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ABSTRACT

In this study, we analyze the temporal evolution of microseismicity near the Enguri Dam (Georgia) using over
four years of data from a local seismic network installed under the DAMAST project. A detailed completeness
analysis identifies a conservative thresiold of Mc = 0.6 within 17 km of the dam, enabling robust estimation
of Gutenberg—Richter parameters. Elevated b-values in the local catalog—compared to national Mw-based
data—suggest a significant reservoir-induced component. Extending the analysis to a 30 km radius, we find
that the completeness threshold increases to Mc = 1.0; however, the b-value remains high (= 1) when estimated
using the Maximum Likelihood method. This spatial consistency in elevated b-values indicates that reservoir
operations influence seismicity up to at least 30 km from the dam. Seismicity correlates with water level
changes, especially during filling and drawdown phases, while meteorological variables show no consistent
relationship. Our findings highlight the influence of reservoir operations on microseismic activity and
underscore the value of integrated hydrological and seismological monitoring in dam regions.

Key words: microseismicity, Inguri reservoir, seismic catalog analysis, b-parameter assessment.

Introduction

In this study, we analyze over four years of continuous seismic monitoring around the Enguri Hydropower
Plant (HPP) using the DAMAST seismic network. The Enguri arch dam, standing 271.5 m high, is among the
tallest dams in the world. Its reservoir, Jvari-approximately 30 km long and reaching depths of up to 226 m-is
located in the Samegrelo region of Georgia. The underground powerhouse is situated in the Gali District of
the Abkhazia region and is connected to the reservoir via a 15 km long headrace tunnel. The entire Enguri HPP
system represents one of the most complex and strategically important hydropower infrastructures in the South
Caucasus. Despite the political conflict, the plant has continued to operate as a shared energy facility, supplying
electricity to both Abkhazia and other region of Georgia through ongoing technical cooperation and joint
operation agreements. This region, approximately 50 km east of the Black Sea in the west part of Georgia, lies
within an active seismotectonic zone associated with the southern margin of the Greater Caucasus. The
seismotectonic setting of the area has been described in detail in our previous publications [1-2]. Accordingly,
we omit a detailed discussion here and briefly note that the Enguri high dam is located within an active tectonic
zone along the southern margin of the Greater Caucasus. The associated seismogenic source is defined based
on national earthquake catalog data (Mw > 3.0), and its Gutenberg—Richter (GR) parameters a-value and b-
value [3] have been estimated using various statistical methods. Importantly, these parameters were derived
from cataloged tectonic earthquakes only; reservoir-induced events were not included in the analysis. The
estimated values are presented in Table 1.
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With the improved detection capabilities of the DAMAST seismic network, it is now possible to estimate
Gutenberg—Richter parameters, based on a more complete catalog that includes low-magnitude events (Mw <
3.0). This allows, for the first time, a direct comparison between the statistical properties of microseismicity
and those derived from the national catalog, which only includes moderate to large tectonic events. Such a
comparison provides a basis to investigate whether the microearthquake population reflects the same
seismotectonic regime as larger tectonic earthquakes, or whether it reveals distinct characteristics potentially
linked to reservoir-induced processes. The outcome of this comparison has important implications for
understanding the nature of small-magnitude seismicity near large dams and its relation to regional tectonic
stress fields. In this paper, we focus in particular on the b-value of the Gutenberg-Richter relation. The b-value
of the Gutenberg-Richter law not only reflects the relative proportion of small to large earthquakes but also
serves as an indicator of the mechanical state of the crust. Higher b-values are generally associated with
heterogeneous, fractured, and fluid-influenced rock masses, often implying the presence of stress
perturbations, increased pore pressure, or weaker fault structures. In contrast, lower b-values typically indicate
a more homogeneous and competent lithology subjected to higher differential stress. Therefore, the elevated
b-values observed near the Enguri Dam may suggest that the surrounding rock volume is extensively fractured
and potentially weakened by repeated hydrological loading, making it more susceptible to microseismic
activity triggered by minor stress changes due to reservoir operation.

