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Abstract 
Identification of precise hypocenter location is useful in order to improve 
the faults plane orientation and seismic zone analysis. In the study area, re-
located hypocenter of earthquakes in Koyna-Warna region (KWR) from the 
short period recorded data from 6th January 2010 to 28th May 2010 by using 
Cross-Correlation waveform results in Double Difference Hypocenter me-
thod [1]. The results show the significant improvement in hypocenter loca-
tion and orientation in earthquake hypocenters, which is correlated with local 
faults plane orientation in study region. From the observations the earth-
quake hypocenters are lying in the depth between 3 to 8 km. The result which 
identified three faults plane orientation in NNW-SSE direction and also iden-
tified new fractures in NE-SW directions between the faults plane orientation 
with short duration data sets the first time in India. 
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1. Introduction 

The Koyna-Warna region continues to be the most significant site of an artificial 
water reservoir triggered seismicity, since the impounding of the Koyna reser-
voir 54 years ago and the nearby Warna reservoir 27 years ago [2] [3] [4]. The 
KWR well knows artificial reservoir earthquake region in the world, constructed 
on Deccan traps. Till date more than 100,000 earthquakes are recorded in which 
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22 earthquakes were with magnitude (M) ≥ 5, and have occurred within the 
small an area 30 × 20 sq∙km of KWR.  

The largest reservoir triggered earthquake of magnitude of M 6.3 occurred 
near the Koyna on 10 December 1967. Data for most of the previous studies 
[4]-[12] were recorded by a limited but widely distributed array of seismographs. 
Consequently, the earthquake locations and their source parameters were poorly 
constrained. 

This study improved the precise hypocenter locations of the KWR, with cov-
ering high dens seismic network of 97 stations (Figure 1) data by using the double 
difference hypocenter location method [1]. The cross-correlation of seismogram 
(P and S) data is used for the relative arrival time pairs. The improved hypocen-
ter locations allow constraining the geometry of the faults plane orientation in 
the study province. 

2. Data and Method 

In an attempt to improve hypocenter locations and identify the faults plane 
orientation in the KWR, deployed 97 portable seismographs for five months 
(from 6th January 2010 to 28th May 2010). The seismograph paired with the 
three component receiver, relatively high frequency (4.5 Hz) sensors and data 
recorded continuously at 100 samples/second. And also connected high accurate 
GPS sensor with a horizontal accuracy of about 5 to 10 meters. Geophone critically 
damped ratio at 0.707, has a sensitivity of 32 v/m/s. The relatively high-frequency 
sensors allow for higher frequency data and more accurate first-arrival travel 
time picks. 
 

 
Figure 1. Study area map with regional topography with elevation 
contours. Temporary seismograph locations show in triangle and 
epicenter of the 10th December 1967 earthquake. 
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3. Initial Hypocenter Location 

The Initial hypocenters are located with the HYPO71 [13] in SEISAN software 
[14] with a reference one-dimensional crustal velocity model ([15], Figure 2). 
The HYPO71calculate the hypocenters, magnitude and first motion pattern of 
the earthquakes, trying to improve the hypocenter and origin time by iteratively 
minimizing the least square error of travel time.  

4. Cross-Correlation 

The cross-correlation function measure the similarity of two waveforms as a 
function of the time lag of one relative to the other waveforms, the similar 
waveforms can be observed at one station recorded different events when hypo-
centers are close (Figure 3). The cross correlation of two waveforms delay time 
lag w(t) is: 

( ) ( ) ( ) ( ) ( )w t u t v t u T v T t dt
∞

∞
= ∗ = ∗ +∫                 (1) 

u and v are continuous functions of two time series, T = is the time shift. 
The cross correlation is achieved accurate phase arrival by correlating the sim-

ilar seismograms, it is minimized the uncertainty in hypocenter locations [14]. 
This study utilised program CORR in SEISAN [14]; this gives the maximum 

correlation of similar waveforms and relative arrival times. In CORR program 
initial takes one waveform as a master event and cross correlation with the other 
events of a selected phase window with the master event. 

 

 
Figure 2. One Dimension velocity model 
(adopted from [15]). 
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Figure 3. Cross-correlation of waveforms different earthquakes recorded at Station 68.  

 
Computed the cross-correlation for P and S face duration of window given 6 

Sec filters are applied 3 to 40 Hz. Minimum correlation of the waveform is 0.5 
Sec, minimum correlation stations 4 and the correlation between the computed 
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two events maximum distance 5 km. Cross correlation of some events recorded 
at station 68 as shown in Figure 4. The output file dt.cc can be used with the 
double difference location program HYPODD. 

