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ABSTRACT 

 

The Koyna-Warna region in western India is a premier site of Reservoir Triggered 

Seismicity (RTS) recognized globally. The region has faced 22 earthquakes of M>5, including 

the historic event of M 6.3, on 10th December, 1967 and thousands of smaller magnitude 

earthquakes ever since. Seismic activity is continuous and ongoing, typically in the depth 

range 2-15 km and in the vicinity of the Koyna and Warna reservoirs. Correlation between 

occurrence of earthquakes and change in the reservoir water levels has prompted several 

detailed studies of the RTS phenomenon in this region. The Koyna-Warna region is 

characterized by a thick (~1 km) pile of Deccan basalt whose origin is believed to be 65 

million years old. This layer is ductile in nature and probably prevents any surface expression 

of the seismogenic faults beneath, although a lot of fractures and joints can be seen on the 

surface. Recent drilling results indicate that the basement rock is migmatitic gneiss, a high 

grade metamorphic rock which is generally found at mid crustal levels. The focal mechanism 

solutions of earthquakes are generally strike-slip or normal type, but often a combination of 

the two. Apart from the fault geometry and the reservoir effects, the velocity structure of 

the medium is very heterogeneous and complex, making it difficult to understand the 

causative mechanism of seismicity and tectonics. 

  The current study comprises a multi-pronged approach to decipher the shear wave 

velocity structure of the Koyna-Warna region using diverse methodologies like Ambient 

noise correlation, Inversion of Surface wave Green’s functions, Noise tomography and 

Receiver function, to decipher the complex structural setting and its linkage to the 
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seismogenesis in this unique RTS zone. Ambient Noise Correlation is an emerging technique 

used to determine high resolution velocity structure by inverting Surface wave Green’s 

functions generated by cross correlating continuous seismic noise field recorded at any two 

seismic stations. We consider about 525 baselines formed by 33 station pairs of the network 

for modeling the shear velocity taking advantage of the dispersive nature of the Surface 

wave Green’s functions. The depth of investigation is about 15 km in view of the geometry 

of the station network and the time periods of ambient noise considered. This is also 

concurrent with the maximum depth of seismicity reported in the region, and hence the 

depth of interest. The Multiple-filter technique (MFT) is used to set up narrow filters around 

various periods of the complex seismic signals, corresponding to different depths under the 

subsurface, and the estimated group velocities are inverted for the velocity structure. 

Additionally, the Receiver function technique, a widely used method for delineation of 

structure down to crust-mantle levels, is used to investigate the more regional structure and 

its possible connection with the Koyna seismicity. This technique exploits the fact that 

teleseismic P waves incident upon the crustal section below a station produce P to S 

conversions at crustal boundaries as well as multiple reverberations in the shallow layering. 

Finally, Surface wave arrivals from ambient noise correlation are used to decipher the 3D 

tomography model for the Koyna-Warna region by directly inverting the dispersion data for 

the shear velocity model. Suitable grid sizes of 5 and 10 km are considered after verification 

with checkerboard tests that ensure complete recovery of the checkerboard using synthetic 

data. 
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 The study has brought out several important inferences regarding the velocity structure 

and its relation to seismicity and tectonics of the Koyna-Warna region. The average Deccan 

trap thickness is estimated to be about 0.8 km, with a shear-wave velocity of 3 km/s 

underlain by a weathered granitic layer with a velocity of 3.3 km/s. A massive granite-

gneissic basement is found with a shear-wave velocity of 3.6 km/s. The Deccan trap is well 

resolved on the eastern side due to denser station paths and greater thickness. The study of 

P receiver functions clearly brings out the Moho geometry in the Koyna-Warna region with 

the depth varying from 37.7 km to 42 km, slightly dipping towards SE. The study also 

provides new constraints on the near surface velocity (NSV) ranging from 2.76 km/s to 3.53 

km/s. A high shear velocity of about 4 km/s, normally expected in the lower crust, is seen 

beneath most stations below a depth of 5 km, also corresponding to the average 

seismogenic depth. The 3-D velocity model obtained from the ambient noise tomography 

clearly brings out the lateral and vertical variations of shear velocity in the region down to a 

depth of about 10 km. The horizontal section or tomogram for the top 1 km clearly 

delineates the Deccan trap layer of about the same thickness with an average shear wave 

velocity of 3.0 km/s. Also, the lowest velocity anomaly is seen to coincide with the Koyna 

and Warna seismic zones which are probably more fractured than the surrounding rocks. 

The velocities in Koyna, on an average are found to be higher than those in Warna, implying 

a more fractured setting in the latter. In the Koyna region, seismicity distribution along the 

NNE-SSW trending Donachiwada fault zone is seen coinciding with a low velocity zone 

between two competent zones with a very high velocity > 4.0 km/s. At deeper levels down 

to 8 km, the seismicity is seen lying between two NS trending high velocity anomalies in 
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Koyna-Warna and Chiplun areas respectively. The seismicity between the Koyna and Warna 

regions roughly trending NW-SE can be clearly seen in the NE-SW depth sections coinciding 

with a low velocity zone interspersed between two high velocity zones. The most active 

seismicity cluster south of the Warna Lake correlates with a near-vertical velocity 

discontinuity with a contrast of about 0.5 km/s is seen in an EW depth section. On the 

whole the study has helped in delineating the major fault zones of the Koyna-Warna region 

and enabled understanding the seismogenesis with respect to structural anomalies. It 

appears that the high velocity seen in the region on the whole also indicates its capacity to 

store larger amounts of stresses which enable sustenance of the ongoing seismicity. The 

frequent release of these stresses, however, is enabled by the fluid filled fracture zones and 

reservoir loading, resulting in easier and quicker slips along the faults. More detailed studies 

in future using denser seismic networks, including all three components would enable a 

more precise resolution of the issues addressed. 



1 

 

Chapter  1 

Introduction 

 

The Koyna-Warna region is located in the state of Maharashtra in western India, 

about 200 km south of the city of Mumbai. A devastating earthquake of magnitude 6.3 

occurred on 10 December, 1967 in Koyna (Narain and Gupta 1968 a, b) which killed about 

200 people and injured a few thousands. This earthquake was of particular significance in 

view of its occurrence in the nearly stable Deccan shield of the Indian peninsula. Since then 

several hundreds of earthquakes have occurred in this region which is regarded as a classic 

example of reservoir triggered seismicity (RTS), a matter of great interest to the global geo-

scientific community. 

The Koyna-Warna region comes under the Deccan Volcanic Province also referred as 

the Deccan traps. The region is covered by basaltic lava on the surface, whose origin is 

around 65 Ma (Cretaceous-Tertiary). A prominent feature marking this region is a steep rise 

in the topography of the western Ghats mountain ranges, causing an abrupt change in 

height and forming a prominent NS trending escarpment, called the Western Ghat 

Escarpment (WGE) (Fig. 1.1). The elevation difference across the escarpment is about 1.5 

km, dipping westward. The observed seismicity near Koyna and Warna reservoirs is on the 

eastern side of the escarpment.  

The Koyna dam which is the largest one in the state of Maharashtra, is 835 m wide 

and 103 m high, and generates 1920 MW of electric power. This dam was constructed on 



2 

 

the Shivaji Sagar Lake or the Koyna reservoir which is about 50 km in length (Fig. 1.1). This 

reservoir was formed from the Koyna river which originates at Mahabaleshwar, 60 km north.  

After the impoundment of the Koyna reservoir in 1962 this region started experiencing 

earthquakes. Another reservoir named the Warna reservoir (Fig. 1.1) was impounded in the 

year 1984, and earthquakes started  occurring in its vicinity ever since.  

 

Figure 1.1: Topographic map of the Koyna-Warna region, Maharashtra, including the Western Ghat Escarpment 
(WGE), Koyna and Warna reservoirs and associated rivers. 

 

1.1 Seismicity of the Koyna-Warna region 

Prior to 1962 there were no significant earthquakes in the Koyna-Warna areas as 

reported by the local inhabitants (Gupta and Combs 1976). Also, absence any seismograph 

station nearby, except one at Pune about 120 km north of the dam, makes verification very 
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difficult. After the construction of the dam and impoundment of the Koyna reservoir in 1962 

this region experienced about 61 tremors from the year 1964 to 1966 (Guha et al., 1966).  

Hence, to monitor the continuous seismicity, four seismic stations were established by the 

year 1965. 

  On 13 September 1967, an earthquake of magnitude 5 occurred in this region which 

was felt widely. Then on 10 December 1967 the largest earthquake of magnitude 6.3 

occurred in this region (Narain and Gupta, 1968). Forty six aftershocks having magnitude 

above 4.0 were recorded during the next three days and about 18 foreshocks were 

recorded. This foreshock-aftershock pattern of the two major earthquakes (September 1967 

and December 1967) was similar to type 2 of Mogi's model and the estimated b value of 

aftershocks was 0.8 (Gupta et al., 1969). By 1969, earthquakes in this region were being 

monitored by a network of seven seismic stations. In September 1973 when the Koyna 

reservoir was filled to its maximum capacity, an earthquake of magnitude 5.1 occurred in 

the following month on 17 October 1973. But the aftershock activity was not as severe as in 

1967 (Gupta and Combs 1976). Again in the year 1980, three earthquakes of magnitude ≥ 5 

occurred (one on 2nd September and two on 20th September 1980) during the rapid loading 

of the Koyna reservoir in June to July 1980. It was concluded by Gupta (1983) that the 

necessary but not sufficient condition for the occurrence of an earthquake of M ≥5 is that 

the weekly rate of reservoir loading should be ≥ 40 ft. 

 Subsequently in 1985, after the impoundment of the Warna reservoir located SSE of 

Koyna at a distance of about 35 km, a separate zone of seismicity was observed to the south 

in the year 1993-94 (Rastogi et al., 1997b). However, it was quite different from that 
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associated with the 20 km long seismic zone of the Koyna Dam. In 1993 the Warna reservoir 

got filled to a height of 60 m following the monsoon rain. The seismic activity that followed 

consisted of 2 earthquakes of magnitude ≥ 5 and several smaller events including 4 

magnitude earthquakes.   

 

Figure 1.2: Seismicity of the Koyna-Warna region, earthquakes of M ≥ 5, since 1967 to Feb, 2015, drawn as pink 
circle with numbers including the main event of M 6.3, of 10

th
 Dec, 1967. Star denotes the earthquakes of M ≥ 

4, since 2005 to Feb, 2015. Other smaller earthquakes of M < 4 are also plotted during this period. Inverted 
triangles show the broadband seismic network of the region. Koyna and Warna reservoirs and associated rivers 
are also plotted with blue color. Green color curve shows the NS running Western Ghats Escarpment (WGE). 
Also includes the known faults like the Patan, P1, Donachiwada fissures and Koyna River Fault Zone (KRFZ). 
Lineaments inferred from different studies are L1, L2, L3, L4, L5, L6 and L7 (Dura-Gomez and Talwani (2010)). 
Ellipse around the UDG station consists of the mining activity (Shashidhar et al., 2014) 
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Till now the Koyna-Warna region has experienced 22 earthquakes of M ≥5, more 

than 200 earthquakes of M≥3.5 and several thousands of smaller earthquakes (Fig. 1.2). The 

entire seismic activity is restricted to an area of 30 X 20 sq.km and there is no other 

earthquake source within a ~ 50 km radius of the Koyna Dam. Presently there are more than 

20 seismic stations which continuously monitor the seismicity of this region (Fig. 1.2). 

 

1.2 Geology of the Koyna-Warna Region  

 The west coast of India is an elevated passive margin, separated from Madagascar 

around 88 million years ago and then from Seychelles around 65-70 million years ago.  There 

is a north-south trending topographic gradient called the Western Ghat Escarpment (WGE) 

parallel to the west coast of India. The WGE is west facing and is mainly composed of 

Deccan basalts. 

 The Deccan basalts in the Koyna and Warna regions consists mainly of massive, 

vesicular, and amygdaloidal basalts and chlorophaeitic basalts, red or black tachylytic basalt 

and volcanic breccias of different kinds. The Traps are horizontally disposed with occasional 

buckling and flexures. The highly elevated part exhibits a very gentle easterly dip of 10. 

However in the Konkan Plains on the western side where the elevation is low, the dip of the 

flow is from 30 - 40 or more (Das and Ray 1972). Westerly dip of 10 has been found in the 

Koyna region. The thickness of the individual flow in the Trap varies from 1 m to about 35 m 

(Negi et al., 1983). The Traps are adjoined by the Singhbhum belt to the east, the Arabian 

Sea to the west, Precambrian Dharwar formation to the south and the Aravallis to the north. 
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Hot springs are found along the NNW-SSE zone of the Konkan foothills. They may 

indicate that the western portion of the Deccan Trap area might have hidden faults and 

fracture zones below (Gubin 1968, 1969). Dykes are abundant throughout the Konkan plains 

but they are very rare in the Koyna region (Kaila et al., 1981). 

From the recent drilling experiment in Koyna (Roy et al., 2013; Rao et al., 2013) it has 

been found that the trap thickness in Koyna region is 933 m.  Correlation with stratigraphy 

of the Kumbharli Ghat section suggests that the cores from the Koyna borehole KBH-1 may 

belong to the Bushe or Ambenali formations, which are the youngest and correspond to the 

most rapid phase of Deccan eruption. On visual inspection the basement rocks appear to be 

typical migmatitic gneiss, similar to the Dharwar craton. There are tonalitic to amphibolitic 

gradation with gneissic appearance, with younger intrusions at places. Also, micaceous 

material is seen along slicken-sides. Intense fracturing of the granites is seen at the depth of 

1122.5 m. 

 

1.3  Seismotectonics of the Koyna-Warna region 

  In the Koyna–Warna region, mapping of any surface expression of faults associated 

with seismicity has been a difficult task in view of the extensive presence of the Deccan 

Traps. Hence, most inferences of faults/lineaments have largely depended on indirect 

methods. Several faults and lineaments have been derived from LANDSAT images (Langston, 

1981), which give a general impression that the Western Ghats are the locus of a large zone 

of en-echelon faults parallel to the coast. Most faults strike in a NNW to NE azimuth range. 

