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Abstract. The declustered seismic catalog from 1965 toal., 2006; Telesca, 2010, 2011; Telesca et al., 2012a). The
2010 around the Enguri high dam reservoir in western Georstrength of such reservoir-triggered earthquakes was found to
gia was analyzed using the singular spectrum analysis (SSAbe in the range from damaging earthquakes (Talwani, 1997)
technique in order to investigate the relationship of local seisto micro-seismic emissions (Chander and Sarkar, 1993). Ac-
micity with the reservoir water variations. In particular, the cording to several authors (Talwani, 1997), the phenomenon
seismic activity was analyzed in two periods: a “reference” of reservoir-induced seismicity may take place either due to
period, from 1965 to 1970, before the start of dam building the change in the state of the Earth’s crust stress caused by
in 1971; and an “active” period, from 1978 to 2010, in which the weight of water, or by increased groundwater pore pres-
the influence of the reservoir was significantly effective on sure that decreases the effective strength of the rocks around
the seismic activity (since the first flooding of the dam oc- the reservoir. These mechanisms for reservoir-induced seis-
curred in 1978). The SSA was applied to both the monthlymicity presume that the area is already under considerable
number of earthquakes and the time series of the monthlyectonic stress that can be released due to the stored water
mean of the water level. The first four reconstructed compo-n the reservoir. Consequently, seismicity induced by reser-
nents explained most of the total variance in both seismicvoir water should be a transient phenomenon. It will occur
ity and water level. Clear signatures of the annual oscillationeither immediately after filling the reservoir, or after a delay
linked with the loading/unloading operations of the dam areof a few months or even years depending on the permeabil-
present in the periodogram of the second and the third reconity of the rocks beneath the reservoir. Even for those reser-
structed components of the seismic activity during the “ac-voirs that show a correlation between earthquake activity and
tive” period. Such annual cycle is absent in the periodogranthe level of water stored in the reservoir, induced seismicity
of the reconstructed components of the seismic activity dur-does not continue indefinitely, as it is limited by the amount
ing the “reference” period. This is a clear indication of the of already accumulated tectonic energy. Therefore, once the
reservoir-induced character of the seismicity around the Enstress and pore pressure fields are stabilised at new values,
guri dam. the reservoir-induced seismicity decreases. It is assumed that
the earthquake hazard will then revert to the level it was be-
fore reservoir building due to decreased amount of local tec-
tonic stress.
1 Introduction In the present study, we investigate the change in local
seismic activity around Enguri hydro power station reser-
The question of the relation between water level variationygir. This reservoir, whose arch dam is the highest in Eu-
in deep reservoirs and seismic activity is a subject of i”'rope, is located in western Georgia. Based on general as-
tense interest from both the practical and scientific pointssymptions of reservoir-induced seismicity at the start of large

of view. Field observations and scientific research fromyeseryoir functioning, we focused on the possible influence
the two last decades provide arguments that are in favor

of reservoir-induced seismicity (Talwani, 1997; Peinke et
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Fig. 2. Cumulative number of earthquakes vs. threshold magnitude

) o o _ during the period 1978-2010. The squares indicate the cumulative
of reservoir water level periodic variation on the changes ingistribution, while the triangles indicate the binned frequency dis-

dynamical features of local seismic activity. tribution.
The structure of the paper is as follows. The seismicity and
water level data are presented and preliminarily analyzed in
Sect. 2. Section 3 describes the method of singular spectrurflis iS one signature of the reservoir-induced nature of the
analysis (SSA), which will be used to investigate the tem-Enguri seismicity.
poral fluctuations of the monthly number of earthquakes and Figure 3 shows the monthly mean of water level (red) and

the monthly mean of water level. Section 4 shows the resultsthe number of events (blue) that occurred in the Enguri area
and the conclusions are depicted in Sect. 5. with m > 1.6. Several patterns can be observed. (i) At the

beginning, during the preliminary flooding of the territory

and first stages of reservoir impoundment, the water level
2 Data sharply increases during the first 8 months from the mean

