampers lateral tectonic escape of
the western and eastern Caucasus, respectively. The
compression is attenuated to the east and west from the
central segments of the Caucasus like butterfly wings.
According to the seismological, paleoseismological,
and GPS data, convergence between the Eurasian and
African-Arabian plates is still active, causing defor-
mation within the mountain belt and in surrounding
regions (Adamiaetal. 2017; Alizadeh etal. 2016; Allen
et al. 2004; Avagyan et al. 2010; Jackson et al. 1997;
Kadirov et al. 2008, 2015, 2012; Kogyigit et al. 2001;
Pasquare et al. 2011; Rebai et al. 1993; Reilinger et al.
2006; Sokhadze et al. 2018; Tan and Taymaz 2006;
Tibaldi et al. 2017a,b, 2018b; Tsereteli et al. 2016b).
Based on the GPS data, the convergent rate is up to
30mm/year (DeMets et al. 1990, 1994; Reilinger et al.
2006; Triep et al. 1995). Although the induced tectonic
stress by the northward motion of the Arabian plate is
mainly absorbed in the Periarabian Ophiolitic Suture
Zone and in the Zagros fold-thrust belts, the stress is
propagated towards the Central Caucasus and causes
crustal shortening and causes the convergent rate of up
to 10mm/year and 4 mm/year across the Lesser Cau-
casus and Greater Caucasus, respectively. The rate of
convergence between the Lesser and Greater Caucasus,
in fact, decreases from about 14 mm/year in the Kura
Basin to about 4 mm/year in the Rioni basin (Aktug
et al. 2013; Guliev et al. 2002; Kadirov et al. 2012;
Mcclusky et al. 2000; Reilinger et al. 1997, 2006;
Shevchenko et al. 1999; Sokhadze et al. 2018).

The major geodynamic activity of the region results in
the occurrence of frequent moderate to strong earth-
quakes. The map of known faults in Georgia is mostly
based on the offset of main geological units. Accord-
ing to the geological, tectonic and seismicity maps
some faults are classified as Quaternary faults. Fig-
ure la and b present two main active fault models
developed by Caputo et al. (2000) and Adamia et al.
(2008, 2010). Although these two models show sig-
nificant differences, the orientation of the active faults
in the region in both models is consistent and follows
four main directions, which are Caucasian trend from
WNW/W to ESE/E, E-W trends, and two transver-
sal trends in NE-SW and NW-SE directions. The

focal mechanism solution of the moderate and strong
earthquakes along active faults indicates three stress
regimes, i.e, strike-slip, thrust, and transpressional fault
zones. The Caucasian-strike active faults are repre-
sented by thrust mechanism in the western and cen-
tral part of the Great Caucasus and transpressional
and strike-slip faults in the eastern part, where the
strike-slip mechanism is dominant (Adamia et al. 2008,
2017; Jackson and McKenzie 1988; Philip et al. 1989;
Tan and Taymaz 2006; Tibaldi et al. 2018a, 2021;
Tsereteli et al. 2016a,b). Most transversal active faults
are located in the Javakheti volcanic highland in South
Georgia, which is a young tectonic unit formed during
the Neogene-Quaternary era with active faults mainly
in left-lateral and right-lateral motions where the seis-
micity includes shallow depth small earthquakes, up
to Skm depth with a local magnitude of below 2.5 M;
(Tsereteli et al. 2012).

From a geotectonic point of view, the Enguri hydro-
electric power plant area is represented by the three
main tectonic units (see Fig. 1) with a different history
of geological development and structure. The tectonic
units include the Main Range Zone of the Greater Cau-
casus with a predominance of significant newest uplifts;
the Southern Slope Zone of the Greater Caucasus and
Georgian Block represented at this site by intermoun-
tain Rioni Foreland (Caputo et al. 2000; Gamkrelidze
1966; Murusidze 1980). The dam structure is located in
the connection of the Southern Slope Zone of the Great
Caucasus and Georgian Block (Fig. 1). According
to the detailed geo-engineering and seismic-acoustic
studies, the base of the dam is composed of Creta-
ceous rocks, mainly Barremian limestones, the layers
of which dip at an angle of 50 to 60° and are charac-
terized by highly developed fracturing (Murusidze and
Lursmanashvili 1962). Based on Caputo et al. (2000) in
the zone where the arch dam is located, due to the uplift
of the Southern Slope Zone with simultaneous pressure
of the masses to the south, the old faulting happened and
new transpressional active faults appeared. The closest
active faults to the Enguri dam are the Gagra-Java active
fault to the south with NE-SW direction, the Tskhakaia-
Tsaishi active fault to SW of the dam with NW-S direc-
tion, and Vartsikhe-Gegechkori active fault with NW-
SE direction (Fig. 1a). However, according to Adamia
et al. (2008) westward escape of the western Transcau-
casus led to the formation of the seismoactive structure
represented by the chain of Gali, Zugdidi, Khobi, Eki,
and Abedati anticlines that fully delineates the Odishi
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Fig. 1 Map of active faults 40° 41° 42°

43° 44° 45° 46°

in Georgia a based on
Caputo et al. (2000) b based
on Adamia et al. (2008,
2017) (The black lines. The
main seismotectonic zones
around the study area (red
rectangle) are indicated on
both maps. The blue line
represents the country
borders. Faults indicated
with numbers on plot (a) are
1: Vartsikhe-Gegechkori, 2:
Gagra-Java, 3:
TskhakaiaTsaishi, 4: Main
Trust of Greater Caucasus;
and faults marked with
numbers on plot (b) are 1:
Odishi (segment Martvili),
2: Odishi (segment Khobi),
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3: Odishi (segment
Achigvara), 4:
Racha-Lethkhumi, 5: Main
Trust of Greater Caucasus

Piggyback basin by Odishi active fault contains several
segments with different cinematics: left-lateral reverse
Martvili segment, reverse Khobi segments, right-lateral
reverse Achigvara segments. The closest (up to 2km)
active fault to the structure of Enguri dam is the Racha-
Lethkhumi (segment Mukhuri) reverse active fault to
the north (Fig. 1b).