There are also several faults and lineations near the dam with NNE trend which may be 
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related to the 1967 Koyna earthquake (Langston 1981).  Recent study of Moment tensor 

inversion of the 14th April 2012 earthquake by Shashidhar et al. (2013) provided a strike-slip 

type mechanism similar to that of 1967 Koyna earthquake in its vicinity. It was inferred that 

both the 1967 and 2012 Koyna earthquakes define a left-lateral strike-slip motion along the 

N 300 E oriented, WNW dipping Donachiwada fault.   

Talwani (1997b) integrated seismological data from 1962 to 1995 with geomorphic, 

geological and geophysical data to describe the seismotectonic framework of the Koyna–

Warna area (Fig. 1.3), where additional information based on the analysis of over 600 

digitally recorded earthquakes from 1996 to 1997 and the magnetotelluric surveys in the 

Koyna area. This seismological data is subsequently published by Srinagesh and Sarma, 

2005. The magnetotelluric data was used by Sarma et al. (2004) and Harinarayana et al. 

(2007). The revised framework (Fig. 1.3) consists of a pattern of crisscrossing steeply 

dipping, NE trending faults, associated with primarily left-lateral strike-slip motion; and a 

system of sub-parallel, NW trending near vertical fractures, associated with primarily normal 

faulting; in response to a N-S oriented stress field (Talwani 1997b; Gupta et al. 2002; Sarma 

and Srinagesh, 2007). The former include the Koyna River fault zone (KRFZ), Donachiwada, 

Patan, and P1 faults, and the latter include linear features L1–L7 (Fig. 1.3). The steep NW-SE 

trending faults divide the area between the Koyna and Warna rivers into distinct blocks, 

providing conduits for transmission of fluid pressure to hypocentral depths. L3 is a major 

NW-SE lineament that crosses the Koyna–Warna region and extends up to the Warna dam, 

as seen in the Landsat images Langston (1981). L1 and L2 are based on the analysis of 

seismicity data by Talwani et al. (1996) and Talwani (1997b). L4 and L5 are based on 
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aeromagnetic data (Talwani et al. 1996; Peshwa 1991). The location of the Patan fault is 

based on geomorphological features and the distribution of the 1994 seismicity data while 

P1 is exclusively based on the analysis of seismicity data (Talwani et al. 1996; Talwani 

1997b). L6 and L7 are based on the revised hypocentral locations obtained by Srinagesh and 

Sarma (2005) and Sarma and Srinagesh (2007). They divided the revised hypocentral 

locations into three zones, one of which lies along the Donachiwada fault, the other two 

NW-SE trending zones were labeled South Escarpment Zone (SEZ) and Warna Seismic Zone 

(WSZ). Cross sections across WSZ and SEZ show that earthquakes lie along four vertical 

parallel NW-SE trending planes, two of which coincide with L4 and L5, and the other two are 

named L6 and L7 (Fig. 1.3). 

 

Figure 1.3: Seismotectonic framework of the Koyna-Warna region taken from Dura-Gomez and P. Talwani 
(2010) includes the Patan, P1, Donachiwada fissures and Koyna River Fault Zone (KRFZ) faults. Lineaments 
inferred from different studies are L1, L2, L3, L4, L5, L6 and L7. 
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1.4 Geophysical studies and structure of the Koyna-Warna Region 

  

 For the determination of crustal structure including the Deccan trap thickness and to 

understand the RTS mechanism many geophysical studies were carried out in and around 

the Koyna-Warna region. There are some obvious questions raise in this region. What are 

the medium properties of Koyna-Warna seismic zone in which the earthquakes occur and 

what is the role of fluids? Why is there a low Bouguer gravity anamoly in the Koyna region? 

What are the characteristics of basement rock present here? What is the cause of the major 

difference in the topography on either sides of the WGE?  What are the exact roles of the 

Koyna and Warna reservoirs in triggering earthquakes in the region. To understand these 

issues several geophysical studies were conducted in this region as discussed below.      

1.4.1 Deep Seismic Sounding Study 

 Deep seismic sounding work was carried out for determination of the crustal 

structure near the Koyna region in two phases. A 220km long profile referred as Koyna-I was 

completed during 1975-76 starting from Guhagar on the west coast, passing through 

Chiplun, Koyna, Karad and Chorochi to the east (Fig. 1.4). Many reflection horizons were 

mapped below the Deccan Traps including the Moho discontinuity. It revealed that below 

Deccan Traps two blocks separated by an eastward dipping deep seated fault west of Koyna 

and the eastern block is further cut by another deep fault at Moho depths. The trend of the 

Bouguer gravity anomalies of the region also agree with this direction of the deep fault as 

delineated by deep seismic soundings. Koyna-II was the second profile carried out in this 

region during December 1977 to March 1978, about 60-70 km north of the Koyna-I profile, 

starting from Kelsi village on the west coast of India and ending at Loni village (Fig. 1.4). This 
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profile passes through Mahad, Bhor, Nira and Baramati and helped delineate the deep 

seated fault. The major finding of the DSS program along these two profiles is as follows: 

(i) It was found that the trap thickness varies from 1.5 km on the West coast to about 0.4 km 

towards east. The P-wave velocity in the trap layer varies from 4.7 km/sec to 4.9 km/sec and 

it is 5.9 to 6.1 km/s in the granitic layer. 

(ii) There was no low velocity layer reported upto the Moho. The Conrad discontinuity was 

estimated near to 25 km of depth along this profile. 

(iii) Results show that the region can be divided into two blocks by a deep fault which is west 

of Koyna. This deep fault is oriented along the NNW-SSE direction. The Moho depth at the 

western block is comparatively deeper then the eastern block (Fig. 1.5). 

 Using the DSS data (Kaila et al., 1979) another study of synthetic seismogram 

modeling of crustal seismic record sections from the Koyna-I DSS profile was carried out by 

Krishna et al. (1989). In this study a low velocity layer (LVL) was found in the upper crust at 6 

km depth as well as in the lower crust at a depth of 25 km. The velocity reduction at the LVL 

in the upper crust was found to be 0.2 km/s. Also an increase in the velocity was estimated 

at a depth of 21 km. The two LVLs in the upper and lower crust are believed to be a part of 

the rheological stratification of the lithosphere with levels of increased ductility. 
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Figure 1.4: Map showing the Koyna-I (Guhagar-Chorochi), Koyna-II (Kelsi-Loni) DSS profiles with shot point 
locations and N-S spreads with shot points in Deccan Trap area of western Maharashtra, India (after Kaila et al., 
1981). 

 

Figure 1.5: Crustal cross section from deep seismic sounding (DSS) along Guhagar-Chorochi (after Kaila et al., 
1981).  
 

 
1.4.2 Gravity studies 

A regional Bouguer anomaly map of the DVP was prepared by Kailasam et al. (1972). 

However, it was based on sparse station spacing ranging from 25 to 200 km2 per station. The 

new gravity data (Tiwari et al., 2001, Fig. 1.6) along with observations of Mishra et al. (1994) 

was merged with the digitized regional Bouguer anomaly map (Kailasam et al., 1972).
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 Three profiles (~ 550 km each) starting from the west coast of India up to the eastern 

margin of the Deccan Volcanic Province (DVP) with a spacing of 1 to 2 km, found two gravity 

lows, namely the `Koyna low' and the `Kurduwadi low'. Orientation of the `Koyna low' is 

along the N-S direction and is caused mainly by isostatic compensation, manifested as 

crustal thickening up to 40 km with low density (3.2 g/cm3) upper mantle. The correlation 

between the Bouguer and isostatic anomalies revealed that the gravity low observed over 

the Koyna region is mainly due to the compensation of the topography (Tiwari et al., 2001). 

 

 
 
Figure 1.6 Modified Bouger anamoly map of Deccan Volcanic Province (DVP). Dotted lines show gravity profiles 
I-III. The major anomalies are (A) Koyna low, (B) Kurduwadi low; (c) Sangola high (After Tiwari et al., 2001).  
 

 

1.4.3 Airborne studies 

 Aeromagnetic survey in the Koyna region was carried out along 13 profiles each ~100 

km long, spaced at 4 km, and recorded at elevations of 1220, 1524 and 2134 m, above mean 
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sea level (Negi et al., 1983). This aeromagnetic data was inverted along with the available 

gravity data which revealed the presence of vesicles, fractures and faults within the porous 

basaltic column, that possibly allow fluids to percolate through them to the surrounding 

media and into the basement, causing reactivation of faults. Agrawal et al. (2004) and Nayak 

et al. (2006) delineated the aeromagnetic anomalies which are well correlated with the 

lineaments derived from the satellite imagery. Quaternary upliftment situated on either 

sides of the Koyna River, as faulted or subsided block is seen bounded by two faults on 

either sides, one in the NNE-SSW direction and the other in the NNW-SSE direction. The 

NNE-SSW fault falls in line with the Koyna reservoir. These two faults intersect in the middle 

with two parallel E-W trending faults, which correlate well with the course of the Koyna 

River. 

1.4.4 Magneto-telluric studies  

 The electrical structure in the Koyna seismic zone was delineated using  

Magnetotelluric studies during 1998-1999 along the Guhaghar–Sangole profile (Sarma et al., 

2004). This study has revealed the variations in the thickness of the trap cover along the 

profile as well as the electrical nature of the subsurface down to the crust and upper mantle 

levels. The nature of basement below the traps was also investigated and it was found that 

the basement is highly resistive representing the Archean granite or granite-gneissic rocks. 

However, there was no clue of any sub-trapean sediments. Further investigation of MT data 

(Patro and Sarma, 2007) revealed the trap thickness of 1.8 km in the west to about 400 m on 

the east. It also indicates that the trap exhibits variation in the resistivities with higher value 

(approx 150-200 ohm-m) on the western half and lower value (approx 50-100 ohm-m) on 
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the eastern side. Also the subtrappean upper crustal section in the DVP consists of high 

resistivity (> 10,000 ohm-m), which represents a granitic-gneissic crust, appears to be the 

continuation of the Dharwar crust.  

1.4.5 Pore pressure monitoring  

 In-situ pore pressure monitoring was carried out at 21 bore wells in the Koyna-Warna 

region by Chadha et al. (2008) which brought out the hydrological anomalies in the 

seismically active Koyna–Warna region. Correlation is seen between Pre-seismic and co-

seismic water level fluctuations with local earthquakes in the magnitude range of 4.3≤M≤5.2 

from during 1997–2004. It was observed that while local earthquakes exceeding M≥4.3 can 

produce co-seismic changes up to distances of about 24 km, no such changes were observed 

below this magnitude threshold. 

1.4.6 Hydrochemical studies 

 In the Koyna area, a 12-km long en-echelon fissure zone referred as Donachiwada 

which is inferred to be co-seismic with the 1967 event, was delineated with the help of soil-

helium emission studies in 1995. Helium anomalies measured along the trace of this fissure 

provided evidence that this may be the surface trace of the causative fault of the 1967 main 

earthquake (Gupta et al., 1999). Also Hydrochemical parameters and oxygen-18 ( Oδ18 ) 

isotopes were measured during 2005–2007 in the ground water from wells, and spring 

waters from the seismically active areas around the Koyna and Warna reservoirs. Significant 

changes in chemical and isotope values (especially Cl, SO4, F and Oδ18 ) have been observed 

in some of the wells in the Koyna–Warna region corresponding to the 14 March 2005, M5 

earthquake. These changes may be due to the mixing of ground waters of two different 
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aquifers, which are characterized by a distinct Cl and Oδ18 content (Reddy et al., 2011). This 

study also inferred that the hydrochemical and/or isotope anomalies develop contemporary 

to the M>5 earthquakes. Use of such anomalies offers great scope as precursors for 

forecasting of earthquakes. 

1.4.7 Seismological studies related to velocity structure 

 A study of dispersion of short period Love waves (Tondon, 1973) shows that the 

average thickness of the Deccan traps in the Koyna region is 1.25 km, with the P-wave 

velocity varying from 4.7 km/s to 5.2 km/s in the basaltic layer and from 5.85 km/s to 6.5 

km/s in the granitic layer. Seismic tomographic study in the region (Rai et al., 1999; 

Srinagesh et al., 2000) using local, regional and teleseismic earthquakes was carried out and 

a high velocity zone at a depth of 10 km in the epicentral region and low velocity in the 

adjoining region was determined. They gave a possible cause of seismicity of this region as 

due to the strain build up due to competent lithology in the seismic zone into deep crustal 

root. 

 Joint modeling of velocity and hypocenteral locations in the region carried out using 

waveform inversion of local earthquakes (Shashidhar et al., 2011). The trap thickness of 1.2 

km was estimated with a P-wave velocity of 4.40 km/s and an upper crustal layer down to 10 

km with a velocity of 5.96 km/s was estimated. Using this model the error in the location of 

earthquakes was found least as compare to the previous models.  

 Dixit et al. (2014) gave a detailed 3-D velocity tomography model down to 12 km of 

depth including Vp, Vs, Vp/Vs ratio and Poisson's ratio with the help of tomoDD code using 

343 local earthquakes of Koyna-Warna region. It was observed that there is a anomalous 
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zone which extend from 1.5 km to 8 km of depth corresponding with high Vp and low Vs 

zone (also high Vp/Vs and Poisson's ratios), probably represents a water saturated zone of 

faults under high pore pressures.       

1.4.8 Recent drilling studies  

In a recent study eight boreholes have been drilled in the Koyna-Warna region, 

penetrating through the overlying Deccan basalt as well as the granite-gneiss basement 

beneath. All the drill holes are fully cored and have provided a wealth of stratigraphic 

information for future studies. The drilling results show that the thickness of the basalt is 

highest on the eastern side of the escarpment (1200 m) and the lowest (480 m) on the 

western side (Rao et al., 2016).  