Seismic Networks and Data

To capture low-magnitude seismicity in the vicinity of the Enguri Dam, a dedicated local seismic network
comprising ten stations was established under the DAMAST project. (Fig. 1). The network consists of both
surface (KETI, BRID, GULB equipped with MBB-2 sensors and HPP, OKM, GAL equipped with 4.5 Hz
Geophone PE-6/B) and borehole (KIT1, BUFF, NIKA, DOG equipped with Trillium Compact Posthole 20s
sensors) installations.
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Fig. 1. Damast seismic network, seismicity and active fault structures in the Enguri Dam region.
Yellow circles indicate microearthquakes recorded between 2020 and 2024 within 17 km radius.
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Fig. 2 presented a normalized comparison plot showing the amplitude response of all three sensor types.
A -3 dB reference line is included to indicate the effective bandwidth for each sensor. The comparison confirms
that the Trillium 20s sensor provides the broadest usable frequency range, followed by the MBB-2, with the
4.5 Hz geophone effective in the high-frequency band only.
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Fig. 2. Normalized Frequency Response of Trillium 20s, MBB-2, and 4.5 Hz Geophone Sensors.

Background seismic noise conditions were evaluated through vertical-component power spectral density
(PPSD) analysis for each station, using the ObsPy package. Median acceleration-referenced spectra were
computed and compared against Peterson’s New High and Low Noise Models (NHNM and NLNM; [4]) to
characterize site-specific noise levels The borehole installations (KIT1, BUFF, NIKA, DOG) and the remote
station GULB consistently demonstrated low ambient noise, with spectral levels closely tracking the NLNM
across a broad frequency range. In contrast, surface stations (GAL, KETI, OKM, HPP), subject to greater
environmental influence, exhibited elevated noise levels; however, these remained below the NHNM
thresholds. These results confirm that the network achieves sufficiently low noise conditions to support reliable
microseismic monitoring [1].

Analysis of Local Seismicity and Network Performance

The procedures for earthquake detection, location, and magnitude determination using the DAMAST
network have been previously detailed in [1] and are not repeated here. In this study, we focus on the analysis
of the resulting seismic dataset, with particular attention to the spatial distribution of events around the dam,
magnitude distribution, and catalog completeness. Additionally, we examine statistical relationships among
key earthquake parameters to better characterize the nature of the observed seismicity. These analyses aim to
evaluate whether the recorded events are consistent with regional tectonic processes or exhibit anomalies
potentially related to reservoir-induced effects.



Fig. 3(a,b,c,d) present an overview of the key statistical characteristics of the seismic catalog. Specifically,
they show: (a) the distribution of earthquake epicenters as a function of distance from the dam (DFD), (b) the
relationship between local magnitude (MI) and DFD, (c) the number of events as a function of focal depth,
and (d) the distribution of events by magnitude. From the distributions we observe that the DAMAST network
is capable of detecting microearthquakes with local magnitudes (MI) as low as —1 within approximately 5 km
of the dam. Detection of events with M1 <0 remains possible up to a distance of 17.7 km. Beyond this range,
and up to ~30 km from the dam, only events with MI >0 are consistently recorded. The depth distribution
indicates that the majority of events occur between 4 and 6 km, while the magnitude histogram shows a peak
near M1=0.3, with an estimated uncertainty of approximately +0.23. These distributions provide important
constraints on the sensitivity limits of the network and the spatial characteristics of the local seismicity.
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c)

Number of events by depth
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Fig. 3 a) Number of events by distance from Dam; b) Local magnitude (MI) by distance from the dam

(DFD);c) The number of events by focal depth; d) Number of events by magnitude.



In addition, we examined the horizontal and vertical location uncertainties of the recorded events, along
with the azimuthal gap distribution. These parameters were analyzed with respect to event magnitude and are
summarized in Figure 4 (a,b,c,d).
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Event-by-Event GAP Values
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Fig. 4 a) The horizonla location uncertainties of the recorded events; b) The vertical location uncertainties of
the recorded events; c) Azimuthal GAP of the recorded events; d) Azimuthal GAP distributin by Ml

The results show that horizontal and vertical estimation errors are below 5 km for the majority of events,
indicating generally reliable hypocentral locations. However, azimuthal gaps are relatively high, often
exceeding 222°, due to the spatial configuration of the network and the presence of inaccessible regions.
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Despite this, events with M1 < 0 are still detected within these conditions, highlighting the network’s sensitivity
to low-magnitude seismicity even under suboptimal geometric coverage.