In Fig. 2a and b, active faults around Enguri dam are
plotted, where Ingirishi fault which passes in direct
proximity to the dam is shown with red line (Mastitsky
and Jigauri 1974). According to the previous geological
studies, the Ingirishi fault, since the Middle Pliocene
age, was not tectonically active; the seismic activity
close to the dam structure is recognized to be insignifi-
cant, according to the old seismic network (Murusidze
1980). In addition, the most seismically active faults
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in the area relate to the north of Enguri dam to the
Main Trust of Great Caucasus by Caputo et al. (2000)
and Adamia et al. (2008, 2017) (Fig. 2a and b) and to
the Gagra-Gorabi active reverse faults by Adamia et al.
(2008, 2017) that show several reverse active faults
crossing the Enguri dam reservoir.

According to the historical earthquake studies
(Varazanashvili et al. 2018), Western Georgia has been
seismically active and a number of destructive earth-
quakes as strong as My, 6.0 to 7.0 occurred in the area
before 1900, for example, the Kvira earthquake in 1250
BC close to the dam with M, 6.9, the Nenskra-Abakura
event in 1100 in the north with a magnitude of M,, 6.9,
Tsaishi event in 1614 with a magnitude of M, 6.1, and
the Akiba earthquake in 1750 with a magnitude of M,,
6.9.
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Fig. 2 Map of active faults
around Enguri dam area a
Caputo et al. (2000) b
Adamia et al. (2008, 2017)
On these maps, the black
lines are faults and the blue
lines represent rivers. The
seismicity depicted in the
background (blue circles) is
related to the old original
catalog. The Ingirishi fault
segment which is only
recognized in literature
(Murusidze 1980) is plotted
in red on both maps
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2 Old seismic network and seismicity

Regular instrumental seismological observation in west-
ern Georgia has been carried out since 1937 when
the first seismic station was installed in Zugdidi
city. However, until 1957 only mechanical seismo-
graphs with rather low sensitivity were operating at
that station; therefore, the possibility of recording
weak earthquakes at this station was very limited. In
1957-1970, six seismic stations were installed in the
region (Martvili/Gegechkori, Tsebelda, Oni, Khaishi,
Saberio, and Tkibuli). Nevertheless, monitoring weak
earthquakes (< M,,3.5) did not improve in this period
because two of the stations (Saberio and Khaishi) oper-
ated irregularly, while the Gegechkori and Zugdidi
stations had low sensitivity. Eleven seismic stations
have been installed from 1972 to 1980 (Fig. 2 and
Table 1). Two of them were located in the highlands
of western Georgia, three of them along the Utvir
fault of the Main Thrust of Great Caucasus-Gagra-
Gorabi, one station was located along Odishi active
faults and the remaining ones were located along the
Racha-Lechkumi (Gagra-Mukhuri) fault passing near
Enguri dam (Fig. 1). All stations were equipped with
the same standard seismometers designed for regional
seismic stations, recording typical three channels and
one coarsened channel (Murusidze 1980; Papalashvili
1981). It should be noted that since the mid90s, due to
political and socio-economic changes that have taken
place in Georgia, the operation of the local seismic
network stopped, and unfortunately, from 1990 until
2019 information about the seismicity of the area comes

only from the Georgian national network. The wave-
forms of the old network before 2006 are not available
anymore for re-processing and only an analog cata-
log and a bulletin for some events exist. The bulletins
include amplitude, the first arrival of P- and S-phases,
first motion polarities, and events locations obtained
using a basic circle-and-cord and fixed depth approach.
Figure 2 shows the seismicity of the area based on the
old catalog, including the historical and instrumental
earthquakes, and the faults inside the study area.

The filling of the Enguri reservoir began in April
1978. Water level variation from the beginning of the
exploitation to 2013 is plotted in Fig. 3a. Enguri reser-
voir is connected to the Gali reservoir by a 16km
pressure-derivation tunnel (see Fig. 2), which is the
second reservoir of the Enguri hydroelectrical power
plant to regulate the flow of the Enguri River. As we
can see in Figs. 2 and 3b, clustered and scattered earth-
quakes in the area occurred even before the reservoirs
were filled. However, the cluster of earthquakes in 1961
was located in the southeast of the dam about 50 km
away. After the initial dam reservoir impoundment, the
number of earthquakes increased, and, in December
1979, this process was completed by a series of Rechkhi
earthquakes along the Gali water reservoir. The cluster
is composed of two main events of M, 4.9 (M, 4.2) and
My, 5.0 (M 4.3), foreshocks, and more than a hundred
aftershocks that lasted more than one year. In 2010,
another earthquake with M, 4.9 (M; 4.6) took place
along the Gali reservoir. These events are discussed in
Tibaldi et al. (2017a).

Table 1 Seismic stations of the Enguri HPP area, installed during the period 1972-1980

Station Installation date (year) Latitude Longitude Elevation (m) Sensor

Azhara 1972 43.105 41.716 605 SKM-3
Ambrolauri 1980 42.518 43.150 544 SKM-3
Bedia 1973 42.736 41.650 265 SKM-3
Chala 1973 42.733 42.033 315 SKM-3
Chkvaleri 1973 42.717 42.083 385 SKM-3
Dgnorisa 1979 42.467 42.833 910 VEGIK
Kurzu 1973 42.583 42.283 313 SKM-3
Lebarde 1973 42717 42.483 1530 SKM-3
Mestia 1974 43.033 42.717 1441 SKM-3
Nakra 1974 42.383 42.383 1330 SKM-3
Tsageri 1976 42.380 42.460 524 SKM-3
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Fig. 3 a The water level change at the Enguri dam reservoir.
Histograms b and d show the temporal variation of seismicity
according to the old catalog, the length of each bin is 3 months, b
shows the seismicity observed in a bigger area (Fig. 2), and the d
shows the relocated old catalog in the study area (inside the red
rectangles in Fig 1) ¢ shows the magnitude of all events (M,,)
(blue) and relocated events (green) and events without M, esti-
mation are indicated by red plus signs. The vertical axes are short-