 

1.5  Thesis objectives  

The main objective of the thesis is to adopt a multi-pronged approach to decipher 

the detailed shear wave velocity structure of the Koyna-Warna region using diverse 

methodologies like Ambient noise correlation, Inversion of Surface wave Green’s functions, 

Noise tomography and Receiver function. Application of these methods, keeping in view the 

current understanding of the region, is expected to reveal the complex structural setting and 

its linkage to seismogenesis in the Koyna-Warna RTS zone. 
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1.6       Thesis structure  

Chapter 1 gives the introduction of the study region in terms of the local geology, the 

geophysical work already carried out, in terms of the velocity structure, seismicity and 

tectonics. It includes the recent challenges and problems related to the velocity structure 

including the objectives of the research work. 

Chapter 2 discusses the seismological data which has been used and also provides a 

description of the techniques like Ambient noise correlation, Surface wave dispersion and 

Receiver Functions, used in the present study. 

Chapter 3 includes the application of ambient noise correlation for the determination of the 

Green’s Functions, 1-D shear wave velocity model obtained from ambient noise correlation 

study and comparison of Green's functions obtained from earthquake data.   

Chapter 4 describes the use of Receiver Functions in the study region and describes the 

results of the near surface velocity, shear wave velocity model and Moho depth variation in 

the study region.  

Chapter 5 describes the application of the ambient noise tomography technique and the 3-D 

velocity model obtained. It also describes the correlation of velocity structure with the 

seismicity and interpretation of tectonics of the study region. 

Chapter 6 includes the conclusions of the present research work, discusses the limitations 

and suggests the scope for future work in the region. 
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     Chapter 2 

Data and Methodology 

 

The current study comprises a multi-pronged approach to decipher the shear wave 

velocity structure of the Koyna-Warna region using diverse methodologies like Ambient 

noise correlation, Inversion of Surface wave Green’s functions, Noise tomography and 

Receiver function. Application of these methods has helped in revealing the structural 

setting and its linkage to the seismogenesis in this unique RTS zone. The following provides a 

detailed description of these data and methodologies used. 

2.1 Data from seismological broadband networks in Koyna-Warna Region 

2.1.1 Data used for 1-D velocity modeling 

A network of 11 broadband digital seismographs is spread over a 20 x 30 sq km area 

(Fig. 3.1) is being operated in Koyna-Warn region by the CSIR-National Geophysical Research 

Institute, Hyderabad, India. The stations are equipped with Reftek 151-120A and CMG-3ESP 

sensors having a frequency band of 120s-50 Hz and a sampling frequency of 100 Hz. The 

elevation of stations from the mean sea level varies from 26-930 m. Continuous ambient 

noise data of 12 months duration from the year 2011 are analyzed to estimate the noise 

correlation functions (NCFs), which are inverted to obtain the 1D velocity model. 

2.1.2 Data used for ambient noise tomography 

A total 33 stations (Fig. 5.1) including 11 from Koyna network (mentioned in the 
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previous section) and 22 from Maharashtra school lab program have been utilized for the 

ambient noise tomography study. Both the networks are under the aegis of CSIR-NGRI. 

Continuous noise data from the year 2013 from all the stations are used to compute the 

Correlation functions (CFs). The Maharashtra School lab program network is consists of the 

CMG-EDU-T and CMG-EDU-V sensors with a built-in digitizer having a frequency band of 

30s-50Hz.      

2.1.3 Data used for Receiver function Analysis 

The teleseismic earthquake waveforms of M>=5 recorded broad band seismological 

stations in the Koyna-Warna network are used in this study. The teleseismic waveform data 

from the year 2008 to 2013 having epicentral distance 30
°
 to 90

° are extracted and utilized 

for the computation of P receiver functions (Fig. 4.2). Further, the waveforms having good 

SNR (signal to noise ratio) ≥ 2.5 are only considered. Thus, the selected waveforms are of 

good quality. 

2.2. Ambient Noise Correlation  

The Ambient Noise Correlation (ANC) is a very popular method in the field of 

seismology, which is used to determine the high resolution velocity structure from the 

Surface waves generated by cross correlating the continuous seismic noise field across two 

seismic stations instead of using earthquakes. This technique came from a lab experiment 

(Lobkis and Weaver, 2001) in which it was found that the output of the cross correlation of 

diffused acoustic field around the two receivers is similar to the Green's function. Later this 

idea was adapted in the field of seismology when seismologists (Campilo and Paul, 2003) 
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used the seismic coda part of the earthquakes to compute the correlation of the waveforms 

between two receivers and successfully retrieved the Surface waves from it. But a 

breakthrough came when continuous ambient noise data was used in the correlation to 

generate the Surface waves (Shapiro and Campillo, 2004). Generally, the traditional studies 

on seismic structure are based on the earthquake location and are associated with 

inaccuracies due to lack of good azimuthal coverage, the errors in the estimation of the 

source parameters. However, the idea of ANC method provides liberty from such errors and 

was successfully applied to create the group velocity maps in parts of the United States 

(Shapiro et al., 2005; Gerstoft et al., 2006). Moreover, there have been several of research 

articles published all over the world utilizing this method to determine precise velocity 

structure for different regions on the globe. This technique is being adapted in the present 

research work to determine the precise velocity structure of Koyna-Warna region. Basically, 

in this technique one station is assumed as source and another as receiver and cross 

correlation of continuous noise field or seismogram over a long duration recorded at the 

station pair yields the noise correlation function (NCF). Stacking the NCFs for a few months 

or years provides the Green's function between the station pair. This procedure can be 

followed for all the station pairs in the network. The Green's functions obtained from noise 

correlation represent the Surface waves similar to an earthquake. So, without depending on 

earthquakes, Surface waves can be generated between two stations by cross correlating the 

continuous noise field. The major assumption in ANC method is that the stations must be 

uniformly surrounded by random noise sources. This condition is satisfied when a longer 

duration of data for some months or years is considered. Thus, in the present study 
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continuous noise data of one year is considered for noise correlation. 

 

Noise Cross-correlation function C from the cross correlation of observed noise field 

 t,rv AA and  t,rv BB  at locations 
Ar and 

Br  by integration over the whole observation 

period T can be described as 

         dηη+t,rvη,rv=tC BBA

T

A
0

B,A,          (2.1) 

The time domain Green’s function generated after the cross-correlation will have the causal 

and anti-causal parts which are given by the relation 

   
  

   t,r,rg+t,r,rg
dt

tCd
ABBA AB           (2.2) 

 The arrival time of the Green's function depends on the inter-station distance and 

the amplitude of the positive and negative Green's function depends on the symmetric 

nature of the noise sources. It will be symmetric if station pair is surrounded by 

homogeneous distribution of noise sources from all directions, it will be non-symmetric (or 

asymmetric), if directionality of the noise is not uniform or in a preferred direction (Fig. 2.1).  
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Figure 2.1: Effect of distribution of noise sources on the symmetry of the Green's function. (a) Homogeneous 
distribution of noise sources corresponds to a symmetric cross correlation (b) Asymmetric cross correlation 
due to inhomogeneous distribution of sources. Taken from Stehly et al. (2006). 
 

 Since the noise sources play a key role in ambient noise correlation study, it is 

interesting to understand the locations of these sources which are primarily due to Ocean 

waves having periods from 5-10 s (Longuet-Higgins, 1950). Seismic ambient noise spectra 

displays two peaks in the period band of 5-25 s which are called primary and secondary 

microseisms (Fig. 2.2(a)) and they are recorded by all seismic stations located either on 

continents, on islands or even on the sea bed (Stutzmann et al., 2000; Stutzmann et al., 

2001; Stutzmann et al., 2009). The interaction of oceanic waves with the shallow sea floor 

forms the primary microseismic peak (10-20s) and the interference of those waves with 

their reflected phases forms the secondary microseism peak (5-10s). At longer periods 
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interactions between the oceanic swell and the deeper sea floor may generate the “hum” 

(Suda et al., 1998). The ambient seismic field is well distributed and has the highest energy 

within the microseismic peaks. Therefore, the studies related to imaging the crust and upper 

mantle using the ambient seismic field varies from local to continental scale. Though the 

period of focus is from 5 to 40s, it can be extended depending upon the inter-station 

distance. Like in the present study the inter-station distance varies from 5 to 200 km, so the 

period band considered for noise correlation is from 1-10 s period. Ambient noise spectra 

determined for MRT station in the Koyna region (Fig. 2.2(b)), denotes that the power of the 

microseism is more from 1-10 s.     

 

 

 
Figure 2.2 (a): The probabilistic distribution of spectral energy, recorded at the USGS GSN station in Tucson, AZ 
includes the primary and secondary microseismic spectrum. 
(source:https://profile.usgs.gov/professional/mypage.php?rfs=y&name=mcnamara) 
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Figure 2.2 (b): The probabilistic distribution of spectral energy, recorded at MRT station in the Koyna region 
including the primary and secondary microseism.  

 

2.2.1 Data processing of Ambient Noise Correlation 

(1) Single Station Processing 

 In the first phase continuous data from individual station is extracted involving the 

following basic steps: 

(a) Preprocessing: The first step is to select the continuous seismic data for few months or 

years. Data duration of more number of months is generally preferred for the extraction of 

good quality waveform having high signal to noise (SNR) ratio of the correlation function. 

The monthly data of different months are further subdivided into the daily or few hours of 

time series. The important consideration here is that the stations which are being cross-

correlated should have the data over the same time span, like time series of January 1st of 

station A will only be cross-correlated with January 1st of station B. Removal of Instrument 
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response, de-meaning, de-trending and bandpass filtering of the seismogram are the steps 

involved in the pre-processing. Removal of instrument response is necessary to extract the 

exact ground response. If some trends are there and the data is away from the mean then 

de-trend and de-mean are applied respectively. Band Pass filtering is applied to extract the 

frequency band of our own interest. 

(b) Temporal normalization: Continuous data may have earthquakes, glitches and some non 

stationary noises (Fig. 2.3(a)). Removal of these affects is called the temporal normalization. 

The temporal normalization can be done using five different ways (Bensen et al., 2007). First 

one is the 1-bit normalization which retains only the sign of the raw data by replacing all 

positive with a “1” and all negative amplitude with a “-1” (Campillo and Paul 2003; Shapiro 

and Campillo 2004; Shapiro et al., 2005; Yao et al., 2006). Second one is clipping of the 

threshold amplitude with the root mean square (rms) value of the whole length of the data 

(Sabra et al., 2005a) which is also followed in the present study. The third method is the 

automated detection of threshold amplitude which replaces that time length with zero. The 

fourth method is the running-absolute-mean normalization. This method computes the 

running averages of the absolute value of the waveform in a normalization time window of 

fixed length and weights the waveform at the centre of the window by the inverse of this 

average. The Fifth method is the iterative 'water level' normalization in which any amplitude 

above a specified multiple of the daily rms amplitude is down-weighted.  
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Figure 2.3: (a) Example of continuous 1-day long ambient noise data of GKL station used in the cross-
correlation. (b) Spectral Amplitude after taking the fast Fourier transform of 1-day long seismogram in the 
frequency band of 0.1 to 1 Hz.  
 

(c) Spectral normalization or whitening: Ambient noise is not flat in the frequency domain 

(Fig. 2.3(b)). To mitigate the frequency dependence of the noise spectrum, equalization is 

applied. This homogenizes the noise signal over the frequency interval for which seismic 

noise is still present and it broadens the band of ambient noise signal in cross-correlation 

and gives equal weightage to all the frequencies. Now the data is again converted in the 

time domain using the inverse Fourier transform. After the application of temporal 

normalization and spectral whitening the data becomes free from earthquakes and other 

non-stationary noises (Fig. 2.4 (a) and (b)). And it is now ready for the ambient noise 

correlation. 
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Figure 2.4: (a) A day long seismogram at GKL station after the application of temporal normalization and 
spectral whitening removes earthquakes and non stationary noise sources. (b) The amplitude spectra of the 
above time series in the frequency band (1-10s) showing a flat response.   

 

(2) Cross-correlation and Stacking 

 The continuous noise data at each station of the network is prepared by following 

the above mentioned steps and are cross-correlated with each other in the time domain. 

This method yields the n(n−1)/2 possible Green's functions, where n is the number of 

stations. 

 The daily time series corresponding to each station pair are correlated (Fig. 2.5 (a)) 

and after that the daily correlations are stacked to get a monthly stack and further the 

monthly stacked values are again stacked to get a single correlation function (CF) (Fig. 2.5 
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(b)) along each station pair of the network. Finally n(n-1)/2 Green's functions or Rayleigh 

waves are extracted.    

 

Figure 2.5: (a) Daily time series (blue) after cross-correlation of continuous noise data between KUN-MRT 
stations and their stacked trace (top in red) with a GF peaked at around 10 s. (b) Stacked trace (blue) for the  
period of June-October and their stacked trace (top red) to represent the single Green's Function along KUN-
MRT station pair. 
 

 The arrival time of the Green's function depends on the inter-station distance, which 

can be estimated from the division of inter-station separation with average group velocity of 

surface waves say 3 km/s. This can be understood from the following example: 

The distance between KUN and MRT stations of Koyna-Warna region is 28 km. So the 

expected arrival time of the surface wave is around 10 s (Fig. 2.6). 

The procedure mentioned above is followed for all the station pairs in the network 

and the Green's functions are extracted which are similar to the Surface waves. Further, it is 

important to note which component of the seismogram has been used in the cross 

correlation step as depending on the components (Z, N or E) either Rayleigh or Love waves, 

respectively can be produced. In the present study, the vertical component is used in the 
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cross correlation, which provides the Rayleigh waves. The Rayleigh waves which are 

dispersive in nature can be used to decipher the velocity structure of the subsurface.  