Completeness Magnitude and Gutenberg—Richter Analysis

To assess temporal variations in seismic monitoring performance and investigate possible hydrologically
modulated seismicity, we analyzed the cumulative number of earthquakes over time. To determine an
appropriate temporal resolution for estimating completeness magnitude (Mc) and tracking the evolution of
microseismicity, we first estimated recurrence intervals for small-magnitude earthquakes using the
Gutenberg—Richter (GR) relationship derived from the broader tectonic zone encompassing the Enguri Dam
(Tabl).

Based on the national seismic catalog and applying the GR relation to events with M1 > 3, we extrapolated
the expected recurrence rates for lower-magnitude events. This analysis suggests that, according to the least-
squares (LS) method:

* Earthquakes with M1> 2 occur approximately every 2.4 months,

* Events with M1> 1 occur in less than one month.

Estimates obtained from the maximum likelihood (ML) method suggest even shorter recurrence intervals.
Considering these results and the typical 4-month duration of hydrological transitions (filling and drawdown)
at the reservoir, we adopted a 3-month window for Mc estimation. This window size ensures statistical
robustness while remaining sensitive to possible seasonal changes in detectability or seismic response
associated with reservoir level fluctuations. In other words These recurrence intervals justify the chosen
window size, which is sufficiently long to include multiple low-magnitude events yet short enough to resolve
temporal changes in detection capability and seismic response.

To evaluate the detection threshold and temporal consistency of the local seismic catalog, we examined
the cumulative number of earthquakes within a 0—17 km distance from the dam, using several magnitude bins
and discrete time intervals. Preliminary analysis of the full dataset, aggregated in 3-month windows, revealed
a noticeable change in the slope of the cumulative trend around April 2022 (Figure 5).
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Fig. 5. The cumulative number of earthquakes within a 0—17 km distance from the dam aggregated in 3-
month windows.

This feature is apparent for events with magnitudes up to Ml = 0; for M1 > 0, the trend becomes linear and
consistent , with only a minor deviation near April 2022, likely attributable to transient clustering rather than
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a systematic decline in detectability. The timing of this shift coincides with a transition in data processing
responsibility-from German collaborators to a local student-raising concerns about possible inconsistencies in
the detection or cataloging of low-magnitude events. Based on these findings, we conclude that the catalog
can be complete for M1>0.0, while detection reliability decreases for magnitudes below this threshold,
particularly after April 2022.

To investigate whether the seismicity rate for these low-magnitude events has remained constant, we
repeated the analysis using 12-month bins. This revealed a distinct flattening of the cumulative event curve
after late 2023, despite the absence of any change in network operation or data processing methods. Since this
trend is not observed in higher-magnitude bins (e.g., M1> 0.4), we interpret it as a real decline in the occurrence
rate of smaller microearthquakes (Ml = 0.0-0.3) since November of 2023 (Fig.6). This reduction may reflect
stress relaxation following a previously more active phase, potentially driven by pore pressure diffusion or
changes in reservoir-induced stress. Alternatively, it may signal progressive stress accumulation, in which
small asperities have already ruptured and stress is increasingly focused on larger fault segments. This type of
seismic quiescence has been reported prior to larger events in other tectonic and reservoir settings. Although
additional analysis (e.g., clustering behavior, focal mechanism trends, or geomechanical modeling) would be
required to test these scenarios, the current observations point to a genuine physical change in the system,
rather than an artifact of detection or processing.
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Fig. 6. The cumulative number of earthquakes within a 0—17 km distance from the dam aggregated in 12-
month windows.

Catalog completeness was carefully assessed using both cumulative number analysis by magnitude and
time and the MAXC method. Based on this analysis and on the discussion above, we adopt Mc=0.6 as a
conservative completeness threshold in the range 0—17 km.