Table 2 1D velocity model used for event location (Murusidze
1987), Vp/ Vs = 1.71

Depth (km) P-phase velocity (km/s)
42

4 5.5

20 6.2

30 6.2

49 8.2

3 09/10/85
18/09/89 -

2 29/09/87

O
Q
-+
U
-

08/09/91 -
28/08/93 -
18/08/95 -
07/08/97 -
28/07/99 -
17/07/01 -
07/07/03 -
26/06/05 -
16/06/07 -
05/06/09 -
26/05/11 -
15/05/13 -
05/05/15 -

ened both in (b) and (d) to adapt to the diagram’s major range.
The out-of-range values for three peaks are indicated beside up-
arrows. The blue background in b shows the time that the 11
stations of Enguri old local network started to operate and added
to the old 6-station network. The gray background indicates the
time that only stations of the Georgian national seismic network
were operating

3 Updating the old catalog

The old catalog includes location parameters of 475
events (within a 50-km length frame), while bulletin
data is available for only 252 events. The location of
those 252 events is updated in this study, employing
the old analog bulletin data and the HYPO-71 pro-
gram (Lee 1975). The relocation procedure using dig-
itized old bulletin and selection of the best velocity
model (Table 2) are explained in detail in Tsereteli
etal. (2012) and Tsereteli et al. (2016b). Figure 4 shows
the updated locations, white circles correspond to loca-
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Fig.4 Seismicity map 43°00' {7
according to the old catalog,

a before catalog update, b

after the catalog update. The

color map shows the event’s

origin time, and circles are

sized according to the 42°50'
event’s magnitude, however,
M, = 0 means that M,, is
not estimated. On this map
the black and blue lines are
faults already introduced in
Fig. 2, based on Adamia

et al. (2008, 2017) and 42°40'
Caputo et al. (2000),
respectively
41°40' 41°50'
43°00'
42°50'
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Elevation
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o MO0.0
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M 4
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41°50 42°00' 42°10' 42°20
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Time (year)

tions reported in the old catalog and the red ones to the
relocation, the colorbar shows the origin time, and cir-
cles are sized according to the magnitude of events. In
both plots, the magnitude scale of events is M,,. The
event magnitudes were unified by conversion equations
based on national data developed recently by Onur et al.
(2019) and Tibaldi et al. (2020) as well as by regional
conversion equations (Zare et al. 2014) for those mag-
nitudes without national conversion equations.
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It should be noted that, from 1960 to 2003, in Georgia
and the entire Caucasus region, earthquakes magnitude
has been estimated in terms of surface waves magnitude
M, or M1 i (Russian surface-wavescale) for moderate
to strong earthquakes (M; > 4.0). For these events
regional calibration curves were used. For small and
moderate earthquakes whenever the direct determina-
tion of M, was impossible, the size of events were
estimated by energy class (K) and conversion equa-
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tion My = 0.56K —2.2 (Rautian 1964) was employed.
Following Rautian (1964), it is accepted that coda mag-
nitude M, and the surface wave magnitude (M) are of
the same scale, i.e, M, = M, as in many cases coda
magnitude was reported in the old catalog. For cases
with M, or Mpy (magnitude estimated from the ver-
tical component of P-waves), an empirical correlation
formula Mpy = 0.63M, + 2.5 was considered. So,
until 2003 earthquake catalog for Georgia and Cauca-
sus was unified to surface magnitude M;. Since 2004,
because of the reorganization of the Georgian seismic
network, only local magnitude values (M, or M;) were
calculated for recorded earthquakes (and hardly ever
M. and M, values in some cases), accordingly, M,
was calculated only for earthquakes with My larger
than 4.5 (Adamia et al. 2010; Tsereteli et al. 2016b).

Comparing original (Fig. 4a) and updated (Fig. 4b)
event’s locations, one can see that in the old catalog
locations appear to be aligned in vertical or horizontal
lines indicating a 2-D grid spacing (due to employed
simple location technique), while in the updated ver-
sion events are distributed without any grid-related pat-
tern and could freely form any arbitrary-shaped clus-
ters. In addition, the size of the cluster in the vicinity
of the Gali reservoir is smaller and less elongated to
the southeast direction after the relocation. In Fig. 3c,
the magnitude of events is illustrated in the same time
sequence as the other plots in Fig. 3, where the blue
circles are all updated magnitudes, green circles are
updated magnitude of the relocated events and red plus
signs are those events without M,, magnitude conver-
sion possibility. The old catalog magnitude of com-
pleteness for all updated magnitudes is about M,, 2.7,
and for the relocated events in the region is about My,
3. In Fig. 3d, the temporal variation of the relocated
seismicity is plotted. Figure 5 summarizes the improve-
ment of the old catalog, by showing the event depth dis-
tribution before (a) and after (b) relocation and update
of the epicentral location (km). It should be noted that
in the old catalog events location error is not available
and events are categorized in different classes accord-
ing to the accuracy of epicenteral location. The events
related to the study area are classified as class C indi-
cating the epicentral error of about 15 km. Until 2000,
focal depth was determined by the Wadati method and
by intersection of the Levitskaia-Lebedeva travel-time
curve, and the error in depth estimation varied from 10
to 20km. While the most frequent estimation of depth
is 25km in the old catalog, the relocated event’s depths

old catalog
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Fig. 5 Number of earthquakes vs. depth a before relocation b
after relocation

are more distributed in shallower depth of less than
15km and the most frequent depth is 10km. Accord-
ingly, the origin times and epicentral locations are cor-
rected up to 4min and 25km, respectively. In Fig. 6,
histogram of relocated events RMS, location error and
azimuthal gap are plotted. The majority of events are
relocated with RMS values between 0.2 and 0.4 s, hor-
izontal and vertical location errors are less than 2km,
and the most frequent azimuthal gap of the events is
about 150 degree.

The pattern of the relocated events shows (Fig. 4b) that
earthquakes of magnitude above M,, 3.5 are located all
over the area and create a seismic background of the ter-
ritory. Nevertheless, seismicity along the Gali reservoir
is denser than around the dam. In addition, events with
a magnitude of above M, 3.6 are located mainly along
the known and identified faults on geological maps.
Almost all events are shallower than 25 km, with 12 km
as the most frequent depth and a second peak close to
4 km. Based on that, two main active seismogenic zones
can be distinguished in the study area.