 

 

Figure 2.6: Distance Vs time plot of the extracted Green's function after noise correlation for the KUN-MRT 
station pair.  

 

2.3 Surface Wave Dispersion 

There are two types of seismic waves, namely Body and Surface waves. Body waves 

travel inside the earth which consists of P (compressional or primary) waves and S (traverse 

or secondary) waves. Surface waves consist of Rayleigh and Love waves that travel along the 

surface or free surface. The constructive interference of P and SV at the free surface gives 

rise to the Rayleigh waves. Interference of SH waves generates the Love waves. For laterally 

homogeneous medium models, Rayleigh waves are radially polarized and exist at any free 

surface, whereas Love waves are transversely polarized and require some velocity increase 

with depth (or a spherical geometry) to exist.  
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The unique property associated with the surface waves is dispersion, which means 

the velocity of these waves varies with frequency or period. The velocity of each phase is 

termed as phase velocity,  ωc  corresponding to an angular frequencyω . Envelope of the 

wave comprises of different phases travel with same velocity called the group velocity, 

 .ωU  The relationship of phase and group velocity can be understood by the following 

example (Lay and Wallace, 1995).  

Let us assume two harmonics with angular frequency  'ω',ω'  with different wave 

numbers c'ω'=k' / and 'c''ω'='k' / , where c' and c'' are the corresponding phase velocity 

of the two harmonics. Now the combined displacement can be denoted as 

   x'k't'ω'+xk'tω'=u  coscos     (2.3) 

Suppose there is small difference in ω'  and 'ω'  i.e., δωwhich can be related with 

the average value of ω  as δω'ω'=ω=ω'+δω  , also δk'k'=k=k'+δ'   where cω=k / , c 

is the average phase velocity. 

Now, by substituting these values in (2.3) gives 

     δkxδωtkxωt=u  cos2cos      (2.4) 

The velocities of the two cosine terms above are different. Velocity of the first term is 

the phase velocity (c) and that of the second is the group velocity (U), which is denoted as, 

       δkδω=U /          (2.5) 

or  
 

dk

dc
k+c=

dk

kcd
=

dk

dω
=U       (2.6) 
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So, group velocity is dependent on the phase velocity and its change with wave number. 

Phase velocity and group velocity are dependent on the medium parameters like 

velocity of the P & S waves, density, thickness and rigidity. So, estimation of these 

parameters is possible from the phase or group velocity. Now let see how these group and 

phase velocities can be determined using the seismogram.  

2.3.1 Estimation of Group velocity 

Advancement in numerical techniques has resulted in a considerable development in 

the measurement of group and phase velocity dispersion curves. Multiple-filter technique 

(MFT) is very efficient and reliable for studying the dispersion property of the surface waves. 

This technique was developed by the Dziewonski et al. (1969) where array of narrow filters 

are applied to the complex seismic signal. 

 

Figure 2.7: Demonstration of the group and phase velocity for the sum of two sine waves. 
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If a complex seismic signal  ωF  is represented by the following relation  

      θω,r,iΦeF=ωF )(               (2.7) 

where, r is the distance and θ  is the azimuth. The phase term is the combination of initial 

phase (source phase)  θω,θ , and the propagation term  rωk  

        ω,θθ+rωk=ω,θr,Φ       (2.8) 

The narrow filter is given by: 

     ,
ω

ωω
α=ωω,H

n

n
n
























 


2

exp      (2.9) 

which has cut-off frequencies at  cn ωω=ω  . This filter is a Gaussian filter, centered at the 

frequency nω , with the parameter α  controlling the width.  

Next step is to filter the signal using above filter. 

         dωeωω,Hω

ω+ω

ω
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2π

1
      (2.10) 

Substituting the value of  ωF  and  ωH  in the above equation gives 

           dω
ω

ωω
αωθ+rωkωtiω
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ω
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cn
ω

n
























 





2

1
expexp

2π
        (2.11) 

Following the developments of Bhattacharya (1983),   ωF  and  ωk  can be 

approximated in the vicinity of nω  by the first order Taylor series expansion: 

       nnnn

n
ω=ω

n ωω'A+A=ωω
dω

dA
+ωA=ωA 








       (2.12) 
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               nnnn

n
ω=ω

n ωω'k+k=ωω
dω

dk
+ωk=ωk 








       (2.13) 

                 nnnn

n
ω=ω

n ωω'θ+θ=ωω
dω

dθ
+ωθ=ωθ 








         (2.14) 

where nn U='k /1  and nU  is the group velocity. 

 Now,   tgn  can be evaluated by substituting the above values in Eq. 2.11 with the variable 

change  ω=ωω n , where, ,
A

'A
=p

n

n   ,θ+rk't=β nn  and 
2

nω

α
=q  

Using the approximation of Abramowitz ad Stegun, (1965) the function   tgn
 can be 

written in the following form  
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+
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(2.15) 

The phase and amplitude of the above function can be written in the form 

         ,iΘtg=tg nnn exp      (2.16) 

Where,  

         cnnn
n

n ωqerfθ+rktωi
A

=tg exp
2π

               (2.17) 

  









2q
arctan

pβ
+θ+rktω=Θ nnnn      (2.18) 

Solutions of the above equations yields important inputs in the form of   
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               nn θ'+rk't==β 0       (2.19) 

Here, it is assumed that 
nθ'  is small enough that can be neglected. Therefore, the 

group velocity is the distance from the source to the receiver divided by the arrival time of 

the maximum of the envelope, i.e. 

   nnn tr=k'=U /       (2.20) 

Where nt  denotes the arrival time of the maximum of the envelope for the nth filter to the 

signal. 

 

2.3.2 Isolation of Fundamental Mode 

 The Rayleigh waves are complex in nature and composed of different modes. In the 

present study we are interested to extract the fundamental mode of the Rayleigh waves. 

Fundamental mode has no internal nodes (places where motion is zero) and higher modes 

will have nodes. During the dispersion measurement there is a chance of interference or 

influence of the higher modes with the fundamental mode. Therefore, it is essential to 

isolate the different modes. After the application of MFT on the Rayleigh waves, Phase 

Matched filter (PMF) (Herrin and Goforth, 1977) is applied to clean the fundamental mode 

from noise and other modes. Now with the application of above discussed methods the 

group velocity dispersion curve for Rayleigh waves are picked. MFT technique along with 

PMF is applied to all the Rayleigh waves extracted from the noise correlation and the 

fundamental mode group velocity dispersion curve is picked (Fig. 2.8). The quality of most of 
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the dispersion curves is good and the fundamental mode can be easily picked. Subsequently, 

the estimated group velocities can be inverted for the velocity structure of subsurface. 

 

 

 

Figure 2.8: (a) Example of extracted Green's function for SKP-MRT station pair of the Koyna-Warna region from 
noise correlation used in the dispersion analysis for group velocity. (b) Group velocity dispersion curve using 
MFT of SKP-MRT station pair. (c) Fundamental mode Rayleigh wave group velocity dispersion picked after 
applying MFT and PMF. 

 

2.3.3 Surface wave inversion 

The observed group velocity dispersion data is used to invert the shear velocity 

structure of the subsurface. Since, this is a nonlinear problem an iterative linear inversion is 
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performed in which the model is updated after each iteration. The general linear inverse 

problem is governed by the equation  

     y = Ax,                                           (2.21) 

where, y is the difference between observed data and those predicted by the model used, 

and x represents the model parameter changes to be determined and added to the starting 

model after each iteration in order to minimize y. A is called the Kernel matrix, which is a 

partial derivative matrix of the data with respect to model parameters. 

The observed data include the group velocities at different period of the Rayleigh 

wave. A is the matrix of partial derivatives of group velocity. The integral form of Rayleigh 

waves for the change of group velocity is directly related to P-wave velocity, S-wave velocity 

and density of the medium and they are not independent of each other. Compressional and 

shear wave velocity are related by Poisson's ratio pr , according to (Bullen and Bolt, 1985): 

2

1

2

1



















p

p
=

α

β

2r

2r
                                           (2.22)  

Also, compressional velocity can be empirically related to density in the upper crust 

by the Nafe-Drake relation (Talwani et al., 1959). Attempting to invert for all the unknowns 

simultaneously can significantly degrade their resolution (Der and Landisman, 1972). 

However, they also showed that changes to phase velocities are dominated by shear velocity 

perturbations, with relatively small contributions coming from density and compressional 

velocity perturbations. So, instead of inverting for all the parameters at once the integral 

equation can be inverted for shear velocity alone. The solution can be used to update 
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compressional velocity using the Poisson's ratio, and then density using the Nafe-Drake 

relation. The integrals can be recalculated in terms of the updated quantities, and the 

procedure is repeated until convergence is achieved.    

 Now, the group velocity measurements found from multiple-filter technique by the 

Taylor series expression about a starting model 0β : 

       
n

=j

i

j

i
i

m

i ε+δβ
дβ

дU
+βU=U

1

0    (2.23) 

iε  is the residual term added since the first order sum may not be exactly m

iU . The above 

equation requires an initial model. The initial model considered here consists of layers of 1 

km of thickness with same model parameters at all depths. As the Koyna-Warna region is 

very small, a flat layered earth and isotropic model is considered (Fig. 2.9 (b)). The model 

parameters are P and S wave velocities, density and layer thickness. P wave velocity is 

assumed as 5.15 km/s with the Poisson's ratio 0.25 and density is calculated from Nafe-

Drake relation. In the first iteration the group velocities are inverted for S-wave and others 

parameters are updated. Alternatively, the next iteration is done for layer thickness by 

keeping the S-velocity fixed. In the next iteration the data is inverted for S-velocity keeping 

layer thickness fixed. This procedure is continued until a good match is found between the 

observed and predicted dispersion curve (Fig. 2.9(a)). This procedure is followed to 

determine the 1-D shear-wave velocity model for all the station pairs of the network.   
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Figure 2.9: (a) Match between the observed and synthetic group velocity dispersion curve for one of the 
station pair (KOK-WAG) of Koyna-Warna region after inversion (b) corresponding shear-wave velocity model 
obtained after the inversion of group velocity dispersion data.    

 

2.4 Receiver Function Analysis 

   The other technique which is very effective and widely used to delineate the crustal 

velocity structure is the receiver function technique developed by Burdick and Langston, 

(1977), Vinnik, (1977), Farra and Vinnik, (2000) and Zhou et al. (2000). It exploits the fact 

that teleseismic P waves that are incident upon the crustal section below a station produce 

P-to-S conversions at crustal boundaries as well as multiple reverberations in the shallow 

layers. The P-to-S conversions have much stronger amplitude on the longitudinal 

components than on the vertical component. By deconvolving the vertical component signal 

from the longitudinal/horizontal components, the effects of source functions, path and 

instrument can be removed, leaving a signal composed of primarily S-wave conversions and 

reverberations below the station. These deconvolved horizontal components are called 

receiver function (RF) and can be inverted for a model of the shear velocity structure in the 
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crust. 

Primary waves originating from earthquakes at teleseismic distances of 30° to 90° are 

steeply incident (15° to 30°) beneath the receivers, are dominant on the vertical component, 

while the P-to-S converted waves are best identified on radial/horizontal component 

seismograms (Fig. 2.10 a and b).  

Consider a ray description of the response of a one-dimensional velocity structure to 

an incoming plane P -wave 

       k

n

=k

k ttsz=tZ 
0

                                               (2.24) 

                          .
0

k

n

=k

k ttsr=tR                                         (2.25) 

Z(t) and R(t) represents the vertical and radial component of motion, respectively; s(t) is the 

source time function and kt  is the arrival time of the kth  ray and the sum over n represents 

a sum over n rays. The amplitude of the kth arrival of each component is described by kz and 

kr . The source equalization procedure of Langston (1979) consists of a simple deconvolution 

of the vertical component from the radial component of motion. 

      
   
   

 
 ωZ

ωR
=

ωZωS

ωRωS
=ωH                           (2.26) 

 ωS  is the source spectrum;  ωH is the Fourier transform of the receiver function, h(t); 

       ,err=ωR k
iωω

n

=k

k0




0

ˆ                            (2.27) 

and 
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iωω

n

=k

k0 ezz=ωZ



0

ˆ        (2.28) 

Where, kẑ represents the amplitude of the kth arrival normalized by the amplitude of the 

direct P wave on the vertical component, ,zz=z kk 0/ˆ and similarly, 0/ˆ rr=r kk . 

The receiver function is thus a time series corresponding to the complex spectral 

ratio of the radial response to the vertical response. 

 

 

Figure 2.10: Receiver function ray diagram comprising of (a) Simplified ray diagram showing the major P-to-S 
converted phases that comprise the radial receiver function for a layer over a half-space. (b) Except for the first 
arrival, upper case letters denote upgoing travel paths, while lower case letters denote downgoing travel paths, 
and h indicates reflection from the interface (taken from Ammon 1991).   
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To illustrate the relationship of the receiver function to the radial component in 

plane-layered structures, consider the arrivals on the two components-the direct P wave, a 

later arriving S (P-to-S) conversion and a P multiple from a horizontal interface. In this case,  

      s
iωω

s

p
iωω

p0 er+er+r=ωR


ˆˆ1   (2.29) 

and 

      ,ez+ez+z=ωZ s
iωω

s

p
iωω

p0



ˆˆ1   (2.30) 

Finally, this can be expressed as 

      s
iωω

ser+
z

r
=ωH


ˆ1

0

0    (2.31) 

or in the time domain 

   h(t) =     .ˆ
0

0
ss ttδr+tδ

z

r
    (2.32) 

2.4.1 Amplitude of Receiver Functions  

In practice, source equalization is performed in the frequency domain using the 

water-level deconvolution method of Clayton and Wiggins (1976). The deconvolution is 

described by 

                     
   
 

 ,ωG
ωθ

ωZωR
=ωH     (2.33) 

Where, 

                                ωZωmaxZc,ωZωmaxZ=ωθ  .   (2.34) 

the constant c determines the minimum amplitude allowed in the denominator of above 
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equation 

                             .
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4a
exp

ω
ξ=ωG               (2.35) 

the constant ξ normalizes the Gaussian filter to unit amplitude in the time domain, and a is 

the width factor for the Gaussian filter. 