To assess the spatial characteristics of seismicity around the Enguri Dam, we analyzed Gutenberg—Richter
parameters within two distance ranges: 0-17 km, 0-30 km, using both least squares (LS) and maximum
likelihood (ML) estimation methods. The results are summarized in Table 1. In particular, induced seismicity-
often characterized by elevated b-values due to transient stress perturbations from reservoir fluctuations-may
affect the observed distribution. In the 0-17 km range, the ML and the LS method gives b value >I.
Completeness analysis for the broader 0—30 km region indicates a reliable threshold of Mc= 1.0, reflecting
decreased sensitivity at larger distances. For this zone, LS yields b=0.77, while ML gives b=1.04
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The Gutenberg—Richter law [3] describes a cumulative distribution of discrete earthquake magnitudes and
is commonly expressed as:

logioN(M)=a—bM

where N(M) is the number of earthquakes with magnitude > M, and a and b are constants characterizing
the seismic productivity and the relative proportion of small to large events, respectively [2;5]. Accurate
estimation of the b-value is essential for understanding the stress regime and failure characteristics of a given
seismotectonic or anthropogenically influenced region.

The Maximum Likelihood Estimation (MLE) method provides an efficient, unbiased estimator for the
exponential distribution of magnitudes above the completeness threshold Mc [6-7]. The MLE approach avoids
the pitfalls of the Least Squares (LS) method, which assumes linearity in the log-transformed cumulative
frequency—magnitude distribution and is highly sensitive to data binning, magnitude rounding, and departures
from ideal power-law behavior [8-9]. This distinction is particularly relevant for the Enguri Dam region, where
seismic catalog completeness may vary due to changes in network configuration, processing protocols, and
temporal variations in ambient noise. In such environments, LS regression can significantly underestimate or
overestimate the b-value, especially near the magnitude of completeness. The MLE method, by contrast,
operates directly on the individual magnitudes and remains robust against these catalog limitations [8-9].

Furthermore, MLE allows for the derivation of analytical confidence intervals, enabling statistically
rigorous comparisons across different spatial or temporal windows. This capability is critical in high-resolution
microseismic studies, such as those conducted around large hydropower reservoirs, where subtle changes in
seismicity may reflect stress perturbations or hydrologically induced pore pressure diffusion [11-13].

For comparison, the Gutenberg-Richter b-values derived from the national seismic catalog-homogenized
to moment magnitude (Mw)-are notably lower than those obtained from the local catalog within both the 0—
17 km and 0-30 km distance ranges around the Enguri Dam. While differences in magnitude scales can affect
b-value estimation, particularly for low-magnitude events where Ml and Mw diverge, the consistently high b-
values (> 1) obtained using Ml suggest that this discrepancy cannot be explained solely by the choice of
magnitude type. Instead, the results likely reflect genuine local conditions, including the occurrence of a larger
proportion of small-magnitude events and the influence of reservoir-induced processes. The similarity of b-
values across both spatial ranges implies that the effects of reservoir operations-most notably water level
fluctuations-may extend at least 30 km from the dam, supporting the interpretation that the observed seismicity
is induced or significantly modulated by anthropogenic activity.

Table 1. The Gutenberg—Richter parameters for the seismogenic source were estimated from the
national earthquake catalog using two approaches: the least squares (LS) method and the maximum
likelihood method.

Mc bin Method b-value a-value Range km network
0.6(MI) 0.2 LS 1.02 2.26 0-17 DAMAST
0.6(MI) 0.2 ML 1.00 2.85 0-17 DAMAST
1.0(MI) 0.2 LS 0.77 2.13 0-30 DAMAST
1.0(MI) 0.2 ML 1.04 3.23 0-30 DAMAST
3.5(Mw) 0.2 LS 0.7 2.1 National
3.5(Mw) 0.2 ML 0.88 3.08 National

Hydro-Meteorological Controls on Monthly Seismic Activity

To evaluate the influence of short-term hydrological and meteorological processes on local seismicity, we
analyzed monthly earthquake counts in relation to three key parameters: reservoir water level, water inflow,
and the rate of water level change (velocity) (Fig.7-8). From early 2021 to mid-2022, the reservoir followed a
regular seasonal cycle with gradual filling and drawdown phases and extended high- and low-water plateaus.
During this period, elevated seismicity systematically coincided with the transition phases, consistent with
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classical models of hydro-mechanical triggering. Earthquake counts peaked at the end of drawdown in early
2021, again during reservoir filling in mid-2021, and most notably during and after drawdown in early 2022.
These periods also coincide with significant water inflow peaks and positive or negative extremes in water
level velocity, highlighting a coupled response to both volumetric and stress-rate changes in the system.