value of 335m above sea level to about 410 m above sea

The seismicity of the area around the Enguri high dam fromlevel (indicated by box 1); about two years later the seismic
1978 to 2010 was extracted from Caucasian Seismic Catactivity reaches the highest value, 28 events witk- 1.6
alogue compiled by the Institute of Geophysics, Georgian(indicated by arrow a). (i) From month 48 to month 128
Academy of Sciences. We selected the events whose eplPox 2), the water level increases from about 410 m to about
central distance from the location of the dam was less tharP09 M, manifesting annual oscillatory behavior with maxi-
100 km (Peinke et al., 2006). mal amplitude year by year; during this period of increased
Before analyzing the relationship between the seismicfilling, the seismic activity does not show particularly high
activity and the water level, the catalog was declusteredv@lues. However, about two years after the maximal water
to avoid bias connected with the presence of aftershocHevel, reached in month 128, the seismic activity again shows
clusters following the largest shocks. Applying the well- @Very highvalue, 22 events (indicated by arrow b). (iii) From
known Reasenberg (1985) method of declusterization, wéhe month 128 to the month 190, the seismic activity de-
obtained a declustered catalog of 2131 events with magcreases, and later, until the end of 2010, it remains approx-
nitudes m < 4.7 and with focal depths: <32km. The imately constant; during this period the water level is char-
Gutenberg—Richter (1944) analysis was then performed t@cterized by an annual oscillatory behavior, with amplitude
estimate the range of magnitudes within which the cata-@PProximately constant. (iv) During the whole observation
logue could be considered complete. Defining the completepPeriod, the seismic activity features approximately two dif-
ness magnitudenc as that at which a power law could ferent rates: from the beginning to month 165, the rate of
model at least 90% of the frequency_magnitude distribu_about 8 eventS/month, and from month 186 to the end, the
tion (Wiemer and Wyss, 2000), we estimateg= 1.6 with  rate of about 0.8 events/month.
b =0.924+0.02 (Fig. 1). The b-value estimated for the En-
guri high dam area is higher than that estimated for the entire
Caucasus area, which is about 0.72 (Telesca et al., 2012b);
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Fig. 3. Monthly number of earthquakes (blue) and monthly mean 10'3 seismicity
water level (red).
10°
3 Methods 10"

The aim of the analysis of geophysical time series is mainly 10
the identification and possibly quantification of temporal &
structures, like cyclic behaviour, scaling, or anomalies with
respect to some background behaviour. Such analysis is g«
complicated by the stochastic nature of geophysical records

and the range of natural influences these are susceptible to  10°
(Crockett et al., 2010).

The use of specific decompositional techniques in de- 10—
composing a non-stationary and aperiodic signal into sev-
eral components on the basis of its frequency or corre-
lation content effectively “de-noises” the series by allow- Fig. 4. Power spectrum of the monthly water levg) and the
ing components of interest to be isolated from others thatmonthly number of event).
could weaken the information-containing components. Two
decompositional methods are generally used, the Empirical —m— seismicity
Decomposition Method (EMD) (Huang et al., 1998) and the 1 —e— water level
Singular Spectrum Analysis (SSA) (Vautard and Ghil, 1989). 3 ™7
The EMD considers a signal to be given by a set of layers ]
(Intrinsic Mode Functions, IMFs), each corresponding to a
frequency content, built onto an aperiodic underlying state
(the residual signal). The SSA, instead, is a Principal Com-
ponents Analysis (PCA) technique in which the set of input
vectors comprise a time-series and phase-lagged copies of§ %7 e
itself, and is based substantially on a sort of autocorrelation. £ ,, \

The SSA provides a decomposition of relatively short and L \
apparently noisy signals into a sum of a small number of § ] \
independent and interpretable components, such as slowlys - S-S - ——
varying trend, oscillatory components and structureless noise * - . - .
(Hassani, 2007). For a normalized signal (zero mean and uni- 0 ° 10
tary variance)y;, with i varying from 1 toN (length of the
signal), and a lag/, the eigenvalues; and eigenvectoEy; Fig. 5. Variancex; of each component of the investigated time se-
of the TOEp"tZ Iagged correlation matrix ries as percentage of the total variance.
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Fig. 6. The first four reconstructed components of both the monthly number of earthqaakiand the mean water levéd—h)