2.4.2 Estimation of near surface velocity (NSV) 

  The near surface shear wave velocity can be determined from the amplitude of the 

deconvolved radial (R) component from the vertical (Z) component. The relation between 

the near-surface shear velocity and the amplitude of the computed receiver functions is 

given by (Ammon, 1991) 

      
2

2p2

0

0
2

β

pη
=

z

r β
    (2.36) 

 where β  is the near-surface shear velocity, p  is the ray parameter and βη  is the vertical 

slowness.  

The above equation can also be written as 

   Amplitude (R/Z) =     .1/1 2 2
2r2r  r    (2.37) 

where pβ=r and, Amplitude (R/Z) is the amplitude of the radial receiver function at zero 

time. This amplitude is dependent on the filter parameter or Gauss value. In the present 

study, the near surface shear velocity (NSV) is computed for the Gauss value of 2 Hz. This 

analysis is carried out separately for each station in the Koyna-Warna region. 
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2.4.3 Steps involved in the computation of Receiver function 

(a) Earthquakes recorded at the seismic stations corresponding to epicentral distance from 

30° to 90° are selected and all the three components are used. The length of the waveforms 

is 300 s which includes 100 s before the direct P arrival, since both the conversions and 

multiples are present in the P coda. The theoretical arrival time of direct P wave is computed 

using PREM model for a specified epicentral distance.        

(b) The next step is to calculate the Signal to Noise ratio (SNR) of each event and 

earthquakes having SNR > 2.5 are selected for further computation. 

(c) Next the Radial components of the seismograms are deconvolved from the vertical 

components in the frequency domain. These deconvolved waveforms represent the receiver 

functions at the corresponding stations.  

(d)  Subsequently, the amplitude of conversions and multiples can be enhanced by stacking 

the individual RFs of a station. Due to the large range in the epicentral distance and the 

corresponding variation in the slowness, the arrival time of conversion and multiples varies. 

Therefore, normal moveout correction (NMO) is used to solve this problem by shifting all 

the traces corresponding to the average slowness of 6.4 s/°.  

(e) After the NMO correction all the traces can be stacked to produce a single RF 

corresponding to each station.            
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Figure 2.11: Example of computed RFs at WAR station. Y axis represents the slowness varying from 4 to 9 s/deg 
and X axis, the delay time with respect to the direct P wave arrival. The two top traces in each sub-figure are 
the move-out corrected stacked traces with respect to an average slowness of 6.4 s/deg for conversions and 
multiples respectively. 

  

RFs are generated using this procedure at all the stations of Koyna-Warna region, 

which are used to find out the crustal velocity structure up to the Mohorovicic discontinuity 

beneath each station. Further, precise estimation of near-surface velocity for the Koyna-

Warna region is also obtained.    

2.5 Ambient Noise tomography 

Ambient noise tomography has been used to decipher the 3-D shear-wave velocity 

variations in the Koyna-Warna region upto a depth of 10 km. Ambient noise tomography is 
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similar to Surface-wave tomography using the earthquakes, except that the surface waves 

are extracted from seismic ambient noise correlation, hence it is called Ambient noise 

tomography. The group or phase velocity determined after picking the dispersion of the 

surface-waves is the input data for tomography. The major advantage in this method is that 

the path length between any two receivers is accurately known. The group or phase velocity 

can be used to determine the observed travel time by dividing the path length and the 

group velocity at a period by assuming that the wave is travelling as straight line. Similarly, 

for all the other paths and for different periods the observed travel time is calculated. 

Subsequently, these paths are divided in the grid and 2D grid plane is made for each period 

of the wave. Then the slowness in each grid can be estimated through travel time inversion 

(Tarantola, 1987; Menke, 1989; Rodgers, 2000).  

If  obsT is the column vector of arrival times of the Rayleigh waves at specific periods, 

S is the column vector of the slowness of each grid cell and if we assume this as a linear 

problem, then  

           KS=T obs      (2.38) 

where, K is the forward-mapping matrix or kernel indicating the length of each straight ray 

path across each cell. Now for each path if we compute a synthetic travel time synT by 

assuming a reference slowness value for each grid. Then the difference between the 

observed and synthetic travel time can be denoted by the following formula 

       SG=TT=ΔT synobs                 (2.39) 

 The travel time residual ΔT can be minimized to solve for the actual slowness value 
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in each grid. The Generalized equation of the above problem can be written as 

      ΔTGGG=ΔS TT 1
      (2.40) 

where   TT GGG
1

is the generalized inverse matrix.  

   Ambient noise or Surface wave tomography using dispersion measurement includes 

two steps 

(i) Construction of 2-D phase (or group) velocity maps using the travel time tomography as 

discussed above. 

(ii) Point-wise dispersion data for 1-D shear-wave velocity in each grid cell. 

Finally, a 3-D shear wave velocity model with depth from the point-wise velocity 

model is made.  

           Direct linearized inversion of path specific surface-wave dispersion data without 

constructing intermediate phase or group velocity maps for 3-D shear wave speed structure 

can be achieved by using ray based approaches (Boschi and Ekstrom, 2002; Ano et al., 2009; 

Feng and An, 2010; Pilz et al., 2012) or analytical 3-D finite frequency sensitivity kernels 

based on a 1-D reference model (e.g. Zhou et al., 2006). However, these approaches do not 

usually update the ray paths and sensitivity kernels for the newly obtained 3-D models, and 

one-step linearization may lead to biased wave speed estimation in complex media. To avoid 

such difficulties a ray tracing-based direct inversion method (Fang et al., 2015) has been 

followed, in which group or phase velocity are directly inverted to 3-D shear wave velocity 

model. Linearization scheme is similar to Boschi and Ekrom (2002) and Surface wave ray 
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tracing is performed using a method of Rawilson and Sambridge (2004). The steps involved 

in the analysis are sequentially explained below: 

2.5.1 Forward modeling 

The travel time time  ωtPQ between two points P and Q can be obtained from the 

expression  

    
 ωc

D
=ωt

PQ

PQ

PQ         (2.41) 

where PQD is the great circle distance between P and Q. 

But, the wave may deviate from its path and may not follow the great circular path 

between source and receiver. So the travel time may be expressed with the equation  

      
PQ

l

PQ dl,ωl,S=ωt        (2.42) 

where  ωl,S  is the (unknown) slowness along (the unknown) actual ray path  PQl  between 

P and Q.  

The above equation can be written in the discrete form as 

    
   

P

=p

PQpPQ ΔlωS=ωt
1       (2.43) 

where  ωS p  represents the phase slowness for path segment PQΔl  along PQ, and P is the 

number of path segments. Now according to the Fermat's principle we can linearize the 

above problem for solving the forward problem. We parameterize the area using a regular 
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grid of K points and underneath each grid point k we consider a 1-D model  .kΘ . Now, if we 

construct 2-D phase slowness estimates   K,=kωSk ....ˆ 1,2,  at frequency ω  for the study 

region and use bilinear interpolation to estimate the phase slowness at any point along the 

path PQl   

      ωSv=ωS k

K

=k

pkp
ˆ

1

      (2.44) 

  where pkv  are  bilinear interpolation coefficients. The slowness at the kth grid point, that is 

 ωSk
ˆ , is obtained from a 1-D model .kΘ  as  

      ω,Θg=ωS kk
ˆ  ,     (2.45) 

where  ω,Θg k is a forward function that maps .kΘ  to frequency dependent phase or group 

velocity based on the layered model according to Haskell (1953) and Thomson (1950). Now 

using the above equation the travel time can be written as 

       PQk

P

=p

K

=k

pkPQ

P

=p

pPQ ΔlωSv=ΔlωS=ωt ˆ

1 11

   (2.46) 

For the ith surface wave travel time measurement, we can write the above equation as 

      ωSv=ωt k

K

=k

iki
ˆ

1

      (2.47) 

where ikv  is    ωSv k

i

pk
ˆ  and  i

pkv  are the bilinear interpolation coefficients and the ray path 

associated with the ith travel time data.  
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2.5.2 Inversion 

Inversion involves estimation of model parameters (shear wave velocity and layer 

thickness) by minimizing the time difference  ωδti  between the observed  ωt obs

i  and the 

calculated  ωti  travel time for all frequencies ω , which can be written as  

        
 
 ωC

ωδC
vωSδv=ωtωt=ωδt

k

k
K

=k

ikk

K

=k

iki

obs

ii 2
11

ˆ      (2.48) 

where kC  and kδC  are, the phase velocity and the phase velocity perturbation respectively 

at the kth grid point. The phase velocity 
kk S=C ˆ/1  and its perturbation can be expressed as:  
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where kΘ  denotes the 1-D reference model and  zαk ,   zβk and  zρk  are the P-wave 

velocity, the S-wave velocity and the density respectively. Substituting equation (2.49) in 

equation (2.48) gives 
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(2.50) 

In the above expression j is the number of grid nodes in the depth direction, and M = 

kj, is the total number of grid points. The above equation can be written in the form of  

    d = G m               (2.51) 

where, d is the surface wave travel time residual vector for different paths and frequencies, 
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G is the data sensitivity matrix and m represents the model parameters. Typically, surface 

wave dispersion is mostly sensitive to shear wave speed.  So the model parameter vector 

can be expressed as  

              TJKKJ22J11 zδβzδβzδβzδβzδβzδβ=m ............. 111
              (2.52) 

Eq. 2.52 can be solved by minimizing the following cost function: 

         Lmλ+Gmd=mΦ
2
2      (2.53) 

An estimate of the solution m can than be obtained from  

     dGLλL+GG=m TTT 1
     (2.54) 

Using the above equation, the slowness value at each grid and at depth can be determined 

and a 3-D tomographic image of the area can be mapped. 
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                                                                                             Chapter 3 
 

Ambient Noise correlation in Koyna-Warna Region 

 

3.1 Introduction 

In the present study the ambient noise correlation technique is used to estimate the 

shear wave velocity structure down to about 10 km depth in the Koyna-Warna region. 

Rayleigh waves are generated from the vertical components by correlation of continuous 

seismic traces between pairs of seismic stations. The cross correlations are utilized to obtain 

the dispersion curves and subsequently generate a 1-D shear wave velocity model of the 

region. Also, surface waves from a few local earthquakes of magnitude greater than 4.0 are 

analyzed to study the dispersion characteristics, to supplement the results of the ambient 

noise correlation. Continuous waveform data of 12 months duration from a seismic network 

of 11 broadband stations in the Koyna-Warna region with a sampling interval of 0.01s 

recorded on the vertical component of each station are cross-correlated with that of every 

other station. Fig. 3.1 shows the various combinations of station pairs that are used for cross 

correlation. 
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Figure 3.1:  A map of the Koyna-Warna region in western India comprising the Deccan trap cover, and 
indicating the network of 11 seismic broadband stations (inverted triangles) along with the station codes and 
seismicity (M>=3) of the region in the last seven years. Inset: Map of India showing the location of the Koyna-
Warna region. The lines joining the station pairs represent the ray paths of the Green’s functions, while the 
thick black lines show the ray paths between earthquake epicenters and the seismic stations which have been 
used for dispersion analysis.  

 

3.2 Extraction of Green's Functions 

 The cross-correlation C is computed from the observed noise field  t,rv AA and 

 t,rv BB  at location Ar and Br by integration over the whole observation period T as 

           


dtrvrvtC BBAA ),(),(  )B,(A,
0

      (3.1) 

The time domain Green’s function generated after the cross-correlation will have the causal 

and anti-causal parts which are given by the relation 

),.(),,(
))((

trrgtrrg
dt

tCd
ABBA

AB                  (3.2) 
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 In this study continuous data for a period of one year during 2011 has been used to 

compute the cross correlation for each station pair of the network (Fig. 3.1). Individual 

segments of 3600 s are selected for cross-correlation. The seismograms are bandpass 

filtered between 0.33 s and 50 s and resampled at 0.1 s. For removal of earthquakes the 

amplitude is clipped to a threshold value (Gerstoft et al., 2006). Cross-correlation of traces 

of each station pair is computed for each month of the year and then the resulting time lag 

traces are stacked to get the Green’s function. Fig. 3.2(a) shows the daily correlations for the 

station pair SKP-MRT which are subsequently stacked to obtain the Green’s function. Fig. 

3.2(b) shows the shift in arrival times of the Green’s Functions as a function of station 

separation in km. Fig. 3.3(a-c) show examples of Green’s functions generated in different 

frequency ranges for the station pair SKP-MRT, which look similar to a conventional local 

earthquake surface wave (Fig 3.3d). 

 

Figure 3.2(a): Daily correlations of ambient noise between stations SKP and MRT indicating consistent arrival 
times of the Green’s functions which are stacked. Asymmetric Green’s functions are suggestive of anisotropic 
distribution of noise sources in the Indian subcontinent. 
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Figure 3.2(b): Arrival times of Empirical Green’s Functions (EGF) from correlation of ambient noise, with 
respect to station separation in the Koyna-Warna region.   
 

 

Figure 3.3a-d: An example of a Cross correlation function generated for 5 months for the station pair SKP-MRT 
in the period range of (a) 0.02-3 Hz, (b) 0.02-1 Hz and (c) 0.09 to 0.8 Hz respectively. The peak arrival time of 
the Rayleigh wave is similar to that of the conventional surface wave from local earthquakes in the region (Fig. 
3.3d). 
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For the Koyna-Warna region the Green’s functions are predominantly one sided 

(Figure 3.2a) with noise likely generated due the nearest coastal region from the south. In 

fact most seismic station pairs in the entire Indian plate produce one sided Green’s functions 

(Rao et al., 2009) which is attributed to the anisotropic distribution of noise sources that are 

primarily associated with the oceanic wave disturbances from the Indian Ocean in the south. 

