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Abstract 

The Kachchh region, Gujarat, India is a unique intra-plate seismic site (1000 km away 

from the Himalayan plate boundary in the north and 400 km away from the Herat-

Chaman plate boundary in the west). This region has experienced two massive (Mw7.8 

and 7.7) intraplate earthquakes within a time span of 182 years viz., the 1819 Allah 

bund earthquake and the 2001 Bhuj earthquake. The region lies in zone V on the 

seismic zoning map of India. The 2001 Bhuj earthquake has caused catastrophic 

damage and causalities to the state of Gujarat, killing about 20,000 persons and injuring 

many more. Since the occurrence of the 2001 mainshock, several aftershocks have 

occurred including twelve Mw≥5, over 200 Mw≥4, and more than 1000 Mw≥3 shocks 

(Mandal et al., 2009). The nature of uninterrupted occurrences of these aftershocks in 

the Kachchh region since 2001, is still not well understood. So it is necessary to 

understand the mechanism that has resulted in generating this earthquake sequence to 

reduce the seismic risk associated with the Kachchh region. In this thesis, we made an 

effort to understand the earthquake generation process in the Kachchh rift basin 

through modelling of earthquake locations, earthquake source parameters and focal 

mechanisms, Qs vs. Qp relations of the basin, and upper mantle anisotropy through the 

shear wave splitting using SKS phases. The primary objectives of the present thesis can 

be divided into four parts. First one is the delineation of active seismic sources in the 

Kachchh region through earthquake locations, second is characterization of active 

seismic sources through modelling source parameters and moment tensors, third is 

assessment of earthquake hazard of the Kachchh rift basin through modelling of 

sediment thicknesses and Qs vs. Qp relations, and fourth is understanding anisotropic 

nature of the upper mantle below the Kachchh region through shear wave splitting 

study. The knowledge of earthquake source, attenuation of seismic waves, and upper 

mantle anisotropy are the critical factors in the assessment of earthquake hazard of any 

region. Earthquake locations, earthquake source parameters and focal mechanisms of 

aftershocks, have been studied to understand the seismogenesis of earthquakes 

occurring in Kachchh. Seismicity of the Kachchh region during 2014-2015 has been 

monitored by NGRI, Hyderabad, with the help of a broadband seismic network. Using 

the data from the above-discussed network, a total of 340 earthquakes of Mw ranging 

from 2.2 to 3.9 were located using the hypocenter location algorithm, which is an in-
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built facility in the SEISAN software. The results obtained from this study show two 

clusters of seismicity along the Kachchh Mainland Fault (KMF) and North Wagad 

Fault (NWF). We have also located three felt events (Mw≥ 3.0), which occurred along 

different faults away from the above-mentioned clusters; one along the Katrol Hill 

Fault (Mw = 3.3) and two along the Banni Fault (Mw=3.0, 3.2). The earthquake source 

parameters of 78 selected Kachchh events have been calculated through the 

Levenberg–Marquardt non-linear inversion method using S-wave spectra. In this 

technique, S-wave spectra are used as the input data for inversion to obtain the best-fit 

spectra for estimating source parameters. Our estimates of seismic moment (Mo), 

source radius (r) and stress drop (Δσ) for the aftershocks of  Mw 2.2 – 3.9 vary from 

1.86 x 1012 to 3.2 x 1015 N-m, 146 to 262 m and 0.04 to 5.73 MPa, respectively. The 

maximum stress drop value is estimated to be 5.73 MPa at 24 km depth for the most 

significant studied event of Mw3.9. Focal mechanism solutions of aftershocks during 

2009 to 2014 are determined, through the modelling of seismograms using Moment 

Tensor Inversion. Inversion is performed using ISOLA package, which is based on 

multiple point-source representations and iterative deconvolution method (Zahradnik et 

al., 2005).  In this method, first, the discrete wave-number of Bouchon (1981) and 

Coutant (1989) are used to compute the full wavefield synthetics (i.e., Green’s 

functions), using a set of predefined point-source positions along a line or on a plane. 

After obtaining a major point-source contribution or sub-event, the corresponding 

synthetics are subtracted from data. Then, the residual waveform is inverted for another 

point source, and so on (Zahradnik et al., 2005). The point sources are removed 

consecutively, one after another, thus, each step involves only two parameters (source 

position and onset time), which provides the best position and time regarding the 

absolute value of the correlation coefficient between the observed and synthetics. This 

study suggests that the Kachchh region is still under compression and the tectonic block 

readjustment process in the epicentral zone of 2001 mainshock has been reduced 

significantly over the passage of time.  

Estimation of sediment thickness is essential for sedimentary basins because thick 

sedimentary layers with low shear velocities play a critical role in the amplification of 

seismic waves even from small-magnitude earthquakes. The amplification of seismic 

waves is primarily attributed to trapping of energy due to high impedance contrast 
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between the loose alluvium and the basement rocks. Hence, estimation of sedimentary 

thickness assumes importance for the Kachchh sedimentary rift basin. Sediment 

thickness is estimated using the travel-time differences between Sp and S phases and 

the velocities of P and S waves beneath each broadband seismic station. Maximum and 

Minimum sedimentary thickness is estimated ~ 1.456 and 0.986 km beneath the TPR, 

and BCH as well as JMN broadband seismic stations, respectively. The contour plot of 

estimated sediment thicknesses in Kachchh, Gujarat, reveals an E-W trending basin 

structure with large thicknesses varying from 1.75 to 2.5 km, underlying the Kachchh 

rift zone. Also, it depicts another zone of large sediment thicknesses (1.5-1.8 km) 

below the GF zone. The delineated E-W trending zone of large sediment thickness 

coinciding with the Mesozoic Kachchh  rift zone extends 44 km in north-south and 120 

km in east-west. The contour plot also delineates two zones of smaller sediment 

thicknesses (<1.5 km), one is below the region covering BHU, NGR and TPM while 

another lies below the region between the Wagad and Bela uplifts. 

Determination of the seismic quality factor (Q) for P waves (Qp) and S waves (Qs) in 

near-surface earth materials is essential for applying correction associated with the 

seismic wave attenuation. We estimated Qs vs.Qp relations for 12 Broadband seismic 

stations, which vary from Qs = 0.467Qp (at TPR) to Qs = 0.779 Qp (at JMN and MND). 

Results of this study suggest that sediment of the Kachchh basin is partially saturated. 

This indicates that Kachchh is an earthquake hazard prone area. 

The study of upper mantle anisotropy is vital to understand the past and present 

deformation process of the upper mantle. For this study, we use broadband waveform 

data of teleseismic earthquakes from NGRI network, which consists of ten three-

component digital seismographs in Kachchh, Gujarat, during 2013 - 2016. For our 

study, we selected 108 teleseismic events whose epicentral distances and moment 

magnitudes vary from 90.83 to 119.99 and from 5.2 to 7.3, respectively. Rotational 

Correlation (RC) and minimum energy method (SC) methods are used for analysing 

shear-wave splitting of SKS phases at 12 three-component broadband seismic stations. 