The first, most seismically active zone is located along
the Main Trust of the Great Caucasus fault (Caputo
et al. 2000) or Gagra-Gorabi active faults (Adamia
et al. 2008, 2017) noted above. The epicenters of the
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strongest earthquakes in western Georgia are located
in this zone. It should be noted that since 1955, after
improving the seismological station in western Geor-
gia, more seismic activity has been recorded in this
zone, and, in 1963, the well-known Chkhalta earth-
quake with M,, 6.4 occurred within its boundaries,
and earlier in 1100, the historical Nenskra-Abakura
is related to this zone (see Fig. 1). The second zone
is located along the so-called Gagra-Mukhuri fault
(Adamia et al. 2008, 2017). In the eastern part of this
zone, in 1991, the destructive Ratcha earthquake with
M, 6.9 occurred whereas earlier, in BC 1250 (see
Fig. 1), the historical Kvira earthquake occurred. This
zone could be of great importance for earthquake haz-
ards associated with the Enguri HPP dam since the indi-
cated fault passes close to it.
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4 Enguri current seismic network

We designed an eight-station local seismic network to
record weak seismicity in 10km around the dam, with
good coverage and high sensitivity around Ingirishi
fault segments. The final layout of the installed net-
work, including stations installed at the surface and
boreholes, is shown in Fig. 7. Each online station is
equipped with a centaur data logger, router, and SIM
card. The stations KIT1 and HPP are connected to AC
power, whereas power is provided by solar panels in
combination with batteries for the other stations. At
stations, GULB, KETI, and BRID, Kinemetrics MBB-
2 sensors are installed, while the other stations are
equipped with Nanometrics Trillium compact posthole
20s, and in station HPP in Abkhazia, a 3-D Geophone
PE-6/B is running. The depth of the shallow borehole
stations, i.e., DOG, BUFF, and NIKA, is between 17
and 19m, and station KIT1, with a 250-m depth, is the
deepest seismic station currently running in Georgia.
The network installation was performed in three main
stages, October 2020, December 2020, and Septem-
ber 2021. Figure8 indicates the data availability of
each station. For most stations, data has been contin-
uously recorded and transmitted since the installation
time, however, data gaps due to technical reasons hap-
pened at stations KIT1 (for circa 5 months), GULB, and
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Fig. 7 Location of the local seismic stations. Deep borehole
(KIT1) at 250m, and the shallow boreholes at 17-19m depth.
The station at HPP is offline
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Fig. 8 Data availability of
one channel at each station
(the availability is consistent
for all channels). Gaps are
plotted as vertical red lines.
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HPP. Although the west side of the dam reservoir was
very hard to access and the Georgia-Abkhazia border
zone was an additional constraint in site selection, we
installed one station (GULB) in the high mountain area
(which takes about 10h round-trip to reach the station
with special truck); however, the real-time data transfer
from that station did not work properly. The station in
Abkhazia, HPP, was added to the initial network lay-
out in October 2021 to increase the network coverage
around the Gali reservoir.

4.1 Ambient noise level

To investigate the ambient noise level within the cur-
rent seismic network and assess the impact of station
depth on noise reduction, we conducted an analysis of
background noise using probability power spectral den-
sities (PPSDs) (McNamara and Buland 2004). Contin-

Median of PPSD for vertical components

—— BUFF (20 m)
—— DOG (20 m)

| — KIT1 (250 m)
—— KETI (Surface)
—— GULB (Surface)

Amplitude [m~2s~1Hz"1] dB
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Fig. 9 Median values of PPSDs computed for vertical compo-
nents of stations installed at different depths and locations over
the year 2022. The two grey curves indicate the new high- and
low-noise models (Peterson et al. 1993)

N A% A%
or i ,.LQ"L ,LQ'L

\ W ‘r\a‘! W

101\« 01'\« 107} 01:1 "LG":L 101_'7-
)

13
ot
EIE O AR N

N w7y

uous data recorded at each seismic station were utilized
to compute the PPSDs. Figure9 illustrates a compar-
ison between five different stations in the study area,
installed at different depths. The stations included in the
comparison are KETT and GULB, which are located at
the ground level, stations DOG and BUFF, installed at
a depth of 20m and the KIT1 which was installed in
a 250-m borehole (see Fig.7 for the station locations
on the map). The visualization of the median PPSD for
the vertical components offers valuable insights into
the noise levels, signal quality, and spectral character-
istics at different sensor’s location and depth, enabling
an assessment of the seismic network’s performance
and its suitability for various research and monitoring
objectives. This may be crucial for making informed
decisions about future seismic monitoring efforts in
the region. According to the Fig.9, KETI (red curve),
exhibits the highest noise level across all frequency
ranges, indicating this surface station is more suscepti-
ble to various sources affecting data quality. Station
DOG and BUFF, both at 20m depth, show similar
noise levels below 3 Hz. However, above 3 Hz, there
is a recognisable difference of up to 5 dB between
them, suggesting that the local noise sources influence
noise characteristics at higher frequencies. In the fre-
quency range of approximately 3 to 25 Hz (period range
between 0.03 and 0.3 s), KIT1 demonstrates the great-
est noise level reduction compared to the shallow bore-
hole stations, BUFF and DOG, with a decrease of about
10 dB. In the frequency band between about 2 and 6 Hz
(period range 0.15 to 0.5 s), GULB, the surface station
located in mountain, shows the lowest noise level com-
pared to the other stations. The observed differences in
noise levels at higher frequency bands are influenced by
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a variety of factors. These factors include the installa-
tion of sensors in boreholes, the presence of cultural and
anthropogenic noise, and various local geology beneath
the stations. Borehole installations offer the advantage
of providing a more stable and isolated environment,
leading to reduced noise contamination and enhanced
signal quality at higher frequencies. However, inter-
estingly, station GULB, despite being installed at the
surface, shows lower noise levels compared to other
surface stations. This suggests that the noise reduction
at station GULB could be attributed to its remote loca-
tion far from anthropogenic noise sources and different
geological characteristics of the ground between south-
ern slope zone of the Caucasus mountain range and, for
example, Rioni Basin (see Fig. 1), which has a signif-
icant impact on seismic noise levels measured at the
ground level.