The correlation function for each station pair is used to generate the group velocity 

dispersion curves of Rayleigh wave, which are inverted to obtain the shear wave velocity 

structure corresponding to the region between the two stations. 

3.3 Group velocity dispersion of Rayleigh waves from Ambient noise 

The Rayleigh wave Green’s functions obtained by cross-correlation of ambient noise 

at each station pair are used to estimate group velocity dispersion curves using the Multiple 

Filter Technique (Dziewonski, 1969). The fundamental mode dispersion curves are picked in 

the period range of 0.33s to 10s. The parameters required for the estimation of group 

velocity are the event and the station details (location), distance between event and station 

(epicentral distance), origin time and azimuth from event to station. 

3.4 Group Velocity dispersion of Rayleigh wave from earthquake data 

A similar analysis is also carried out using data of 5 local earthquakes of M≥4.0 in the 

Koyna-Warna region (Table 3.1), which provides comparable results. Fig. 3.3d shows an 

example of the event data used. 
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Table 3.1: List of local earthquakes of magnitude greater than 4.0 recorded by the Koyna network 

(Figure 3.1), used in the present study. h: hours, m: minutes, s: seconds. 

Date 
Origin Time 

(h:m:s) 

Latitude 

(0N) 

Longitude

(0E) 

Depth 

(km) 
Magnitude 

20/08/07 19:15:54.5 17.145 73.784 3.6 4.3 

24/11/07 10:57:47.1 17.111 73.705 3.1 4.8 

   14/11/09 13:34:34.8 17.117 73.777 3.2 4.0 

   12/12/09 11:51:24.8 17.129 73.783 4.7 5.1 

   14/04/12 05:27:41.00 17.334 73.735 11.6 4.8 

 

3.5 Inversion of Group velocity for velocity structure  

   The estimated group velocities are inverted for a 1-D shear wave velocity structure 

using the inversion scheme of Herrmann (1987) and Russell (1987). This method utilizes a 

stochastic damped least squares inversion that minimizes the misfit with the observations in 

L2 norm.  Further, this technique permits the evaluation of partial derivatives of the group 

velocities with respect to the shear and compressional velocities, and densities for the 

layers. Model parameters are perturbed from the initial guess and fit to the observed 

values.  The starting model for the inversion is considered as a half-space earth model with 4 

layers having a constant velocity of 3 km/s, which generally converges to the true model 

after a few iterations. The velocity structure is estimated for each station pair using the 

group velocity dispersion data. The regions on either side of the escarpment are dealt 

separately since the elevation of the stations is low on the western side and high on the 

eastern side. The average velocity structure is obtained by inversion of the dispersion curves 
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along all the paths in both the regions. Fig. 3.4(a) and 3.4(b) show the best fit dispersion 

curves obtained for the eastern and western sides of the escarpment respectively. 

A similar analysis is carried out for inversion of surface waves from the 5 largest 

recent local earthquakes recorded at seven stations. The fundamental mode Rayleigh wave 

dispersion curves are picked in the period range of 0.33 to 10s. As in the case of ambient 

noise data, a simple 4 layered model with a constant shear wave velocity of 3.0 km/s is used 

as the starting model. The best fit dispersion curve is obtained from inversion (Fig. 3.4c) to 

get an average velocity model. 

 

Figure 3.4 The Least squares fit to dispersion curves corresponding to all the station pairs on (a) the eastern 
side and (b) the western side of the escarpment obtained after inversion. The thick line shows the best fit 
theoretical curve while the dot marks are the observed data points. The X-axis shows the wave period up to 10 
s and the Y-axis is the group velocity of Rayleigh waves. 
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Figure 3.4(c): The least square fit of the observed and predicted values of the dispersion data of selected local 
earthquakes (table 3.1). The thick line shows the predicted data while the dots are the observed data. 

 

3.6 Shear wave velocity model of the Koyna-Warna region 

 Velocity models are obtained along paths between each station pair indicated in Fig. 

3.1. On the eastern side, the thickness of the top Deccan basalt layer is estimated to be 

about 0.8 km with an average shear wave velocity of 3.0 km/s. This is underlain by a layer 

down to 2 km, with an average velocity of 3.3 km/s. The S-wave velocity in the granitic 

basement further below is 3.6 km/s (Fig. 3.5a). On the western side of the escarpment, the 

shear wave velocity of the top layer is 3.3 km/s (Fig. 3.5b). This is higher than the velocity of 

the top layer on the eastern side, which is mostly the topographic high, and in fact 
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corresponds to the velocity of the second layer on the eastern side. It appears that the 

thickness of the top basalt layer on the western side cannot possibly be resolved by the 

present approach with the available data. However, it is interesting to note that the velocity 

structure from the second layer onwards seems to be quite similar on both sides. The 

average velocity model which is well resolved on the eastern side is shown in Table 3.2. 

 

 

 

 

 

Figure 3.5(a): The shear wave velocity models obtained by inverting the dispersion curves obtained for each 
station pair on the eastern side of the escarpment represented by different colors.  
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Figure 3.5(b): The shear wave velocity models obtained by inverting the dispersion curves obtained for each 
station pair on the western side of the escarpment represented by different colors.  

 

Table 3.2: The best shear wave velocity model from ambient noise correlation study using all the 

dispersion curves on the eastern side of the escarpment.  

Depth 

(km) 

Shear velocity 

(km/s) 

0.0 3.0 

0.8 3.3 

2.4 3.6 

6.5 3.9 
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 Further, the conventional surface wave dispersion analysis is also carried out using 

selected earthquake data to compliment the results of velocity structure using ambient 

noise data. The results obtained from inversion are quite similar although deviations are 

expected in view of variations in the paths, focal depths and lateral heterogeneities in the 

structure. The thickness of the basaltic layer is about 1.0 km. As the epicentral distances for 

local earthquakes in the Koyna-Warna region is very small, it is apparent that the surface 

wave dispersion analysis can only resolve the upper few kilometers. 

 3.7 Error Analysis using Bootstrap technique 

 The similarity of velocity models derived from each individual baseline as seen in fig. 

3.5a and b demonstrates the robustness of the overall inversion. It can be seen that the 

delineation of the top basalt layer as well as the upper crustal layer is clear although the 

scatter in the layer parameters increases with depth. Also, the resolution of thickness of the 

top layer on the western side is uncertain, possibly due to its low value largely owing to low 

topography.   

 To further ascertain the error limits of the velocity model and to estimate the 

confidence level of the results, the bootstrap technique (Efron, 1986) is applied. In this 

method a number of samples equal to the total number of dispersion curves is drawn 

randomly from the master set, and inverted each time. Each set would be slightly different 

from the others since some samples get repeated while some get omitted, with the total 

number remaining the same. The uncertainties in the results of inversion are given by the 

scatter in the various models obtained. The confidence limits for the shear wave velocity 

structure obtained on the eastern side are depicted in fig. 3.6. It is important to note that as 
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seen for inversions from individual baselines in fig. 3.5 a and b the model is well constrained 

particularly in the top two layers depicting the Deccan basalt and the weathered upper 

granitic basement. 

 

 

 

 

Figure 3.6: Shear wave velocity structure of the Koyna-Warna region on the eastern side of the escarpment 
along with the uncertainty limits in velocity and depth obtained by the Bootstrap method. Red line shows the 
mean value while the blue and green line shows the deviation from the mean. 
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Chapter 4 

Receiver function Analysis in Koyna-Warna region 

 

4.1 Computation of Receiver Functions (RF) 

In the present study, P Receiver functions for teleseismic earthquake data recorded 

at the Koyna-Warna stations are computed using the method of water level deconvolution 

(Langston, 1977; Owens et al., 1984; Ammon, 1991). The ZNE (vertical, NS and EW) 

components are rotated into ZRT (vertical, radial and transverse) components using the back 

azimuth angle. The R component is then deconvolved with the Z component in the 

frequency domain using a Gauss value of 2 Hz. Moveout correction is made for the 

conversions and multiples separately with respect to an average slowness of 6.4 s/°. The two 

move-out corrected traces are also corrected for the amplitude. Finally all RFs at different 

slowness are stacked to get a single RF which corresponds to the average structure below 

the receiver. However, the azimuthal distribution of teleseismic events for the Indian region 

is not so uniform and most of the events are confined to 45-65
°
 and 90-120

° 
azimuths. 

Hence, two stacked traces are generated, corresponding to these two azimuths, while the 

remaining events are ignored. This procedure ensures that the difference in velocities due to 

different azimuths do not get mixed up.  

 The RFs are computed at all the stations in the Koyna-Warna region (Fig. 4.1) in a 

slowness range of 4 to 9 s/° corresponding to events in all the azimuths (Fig. 4.2). The Pms 

conversions from the Moho (Fig. 4.3 and listed in Table 4.1) are clearly observed for most of 
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the stations whose delay times vary from 4.50 to 4.85 s, compatible with the expected 

Moho depths in this region, which is around 40 Km.  

 

Figure 4.1: Seismological network of CSIR-NGRI in the Koyna-Warna region comprising 18 broadband stations 
(inverted triangles). The Koyna and Warna reservoirs are shown in white. The topographic variations plotted in 
gray scale indicate the NS trending Western Ghats Escarpment (WGE) separating the eastern and western parts 
of the region. Earthquakes of the M>=5 including the 1967 Koyna earthquake of M 6.3, are shown as circles. 

 

Figure 4.2:  Distribution of teleseismic earthquakes (red stars) used for computation of receiver functions. The 
concentric circles drawn for the epicentral distance from the seismic network varies from 30 to 90

o
.  
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Figure 4.3: Computed P receiver functions for each station, with name indicated on the top left corner. The delay 
time is shown on the x-axis while the y-axis is slowness (from 4 to 9 s/°). The conversion from the Moho is 
indicated as Pms. The two top traces in each sub-figure are the move-out corrected stacked traces with respect to 
an average slowness of 6.4 s/° for conversions and multiples respectively. 
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Also some intra-crustal layers are indicated in the form of positive and negative peaks 

between the direct P and the Pms conversions. Multiples from the Moho can be clearly seen at 

most of the stations. However, at some stations where multiples are not so clear, for instance 

at station KAD (Fig. 4.4.a), it is seen that they get enhanced by separately stacking within each 

azimuthal range (Fig. 4.4.b and 4.4.c). Finally, the stacked traces having good multiples are 

selected for inversion to get the velocity structure beneath each station. 

 

 

Figure 4.4:  P-Receiver functions for KAD station at (a) all the azimuths (b) azimuth range 45-65° and (c) azimuth 
range 90-120

o
. Enhanced amplitudes due to selective azimuthal bins are encircled in (b) and (c). 
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4.2 Estimation of near surface velocity (NSV)  

 The near surface shear wave velocity can be determined from the amplitude of the 

deconvolution of the radial (R) component from the vertical (Z) component. The relation 

between the near-surface shear velocity and the amplitude of the computed receiver 

functions is given by (Ammon, 1991) 

      
2

2p2

0

0
2

β

pη
=

z

r β
    (4.1) 

 where β  is the near-surface shear velocity, p  is the ray parameter and 
βη  is the vertical 

slowness.  

The above equation can also be written as 

   Amplitude (R/Z) =     .1/1 2 2
2r2r  r    (4.2) 

where pβ=r and (R/Z) is the amplitude of the radial receiver function at zero delay time. 

This amplitude is dependent on the filter parameter or the Gauss value. Here the Near 

surface shear velocity is computed for the Gauss value of 2 Hz. This analysis is carried out 

separately for each station of the network. Similar analysis has been carried out for different 

geological units of the Indian region (Singh et. al., 2013). From the calculated NSV, the depth 

to the top layer can also be estimated through the wavelength by using the simple relation  

                                                fβ=λ /         (4.3) 

where λ  is the wavelength in km, β  is the shear-wave or near-surface velocity and f  is the 

frequency which is half of the Gauss value at which the NSV is calculated.  
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Near surface velocities are calculated at different slowness and azimuths (Fig. 4.5) 

and listed along with the standard deviations in Table 1. It can be seen that the NSV values, 

west of the escarpment for most of the stations is higher than that on the eastern side (Fig. 

4.6) which may be related to the low trap thickness on the western side compared to the 

eastern side that has a thick basalt layer (Rohilla et al., 2015). This is also concurrent with 

the recent drilling studies in the Koyna region (Roy et al., 2013; Rao et al., 2013). 

 

Figure 4.5: Examples of near surface velocity (NSV) calculated at station ABG (a and c), and at KUN (b and d) 
indicating the velocity variations with slowness and back azimuth respectively. The black circles are the NSV at 
a specific slowness or azimuth. The black horizontal line parallel to the x-axis represents the average velocity. 
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Figure 4.6: The near surface velocities plotted with different colors at all the stations indicating the variation 
between the western and eastern sides of the escarpment.   

 

4.3 Inversion of Receiver functions 

  The observed stacked traces are modeled to get the shear wave velocity structure 

below the receiver by inverting the P receiver functions using the method of Neighborhood 

algorithm (NA) (Sambridge, 1999a and b), which is a non linear global search method. In this 

approach the model space is divided into six layers from the surface down to the upper 

mantle level with a wide range of model parameters in each layer. This method uses the 

concept of Vornoi tessellation in which the model space is divided into Vornoi cells based on 

two important parameters Ns and Nr which are the number of models generated and the 

number of cells re-sampled in each iteration respectively. The model space is divided into a 
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random space and for each randomly chosen model space a synthetic RF is computed using 

the Thomson-Haskel matrix method (Thomson 1950; Haskell 1953). Misfit between the 

observed and synthetically generated RF is computed for each iteration, using a chi square 

misfit function given by  

              








 d
N

=i i

pred

i

obs

i
v

ζ

θθ

v
=mχ

1

2

2 1
   (4.4) 

where, m is the earth model, obs

iθ is the observed receiver function, pred

iθ  is the synthetic 

receiver function generated from the Thomson-Haskel matrix method (Thomson, 1950; 

Haskell, 1953), sigma is an estimate of the standard deviation of the noise calculated from 

obsθ  using the method of Gouveia and Scales (1998) and v  is the number of degrees of 

freedom.  