Our shear wave splitting study suggests that fast axis orientations and delay times vary 

from N7°E to N30°E and 0.9 to 1.3 s, respectively. While the average of vector means 

for all the stations is found to be (φ, δt) = (N15oE, 1.01±0.3 s). The average delay time 

of all these stations is estimated to be 1.01s, which is consistent with the global average 
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of 1s for continental regions (e.g., Silver, 1996). Our study reveals that the mantle is 

highly anisotropic with fast anisotropic directions aligning nearly along the Indian plate 

motion at all the stations. Our modeling of azimuthal variations of splitting parameters 

suggests two anisotropic layers beneath the Kachchh region. The fast axis orientation 

for the upper and bottom layers are N75oE and N17oE, respectively, while the delay 

time for the upper and bottom layers are 0.37 s and 1.17 s, respectively. The strong 

anisotropy (𝜹t = 1.17 s) in the bottom layer is attributed to the asthenospheric flow 

while the weaker anisotropy (𝜹t = 0.37 s) in the upper layer is explained in terms of 

frozen LPO anisotropy in the lithosphere. 
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Chapter 1 

Introduction 

1.1. Introduction 

The generation of global intraplate earthquakes remains less understood due to their 

rare occurrence and long return periods. These earthquakes are mainly found to occur 

in association with the failed rifts. Measuring about 200 km × 300 km, the Kachchh 

Rift of Gujarat is seismically one of the most active intraplate regions of the world even 

though this region lies in the stable intraplate region (away from active plate boundaries 

like Makran and Himalaya) (Rastogi et al., 2014). However, the area falls in the zone V 

on the seismic zoning map of India (BIS, 2002), and is capable of generating large Mw8 

earthquakes, as evidenced by the occurrences of two large earthquakes viz. the 1819 

Mw7.8 Allah-bund (Rann of Kachchh) and the 2001 Mw7.7 Bhuj. In 2001, Ravishankar 

suggested that intraplate earthquakes occurring in this region generate near about 

7.31x1020 ergs of energy annually, which is equivalent to the annual seismic energy 

liberated by individual blocks of Himalaya. It has experienced large earthquakes for 

many centuries and intense seismicity for over a decade. Locations of some of these 

significant earthquakes are shown in Figure 1.1 (e.g., the 1819 Mw7.8 rann of Kachchh 

earthquake, the 1845 Mw6.5 Lakhpat earthquake, the 1956 Mw6.0 Anjar earthquake, the 

2001 Bhuj Mw7.7 earthquake, and the 2006 Mw5.6 Gedi earthquake). Out of all the 

2001 Bhuj intraplate earthquake is the deadliest earthquake (Gupta et al., 2001b), which 

occurred at a depth of 23 km. It devastated several significant cities in Kachchh, 

Gujarat (viz. Bhuj, Anjar, Gandhidham, Bhachau, and Rapar) and also caused damages 

to the engineered structures in the city of Ahmedabad situated at a distance of 250 km 

(Rastogi, 2004). This earthquake killed around 14,000 people, injured another 167,000 

and destroyed nearly 400,000 homes. The reactivation of a pre-existing reverse fault in 

response to the prevailing N-S compression due to the northward motion of Indian plate 

has been proposed to be the most favourable causative mechanism for the 2001 Bhuj 

event (Johnston, 1994; Bodin and Horton, 2004). Since the occurrence of the 2001 

mainshock, several aftershocks have occurred, which include twelve Mw≥5, over 200 

Mw≥4, and more than 1000 Mw≥3 shocks (Mandal et al., 2009). These aftershocks are 

mostly of reverse and strike-slip in nature. However, some shocks have shown dip-slip 

movement (Bodin and Horton, 2004; Mandal and Horton, 2007).  
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Figure1.1: Significant earthquakes and their associated faults in Kachchh. Locations are A, Anjar; B, 

Bhuj; L, Lakhpat; D, Dholavira. Major faults: ABF, Allah Bund; IBF, Island Belt; KMF, Kachchh 

Mainland; KHF, Katrol Hill; NPF, Nagar Parkar; NKF, North Kathiawar; VF, Vigodi; GDF, 

GoraDungar; BF, Banni; GF, Gedi. The inset diagram (a) shows the Kachchh and Saurashtra area of 

Gujarat (small square) and the area of the Deccan Traps, along with epicentres of significant 

earthquakes in Peninsular India. (b) Possible step over zone between KMF and NWF. (After Rastogi et 

al., 2016). 

 

Therefore, the nature of stresses causing the uninterrupted occurrences aftershocks in 

the Kachchh region since 2001 is still not well understood. The cause of these large 

earthquakes is related to the tectonic history of the Kachchh region. The crustal 

stretching in western India, which resulted from the continental breakup of India from 

Africa in the late Triassic (210 Ma), led to formation three continental rifts in India 

(viz. Kachchh, Cambay, and Narmada). Existing geophysical studies revealed the 

presence of many intrusive bodies at upper and lower crustal depths below the Kachchh 

rift (KR) zone (Biswas, 2005). The mantle xenoliths from alkali rocks of Kachchh have 

been shown to be originated from the presence of carbonatite melts at 70-90 km depth 

in the asthenosphere related to the 65 Ma Deccan/Reunion mantle plume episode (Sen 

et al., 2009). Thus, the parts of KR, which are close to the exposed Deccan Traps, have 

been inferred to be active for centuries.  
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Until today, some attempts have been made through geophysical studies to understand 

the stress regime responsible for generating aftershocks in the Kachchh region, which 

are discussed in the following. Seismic velocity tomography using aftershock data has 

delineated crustal intrusive bodies in the epicentral region, which are suggested to be 

responsible for generating earthquake activity in the Kachchh region (Kayal et al., 

2002a,b; Mishra and Zhao, 2003; Mandal et al., 2004; Mandal and Pujol, 2006). Rao 

and Chary (2005) and Rao et al. (2006) have proposed that high-stress accumulation 

and high strain rate in this region are sites of stress build up, which are inferred to be 

the most likely sites for the occurrence of significant large earthquakes. Few 

researchers also suggested that the primary cause of earthquakes in the Kachchh region 

is the pop-up effect of the Indian lithosphere due to sediment loading in the Indian 

Ocean and the rising of Himalayan Mountains (Rao and Kumar, 1997; Thatcher, 2001; 

Bilham and England, 2001). Rao and Kalpana (2005) documented that the activity 

associated with the plate junction on the western margin of the Indian plate near the 

Kachchh region has similar characteristics with that of the activities found in the 

regions nearer to the eastern Himalayan syntaxis.  

1.2. Objectives and significance of this research work 

The primary objectives of this study are mentioned below: 

• Estimation of source parameters of earthquakes occurring in Kachchh, Gujarat, 

using Levenberg-Marquardt inversion technique. 

• Characterization of seismic source processes in Kachchh, Gujarat, by moment 

tensor inversion of local earthquakes. 

• Estimation of sedimentary thickness and Qs vs. Qp relationships of the Kachchh 

basin from the time differences of Sp converted and direct S phases. 