4 Results and discussion

N—j
1
Cj = Z Yivi+j, 0=<j=<M (1) As a preliminary analysis, we calculated the power spectrums
N—j“4 . .
i=1 of both the normalized monthly mean of water level (Fig. 4a)

given by ysis allows getting information about the frequency content

of a signal and identifying significantly powerful cycles. The
water level shows an intense cycle at 1yr superimposed on
a power-law with spectral exponeamj; ~ 1.8; the seismicity
does not show any periodical feature, but only a power-law
Thek-th reconstructed component of the signal is given by behavior with exponents ~ 0.6. In both cases, the power-
law behavior suggests the presence of correlated structures
" in the time dynamics of the processes.
rip = izai—j,kEjk’ M<i<N-M+1. 3 In .order to unrayel periodicities in the seismic ac_t|V|ty,
M= possibly synchronized (at same oscillation period) with the
water level, we applied the SSA to both series and selected
The fraction of the total variance of the Original Signal CoNn- a7 = 12 to detect at least the annual Cyc|e, which should be
tained in thek-th r; is Ax, so that, with the sorting used, the |inked with the annual loading/unloading operations of the
reconstructed components are ordered by decreasing infotlam. Figure 5 shows the variankg of each component as
mation about the original time series (Schoellhamer, 2001)percentage of the total variance. We can see that the first
Generally, the first reconstructed components contain most of components, both in seismicity and water level, can explain
the variance, while the remaining ones contain merely noisethe total variance; in particular for the seismicity the first 4
A pair of reconstructed components with similartypically  components explain almost 80 %, while for the water level
represent each period less thhwith significant energy in  they explain almost 97 % of the total variance. Therefore, we
the original signal (Vautard and Ghil, 1989). analyzed only the first 4 reconstructed components of both

M
aixk=) Yi+jEjx, 0<i<N-M. 2
=

J
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Fig. 7. Power spectrum of the first four reconstructed components shown in Fig. 6.

the monthly number of earthquakesand mean water level It is observed that the amplitudes of the annual cycle are
rw (Fig. 6). For each reconstructed component, we calculate@pproximately constant in the second and third reconstructed
the power spectrum, and the results are shown in Fig. 7. Theomponents of water, while the amplitudes of seismicity in
first reconstructed components in seismicity1§ and wa-  those reconstructed components almost sharply decrease at
ter level ¢w 1) represent the long-term variation. During the the time in which the seismicity rate changes. The time of
dam filling (increase of they, 1 in Fig. 6€),rs 1 is character-  rate change defines two periods. In the first period, corre-
ized by almost stationary high value (Fig. 6a), while during spondent to territory flooding and reservoir preliminary fill-
the periodically stationary phasef (Fig. 6e), the firstre-  ing, an increased amount of water volume obviously triggers
constructed component of seismicity is characterized by alrelease of seismic energy already accumulated in the area
most stationary low value (Fig. 6a). The power spectra ofaround the reservoir in the form of relatively strong earth-
both first components is very similar, displaying similar scal- quakes. In the second period, characterized by quasi-periodic
ing behavior with very close values of the scaling exponentschange of water level, local seismic energy began to be re-
(~ 1.9 for water and- 2.1 for seismicity). The comparisons leased through series of small earthquakes according to slow
between the other reconstructed components also show irguasi-periodic variability of reservoir water level. Possibly
teresting features: the second and the third components dighis mode of tectonic energy release prevents accumulation
play the presence of the annual periodicity in both seismicityof large stress on the faults and, consequently, generation of
and water level (Fig. 6b, c, f and g); the fourth component inlarge events. Similar regular behavior of stress release was
seismicity shows the presence of a 4-month cycle (Fig. 6d)pbserved in laboratory stick-slip experiments on the slider-
while that in water level the presence of a 6-month cyclespring model under application of the weak periodic mechan-
(Fig. 6h). Probably the 4-month and 6-month periodicitiesical or electromagnetic forcing (Peinke et al., 2006).
are just higher harmonics of the annual one, which represents In order to check the robustness of the results, we applied
the main cycle featuring both the water level and the seismidhe SSA to the time series of the monthly number of earth-
process in the Enguri high dam area, or appear due to highguakes from 1965 to 1970. This period can be considered
order synchronization effects in seismic process caused bgs a “reference”, because the building of the dam started in
water level variation (Chelidze et al., 2010). 1971. We analyzed only the first 4 reconstructed components,
whose sum explains almost the 84 % of the total variance.
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Fig. 8. Power spectrum of the first reconstructed components of the monthly number of earthquakes that occurred in the investigated area

from 1965 to 1970.
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Fig. 9. Power spectrum of the first four reconstructed components of the non-declustered catalogue from 1978 to 2010.
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