Using this approach the P-receiver functions are modeled for S-wave velocity, 

thickness and Vp/Vs ratio. The length of the RF is chosen as 25 s which includes the Pms 

conversion and the multiples. A total of 500 iterations are performed with Ns chosen as 200 

and Nr as 2. 

Shear wave velocity structure beneath the 18 broadband stations in the Koyna-

Warna region is estimated by inversion of stacked P-receiver functions.  Figure 4.7 shows the 

match between the observed and modeled RFs after inversion. For each iteration the misfit 

error between observed and synthetic RFs is calculated, which is found to be quite low in 

the range of 0.15 to 0.5 for different stations. 
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Figure 4.7: Match between the observed (blue) and synthetic (red) receiver functions for all stations of the 
Koyna-Warna region with the station name indicated at the top right corner of each figure.  

 

Intra-crustal layers: The velocity models obtained beneath each station from inversion of 

RFs reveal interesting details of the crustal structure. Variation in the trap thickness from 
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400 m to 1000 m can be seen across the region. Also, an abrupt jump from basalt to granite 

is visible as indicated by results of scientific drilling program. Most stations indicate an 

unusually high shear velocity (4.0 km/s) of the basement rocks below 5 km, which 

corresponds to the seismogenic depth in this region. It appears that greater rock strength is 

enabling storage of stresses that gets released as frequent earthquakes observed in this 

region as suggested by Rai et al. (1999). The transition from upper to lower crust (Conrad) is 

quite clear in most stations although the jump in the velocity is not very significant. A 

velocity reversal in the lower crust is seen at several stations.  
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Figure 4.8:  Shear velocity (Vs) model from inversion of RFs for all the stations with names indicated on the top. 
The scale of Vs changes from yellow to green color shows the best 50000 models, and the red color represents 
the final model having the least misfit. Gray lines represent the models with higher misfit error. Light blue line 
shows the initial model used. The initial Vp/Vs ratio as a function of depth is shown as a blue line while the red 
line shows the final Vp/Vs ratio modeled.  
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Moho: The Moho is very sharp and clearly visible at almost all the stations with the crustal 

thickness varying from 38.6 km to 42.3 km (Fig. 4.8, Table 4.1). The uppermost mantle 

velocity under most stations is about 4.6 km/s which is quite normal, except at station UDG 

which shows a higher (~4.8 km/s) shear velocity, which needs a closer examination. A 3D 

image of the Moho is generated by fitting a plane with a grid size 0.01o (Fig. 4.9). A slightly 

SE dipping trend can be seen with the available data. However, more data would be 

required to accurately map the Moho configuration in this region. It would also be very 

useful to correlate the obtained Moho undulations with the severe topographic undulations 

seen on the surface, especially along the steep Western Ghats escarpment, to shed light on 

the possible mechanism of rifting and uplift during the Deccan volcanic episode. 
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Figure 4.9: Geometry of the Moho derived by fitting the best possible plane for depths at 14 stations indicated 
by colour scale. Stars correspond to the station positions on the surface. Topography of the region is also 
plotted with color code according to the elevation from the mean sea level. Earthquakes of M>3 are plotted 
with black circles and white triangles are the stations used for RF study. A south-east ward dipping Moho can 
be seen. 
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Table 4.1:  List of Stations used, along with the elevation, Pms time, number of RFs used, near-

surface velocity with standard deviation and crustal depth at each station. 

 

Station Elevation        

(m) 

Pms 

time (s) 

Number of RFs 

used 

NSV (Shear velocity)        

at 2 Hz 

Moho depth             

(Km) 

ABG 834 4.85 338 3.11±0.6 39.9 

GKL 832 4.55 633 3.00±0.6 39.6 

KAD 580 4.75 371 2.76±0.8 41.0 

KOK 588 4.65 408 3.24±0.5 39.6 

MRT 666 4.60 333 2.97±0.5 42.3 

UDG 930 4.85 67 3.05±0.7 41.7 

WAR 592 4.70 443 3.05±0.6 39.4 

SKP 177 6.00 515 3.42±0.6 Not clear 

KUN 271 4.70 316 3.25±0.5 41.5 

FUR 120 4.50 204 3.36±0.5 40.8 

CPL 026 4.55 383 3.16±0.6 39.5 

CKL 066 4.65 472 3.28±0.6 Not clear 

ATL 865 4.65 43 3.09±0.7 38.6 

BAL 127 6.00 19 3.39±0.3 Not clear 

NIG 835 4.75 33 3.07±0.6 42.2 

RAJ 208 4.60 16 3.53±0.5 40.7 

RAS 622 4.80 13 3.27±0.2 38.6 

WAG 625 4.55 282 3.15±0.5 40.8 
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Chapter 5 

Ambient Noise tomography Koyna-Warna region 

 

5.1 Introduction  

 

In the present study it is attempted to decipher the detailed 3D structure of the 

region, down to a depth of about 15 km that confines the entire seismicity of the region, 

using ambient noise tomography approach. The method of ray tracing-based inversion given 

by Fang et al. (2015) has been followed, in which group velocity is directly inverted to obtain 

a 3-D shear wave velocity model. Linearization scheme is similar to Boschi and Ekrom (2002) 

and Surface wave ray tracing is performed using a method of Rawilson and Sambridge 

(2004). Tomographic sections are computed for different depth levels, corresponding to 

different periods of the Rayleigh wave. The study delineates the important heterogeneous 

velocity variations, which is not possible with the various seismological methods confined to 

1D assumptions. The results have been interpreted in terms of structural correlation with 

the seismicity distribution. 

5.2 Group Velocity arrival times from Rayleigh waves 

Data from 33 stations of the Koyna network have been used for the noise 

tomography. Fig. 5.1 shows the network along with the epicenters of M>3.0 earthquakes 

since 2005 plotted in white. The station network quite optimally encompasses the seismic 

zone as can be seen from the mesh formed by the station ray paths (Fig. 5.2). The input data 

for tomography are the arrivals of the Correlation Functions (CFs) obtained along each of 
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these 528 ray paths using various combinations of the 33 station pairs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1:  Topographic map of the Koyna-Warna region including the Western Ghat Escarpment (WGE), Koyna 
and Warna rivers and reservoirs,  the seismic station locations (red triangles) and the earthquakes of M>3, 
since 2005 (solid white circles). 

 

The details of the tomography method have already been discussed in Chapter 2. 

The CFs (Fig. 5.3) are similar to surface waves and are generated from cross correlation of 

the vertical components of the seismograms. Hence, they comprise only the Rayleigh waves 

which are used in the present study. The period band chosen here is from 1 to 10 s. 
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Figure 5.2: Ray paths between all station pairs along which the group velocity dispersion curves are 
determined.  

 

The range of wave period is dependent on the station geometry, and is in fact 

proportionate to the station separation and is adequate in the present study to map the 

structure down to about 15 km depth. Fig. 5.4 shows a plot of the correlation functions as a 

function of station separation and it can be seen that the arrival times are linearly 

proportional to the station separation. The obtained correlation functions for each station 

pair are used to determine the group velocity dispersion curves. 
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  (a) CHRN-ALOR           (b) KAGL-ABG 

 

 (c) KBTL-KHED                                   (d) GKL-KHED 

 

 

 

 

 

 

 

Figure 5.3: Examples of the Cross-correlation functions (CFs) generated for 1 year for the station pairs CHRN-
ALOR, KAGL-ABG, KBTL-KHED and GKL-KHED in the period range of 0.1-1 Hz. 

 



81 

 

Figure 5.4: Correlation Functions (CFs) from 33 station pairs using cross correlation of ambient noise, plotted 

with respect to station separation in the Koyna-Warna region in the frequency band 0.1 to 1 Hz 

 

The fundamental mode is the easiest to pick due to its high energy compared to the 

higher modes. Also in view of the complex structure of the Koyna-Warna region it would be 

very difficult to pick these modes. Hence, in the present study only the fundamental mode is 

used. Group velocity dispersion curves are determined using the Multiple filter technique 

(MFT) method. Out of 528 paths, dispersion curves for 378 paths (Fig. 5.5) are successfully 

picked according to the criterion of good SNR ratio. Also, the three-wavelength criterion is 

followed for the extraction of quality dispersion curves according to which the maximum 

period that can be picked is dependent on the station separation. This is the reason that for 

some pairs we cannot reach beyond 2 or 3 s while for others we could reach up to 10 s. The 

rest are not picked due the bad quality of CFs or the dispersion curves. All these group 
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velocity values at different periods for different station pairs can be used to model the 3-D 

shear wave velocity using tomography.   

 

Figure 5.5: Fundamental mode of group velocity dispersion curves determined for all the station pairs of 
Koyna-Warna Region in the period range of 1-10 s. 

 

5.3 Ambient Noise Tomography 

Ambient noise tomography has been carried out for the Koyna region using data 

from 33 station pairs. The study region is divided into a set of square grids encompassing the 

baselines formed by various station pairs. The grid size largely depends on the bulk of data 

and density of the baseline coverage. In the present study considering an area of about 200 

× 200 sq km covered by the 33 stations, the grid size of 5 and 10 km with 1 km spacing in 

depth have been considered. 
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To investigate the performance of the algorithm for the spatial and spectral sampling 

produced by our data, Checker-board resolution tests have been performed to assess the 

lateral resolution.  

5.3.1 Checkerboard test 

A checkerboard is a synthetic grid of cells comprising alternating high and low 

parameter values in both X and Y directions (Fig. 5.6). The checkerboard with a fixed grid 

size is given as input model for the true geometry of the station configuration. Synthetic 

data is computed for this grid and inverted. Proper recovery of the original grid implies 

stable inversion and resolvable grid size. In the present study a checkerboard model (Fig. 

5.6) has been used to compute inter-station Rayleigh wave travel times for the same 

source–receiver distribution as for the real data, using the fast marching method. 1 per cent 

random noise is added to the synthetic travel time data, and then inverted to get the model 

which would ideally be similar to the initial model. The checkerboard test has been carried 

out for grid size of 10 km and 5 km which brings out the resolvability of the velocity model in 

horizontal and depth directions. The input checkerboards are designed based on the 

available average 1-D velocity model of Rohilla et al. (2015) with average layer velocity 

increasing with depth.  

(a) Grid size 10 km 

The Checkerboard test results for 10 km grid size are shown in fig. 5.6 for different 

depths. It can be seen that the structure is fairly well retrieved for this grid size in the region 

of interest. Obviously, the structure is well resolved in regions where the data constraints 
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are good. Towards northeast and west coast it is very poor, due to lack of stations and ray 

path coverage. Even with increasing depth it can be seen that there is an excellent recovery 

of the grids at almost all the depths, although spatial resolution gradually decreases with 

depth (Fig. 5.6). On the whole, the grid size of 10 km seems to be a reasonable choice for 

obtaining the broad regional 3D velocity structure of the study region. 

       (a) 

 

 

 

 

 

        (b) 
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(c) 

   

(d) 

   

 

Figure 5.6 : Results of the checkerboard tests for 10 km grid. The checkerboard input model (left) and inversion 
output (right) at 1, 3, 5 and 7 km depths are shown in (a), (b), (c) and (d) respectively. 
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(b) Grid size 5 km 

A more precise grid size of about 5 km may be more appropriate to resolve the 

seismogenic zone, which is quite possible in view of the denser ray paths seen across this 

zone (Figure 5.7). In this case, however, it can be seen that the resolution goes down with 

depth much more than for the 10 km grid size which on a broader scale has a comparatively 

better resolution than that of the 5 km. 

(a) 

   

 

(b) 
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(c) 

   

 

(d) 

   
 
Figure 5.7: Results of checkerboard tests for 5km grid. The checkerboard input model (left) and inversion 
output (right) at 1, 3, 5 and 7 km depths are shown in (a), (b), (c) and (d) respectively. 

 

5.4 3-D Velocity model from tomography 

The iterative non linear inversion method has been followed with 10 iterations 

before homing on to the final solution. For inversion, we choose an initial shear wave 
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velocity model that is close to the average group velocities 1.1 (Vs ≈ 1.1c) which is applicable 

at a depth of 1/3 of the wavelength. This initial model is used to generate the 3-D 

tomograms after the inversion of the observed group velocity dispersion curves. Horizontal 

tomograms corresponding to different depths (Fig. 5.8) show the lateral variation in the 

velocity of the area. After inversion, the standard deviation of the travel time residuals is 

found to be reduced from 1.27 to 0.82 s, and the average of the residuals for the final model 

is close to zero. 

5.4.1 Results for 10 km grid size: 

The following describes the tomography results and characteristic features of the 

horizontal sections determined for different depths in the Koyna-Warna region for the 10 

km grid size. The sections are superposed with the epicenters of earthquakes of M>3 

recorded by the NGRI network in the Koyna-Warna region during 2005-2015.  

 (a) Horizontal section at 1 km depth (Fig. 5.8 a) 

The most conspicuous feature in the 1 km depth section compared to the deeper 

ones is the top layer of Deccan basalt which is clearly resolved with a low average velocity of 

3.0 km/s for the entire region. In this section, the lowest velocity anomaly of 2.5–3.0 km/s is 

seen as a NS patch coinciding with the most seismically active zones of the Koyna and Warna 

regions. Another large patch is seen to the SW, but whether it corresponds to a thicker pile 

of Deccan basalt or a highly fractured west coast is a matter of speculation since there are 

no direct observations in this region. Similarly a high velocity patch in the SE is conspicuous 

and needs a closer examination. However, there are no earthquakes reportedly occurring 

within the 1 km depth level. 