• Investigation of mantle anisotropy below Kachchh, using the shear-wave 

splitting of SKS phases. 

The detailed study of earthquake source parameters provides seismogenesis of the 

Kachhh rift zone. Earthquake source parameters, such as seismic moment, corner 

frequency, stress drop and source radius are used to investigate source scaling relations 

for small to moderate-size earthquakes. These scaling relationships would be useful for 

seismic hazard estimation of the area. The focal mechanism solution of an earthquake 
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is one of the fundamental parameters that describe the characterisation of seismic 

source and is essential for the physical understanding of the earthquake phenomenon. 

The earthquake source information obtained through the modelling of seismograms are 

the fault plane parameters like strike, dip, and rake etc., which comprises the focal 

mechanism solution. Thus, results from the focal mechanism study will help in 

constraining the geometry of active seismic sources in the Kachchh region, thereby, a 

better hazard assessment of the region 

Sedimentary thickness plays a critical role in the amplification of seismic waves within 

the sedimentary basin because of energy entrapment in the shallow subsurface due to 

high impedance contrast between the sedimentary sequence, and the basement rocks 

result in the amplification of seismic waves. Thus, the estimation of sedimentary 

thickness provides a better understanding of the seismic hazard associated with the 

Kachchh rift basin. A knowledge of the attenuation of seismic waves is essential for the 

prediction of ground motion, thereby, the estimation of seismic hazard. The spectral 

ratio between Sp converted phase, and direct S phase has been used to study the seismic 

wave attenuation in terms of quality factors in the Kachchh rift basin. 

The study of upper mantle anisotropy from the splitting of SKS phases beneath the 

Kachchh region, which has a unique geodynamic history, provides a better 

understanding of the anisotropic characteristics of the underlying upper mantle. 

Therefore, the results obtained through this study will provide useful clues to 

understand the geodynamic process of the region. 

1.3. Structural evolution of the Kachchh rift basin, Western India 

The structural evolution of the Kachchh rift basin of the Indian subcontinent is related 

to the breakup of Gondwanaland that resulted in two landmasses namely; the eastern 

Gondwana land and the western Gondwanaland during the Late Triassic-Early Jurassic. 

And, the subsequent northward movement of the Indian subcontinent as a result of 

plate tectonics and thermochemical interaction between the continental lithosphere 

(mobile belts) and mantle plumes (Biswas 1987; Raval and Veeraswamy 2003). During 

the Jurassic time, in the early stages of India's northward drift away from 

Gondwanaland, the Kachchh rift basin was formed by subsidence of a block between 

the Nagar Parkar Hills and the southwest extension of the Aravalli Range. The 
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heterogeneity in the relative characteristic of cratons and mobile belts of the Indian 

subcontinent plays a significant role in the geodynamics and tectonic development the 

Kachchh rift basin. 

 

Figure 1.2: Geological cross section across Kutch basin along the axis of Median High (Biswas 2005). 

line A–B for the location. Vertical scale exaggerated. KHFL, Katrol Hill Flexure. NRFL, Northern 

Range Flexure. Box index: 1, Quaternary and Tertiary; 2, Deccan Trap/intrusives; 3,Lower Cretaceous; 

4, Upper Jurassic; 5, Mid. Jurassic; 6, Lower Jurassic-Upper Triassic; 7,Precambrian.(After Biswas, 

2005). 

 

The mobile belts are the most prone to rifting and break up because of the relative 

weakness, thinner lithosphere, and higher heat transfer. A mobile belt will facilitate the 

episodic rejuvenations when it subjected to plume activity. Such a plume activity is 

also seen in the Kachchh rift zone, which inferred as the primary reason for the present-

day seismic activity in the Kachchh area (Karmalkar et al. 2005; Mandal 2011). 

During the 200 million years of drift of the Indian subcontinent, three peri-continental 

rift basins viz. Kachchh, Cambay, and Narmada were formed on the western margin of 

India, which evolved in four different phases of India’s geotectonic history during its 

break up from the Gondwanaland, its northward drift and final collision with 

Eurasia.(Biswas 1987). 

Stage 1: During the late Triassic the initial stage of the evolution of western India 

started because of the opening of Kachchh rift along the Delhi trend. During the 

Jurassic, the Kachchh rift basin was formed by subsidence of a block between the 

Nagar Parkar Hills and the southwest extension of the Aravalli Range when India’s 

northward drifts away from the Gondwanaland. The Kachchh basin had received 

marine sediments earliest than other two; Cambay and Narmada. 
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Stage 2:  During the Early Cretaceous the Kachchh basin was filled up, and the sea 

starts to recede. The eastern Cambay fault became active across the Aravalli Range 

during this period. The region lying west of the east Cambay fault and north of 

Narmada fault became subsided, and a new basin opened parallel to the Dharwar trend. 

The southwest flowing rivers from the Aravalli have contributed a thick pile of 

sediments to this newly opened basin in a deltaic environment. The rifting of Narmada 

geofracture initiated during this period, and as a result, the Cambay basin was subsided 

to a greater depth and received sediments during Tertiary. 

Stage 3: The western margin of the Indian subcontinent saw an extensive regional uplift 

and the opening up of Narmada rift during the Late Cretaceous. During this period, the 

Narmada rift had started receiving marine sediments, and the tilt of the Indian 

subcontinent widened the Narmada graben, and during the end of Cretaceous, a 

considerable quantity of Deccan traps are buried within this basin.  

Stage 4: During the early Tertiary time India collided with Asia and stabilized.  Same 

time shape of the continental margins of India developed. Because of this, the eastern 

margin basins evolved, and Sri Lanka moved to its present position. The Cambay 

graben extended southward and crossed the Narmada graben. Subsidence of the 

Cambay graben continued the accumulation of thick Tertiary sediments over a 

relatively thin floor of Deccan Trap flow. The Saurashtra block remained as a horst 

while the Kachchh and Cambay basins subsided around it and the Narmada graben in 

the eastern part uplifted. 
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Figure 1.3: Stages of development of the western marginal Basins of India. (After Biswas (1987). 