The findings presented in the figure have crucial impli-
cations for the design and implementation of the seis-
mic network and monitoring strategies in the study
area. The installation of sensors in boreholes has been
demonstrated to offer significant benefits in reducing
the impact of higher frequency noise sources, such as
those originating from anthropogenic activities.

5 Recent seismicity around the Enguri dam

In this section, the seismicity recorded around Enguri
dam by the newly installed seismic network is dis-
cussed. The aim has been to identify weak seismic
events and to provide a preliminary location and mag-
nitude estimation for events with clear P- and S-phases
on at least three stations.

5.1 Event detection and location process

Event detection is performed in two steps. In the first
step, the recorded continuous waveforms of all stations
are scanned to extract the list of events with a high
signal-to-noise ratio (SNR), that have occurred beneath
the network. This step aims at identifying events gener-
ated at all major seismogenic zones (faults segments).
Then, in the next step, the weaker events are extracted
using the template matching technique, employing a
subset of the events detected by the first step as tem-
plates. This two-step technique ensures that the weak
seismicity related to the major local seismic sources
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is extracted to compile an event catalog with a lower
magnitude of completeness.

The first step is carried out using a source scan algo-
rithm, namely the Lassie program (Heimann 2017),
which is an automatic algorithm for detecting and locat-
ing earthquakes. This processing is based on migrating
and stacking a characteristic function calculated from
normalized amplitude envelopes measured at each sta-
tion and to look for coherent arrivals of P- and S-waves
at all stations (Adinolfi et al. 2019; Lopez-Comino et al.
2017; Matos et al. 2018). As a pre-processing step, the
travel times for seismic phases are computed for a 3-
D spatial grid of possible seismogenic zone using the
CAKE tool (Heimann et al. 2017) and using a local
1-D velocity model (Murusidze 1987) (see Table 2).
To make the 3-D spatial grids, a 15km distance from
the dam location and up to 50km depth is assumed,
accordingly, a 30 x 30 x 50km grid with 1km grid
spacing is searched for a possible earthquake location
and an event is defined if the value of the characteristic
function reaches a predefined threshold. The evaluation
of coherency is done using continuous waveforms that
are cut into overlapping time windows (width equal
to 10 min with 20% overlap). The origin time of the
detected earthquake is determined from the detected
time, and travel time of the phases between the related
grid location (trial earthquake hypocenter) and the ref-
erence point or station used for calculating the stacked
characteristic function. A 10 to 40 Hz band-pass fil-
ter is applied to the raw data. We used higher weights
for the P-phases and a detector threshold of 75 on the
detector function. Figure 10 shows an example of a
detected and located event using Lassie and explains
the basic steps of the procedure. It should be noted that
the network records seismicity outside of our zone of
interest and most of them could be detected by Lassie
with preliminary locations at the edges of the search
grid. Accordingly, all detections from Lassie have been
inspected visually, and only local events (according to
arrival time differences of S- and P-phases) originating
from sources beneath the network and in the zone of
interest are kept.

In the second step, the template matching technique is
employed to improve the detection capability of weak
events (Gibbons and Ringdal 2006; Meng et al. 2018)
that, due to low SNR, might not be detectable using
detection techniques based on time-domain amplitude
inspection. The waveforms of the events selected in
the first step that exhibit a sufficient quantity of high-
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Fig. 10 Example of detection using Lassie, The origin time
of the event is at 2022-03-16 10:07:38:112. a All available
waveforms used for event detection and location are sorted by
hypocentral distance (Band pass filter: 10-40 Hz). b Character-
istic functions (normalized amplitude envelope) for each trace
used for migration (based on P-wave (red lines), and S-wave
(blue lines) theoretical arrival times) and stacking. ¢ Coherence
(stacked) map for all grid points (2D projection). Dark colors

quality phase picks are taken as templates. Then, scan-
ning through the continuous waveform data, prior or
posterior to the template timestamp is performed to
find new similar events. The comparison of the tem-
plate waveform and the piece of the signal under analy-
sis is quantified by a correlation coefficient; detection is
declared once the value of the correlation exceeds a pre-
defined threshold. We used the EQcorrscan algorithm
(Chamberlain et al. 2018) which is an open-source soft-
ware package written in Python, for the detection and
analysis of seismicity, on an eight-core computer. All
detections have been inspected manually and detected
events with high signal quality at more than three sta-
tions are imported into the SEISAN earthquake analy-
sis software database (Havskov and Ottemoller 1999)
for phase picking, location, and magnitude estimation.
The P- and S-phase onset times are picked manually.
For some strong events with high SNR moment magni-
tude, M,, is estimated as well, based on spectral anal-
ysis of S-phases on vertical component traces.

T T T T T
-300 -200 -100 © 100 200

Time [s]

show high coherence values. The location of the detected event
is marked by the white star. Station locations are shown with
black triangles. d Global detector level function in a process-
ing time window centered around the origin time of the detected
event. The cut-out time window used for the coherence map is
shown in gray color. The white star indicates the detected event
above the fixed threshold of 75 (black line)

