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Abstract. The analysis of the cross-correlation betweeninduce seismicity in a tensional stress regime (by adding to
the seismicity and the daily water level changes in both thethe tensional field), whereas unloading will have the same
Koyna and Warna (India) reservoirs is studied. The time lageffect in a compressional stress regime. Gupta (1983) sug-
between both datasets is calculated and is applied to estimatgested that earthquakes of magnitude> 5 are expected
the hydraulic diffusivity. The range of the hydraulic diffusiv- when the water loading rate exceeds 40 ft per week. On the
ity estimated between 0.158 1 and 10 s~ L. other hand, Simpson and Negmatullaev (1978) observed in
the Nurek Dam area, southern former USSR, an increase in
seismic activity with the lowering of water levels in the reser-
voir.
1 Introduction Continuous reservoir triggered seismicity has been ob-
served since 1963 in the Koyna—Warna region, India after
Induced seismicity has been observed in a man-made resefhe impoundment of the Koyna reservoir in 1961 and Warna
voir. Previous researchers (Simpson et al., 1988; Roeloffsyeservoir in 1985. The mechanism of the reservoir induced
1988) suggested that the major bursts in seismicity at thesgjsmicity in this region was studied by Gupta (2002) and it
reservoir fare of two types, (1) rapid response, i.e., the seisis due to the diffusion of pore pressure from the reservoirs.
micity immediately follows reservoir impoundment as a di- The stress memory i.e., in terms of exceeding the previous
rect effect of loading, and (2) delayed response, i.e., seismicyater level maxima, was found to be the most important fac-
|ty can aISO OCCura |0ng t|me aftel’ impoundment. In th|S IaSttor for the occurrence of h|gh Seismicity in the region (S|mp_
case, the seismicity can be correlated with the water level 0ggn and Negmatullaev, 1981; Gupta, 1983). The reservoir
with the I‘apid increase in the water level. Type 1 Seismicity istriggered earthquakes have Specia' features |ikeb]i¢1ue,
dominated by the elastic response to the reservoir load, whilghcrease of seismicity with an increase in water level (Gupta

type 2 is dominated by the pore pressure diffusion processet a|., 1972a, b). The value is calculated using Guttenberg-
There are substantial differences in the temporal and spatiagichter relationship.

characteristics of the response of the crust to these processes

and it should be possible to identify the dominant mechanismogn =a —bM (1)

in some cases, through a comparison of changes in seismicity

with the water level in the reservoir (Simpson et al., 1988).where N is the number of earthquake&, is magnitudea

The examples for type 1 are at Manic-3 (Leblanc and Anglin,andb are constants. 5" is the slope of Guttenberg-Richter
1978), Monticello (Zoback and Hickman, 1982) and Nurek magnitude frequency relationship. Tlevalue describes
(Simpson and Negmatullaev, 1981) and type 2 are at Orovilleelative size distributions of earthquake. Normailyalue
(Toppozada and Morrison, 1982; Gupta and Rastogi, 1976)is 1.0, for swarm activityp value will be greater than 1.0.
and Aswan (Kebeasy et al., 1987). The reservoir has ofteThe recharge of aquifers increase the confined hydrodynamic
gone through a number of apparently similar annual cyclegpressures and flows along the boundary faults which also act
in water level change without any increased seismicity be-as ground water conduits. This, in turn, increases lubrica-
fore the dominant seismicity occurs. Loading is expected totion and decreases the friction along the faults; as a result,
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Fig. 2. (a) The Koyna reservoir water level from 1967 to 2008.
(b) The Warna reservoir water level from 1985 to 2008.
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fined to an epicentre region of about 8@0 kn? (Gupta,
2002). Figure 1 shows the location of the Koyna—Warna re-
gion and also the location of the epicentres of the earthquakes
of a magnitude greater than B{(> 5).

The water levels from the time of impoundment, 1967 in

earthquakes which would have occurred later in time are trig/<0yna reservoir and 1985 in Warna reservoir, are shown in
gered. The empirical correlation between seismicity, rainfallFi9- 2. From this Fig. 2, itis clear that the water-level varia-
and rivers has been made (Kafri and Shapira, 1990). suchons iq the reservoirs show the annual cycle of loading ar_ld
observations by early workers can be interpreted to suggedtnioading. The Koyna reservoir water-level data and the seis-
increases in fluid pressure are transmitted downward into nicity of this region from 1997 to 2008 have been plotted in
crystalline permeable upper crust where they trigger earthf19: 3. ) )