 

1.4. Geology, Tectonics and Seismicity of the Kachchh region 

Quaternary/Cenozoic sediments, Deccan volcanic and Jurassic sandstones resting on 

the Precambrian basement characterize the Geology of Kachchh Peninsula (Biswas 

1987; Gupta et al. 2001). Geomorphologically, the Kachchh region is categorized into 

four major E-W trending zones; (1) two Rann, i.e. Great and Little Rann of Kachchh (~ 

2m above mean Sea level (MSL)) in the North and Little Rann in the East comprising 

of vast saline wasteland, (2) the Banni Plain (<5m above MSL and marked by raised 

fluvio-marine sediments, mud flats and salt pans), (3) the Hilly region (divided into the 

central portion comprising rocky upland, northern hill range and coastal plains and (4) 

the Coastal Plains. 
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A rift basin and several EW trending faults and folds characterize the major structural 

features of the Kachchh region. The rift basin is limited by the south-dipping Nagar 

Parkar fault (NPF) in the north while it is bounded by the north-dipping Kathiawar 

Fault (KTF) in the south. Other major faults in this region are the north-dipping Allah 

Bund Fault (ABF), north-dipping Kachchh Mainland Fault (KMF), Katrol Fault (KF), 

Banni Fault (BF), and the south-dipping North Wagad Fault (NWF).  Biswas and 

Khattri (2003) proposed that KMF and SWF (south Wagad fault) are parts of a left 

stepping dextral strike-slip fault system. This is further supported by Biswas (2005), 

who suggested that SWF is the eastward continuation of KMF after sidestepping with 

an overlap zone between Bhachau and Adhoi. In addition to these major faults, a 

number of uplifts namely Kachchh Mainland Uplift, Kathiawar Uplift, Pachham, 

Khadir, Bela, Wagad, and Chobari uplift, and some minor NE/NW trending 

faults/lineaments characterise the tectonics of the Kachchh region (Biswas, 1987; 

Rastogi, 2001). Large and moderate earthquakes characterize the Kachchh region. 

Johnston's (1994) classification scheme classifies the Kachchh earthquake as an 

intraplate earthquake with a moment magnitude (Mw) of 7.7 (Bendick et al., 2001; 

Bodin et al., 2001; Schweig et al., 2003). Over decades the Kachchh region has been 

conferred with large earthquakes (Rajendran and Rajendran, 2001). Several studies 

have documented the occurrences of earthquakes in Kachchh, which have occurred in 

the historical past. The period between 885–1035 A.D witnessed an earthquake along 

the Allah Bund fault (Rajendran and Rajendran, 2001). The year 1668 observed a 

moderate earthquake in the region west of Kachchh, with an epicenter at (24°N, 68°E) 

(Rastogi et al., 2001). The year 1819 perceived the most massive earthquake in the 

region with Mw7.8, which resulted in a 100 km long ridge that is known as the Allah 

Bund (Johnston, 1994; Rajendran and Rajendran, 2001). The period between 1821–

1996 witnessed 16 moderate earthquakes of magnitude varying from 4.2 to 6.1 in this 

region (Rajendran and Rajendran, 2001). In 1956, an event of Mw6.0 took place on the 

Katrol Hill fault near Anjar city. And, the most recent, the 2001 Bhuj earthquake of 

Mw7.7 has been recorded to occur along the north Wagad fault. Since then, the 

Kachchh region has experienced several thousands of aftershocks. 
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Figure 1.4: Geology and tectonic map of the Kutch region showing faults, uplifts, wells and geophysical 

studies. Faults: KMF – Kutch Mainland Fault, KHF – Katrol Hill Fault, VF –Vigodi Fault, SWF – South 

Wagad Fault, NWF – North Wagad Fault, GF – Gedi Fault, GDF – Gora Dongar Fault. Uplifts: KMU – 

Kutch Mainland uplift, WU – Wagad Uplift, PU –Pachham uplift, KU – Khadir uplift, BU – Bela uplift, 

CU – Chorari Uplift. Wells: L – Lakhpat, S – Sanandra, SU – Suthri, B – Banni, N – Nirona. Earthquake 

epicentres: AE – Anjar earthquake, BE – Bhuj earthquake, KE – Kutch (Allah Bund) earthquake. G1–G3 

are gravity profiles; S1–S6 are seismic profiles; M1 and M2 are magnetotelluric profiles. (After Biswas, 

1987). 

1.5. Existing earthquake generation models of the Kachchh Rift zone 

Earthquake generation in the Kachchh region is shown to be related to the geological 

and tectonic history of this region (Rastogi et al., 2014). During the Late Cretaceous, 

rifting was aborted by the trailing edge uplift when Indian plate was in pre-collision 

stage (Biswas, 2005). During the rift-drift transition stage, the uplift produced structural 

inversion. During the drifting stage of the plate, the lateral movement produced 

horizontal stress and near-vertical normal faults. During initiation of the inversion 

cycle, these normal faults were reactivated as reverse faults and became strike-slip 

faults involving divergent oblique-slip movements (Biswas, 2005). A right lateral slip 

movement has been found to be responsible for the present structural style, which 

allowed the uplifts to shift progressively eastward relative to each other from south to 

north. This process led to the present en echelon positioning of the uplifts concerning 

the Kachchh Mainland uplift (Rastogi et al., 2014). During rifting, Igneous rocks 

extensively intruded the Mesozoic sediments followed by post-rift hotspots related to 

Deccan volcanism (Sen et al., 2009). Local earthquake tomography studies have 
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delineated the presence of mafic/ultramafic magmatic bodies close to the crust-mantle 

boundary (Mandal and Pujol, 2006; Mandal and Chadha, 2008; Mandal and Pandey, 

2010). The inversion tectonics has been shown to continue during the post-collision 

compressive stress regime of the Indian plate (Biswas, 2005). This inversion tectonics 

has resulted in the KR basin representing a shear zone with transpressional strike-slip 

movements along the active sub-parallel rift faults. Observed neotectonic movements 

along these faults provide further support to the inverse tectonics model of the Kachchh 

basin. Confinement of aftershock hypocenters in the overlap zone between NWF and 

KMF suggests that presently faults in this overlap zone are most active due to the 

prevailing N–S compressive stress regime (Biswas, 2005; Mandal and Horton, 2007). 

Generation of new faults/fractures within the above-discussed deformation zone is also 

possible due to pulses of movement along these faults, which could propagate through 

recent Piedmont and scarp-fan sediments in the frontal zones of the thrusts, as seen in 

the trenches dug close to the KMF and KHF (Malik et al., 2008; Morino et al., 2008a, 

b) and in GPR surveys.  The morphotectonic features also indicate Quaternary uplift 

along the master mentioned above faults (Malik et al., 2008). 

The additional strain between the Radhanpur arch and the Median High has been 

shown to be caused by the obstruction caused by the arc, which acts as a stress barrier 

for eastward movements along the principal deformation zones (Biswas, 2005). 

Towards the eastern end of the Mainland uplift, the right lateral KMF becomes the 

SWF by left stepping, which creates a overstep zone between Samakhiyali and 

Lakadiya (Biswas, 2005), which is known as the Samakhiyali–Lakadiya graben. This 

graben is presently behaving as a convergent transfer zone that is undergoing 

transpressional stress in the strained eastern part of the basin. This graben structure is 

the most favourable zone for rupture nucleation (Biswas, 2005). This model gets 

further support from the occurrence of the 2001 Bhuj earthquake sequence within this 

zone. Aftershock relocations and focal mechanisms delineate a reverse fault (i.e. North 

Wagad fault, NWF) that dips 40–60° to the south, which is suggested to be the 

causative fault for repeated earthquake nucleation (Mandal and Horton, 2007; Biswas, 

2005). Several subsidiary faults branching off the main KMF characterize this 

nucleation zone. The causative fault (i.e. NWF) for the 2001 Bhuj mainshock is 

perhaps one such fault lying north of KMF. Large local stress perturbations associated 
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with the pre-existing fault intersection and mafic crustal intrusive bodies below the KR 

zone have been suggested to be main causative forces for the generation of the 2001 

Bhuj earthquake (Gangopadhyay and Talwani, 2003; Mandal and Pandey, 2010).  The 

transverse faults and the lower-crustal high-velocity magmatic layer can also induce 

sizable stresses in the earthquake nucleation zone (Mandal and Pandey, 2010). 