After July 2022, the dam's operational regime changed-high-water plateaus disappeared, and the reservoir
exhibited faster and less symmetric cycling. The corresponding seismicity became less periodic and more
scattered. Although seismic activity continued to respond at times to hydrological transitions, the relationship
weakened, likely due to shortened stress-loading intervals, more abrupt pressure changes, and altered diffusion
pathways within the crust.

Interestingly, a notable seismicity peak in January 2023 occurred without a sharp change in water level
velocity. This suggests that not all triggering is driven by high stress rates; instead, it may reflect delayed
rupture following earlier stress accumulation or unloading. In contrast, a period of high negative velocity
around November 2023-indicative of rapid drawdown-was not accompanied by increased seismicity. This
implies that the crustal system had either already released accumulated strain or was in a post-rupture
relaxation phase. These observations emphasize that the triggering process depends not only on instantaneous
stress changes but also on the temporal evolution of the stress field and fault memory effects.

Overall, the results point to a complex and evolving relationship between seismicity and hydrological
forcing. While water level, inflow, and rate of change all appear to influence the timing and amplitude of
microseismic activity, the underlying mechanism is ultimately rooted in stress perturbations caused by water
level variations. However, the presence of both responsive and unresponsive phases, as well as asymmetries
between loading and unloading, suggests that the system’s behavior is modulated by additional factors such as
preexisting stress state, fault maturity, and potential fatigue or healing processes. Rather than supporting a
single deterministic model, the observations imply a dynamic interplay between reservoir-induced stress
changes and local fault stability conditions, with the seismic response being highly context dependent.
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Fig. 7. Monthly Seismicity, Reservoir Water Level Changes, and Inflow at Enguri Dam.
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Fig. 8. Monthly Seismicity and Water Level Change Rate at Enguri Reservoir.

While hydrological controls exhibit a clear relationship with microseismicity, meteorological
parameters-namely air temperature, humidity, and rainfall-show no consistent correlation with monthly
earthquake rates (Fig 9-11). Although isolated coincidences exist, seasonal temperature cycles and short-lived
rainfall or humidity fluctuations do not align systematically with seismicity peaks. This suggests that
atmospheric variables are not primary drivers of stress changes at seismogenic depths. Their influence, if any,
is likely indirect-manifesting through surface runoff and infiltration processes already reflected in inflow and
reservoir level dynamics.
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Fig. 9. Monthly Seismicity and Temperature Changes.

16



Earthquake Histogram and Humidity (%)

100

30+

80
254

)

20

o

r 60

Earthquake Count
Humidity (%)

15

o

40
10

o

F20

Fig. 10. Monthly Seismicity and Humidity Variations.
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Conclusion

The DAMAST microseismic catalog [14] provides a unique opportunity to study reservoir-induced
seismicity near the Enguri Dam with high resolution. Catalog completeness was carefully assessed using both
cumulative number analysis by magnitude and the MAXC method, leading to a conservative completeness
magnitude of Mc=0.6 within a 17 km radius of the dam. This threshold enabled robust estimation of
Gutenberg—Richter parameters, revealing elevated b-values, indicative of a relatively high proportion of low-
magnitude events. These findings contrast with lower b-values derived from the national Mw-based catalog
for the same tectonic zone, suggesting that local processes-including reservoir operations-may be influencing
the microseismic population. The similarity of b-values across both spatial ranges implies that the effects of
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reservoir operations-most notably water level fluctuations-may extend at least 30 km from the dam, supporting
the interpretation that the observed seismicity is induced or significantly modulated by anthropogenic activity

The temporal evolution of seismicity further supports this interpretation. During periods of regular
reservoir operation (2021-mid-2022), seismicity rates increased during both water level rise and drawdown
phases, consistent with expected stress changes due to volumetric loading and unloading. This behavior aligns
with the elevated b-values, often associated with induced seismicity in response to transient stress
perturbations.

Following a shift in reservoir management after mid-2022, the seismic response became less periodic and
more irregular, yet still showed isolated peaks temporally correlated with rapid water level transitions. This
pattern supports a continued, though more complex, hydro-seismic interaction. In contrast, meteorological
parameters such as temperature, humidity, and rainfall showed no meaningful correlation with seismicity,
reinforcing the conclusion that stress changes from water level variation are the primary modulating
factor.