quakes. The best correlations between the pore pressure The correlation between propagation of pore pressure
diffusion and seismicity are those associated with reservoiffont and depths, and the occurrence of earthquakes of mag-
induced seismicity. Talwani and Acree (1984/1995) anal-Nitudes exceeding 4.5, suggests that the pore pressure diffu-

ysed the cases of induced seismicity, which are interprete@ion is playing a key role in controlling the occurrence of
as dominated by the pore pressure diffusion and found th&arthquakes associated with Koyna and Warna (Pandey and

hydraulic diffusivity is usually in the range of 0.5s1to ~ Chadha, 2003; Talwani, 2000). _
5.0n?s L. Recently the vertical diffusivity of the Koyna has The yearly cross correlation between the Koyna reservoir
been given by Telesca (2010) bases on the analysis of thwater-level data and the seismicity has been calculated from
cross correlation between seismicity and the water level int997 to 2008 with a time period of 1yr. The completeness
the Koyna reservoir as 0.248L. In this work, the cross- Magnitude for the earthquake series is 1.2, i.e., all the events
correlation between the water level time series with the earth®f magnitude greater than or equal to 1.2 are considered in
quake activity in Koyna and Warna reservoirs have been studthis study. The maximum correlation coefficient and the time

ied and on the bases of the correlation coefficient the rangé?d are computed and are shown in Fig. 4. The cross correla-
of the hydraulic diffusivity is calculated. tion between the Koyna reservoir water level and the seismic-

ity of the region is shown in Fig. 5 for different years. From
Fig. 5, it is clear that the correlation coefficient is between
0.1and 0.5.

Fig. 1. Location of the Koyna—Warna region. Stars denote the
location of the earthquakes of magnitude greater than 5.
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Fig. 4. (a) The maximum correlation coefficient for different years.
(b) The time lag for different years(c) The diffusivity values for
different years(d) The number of events for different years. Rao and Singh (2008) already discussed the temporal mi-
gration of the seismicity; therefore, we analyse the correla-
_ o tion coefficient for both regions separately. The region is
To compare the correlation coefficients between watergjvided into two parts by the line at 17.8l. Koyna region is
level and seismicity in Konya reservoir and in Warna reser-ahove and Warna region below and we calculated the corre-
voir, these quantities are also calculated. The results takeftion coefficients of Koyna seismicity with the water level of
from recent arbitrary datasets i.e., from 2000 to 2008 resergoyna reservoir and of Warna seismicity with the water level
voir water level datasets and their correlation coefficientsyf Wwarna reservoir. As an example, the correlation coeffi-
with the seismicity in Konya and in Warna reservoirs are cient in the year 2008 and the time lag for both cases are
shown in Table 2. From Table 2 it is seen that the corre-cgicylated to be 0.14, 0.20 and 13 days, 45 days, respec-
lation coefficient between the seismicity and the water levekively, The results reveal that the correlation coefficient for
data in Warna reservoir is either equal or greater than thghe warna region is higher than the Koyna region, indicating
corresponding correlation coefficient in the Konya reservoir.that \warna reservoir is more dominating than Koyna reser-
These results show that the seismicity in the recent year igoir, |n fact migration of the seismicity towards the Warna
closer to Warna than Koyna reservoir i.e., Warna reservoifegion occurred.
is more dominating than Koyna reservoir. The temporal mi- - Figyre 6 shows the cross correlation between the Koyna
gration of seismicity from Koyna to Warna in the region is yeseryoir water level and the seismicity of the region from
discussed by Rao and Singh (2008) and these results alsgno1 to 2004 and from 2005 to 2008, respectively, with
support the active role of Warna reservoir of recentyears. 5 time period of 4yr. The maximum cross-correlation
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3 Conclusions

Fig. 6. Cross correlation between the reservoir water level and the_l_h vsis of th | Is in both . d th
seismicity of the regioia) 2001—2004b) 2005-2008. € analysis of the water levels in both reservoirs and the
seismicity is shown and the cross correlation between the
reservoir water levels and the seismicity suggest different

coefficient and the time lag is shown in Table 2. To see thevalues of time lags. We have observed hydraulic diffusiv-
consistency in the correlation coefficient, we also calculatedty (D) as 0.1ms™! to 10n? s~ for the region. The results
the correlation coefficient and time lag for two more datasetsndicate the active role of Warna reservoir in recent day’s
(2006—2007) and (2002—2004), respectively. The maximunS€ISmIcC activity.

cross correlation coefficient and the time lag is shown in Ta- )
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