5.2 Observed seismicity

After analyzing the data recorded until the end of
July 2022, over 448 local events were identified, with
approximately 320 of them occurring within the area
of interest, represented by the red square in Fig. 1.
Figure 11 shows the observed seismicity map, where
the circles are scaled by the estimated magnitude of
events (all events below magnitude 0.0 are shown with
the same scale) and the white circles are events with
location uncertainty greater than 5km in each princi-
pal direction. The colorbar illustrates focal depth of
events in km. The seismicity pattern exhibits clustered
events, particularly near the existing fault’s location, as
well as scattered events throughout the region. How-
ever, it is essential to consider the potential sources of
location error, which may arise from various factors.
These include azimuthal gap issues for events outside
the monitoring network’s footprint, limitations due to
employing a 1-D velocity model to locate the seismic-
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Fig. 11 Seismicity map obtained in this study using the local
seismic network currently operating at Enguri site. White circles
represent the events that are poorly located (error greater than
Skm in at least one of the hypocentral parameters). Scattered

ity within a complex geological structure and under a
strongly varying topographic area. Additionally, phase
picking errors could occur, particularly in cases of low
SNR. The histograms depicted in Fig. 12a and b illus-
trate the depth and magnitude distribution of the located
events (red markers in Fig. 11). The majority of events
occurred in a depth range between 4 and 8km, with
the peak occurrence at 4.1 km. It should be noted that
the magnitude estimation for about 20 located events
was not possible due to the low signal-to-noise ratio.
Consequently, those events are not represented in the
magnitude histogram. The observed drop in the number

(a)

o
o

8

Number of events
Noow
o ©

"
=]

=

o 5 10 15 20 25
Depth (km)

Fig. 12 Depth a and magnitude b distribution of the seismicity
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seismicity as well as clusters close to the fault lines are observed,
which are indicated by S1, S2, and S3. The focal mechanism of
magnitude M,, 2.8 (M; 2.7) event calculated in this study is
shown

of events with a magnitude of about 0.5 M; compared
to the cases above magnitude 0.7 M; (see Fig. 12b)
could be attributed to the fact that the magnitude of
completeness is not uniform for entire region shown in
Fig. 11, for seismological sources, such as those located
atthe north and east side of the study area, only stronger
events are detected and are included in the histogram.
In addition, we did not specifically look for weak events
originating from the sources outside the 15km radius
from the dam (except events close to the Gali reservoir)
using the template matching technique. The estimated
magnitude of most events falls below M; 1.0; how-
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ever, there were also two notable events with magnitude
above M; 2.0 that were recorded. (1) An event with a
magnitude of M; 2.4 (M, 2.7) occurred on 2021-03-05
at 10:04 UTC. It took place at latitude, longitude, and
depth of 42.707°, 41.679°, and 4.1 km, respectively.
This event was approximately, 30km away from the
dam, and about 10km from to the Gali reservoir. (2)
The largest event recorded in the closer vicinity of the
dam, with a magnitude of M; 2.7 (M, 2.8), occurred
on 2022-02-01 at 21:33. It had a latitude, longitude,
and depth 0f 42.707°,42.024°, and 18 km, respectively.
This event occurred at a distance of about 5km from
the dam.

Figure 13a illustrates the water level (black) and water
level velocity (blue) of the Enguri dam reservoir since
the local seismic network has started recording one
complete cycle, that is releasing water from the reser-
voir, stabilizing it, filling the reservoir again and stabi-
lizing it at a high-level, plus three from four stages of
the following cycle happened during that period. Each

Water level

stage of water level change is labeled with a letter and
the initial time of each one is indicated by a red verti-
cal line. The water level changed in the first cycle by
about 100 m during the releasing and the filling stages,
i.e, stage (a) from October 2020 to February 2021 and
stage (c) between March 2021 and June 2021. In the
following cycle, stage (e) shows a water level drop of
80m. From the plot, one can see that the low water
stage is almost twice longer in the second cycle (stage
f) than in the first one (stage b).

In Fig. 13b, the histogram presented in gray displays
the weekly number of events above the catalog mag-
nitude of completeness. As previously mentioned, the
seismic network was completed during different time
stages, and to reflect this, the number of active stations
is plotted in blue in Fig. 13b, with the right-hand side
axis. The magnitude of completeness for the catalog is
determined to be M; 0.5, during the time when four sta-
tions were operational. However, with the addition of
four more stations and a total of eight stations in oper-
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Fig. 13 Water level variation is plotted in black and the water
speed (derivation of daily water level) is shown in blue color
and right axes in panel (a). A Histogram of a weekly number of
located events above an estimated magnitude of completeness is
plotted in (b), and for events in 15km horizontal distance from
the dam in (c). The right axes plotted in blue in (b) shows the
number of stations operating with time. The histogram plotted
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with a dashed line is obtained by processing the events excluding
the four stations added shortly before stage (d), in ¢ only events
at a 15km distance from the dam are plotted. The initial timing
of different stages of water level change is indicated by vertical
red lines. The letters indicated on each stage are linked to the
seismicity plot labels in Fig. 15
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ation, the magnitude of completeness for the catalog is
improved to M; 0.0.

Based on this histogram, a sudden rise in the weekly
number of earthquakes occurred during the seismicity
monitoring period, which is observed in June 2021, in
addition, after December 2021 (in stage f), the seismic-
ity shows increases. In Fig. 13c, events with distances
larger than 15km from the Enguri dam are excluded
from the catalog. A small rise is observed in February
2021, which shows the highest number of events with
magnitude above M 0.5 up to the end of first water
filling cycle (stage a—d).

Figure 13 evidences that there may be a correla-
tion between the increase in observed seismic activity
after stage (d) and the increase in number of stations
in the monitoring network from four to eight stations.
To ensure a fair comparison of seismicity across dif-
ferent stages, a careful analysis was conducted. There-
fore, the recordings from the four stations added at the
end of stage (d) were excluded from the event location
process. The results of this analysis are shown in the
second histogram, represented by a black dashed line

in Fig. 13b and c. In the latter case, there is a noticeable
decrease in the number of observed seismic events per
week and a total number of 76 events above the mag-
nitude of completeness could not be located. However,
despite the exclusion of the latest four stations in the
event location process, the increase in seismicity is still
noticeable in stage (f). This indicates that, the observed
rise in seismic activity can not be solely attributed to
the increased number of stations. It is worth noticing
that, the largest observed seismic event in this study
occurred in stage (f), with a magnitude of M; 2.4. Addi-
tionally, two other events with magnitudes above M;
1.4 were also recorded during the same stage. The first
event, with a magnitude of M; 1.4 (M, 1.5), occurred
on 2021-12-15 at 04:50 UTC. It was located at a lat-
itude of 42.776° and a longitude of 42.029°, with a
depth of 6.3 km. The event was the closest to the dam,
at a distance of 2km. The second event, with a mag-
nitude of M; 1.5 (M, 1.9), occurred on 2021-03-18 at
02:24 UTC. It was located at a latitude of 42.762° and
a longitude of 42.094°, with a depth of 6.2 km. The
event was 5 km away from the dam.
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Fig. 14 Magnitude vs distance of the events calculated from a Enguri dam, b Gali reservoir. The color bar in each plot indicates to the