89 

 

(b) Horizontal sections in basement (Fig. 5.8 b) 

 As we go deeper below the 1 km level, the velocities start increasing and are seen to 

be more homogeneous correspond to the high grade metamorphic basement. Earthquakes 

start occurring from 2 km onwards, mostly south of the Warna lake where a NW trending 

low velocity anomaly is seen parallel to the Warna river trend. 

  The 3-5 km depth level shows an interesting high velocity competent basement rock 

around the Koyna region bordering with a low velocity, less competent probably fractured 

zone to the south, encompassing all earthquakes in this region. At deeper levels down to 8 

km, the divide becomes more NS with earthquakes lying in a low velocity zone separated by 

two high velocity zone on either sides of the escarpment, at Koyna and Chiplun respectively. 

This low velocity zone also coincides with the low Bouger gravity anomaly (Tiwari et al., 

2001)    
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Figure 5.8(a-h): Velocity sections of Koyna-Warna region at depths of 1 to 8 km for a 10 km grid size along with 
seismicity (black circles) at the respective depths (Source: NGRI, Catalog), L4, P1, KRFZ (Koyna river fault zone) 
and D (Donachiwada) faults (Gomez and Talwani (2009). 

5.4.2 Results for 5 km grid size 

(a) Horizontal sections: 

  Now to investigate the velocity structure in detail, a 5 km grid size has been tried 
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specifically for the seismic zones of Koyna and Warna region, because here the number of 

the ray paths is comparatively more than that in the surrounding area.  

Fig. 5.9 (a-h) shows the results of horizontal tomograms at different depth levels starting 

from 1-8 km. It is observed that the major features are similar to those from the results of 

10 km grid size, although some additional features can been identified due to the higher 

resolution.  

 

 

 

 

 

 

 

 

 

 

 

 

 



93 

 

 

Figure 5.9 (a-h): Velocity sections of Koyna-Warna region at depths of 1 to 8 km for a 5 km grid size along with 
seismicity (black circles) at the respective depths (Source: NGRI, Catalog), L4, P1, KRFZ (Koyna river fault zone) 
and D (Donachiwada) faults (Gomez and Talwani (2009)). 

(b) Depth sections:  

The depth sections in East-West and North-South directions (Fig. 5.10 and Fig. 5.11) 

respectively, corresponding to different profiles, gives us an idea of the horizontal and 

vertical velocity variation along a specified profile. It can be seen that the Deccan basalt with 

velocity 3.0 km/s is clearly differentiated from the high grade metamorphic basement and 

also shows the variation of basalt thickness on either side.   
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Several depth sections cutting across Koyna and Warna region in various azimuthal 

directions are studied along with the seismicity superposed at the corresponding depths. 

The Koyna-Warna region can be divided into different seismic zones on the basis of the 

seismicity and the focal mechanism solutions.  

 

 

 

Figure 5.10 Shear velocity depth sections along profiles in the EW direction. 
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Figure 5.11 Shear velocity depth sections along profiles in the NS direction.  

  Broadly we have a Koyna Seismic Zone (KSZ) in the north and Warna Seismic Zone 

(WSZ) in the south (Gahalaut et al., 2004). It is observed that the strike slip mechanism 

dominates in the KSZ while normal faulting dominates in the WSZ (Fig. 5.12). More 

specifically there are three zones referred as (a) North Escarpment Zone (NEZ), (b) South 

Escarpment zone (SEZ) and the (c) Warna Seismic Zone (WSZ) (Rai et al., 1999).  
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Figure 5.12: Different seismic zones of the Koyna and Warna region along with their predominant fault 
mechanisms (Taken from Gahalaut et al., 2004).  

 

Depth sections cutting across the zones a, b and c are considered in order to study 

the structural variation and its correlation with the seismicity distribution in the Koyna-

Warna region. Viewing in various azimuthal directions has helped in delineating the most 

probable orientations of the active seismogenic faults while confirming the already known 

ones from seismicity and focal mechanism studies. 

In the Koyna seismic zone (zone a) seismicity distribution is observed along the  NNE-

SSW trending Donachiwada fault zone which is seen as a low velocity zone lying between 
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two competent, very high velocity zones > 4.0 km/s. This can be clearly seen in section W3-

W3' of fig. 5.13. The discontinuity or velocity contrast demarcates the fault zones which also 

correlate well with the seismicity distribution. It was also inferred from previous studies that 

the Donachiwada fault is a left-lateral strike-slip fault with a NNE trend, dipping about 78 

degrees to the WNW direction (Shashidhar et al., 2013). This is the most prominent fault 

zone in the Koyna region which is also known to correspond with the 1967 Koyna 

earthquake of M6.3. In general, the velocities are found to much higher in Koyna than in the 

Warna region. 

 

Figure 5.13: Shear velocity depth sections along profiles in the WNW direction. Rectangle shows the zone a, 
which comprising the Donachiwada fault (D). Earthquakes of each profile are plotted as black circles.  
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The seismicity of zone b between the Koyna and Warna regions trends NW-SE, in 

continuation with the trend of the Warna lake as well as the Warna river to the southeast, 

as seen in the map view (Fig. 5.14). Hence, the NNE trending depth sections (Fig. 5.14) 

clearly bring out this trend as seen in depth section E2-E2'. This zone is seen as a low 

velocity zone interspersed between two high velocity zones.  

 

Figure 5.14: Shear velocity depth sections along profiles in the NNE direction. Rectangle shows the zone b 
including the earthquakes falling in this zone and the L4 lineament (Gomez and Talwani (2009)). Earthquakes 
nearest to each of the profiles are plotted as black circles. 

 

The most active seismicity cluster in the study region (zone c) is to the south of the 

Warna reservoir. This cluster is seen as a set of NS trending steep vertical faults supporting 

normal faulting. We examine depth sections in all orientations to detect any possible fault 

plane trends for this cluster. However, the cluster depicts a near-vertical trend which is 
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found to be sharpest in an EW depth section. Section X2-X2' in fig. 5.15 indicates the 

corresponding velocity anomalies where a clear vertical discontinuity is seen separating a 

low velocity block on the west from a high velocity block on the east having a velocity 

contrast of about 0.5 km/s. This discontinuity, although not very sharp, is seen as one of the 

most significant fault zones in the study region, since most of the seismicity corresponding 

to normal faulting along NS trending steep near-vertical fault planes, occurs in this region. 

 

 

 

 

Figure 5.15: Shear velocity depth sections along profiles in the NNW direction. Rectangle shows the zone c 
including the earthquakes falling in this zone. Earthquakes nearest to each of the profiles are plotted as black 
circles. The P1 lineament (Gomez and Talwani (2009)) is also marked in each depth section. 
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On the whole, the velocity anomalies and transitions observed in the tomography 

results have helped to correlate with the seismicity and tectonics of the Koyna-Warna 

region. It also appears that the high velocity seen in the region on the whole also indicates 

its capability of storing larger amounts of stresses which enable sustenance of the ongoing 

seismicity. The frequent release of these stresses, however, are enabled most probably by 

the fluid-filled fracture zones and reservoir loading, resulting in easier slip along these faults. 

The study has helped in delineating the major fault zones of the Koyna-Warna region and 

enabled understanding the seismogenesis with respect to the structural controls. 
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Chapter 6 

Conclusions and Future Scope 

 

With the availability of a dense seismic broadband network and state-of-the-art 

techniques like Ambient noise correlation, receiver function and 3D tomography, it has been 

possible to compute the detailed velocity structure of the Koyna-Warna region, both in a 

local scale down to about 10-15 km as well as, down to the Moho depth. The study has 

enabled computing the ambient noise correlations for the first time in this region, to derive 

the Surface wave Greens functions for further analysis of velocity structure. This also 

enabled deciphering the fine scale velocity anomalies in 3D, both laterally and with depth 

down to about 15 km, and correlating with seismicity trends derived from precise 

hypocentral locations obtained from the current seismic network of CSIR-NGRI. Finally, this 

correlation has led to interpretations of the active fault systems and their controls on 

seismogenesis in the Koyna Warna region. 

The major conclusions from the present study are as follows: 

 (1) The average Deccan trap thickness in the Koyna–Warna region is estimated as 0.8 km 

using ANC. The shear-wave velocity of the traps is 3 km/s, underlain by a layer with a 

velocity of 3.3 km/s, which probably represents a weathered granitic layer. 

(2) A massive granite-gneissic basement is observed beneath, with a shear-wave velocity of 

about 3.6 km/s. 

(3) The basalt thickness on the western side is not so well resolved because there are fewer 

station paths than that required to resolve a thin layer, in contrast to the eastern side of the 
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escarpment.  

 (4) The study of P receiver functions in the Koyna-Warna region clearly brings out the Moho 

beneath each station with depth varying from 37.7 km to 42 km, slightly dipping towards SE. 

The study also provides new constraints on the near surface velocity (NSV) which is in the 

range of 2.76 km/s to 3.53 km/s. A high NSV on the western side of the escarpment is due to 

a thin layer of Deccan trap (~ 400m) with the remaining contribution coming from the high 

velocity granite gneiss basement, as compared to the eastern side which has a thicker (~ 1 

km) trap layer. 

(5) A high shear velocity of about 4 km/s, normally expected in the lower crust, is seen 

beneath most stations below the depth of 5 km. This also corresponds to the average 

seismogenic depth in the region and indicates high rock strength capable of storage and 

subsequent release of stress in the form of frequent earthquakes observed in this region. 

(6) The 3-D velocity model obtained from the ambient noise tomography clearly brings out 

the lateral and vertical variations of shear wave velocity in the study region down to a depth 

of about 10 km. The complex lateral variations seen in the tomograms bring out interesting 

trends that correlate well with the seismicity distribution. 

(7) The horizontal section of shear wave velocity for the top 1 km clearly delineates the 

Deccan trap layer of about the same thickness with an average shear wave velocity of 3.0 

km/s. Also, the lowest velocity anomaly is seen to coincide with the Koyna - Warna seismic 

zone which is probably more fractured than the rocks in the neighborhood. The velocities in 

Koyna, on an average are found to be higher than those in Warna which is also a more 

fractured and active zone compared to Koyna. 
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(8) In the Koyna region seismicity distribution is observed along the NNE-SSW trending 

Donachiwada fault zone which is seen as a low velocity zone lying between two competent 

zones with very high velocity > 4.0 km/s. This is the most prominent fault zone in the Koyna 

region known to correspond with the 1967 earthquake of M6.3. 

(9) At deeper levels down to 8 km, the seismicity is seen lying between two NS trending high 

velocity anomalies in Chiplun to the west and Koyna to the east. 

(10) The seismicity between the Koyna and Warna regions, trends roughly NW-SE, parallel to 

the trend of the Warna lake as well as the Warna river to the southeast. This is clearly 

brought out in the NE-SW trending depth sections indicating a low velocity zone 

interspersed between two high velocity zones. 

 (11) The most active seismicity cluster is present as a NS trend south of the Warna Lake, 

which correlates with a near-vertical trend in an EW depth section with the corresponding 

velocity anomalies depicted by a low velocity block on the west from a high velocity block 

on the east with a velocity contrast of about 0.5 km/s. This discontinuity is one of the most 

significant fault zones in the study region that supports most of the seismicity characterized 

by normal faulting along NS trending steep near-vertical fault planes. The current data 

cannot resolve the westward or eastward dip, if any, of the fault planes.  

 (12) On the whole the study has helped in delineating the major fault zones of the Koyna-

Warna region and enabled understanding the seismogenesis with respect to the structural 

controls. It appears that the high velocity seen in the region on the whole also indicates its 

capability of storing larger amounts of stresses which enable sustenance of the ongoing 
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seismicity. The frequent releases of these stresses, however, are probably enabled by the 

filled fracture zones and reservoir loading, resulting in easier and quicker slips along these 

faults. 

Future Scope 

The current study has provided exciting new results with respect to the fine scale 

velocity structure, its variations, correlation with seismicity and control on seismogenesis in 

the Koyna-Warna region. However a more precise tomographic study using a much denser 

network of about 50 to 60 seismic broadband stations would unambiguously resolve the 

issues. Ambient noise correlation incorporating all the 3 components of the continuous 

seismic data would enable study of both Love and Rayleigh waves while including the Group 

and Phase velocities, thereby enhancing the accuracy of the results. 

The current study however, has limitations that need to be understood. Short-period 

surface waves in the period range 1-10 s, in the local to regional scale, used from ambient 

noise correlation are more sensitive to the upper crust, as compared to the Receiver 

function analysis based on teleseismic data. The findings obtained from both ANT and RF 

analyses show that although, the gross features in the group velocity maps in this period 

range obtained from ANT correlate with the crustal thickness variations deduced from RF 

analyses, the high-resolution features, especially at shallow depth (to a depth of ~10 km) 

deduced from the later analyses are underestimated. To overcome this limitation, we could 

invert surface wave measurements jointly for both earthquakes and ambient noise data or 

carry out a joint analysis of surface wave dispersion and RF, both using ambient noise 
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Green’s function. Either of these approaches would help resolving the ambiguities in 

different scaling features associated with the use of different techniques and that too with 

different nature of data set used in interpreting structural features over a given area. The 

above can be attempted in a future study for obtaining structural features of the crust 

beneath the Koyna-Warna region with much higher resolution. 

Another important dimension to the current work would be to study the distribution 

of noise sources around the Indian subcontinent, both in distance and azimuth, as a 

function of different frequencies, including seasonal variations. This would enable 

corrections to the noise correlations which are otherwise based on an assumption of 

uniform azimuthal distribution of noise sources.  

Finally, an important study for future would be to monitor the temporal variations in 

the 3-D velocity structure through differential tomograms. This study would enable 

monitoring for possible precursory changes in the noise correlations or in the 3D velocity 

structure prior to the occurrence of a large earthquake. This study can be carried out more 

precisely by planning the field deployment of seismic stations such that the station baseline 

pairs cut across the most important seismic zones. With proper planning, deployment and 

monitoring, this approach has the potential of earthquake forecast in future.  
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