Presumably, the fluid released during prograde metamorphism of lower-crustal rocks 

provide the triggering effect for generating continued aftershocks in the above-

discussed nucleation zone (Mandal and Pandey, 2010; Mandal, 2011; Mandal, 2012a, 

b). 

1.6. Previous Seismological studies in the Kachchh region 

1.6.1. Earthquake Source parameters 

Several researchers have studied the earthquake source parameters like seismic 

moment, stress drop and source radius to understand the tectonics of the Kachchh 

region. Mandal and Jonhston (2008) estimated source parameters of some selected 

aftershocks of the 2001 Bhuj mainshockof Mw varying from 2.16 to 5.74 and found that 

estimates of seismic moment (Mo), source radius (r) and stress drop () range from 

1.95* to 4.5* 1017 N-m, 239 to 2835 m and 0.63 to 20.7 MPa, respectively. These stress 

drop values are found to be much higher than any other intraplate seismic zones in 

India. These higher values of dress drops have been attributed to the crustal mafic 

intrusive bodies and the presence of aqueous fluids in the lower crust (Mandal and 

Johnston, 2006). In 2014, Rapolu and Mandal also estimated source parameters of 463 

Bhuj aftershocks of Mw ranging from 2.16 to 5.74, which have occurred during 2002-

06. Their estimated seismic moment (Mo), source radius (r) and stress drop (Δσ) range 

from 3.55*1011 to 2.84* 1017 N-m, 107 to 1515 m and 0.13 to 26.7, respectively. 

Further, Kumar et al. (2015) modeled seismic moment, source radius, and stress drops 

for 489 selected earthquakes (Mw2.05–5.52) from the 2001 Mw7.7 Bhuj earthquake 

sequence, which vary from 1.5*1012 to 2.4* 1017 N-m, 139.1 to 933.9 m and 0.1 to 14.4  

MPa, respectively. Most recently, Nagamani and Mandal (2017) have also obtained 

estimates of seismic moment, source radius, and stress drops for some aftershocks of 

the 2001 Bhuj earthquake, which range from 7.03*1012 to 5.36*1015 N-m, 178.56 to 

565.21 m and 0.53 to 36.79 MPa, respectively. 
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1.6.2. Focal mechanisms 

Mandal and Horton (2007) have studied focal mechanism solutions of 444 aftershocks 

(using 8–12 first motions) using the FPFIT program. Their study suggests that 

estimated focal mechanisms in the Kachchh seismic zone ranged between pure reverse 

and pure strike-slip except for some pure dip-slip solutions. A stress inversion study 

(Mandal and Horton, 2007) using the P and T axes of the selected focal mechanisms 

reveals an N181°E oriented maximum principal stress with a very shallow dip (=14°). 

In 2009, Mandal et al. performed deviatoric moment tensor inversion using waveform 

data of nine significant Bhuj aftershocks of Mw4.4-5.6 recorded at three-component 5–

15 accelerographs and 5–11 seismographs. This study suggests a depth-wise variation 

of focal mechanisms. Solutions of events on the north Wagad fault (NWF) at 15–29 km 

depths revealed a systematic depth-wise variation in the faulting patterns. At shallow 

depth (~15 km), they suggest a left lateral strike-slip movement with a minor reverse 

component along a south dipping plane (~61°). While they change to pure reverse 

movement on a preferred south dipping plane (10–54°) at 18–22 km depth range, and 

finally they change to the normal movement with a minor strike-slip (S-S) component 

at deeper (25–29 km) depth range. 

1.6.3. Sediment thickness 

Using time differences between direct and Sp converted phases, Mandal (2007) has 

estimated sediment thicknesses at 20 strong motion accelerographs (SMA) and six 

broadband seismographs (BBS), which were deployed in Kachchh, Gujarat, by the 

National Geophysical Research Institute (NGRI), during August 2002 and 2004. To 

model sediment thicknesses in Kachchh, Mandal (2007) has used P and S-wave 

velocities of 2.92 and 0.90 km/s, respectively, which were estimated through 1-D travel 

time inversion. The sedimentary thicknesses estimated by Mandal (2007) are found to 

be less than the constraints provided by a drill hole and a limited seismic survey 

(Biswas, 2005). The sediment thicknesses in Kachchh were modified by Chopra et al. 

(2010), by adding additional estimates from 13 new BBS and 2 SMA stations of the 

ISR network in Gujarat. Their study revealed that the maximum thickness of sediments 

is found to be in Banni plains near KMF and between the eastern edge of KMF and 

western edge of SWF. Imprints of KMF and SWF are observed in the cross sections 

across these faults as sudden increase in thickness of sediments of the order of 0.40–
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0.50 km. Basement highs are also noticed in the cross sections across the Kachchh 

Mainland, and the Wagad regions as expected as these are highlands, and basement 

lows are observed in the Samkhiyali basin. 

1.6.4. Qsvs.Qp relations 

Mandal (2007) have studied seismic wave attenuation in the Kachchh rift basin through 

the spectral ratios between converted Sp and direct phases S from 159 three-component 

accelerograms. The estimated Qs vs. Qp relations for 12 accelerograph sites though 

spectral ration method suggested that Qs vs. Qp relations in the Kachchh basin vary 

from Qs = 0.184 Qp (at Chobari seismic station) to Qs = 0.505 Qp (at Dudhai seismic 

station). 

1.6.5. Upper mantle anisotropy 

Mandal (2011) has studied the upper mantle anisotropy beneath the Kachchh region 

though the shear wave splitting analysis using 411 SKS/SKKS phases covering a back 

azimuth range of 13° to 305° by 12 broadband stations in the Kachchh region. This 

study depicted that the mean fast axis orientation and delay time in the Kachchh rift 

zone are found to be 86±14° and 1.6 s, respectively. Such a large mean delay time (~1.6 

s) has been attributed to a ~184 km-thick upper mantle layer with 4% anisotropy. Rao 

et al. (2013) have also studied the anisotropic nature of upper mantle using the same 

technique. They have shown, based on modelling of the variation of splitting 

parameters with back-azimuths, that the mantle anisotropy below the Kachchh region 

can be modelled using two anisotropic layers beneath the study region with the fast axis 

azimuth oriented N220E in the bottom layer and N770E in the top layer. While stronger 

anisotropy (δt~1.2 s) in the bottom layer is related to asthenospheric flow, a weaker 

anisotropy (δt~0.5 s) in the upper layer could represent anisotropy frozen in the 

lithosphere due to deformation related to widespread magmatism in this plume affected 

region. 