origin time of the events and the date format is “year/month/day”
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Fig. 15 Spatial pattern of seismicity at each stage of dam reser-
voir water level change are plotted in (a)—(g) (see Fig. 13 for
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magnitude below M; 0.0. The black circle on each plot shows
the 15km distance from the dam, triangles show the seismic sta-
tions, while stations operating in the entire time span of each

stage are plotted in blue. The black triangles in plot (a) and (d)
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were operating partially, which in plot (a) is the station KIT1 that
stopped operating shortly after the installation, and in plot (d) are
stations added after September 2021. The fault lines in blue and
black are previously introduced in Fig. 1. The locations of two
seismic swarms observed in February 2021 are indicated in plot
(b) by S1 and S2. The location of swarm occurred in June 2021
is indicated in plot (d) by S3. In plot (f) the location of events of
magnitude above 1.4 are indicated by vertical small arrows
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Figure 14a and b present the magnitude distribution of
events plotted against the distance calculated from two
reservoirs: the Enguri reservoir and the Gali reservoir.
The colorbar in each plot represents the origin time of
the events, with the time intervals discretely indicating
the different stages of the Enguri reservoir water level
changes as depicted in Fig. 13a. Figure 14a highlights
that the network is sensible to recording weaker seis-
mic events (< M;0.0) within a distance of about 15 km.
However, within a closer proximity, up to 5 km from the
dam, many events with magnitude below M; 0.0 have
been successfully identified and located. Most of these
events are represented by the blue color, indicating their
occurrence during later stages (f) and (g) of the water
level cycle, in late 2021 and 2022. In this figure, a clus-
ter of seismicity at about 8 km distance is noticeable
as well, which includes events of magnitude ranging
between —0.6 to about M; 1.0. Figure 14b shows the
nearest cluster of seismicity at about 10km distance
from the Gali reservoir. At this distance, while the seis-

Fig. 16 Waveforms of Vertical
swarms including 25 events
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micity observed in stages (d), in green color, appears
to have a higher magnitude range, in the later stages
of monitoring time, i.e., stage (f) in dark blue, weaker
events are also observed.

The spatial distribution of seismicity related to the dif-
ferent stages of water level change is presented in the
subplots of Fig. 15. Events with a magnitude greater
than the magnitude of completeness (M,) are repre-
sented in red color, while white circles are events with
magnitude below M,. In each subplot, triangles show
the location of seismic stations, with blue color indicat-
ing stations that were operational throughout the entire
stage and black color for stations that were only partly
operational at the starting time (stage a) and latest time
(stage d). Additionally, a black circle on each plot rep-
resents the 15km distance range from the Enguri dam
reservoir. The Ingirishi fault line is plotted in red, and
the previously introduced faults in blue and black are
also shown in Fig. 1. The plots highlight a scattered
distribution of events around the Ingirishi fault during
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all stages. However, in stage (d), when the water level
stabilizes at a higher level, a distinct cluster of events is
observed in close proximity to the fault. This clustering
indicates to a higher seismicity rate during this stage,
which may be attributed to the impact of reservoir water
level change on the fault’s behavior.

The observed temporal increase of seismicity in Febru-
ary 2021 (Fig. 15b) is related to two separated source
locations or spatial clusters, according to the waveform
similarity and the location of the biggest events in each
sub-sequence. The larger cluster includes 3 relatively
large events with magnitudes of M; 0.7 (Feb. 28), M;
0.6 (Feb. 20) and M; 0.8 (Feb. 20), and occurred on the
west side of the Enguri reservoir (marked on Fig. 15b
with S1). This cluster consists of more than 25 detected
events; however, just 5 of them could be located with an
estimated magnitude range between M; 0.0 and M; 0.8.
Figure 16 shows 3-component recordings of the events
detected by the template matching technique at station
DOG. The green waveforms in the figure show the tem-
plate trace and the red traces show the linear stack of
all traces. The observed time of each event is indicated
on the left side of the figure on the vertical compo-
nent waveform. The detected events are distributed in

Fig. 17 Waveforms of Vertical
swarms including 13 events
occurred in February 2021
recorded at station BRID,
each plot shows one 23,19:01
component traces. The
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8 days between 20 and 28 of February, in which 11
events occurred on February 20, 4 events on Febru-
ary 21, 4 on February 22, 4 on February 27, and 2 on
February 28.

The other cluster includes one event with magnitudes
M; 1 (Feb 23) that occurred close to the Ingirishi fault
(marked in Fig. 15b with S2), and the nearest record-
ing station was BRID. This cluster includes 15 detected
events, 11 of which could be located, the estimated
magnitude range of those events is —1.3 to M; 1.0
(see Fig. 17 for the waveforms at station BRID). The
observed seismicity is distributed between February 22
and February 24, 8 events on February 22, 3 events on
February 23, and 1 event on February 24.

Figures 15b and 11 show the location of the aforemen-
tioned clusters on the western side of the dam, one close
to the Vartsikhe-Gegechkori fault passing through the
dam and the other one along the Gagra-Java active fault
in the northern side of the Ingirishi fault. Seismicity pat-
tern in stage (c) is plotted in Fig. 15¢, comparing with
Fig. 15b, we see that earthquakes continue to occur in
the same spot where two swarms were located.