5. Double Difference Hypocenter 

To improve the accuracy of absolute earthquake location, we used the double- 
difference hypocenter algorithm [1]. HypoDD relocate the event through an 
iterative least-squares approach that reduces the differential travel time residual 
between pairs of events recorded at a common station. The double-difference 
equation: 

( ) ( )obs calij i j i j
k k k k kdr t t t t= − − −                   (2) 

ij
kdr  is the residual between observed and calculated differential travel times 

for the two events i and j, recorded at station k. HypoDD minimizes residual 
double-differences of pairs of earthquakes by adjusting the vector differences 
between their hypocenters, and determines the interevent distances between 
correlated events, without need for station corrections [1] [16].  

 

 
Figure 4. Epicenter location map and statics using HYPO71 in SEISAN software. (a) 
Seismicity location and epicenters are shown in circles; (b) Latitude vs Depth; (c) 
Longitude vs Depth and (d) RMS error in histogram. 
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6. Results 

The HYPO71 located 499 earthquakes show a high-density cluster of earth-
quakes near Warna Reservoir (Figure 4(a)). 

There is an apparent deepening of hypocenters from south to north (Figure 
4(b)) and several near-vertical alignments of hypocenters from west to east 
(Figure 4(c)). More than 90% of the earthquakes located with the HYPO71 al-
gorithm have RMS values between 0.5 to 0.1 (Figure 4(d)). On that basis, we es-
timate errors in hypocenter depths 0.7 km. However, our preference in this 
study was to reduce the RMS values and obtain greater accuracy in the locations. 

The events are cross correlated (example: station 68 recorded different events 
similar waveform as shown in Figure 3) and used in hypoDD for relocation. Out 
of 499 events 379 events include the P-wave cross-correlation dtimes 6227 and 
S-wave cross-correlation dtimes 6327 total dtimes 12,549. Figure 5(a) shows the 
relocation of events map after the relocation, there is an apparent gently dee-
pening of hypocenters from south to north (Figure 5(b)) and several near-vertical 
alignments of hypocenters from west to east (Figure 5(c)) and error in depth 
 

 
Figure 5. Epicenter location map and statics using hypoDD. (a) Seismicity location and 
epicenters are shown in circles; (b) Latitude vs. Depth; (c) Longitude vs. Depth and (d) 
RMS error in histogram. 
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reduced to 0.1 km and RMS error reduced to 0.2 to 0.05 (Figure 5(d)). From the 
relocation gently observed event are compacted and these earthquakes are falling 
in the depth range from 3 km to 8 km. 

From the relocation events patterns show that the three faults in NNW-SSE 
direction (Figure 6). The faults (F1 - F3) are confined from the early study [17] 
[18]. In Figure (Figure 7(a) and Figure 7(b)) which shows closer observation 
changes before and after relocation with hypoDD. In Figure 7(a) in observation 
three faults are shows with scattered and after relocation (Figure 7(b)) the 
events hypocenters are compacted and shows direction of faults (F1 - F3). In 
Figure 6 we can observe some feature between the F2 and F3 which may be 
formed due to F2 and F3 energy releasing and making new features in between 
the F2 and F3 marked with blue lines and circle (Figure 7(b)). 

7. Discussion 

The recloation of earthquakes in the study province, improved spatial distrub-
tion of earthquakes as well as hypocenter locations are obtained from the cross  
 

 
Figure 6. Relocation hypocenter with hypoDD and Faults (F1 - F3). 

 

 
Figure 7. Comparison between before and after relocation hypocenters, (a) The 
hypocenters are scatter; (b) Hypocenters are compacted and shown faults and some 
doubted faults which shows in blue lines and circle. 
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correlation of wave form data, by using double difference hypocenter method. 
The relocation of earthquakes are observed in the southwest of Warna reservoir, 
the seismicity shifting observed from the Koyna reservoir to southwest of Warna 
reservoir [4] with the limited network. The present obtains results shown three 
faults within the study area, along the lineaments [19] extending to the southeast 
direction, the observed faults plane orientation alinement of epicenter determi-
nation study [17] [18]. These faults plane orientation observed the high p wave 
velocity and low S wave velocity and high passion ration observed, due to the 
saturation of rocks by high pore pressure [17]. The high pore pressure in these 
active fault zones may form the new faults in the study area, the observed epi-
center lineation in the northeast to southwest direction (Figure 6) is concluding 
within the fault zone forming the new faults in northeast to southwest direction. 

8. Conclusions 

The seismicity pattern in Koyna-Warna region is concluded from the relocation 
of hypocenter by using hypoDD, which shows significant seismicity shift ob-
served from Koyna reservoir to northwest of Warna reservoir. 

The seismicity depth is between 3 km to 8 km and RMS error reduced from 
0.2 sec to 0.05 sec and depth reduced 0.7 km to 0.1 km. 

The relocation events distribution shows the three faults in NNW-SSE direc-
tion. Between F2 and F3 it shows new faults orientation of epicenter lineation in 
the study area which forms due to the high pore pressure within the F2 and F3. 
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