1.7. Other geophysical studies in the Kachchh region 

Several Geophysical studies have been carried out to understand the earthquake genesis 

in the Kachchh rift zone. Some studies have also been carried out for estimating 

earthquake locations, source parameters, fault mechanisms, sediment thickness, seismic 

wave attenuation and mantle anisotropy in the region. The outcomes of these earlier 



14 
 

studies are reviewed in the following. 

1.7.1. Deep Seismic Studies 

The deep seismic sounding carried out by National Geophysical Research Institute 

(Kaila et al., 1980) along the east-west Navibandar-Amreli. The results of this study 

show a large trap thickness (900 meters to 1300 meter) west of Junagadh that become 

thinner toward the east (350 meters near to Amreli). A low-velocity layer (4000 m/s) 

also find in this study which may be due to Mesozoic sediments. ONGC conduct a 

seismic survey in kachchh region during 1962 to 1989 and drill five deep bore wells 

(Figure 1.4) to delineate the Mesozoic sediment thickness. 

1.7.2. Magnetotelluric Studies 

National Geophysical Research Institute conducted a Magneto telluric Study during 

1988-90 with the support of Oil Industries Development Board (OIDB). The outcome 

of this study suggests a basement high near Jasdon, which may be a controlling factor 

of sediment deposition towards the NW region (Sarma et al., 1990). The results of this 

study were modelled to confirm the basement high using gravity and magnetic data 

(Laskar, 1991). 

1.7.3. Gravity and Magnetic studies 

Chandrasekhar et al. (2005) have done the simultaneous inversion of gravity, and 

magnetic data along a profile across the epicentral region suggest a 15 km wide zone of 

high magnetic and dense material. This high density and magnetic body (intrusive) in 

the Bhuj epicentral area can be related to the episode of volcanic activity (Deccan 

volcanism) They also find the regional gravity lows over the Kachchh rift basin which 

indicate deficit mass at Moho level, in the form of the crustal root of 8 km thickness. 

The nucleation or overstep zone in the Samkhiyali graben (Biswas, 2005) is 

characterized by Bouguer gravity highs of the order of 20 mgal, where most of the 

seismicity has been occurring since the occurrence of the 2001 Bhuj mainshock (Khan 

et al., 2016). However, the horst structures are observed to be characterized by gravity 

lows (Khan et al., 2016). 
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1.8. Structure of thesis 

This thesis is divided into seven chapters, starting two chapters deal with the 

introduction of research problem of the study area and data acquisition and data 

processing. The remaining chapters (three to six) deal with the research work and their 

results as well as interpretation. The final chapter deals with overall conclusions of the 

research work and future scope of the present study.   

Chapter 1.This introductory chapter deals with the discussion of the Geology, tectonic 

framework, and structure, and describes the seismo-tectonic evolution of the Kachchh 

Rift basin. This chapter also outlined the significant findings from the previous studies. 

The existing earthquake generation models of the Kachchh Rift zone is also discussed 

in this chapter. 

Chapter 2.This chapter deals with detailed description of the seismic network and 

aftershock data of the 2001 Bhuj mainshock. It also discusses the methodology for 

locating earthquakes using hypocentre program inbuilt in the SEISAN software. The 

nature of spatial distribution and depth cross-sections of modelled hypocenters of 

aftershocks of the 2001 Bhuj mainshock during 2014-15 is also discussed in this 

chapter. 

Chapter 3. In this chapter, a detailed methodology for estimating earthquake source 

parameters by inverting S-wave spectra through Marquardt – Levenberg inversion 

technique is discussed. This chapter also describes probable scaling relations and 

tectonics of the region in terms of estimated source parameters for 78 selected Kachchh 

earthquakes, which have occurred in 2014. 

Chapter 4.This chapter provides a detailed description of the methodology for 

computing moment tensor solutions using ISOLA software and crustal P- as well as S- 

wave velocity models of Mandal (2007). In this chapter, tectonics of the region is 

discussed in terms fault mechanisms, which are determined through moment tensor 

inversion. This chapter also presents precise focal mechanism solutions and focal 

depths indicated by a good waveform match between the observed and computed 

synthetic displacement seismograms. Beach ball is used to represent the fault 

mechanism of the region in terms of normal, reverse and strike-slip faulting. 
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Chapter  5. This chapter deals with the estimation of sedimentary thicknesses and Qs 

vs. Qp relations of the Kachchh rift basin through the modeling of time differences 

between direct S and converted Sp phases, which are generated due to velocity contrast 

between the upper lying sediments and basement. Spatial distribution of estimated 

sediment thicknesses is also discussed through a contour map of estimated sediment 

thicknesses (km) in Kachchh, Gujarat, India, wherein sediment thickness estimates 

from earlier similar kind of studies in Kachchh, Gujarat, have also been used (Mandal, 

2007; Chopra et al., 2010). Finally, the importance of modelled sediment thicknesses 

and Qs vs. Qp relationships of the Kachchh basin are discussed in this chapter. 

Chapter 6.This chapter deals with the delineation of the upper mantle anisotropy 

through a shear wave splitting technique using both rotational-correlation and 

minimum energy methods. Plate motion direction, the strength of anisotropic layer and 

thickness of anisotropic layer beneath the Kachchh region are inferred using shear-

wave splitting parameters viz. fast polarization directions and delay times. 

Chapter 7. This chapter deals with the overview of the significant results from various 

studies in Kachchh, Gujarat, viz. earthquake locations, source parameters, moment 

tensor solutions, sediment thicknesses, Qs vs. Qp relations and nature of upper mantle 

anisotropy. In this chapter, the conclusions are drawn from results obtained from this 

doctoral thesis. Future scope of the study is also discussed in this chapter. 
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Chapter 2 

Seismic network, Data and Earthquake locations  

2.1. Introduction 

In observational seismology, the determination of the exact location of an earthquake is 

the most important objective, which has been achieved through different seismological 

techniques. The source location of an earthquake is represented by its hypocenter (xo, 

yo, zo) and the origin time (t0). The hypocenter is the physical location of the initiation 

point of the rupture process, represented by longitude (xo), latitude (yo), and depth 

below the surface (zo). The hypocenter can be either measured in geographical or 

Cartesian coordinates, i.e., in [deg] or [km], respectively. The origin time is the 

initiation time of the earthquake rupture. The epicenter is the vertical projection of the 

hypocenter on the Earth’s surface (xo, yo). For a large earthquake, the physical 

dimension of the rupture zone can be several hundred square kilometers, and the 

hypocenter can be located anywhere on the rupture surface. Arrival times of the seismic 

waves and seismic velocity of the region are used to determine the hypocenter and 

origin time. This is true only when propagation velocity of P or S waves is larger than 

the rupture velocity. Therefore, P- or S-wave energy radiated from the end of a long 

rupture, will always arrive later than energy radiated from its start. Based on arrival 

times of high-frequency first P-type arrivals, origin times (OT) and locations of 

earthquakes of M4.5 are regularly being reported by the International Seismological 

Center (ISC) and the National Earthquake Information Center (NEIC).  These 

OT/location parameters may be quite different from the centroid time and centroid 

location obtained by moment-tensor inversion. This difference in hypocenter exists 

because the centroid solutions represent the average time and location for the entire 

seismic moment released by the earthquake. This observation is true if the latter can be 

considered as a point source in space with a prescribed symmetric triangular moment-

rate function. However, this assumption does not always hold, especially for great 

multiple rupture events (e.g., Kikuchi and Fukao, 1987; Tsai et al., 2005). 