Overall, the integration of statistical seismological analysis with hydrological and meteorological records
reveals that microseismicity near the Enguri Dam is closely linked to reservoir-induced stress changes. The
combination of elevated b-values, spatiotemporal clustering, and correlation with water level dynamics points
to induced processes operating alongside regional tectonic background activity.
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IBOJIIOIUA MUKPOCEHCMUYHOCTH BO BpeMEeHH B OTBET HA
IKCILUTYATANUIO BOAOXPAHWIUINA Y IWIoTHHBI UHrypu (I'py3us)

H. leperean, JI. 'omuaze, H. Tyrymmu

Pe3iome

B HacrosmeM nccinenoBaHNY aHATM3APYETCS BpEMEHHAS 3BONIOLVSI MUKPOCEHCMUYHOCTH B PAHOHE TUIOTHHBI
Wurypu (I'py3us) Ha ocHOBe Oojiee 4eM YETHIPEXJIETHUX JaHHBIX, COOPAHHBIX JIOKATBHON CeHCMHYECcKOi
CEeThI0, YCTaHOBJICHHOW B pamkax npoekta DAMAST. IloapoOHbIil aHaNM3 MOJHOTHI Karajora MO3BOJUII
OIpeleNuTh KOHCepBaTuBHBIN nopor Mc=0.6 B paguyce 17 KM OT IUIOTHHBI, YTO 00ECHEUMIO HAJECKHYIO
orieHKy napamerpoB ['yren6epra—Puxtepa. [1oBbieHHbIC 3HaUCHNUS TapamMeTpa b B JT0OKaIbHOM KaTajore - 1o
CPaBHEHHMIO C JJAHHBIMH HAIIMOHAIBHOTO KaTayiora, MPUBEIEHHOTO K IIKaJle MOMEHTHOW MarHuTybl (Mw) -
YKa3bIBAalOT Ha BO3MOXKHOE BIHMAHHE IPOLIECCOB, BBI3BAHHBIX OJKCIUTyaTanuMeld Bomoxpanwiaumua. Ilpum
pacIMpeHny aHaim3a 10 paxguyca 30 KM yCTaHOBJICHO, YTO IOPOT ITOJIHOTHI yBenmmuuBaercs po Mc=1.0;
OJIHAKO 3Ha4eHHe D ocTaércst BBICOKUM (> 1) MpU UCMOIB30BAaHUH METO/Ia MAKCHUMAIBHOTO MPABIOIOI00HS.
Takoe mNPOCTPAHCTBEHHOE TIOCTOSHCTBO TMOBBIIICHHBIX 3HAY€HHH D CBUIETENBCTBYeT O TOM, 4TO
9KCIUTyaTalys BOJOXPAHMIIMINA OKa3bIBACT BIMSAHNAE Ha CEHCMUYHOCTDh Ha PACCTOSIHUHA KaKk MUHAMYM 30 KM
oT MIOTHHBL. CEeHCMUYHOCTh KOPPENUpPyeT C U3MEHEHUSIMHA YPOBHS BOZBI, 0COOCHHO B (ha3ax HATIOTHEHUS H
CIIyCKa, TOTJa KaK METEOPOJOTHYECKUE MapaMeTphl HE JEMOHCTPUPYIOT yCTOMYMBOU CBA3U. IlomydeHHbIE
pe3yabTaThl MOJYEPKHUBAIOT BIMSHUE PAaOOTHl BOJOXPAaHWJIMIIA Ha MHUKPOCEHCMHYECKYIO AKTUBHOCTH H
BaYKHOCTh KOMIUIEKCHOT'O MOHUTOPHHTA THAPOJIOTHYECKUX U CEICMHYECKUX MTPOLIECCOB B pallOHaX KPYIHBIX
THIPOTEXHUIECKUX COOPY KEHHUH.

KioueBble €JI0Ba: MHUKPOCCHCMHYHOCTh, VHTYPCKOE BOJOXPAaHUIIHINE, aHATH3 CEHCMUYECKOro Karaaora,
oueHka b-mapamerpa
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