The increase of seismicity in stage (d) is mostly related
to the events originated from the active zone close to

North-South East-West

Time (s) Time (s)
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the Gali reservoir (see Fig. 15d). The interesting feature
in this stage is the occurrence of a swarm on June 7,
2021, where 23 events are detected in about 8 min, 16
of them are located with a magnitude range between
M; 0.3 and M; 1.8, and 10 events with a magnitude
greater than M; 0.1. The magnitude of the largest event
in the sequence is M; 1.8 (M,, 2.0). Figure 18 shows
waveforms of the related events recorded in the station
BRID. On 2021-03-05 at 10:04 a magnitude of M; 2.4,
M,, 2.7 occurred in the same location (see Fig. 15b).

The seismicity related to the stage (f) is shown in Fig. 15f
and appears as small clusters which are mostly dis-
tributed on the eastern side of the dam, on the Vartsikhe-
gegechkori active fault. Seismic activity is also observed
along the prolongation of the Ingirishi fault to the SW
to the Gali reservoir. That gives us a point to extend
Ingirishi fault in this direction. The epicenter of three

big events (M; > 1.4) in the close vicinity of the dam
(introduced before) is indicated on the map.

5.3 Fault plane solution

From the recent observed seismicity, regarding the
magnitude of the events and azimuthal coverage of
events, the focal mechanisms of two events could be
calculated. The biggest event with magnitude M,, 2.8
(M; 2.7) took place at the Gagra-Java transpressional
active faults (Fig. 11). This event occurred inside the
recent local network, the mechanism estimated using
first motion polarities and S- to P- phase amplitude
ratio (Hardebeck and Shearer 2002) from all 8 avail-
able stations, is stable and indicates left-lateral strike-
slip faulting (strike, dip and rake angles are 133°, 72°,

Swarm on June 7, 2021 (station BRID)
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Fig. 18 Waveforms of the swarm occurred in June 7, 2021
recorded at station BRID, including 23 events in about 8 min
time (bandpass filter: 2—18 Hz). Horizontal axis shows the time
in the related day, where the format is hh:mm:ss. The 3 compo-
nents recordings are plotted in black with Z, N, E for vertical,
north—south and east—west components. Vertical red dashed lines
show the timing of each detection using template matching tech-
nique, among them 4 detections are indicated by numbers 1-4
(event number 4 is the template event) and are plotted in azoomed
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window on top (blue traces). The gray area show the time span
of each event (only vertical component) that is plotted in the
zoomed window. The bottom plot in blue shows absolute value
of the cumulative cross correlation (cc) of the template event
with corresponding time segment, where the instants that cc stay
above the predefined threshold (here MAD 9) are indicated by
red stars (at the same timing as the red vertical dashed lines on
the 3 components waveforms)
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and -177°, respectively.) The fault plane strikes, in the
NE-SW direction, is in agreement with the Gagra-java
active faults. Another event with M,, 1.5 (M; 1.6) took
place at the junction of two active faults. One of them is
the Ingrishi fault and the other is either the Vartsikhe-
Gegechkori (number 1 in Fig. 1a) right lateral - reverse
active faults by Caputo et al. (2000) or the Mukhuri
reverse fault (Adamia et al. 2008, 2010). The network
coverage from the north side of this event is nonethe-
less weak, with two stations with compressional first
motion polarities, whereas all the stations in the south
recorded dilatational first motion polarity. The best fit-
ted solution has strike, dip, and rake of 344°, 21°, and
-8°, respectively; however, strike, dip, and rake of 128°,
6°, and 136° is the second possible solution. Accord-
ingly, the possible solution is not unique and could be a
strike-slip (with slightly different strikes) and oblique
components.

6 Conclusion

On-going seismic monitoring shows that the study area
is seismically active, and we could identify some local
sources of seismicity. In particular, we observed that
the Ingirishi fault, which was one of the monitoring
targets in this study, generates microseismicity and we
conclude that it is a seismically active fault. Ingirishi
fault was not recognized as an active fault by Caputo
et al. (2000) and Adamia et al. (2008, 2017). In addi-
tion, we observed seismicity along the prolongation of
the Ingirishi fault which implies the extension of the
fault to the SW direction. Unfortunately, this part can-
not be investigated by geologists to understand how the
fault can be extended to this direction, because of politi-
cal reasons. Moreover, seismicity occurs with irregular
time distribution as well as in temporal and spatial clus-
ters, i.e., seismic swarms. One distinct seismic swarm,
which occurred in the Gali reservoir region in June
2021, and several time-spatial clusters are observed in
the recent seismicity pattern. The faults passing the dam
are active with the possibility of generating earthquakes
above M; 1.5 at a distance close to the dam structure.
Furthermore, comparing the old and recent seismicity
of the region, we see the consistency of the location of
some of the active sources, for instance, both Figs. 11
and 4 indicate high seismicity of the eastern part of
the Utviri Fault passing through the Enguri dam, at the

boundary of the Main Range Zone and the Southern
Slope Zone of the Great Caucasus. In addition, the other
boundary of two main tectonic units, close to the Gali
reservoir, also shows high seismicity in both catalogs.
The depth distribution of the current and old seismicity
highlights the 4km depth as the most frequent shal-
low depth, while the depth of the biggest event (Mag
M, 2.8, 2022-01-02) is 18km in agreement with the
depth distribution observed in the old catalog (less than
20km), considering the fact that the majority of old cat-
alog events are of magnitude greater than M,, 2.0.
The epicentral location of the biggest event is close
to the Gagra-Java transpressional active fault, and the
focal mechanism solution concluded left-lateral strike-
slip faulting, where the slipped fault plane strike is in
NE-SW direction and in agreement with the Gagra-java
active fault.

The seasonal change that is observed in recent activi-
ties of the area and Ingirishi fault could be the natural
behavior of the faults or possibly influenced by water
level change in the dam reservoir. To conclude on this
point, it is, however, necessary to monitor the seismic-
ity over a longer time period and more cycles of dam
reservoir water level change.

Based on background noise analysis, it becomes evi-
dent that a well-designed seismic network with a com-
bination of borehole and surface installations, placed
strategically with respect to noise sources, can signifi-
cantly improve the accuracy and reliability of seismic
data.

The local network is still running and the data pro-
cessing will be carried on to provide more resources
to better investigate the possible correlation between
seismicity and dam reservoir water level change and
to characterize the seismological behavior of the active
fault segments.
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