The Mesozoic Kachchh rift zone is located in the north-western India. The region has 

undergone two rifting episodes (viz. African (at 184 Ma) and Madagascar (88 Ma) 

break-up episodes) and associated volcanism episodes (Gambos et al., 1995). The 
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region was affected significantly by the Deccan Mantle plume when the Indian plate 

moved over the Re-Union hotspot, resulting in massive Deccan basaltic outpouring at 

65 Ma (Courtillot et al., 1986). These massive tectonic events have altered the crust and 

mantle structure associated with the Kachchh rift zone, as evidenced by marked crustal 

as well as lithospheric thinning (Mandal, 2013). Large earthquakes of Mw7 have been 

occurring in this rift zone since 325 BC (Rajendran et al., 2008). The region has 

experienced two large earthquakes of Mw7.7, one in 1819 (Kachchh Earthquake, 

Mw7.7) and the other in 2001 (Bhuj Earthquake, Mw7.7) (Gupta et al., 2001). The latter 

event has resulted in a very long aftershock sequence consisting of 13 Mw5, about 250 

Mw4, and about 4000 Mw3 events (Mandal, 2015). This activity is continuing at the 

Mw≤5 level until today. This earthquake activity has been monitored by National 

Geophysical Research Institute, Hyderabad, with a close mobile seismic network of 8-

12 broadband seismographs, during 2014-2015 (Figure 2.1), which led to an excellent 

dataset of broadband velocity seismograms.  This dataset has been used to carry out 

different seismological studies in this thesis. The routine Pg- and Sg- phase analysis for 

different stations using SEISAN software led to phase data files for earthquakes of 

different sizes. Then, these data files for different events, consisting of arrival times of 

P- and S- pick recorded at 3 or more stations, are used to calculate the hypocentral 

parameters utilizing the location program (inbuilt in SEISAN software) and available 1-

D velocity structure for the region (Mandal, 2007). For felt events (Mw3), P- and S- 

picks from strong-motion stations are also used for earthquake location. Using above-

discussed procedure, we located about 340 events of Mw2.2-3.9 during 2014-2015, 

whose epicentral locations are shown in Figure 2.1. 
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Figure 2.1: A plot showing the locations of seismograph stations (solid blue triangles) whose data have 

been used for the study of the Kachchh region, Gujarat, India. The red and green solid star represents 

the epicenters of the 2001 Mw7.7 Bhuj and aftershocks, earthquakes. Faults: ABF( Allah Bund Fault), 

IBF (Island Belt Fault), KMF (Kachchh Mainland Fault), KHF (Katrol Hill Fault), NPF (Nagar Parkar 

Fault), BF (Banni Fault), GF (Gedi Fault) and NWF (North Wagad Fault) are shown by solid black 

lines. 

2.2. Seismic Network and Data 

During 2014-2015, a close seismic network of twelve three-component digital 

broadband seismograph stations in Kachchh, Gujarat, was maintained by the National 

Geophysical Research Institute, Hyderabad. The details of these stations are given in 

table 2.1. Each station site was comprised of a 24-bit recorder (Reftek) with a GPS 

timing system. Each station was equipped with a broadband sensor (Guralp CMG-40T 

(natural period of 30s) or CMG-3T (natural period of 120s)).These seismographs 

recorded data in continuous mode at a sampling rate of 100sps. The station locations of 

this network are shown in Figure 2.1.  The azimuthal Gap for the above network has 

been found to be less than 180°. Most of these stations were installed on hard sediments 

or rocks (Jurassic sediments or basalt). However, few of these stations were sited on a 

thin layer of overlying soil rock. The above network covered the epicentral zone of the 
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2001 Bhuj earthquake very well in all directions except the northern and central areas 

due to non-availability of roads in the Banni region. Aftershock activity of the 2001 

Bhuj earthquake in the Kachchh region has been continuing until today. But, the above 

network had continued to record earthquake activity until December 2016. 

2.3. Seismological data recording system 

The 151B Broadband Seismometer records the earth vibrations caused by the 

earthquakes in analog format, which is converted into digital format by 130S 

Broadband Seismic Recorder and which is stored in the data memory flash card. The 

power is provided to recording system by a battery which is connected with solar 

panels. The components of recording system are shown in Figure 2.2. The detail 

description of the 151B Broadband Seismometer and 130S Broadband Seismic 

Recorder are discussed in the following. 

Table 2.1: Details of broadband seismic stations installed in the Kachchh region 

Station Name Latitude (0N) Longitude(0E) Elevation(m) Instrument 

BCH 23.28 70.34 32 BBS 

SIV 23.41 70.59 67 BBS 

VJP 23.56 70.50 12 BBS 

MOU 23.81 70.86 70 BBS 

GDD 23.87 70.37 18 BBS 

JMN 23.82 69.88 100 BBS 

MTP 23.86 69.78 60 BBS 

NAGO 23.31 69.73 170 BBS 

BHU 23.21 69.65 160 BBS 

MND 22.84 69.29 18 BBS 

TPM 23.02 69.66 120 BBS 

TPR 23.24 70.12 8 BBS 

BBS- broadband Seismometer 
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2.3.1. The 151B Broadband Seismometer 

 

Figure 2.2: Schematic diagram of seismological data recording system. 

The 151B Broadband Seismometer is a force-balance feedback sensor available with 

the frequency bandwidth of 0.0083 Hz (120 sec) 50 Hz. The 151B Observer contains 

three independent sensors (one vertical and two horizontal) with built-in electronic 

feedback circuit, control, and power conversion circuits, featuring low noise, large 

dynamic range and easy installation and use. The 151B Observer has built-in leveling 

and mass lock/unlock facilities. The leveling mechanism includes two bubble levels, 

three adjustable feet, and three locknuts-located on the seismometer’s chassis. The151B 

Observer has a built-in mass zero position adjusting mechanism to perform the 

automatic mass adjustment. As soon as the seismometer is powered, it checks the zero 

position of each component’s mass and automatically adjusts the zero position if 

needed. Monitoring and adjustment of the mass can also be performed via the 130S 

series High-Resolution Recorders using the Sensor Control Board. The 151B Observer 

is an exceptionally low noise seismometer. The low self-noise performance makes the 

151B an ideal seismometer for local, regional and global seismicity studies in different 

installation configurations. 
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2.3.2. Reftek 130S Broadband Seismic Recorder 

The 130S is available with three or six input channels. To maintain accurate time over a 

long period, the 130S uses both a high-precision TCXO and an external reference 

provided by the GPS Receiver/Clock that uses GPS for time, frequency and position 

reference. Setup, control, and status monitoring are accomplished with either: the iFSC 

App which works with the iPod Touch and iPhone via a WiFi Serial Adaptor; or from a 

PC/workstation via the NET connector using the Trimble Reftek Interface software 

(RTI) without a terminal device attached. The 130S is low-power and operates from 12 

Volt power sources, making it ideal for portable deployment in a variety of 

environments where AC power is not available. 

Table2.2: Velocity Model for Locating Earthquakes in the Kachchh region(Mandal, 2007). 

Layer 

No 

Depth to the top 

of layer (km) 

𝐕𝐩(km/s) 𝐕𝐬(km/s) 𝐕𝐩 𝐕𝐬⁄  Geology 

1 2 2.92 0.90 3.24 Tertiary 

sediments 

2 5 5.99 3.49 1.72 Jurassic 

sediments 

3 10 5.90 3.37 1.75 Upper crust 

4 16 6.18 3.60 1.72 Upper crust 

5 22 6.07 3.60 1.69 Upper crust 

6 29 6.59 3.73 1.77 Lower crust 

7 34 7.20 3.99 1.80 Lower crust 

8 42 6.78 3.44 1.97 Lower crust 

9  8.2 4.70 1.74 Half space 
 

2.4. Methodology for calculating the earthquake location 

In this study of earthquake location we use Hypocenter earthquake location program 

(inbuilt in SEISAN software). The basic theory of this program is given below: 

2.4.1.Theory for hypocenter location 

Letearthquake location represented by (x,y,z) and origin time, t0.if the seismic stations 

location, elevations and overlying a one-dimensional stack of constant velocity are 
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known, then the travel time 𝑇𝑖(x,y,z) can be calculated to the ith station, along the 

partial derivatives 
∂Ti

∂x
,
∂Ti

∂y
,
∂Ti

∂z
 through the following equation 

 Ti(x, y, z) = ti − t0 − Δti (2.1) 

Where Δtithe time difference between is predicted and observed arrival times. 

Now we will approximate the residuals Δti through the first-order Taylor series 

expansion of Ti(x, y, z) to get a set of weighted residuals, τi, i.e., 

τi = ωi (ti − Ti − t0 − Δt0 − 
Δx ∂Ti
∂x

− 
Δy ∂Ti
∂y

− 
Δz ∂Ti
∂z

) 
(2.2) 

Where the 𝜔𝑖 are weighting factors which are normalized in such a way so that 

τ = (τ1, τ2, … , τn)
T 

Δt = (ω1Δt1,… ,ωnΔtn)
T
 

And                                                  dX4 = (Δt0, Δx, Δy, Δz) 

Equation (2.2) can be written as 

 τ =  Δt − TdX4 (2.3) 

Where      𝑇 =

[
 
 
 𝜔𝑖 𝜔𝑖

𝜕𝑇𝑖

𝜕𝑥

⋮ ⋮

𝜔𝑛 𝜔𝑛
𝜕𝑇𝑛

𝜕𝑥

𝜔𝑖
𝜕𝑇𝑖

𝜕𝑦
𝜔𝑖

𝜕𝑇𝑖

𝜕𝑧

⋮ ⋮

𝜔𝑛
𝜕𝑇𝑛

𝜕𝑦
𝜔𝑛

𝜕𝑇𝑛

𝜕𝑧 ]
 
 
 
 

The standard least-squares inversion of the equation (3.3) which minimizes ∑ τi
2

i   can 

be written as 

dX4 = (T
TT)−1TT Δt 

Or in the form of generalized inversion (Lanczos, 1961) 

dX4 = V(Λ)−1UT Δt 

Where V and U denotes the eigenvectors of  TTT and TTT, respectively 

And 𝛬 denote the diagonal matrix of common eigenvalues 
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2.4.2.Hypocentral correction 

Equation (3.1) can be rewrite a 

 Ti(x, y, z) = ti − t0 − Δti (2.4) 

In this equation each travel time assigned a weight such that 0 <𝜔𝑖≤ 1, 

To obtained the least-square hypocentral correction, we minimize the sum of the 

squared weighted difference 

 S2 =∑ωi
2Δti

2

n

i=1

 
(2.5) 

Where                                                Δti = δti − δt0 − ∑
∂Ti

∂xi

n
i=1  Δxi 

(2.6) 

Putting the value of 𝛥𝑡0 in equation (2.5) and differentiating it with respect to Δt0 gives 

the least-squares equation for the origin time correction as 

 Δt0 = 〈δti〉 −∑〈
∂Ti
∂xi
〉

n

i=1

 Δxi 
(2.7) 

Where the angle brackets are weighted means of the form 

〈δti〉 =
∑ ωi

2δti
n
i=1

∑ ωi
2n

i=1

 

Putting the value of 𝛥𝑡0 from equation (3.7) to (3.6) which gives 

Δti = (δti − 〈δti〉) −∑(
∂Ti
∂xi

− 〈
∂Ti
∂xi
〉)

3

i=1

Δxi 
(2.8) 

Instead of calculating an origin time correction, the residuals, 𝛿𝑡𝑖 and the partial 

derivatives are centered by using equation (2.8). 

To further improve numerical stability, the weighted and centered partial derivative 

matrix 

Gij = ωi (
∂Ti
∂xi

− 〈
∂Ti
∂xi
〉) 

(2.9) 
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Is scaled so that the norms of each column equal 1, i.e., 

Gij
′ =

Gij

Mj
 

(2.10) 

 

 Where                                                      Mj = (∑ Gij
2n

i=1 )
1

2  
(2.11) 

 

Then the weighted least-squares solution for the parameter corrections is given as 

Δxj = Mj∑(∑(Gkj
′ Gkl

′ +∧jl)
−1

n

k=1

)

3

i=1

∑Gil
′ ωiδti

n

i=1

 

(2.12) 

Where                               ∧jl= [
λ 0 0
0 λ 0
0 0 λ

] 

This algorithm allows the r.m.s. residual to increase temporarily for a set number of 

iterations to search for a potentially lower minimum. If the search is unsuccessful, it 

returns to the minimum solution. 

2.4.3.Hypocentral Error 

Least-squares error analysis provides the dimension of the error ellipsoid 

(δx1, δx2, δx3) as satisfying the inequality 

∑∑δxj

3

i=1

3

j=1

(∑GkjGkl +

n

k=1

∧jl)𝛅𝐱𝐥 ≤ 𝐤𝛂
𝟐  

(3.13) 

         Where                kα
2 = mŝ2Fα(m, k + n −m) (3.14) 

(Jordan and Sverdrup (1981))              

With Fα(m, k + n −m)being the F-distribution having m and k+n-m degrees of 

freedom at a confidence level 𝛼 

And�̂�2 = 
𝑘+|�̂�0|

2

𝑘+𝑛−𝑚
 

K is the number of degrees of freedom used to obtain a prior error,�̂�0 in the travel 

times. 
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2.5. Estimation of hypocenteral parameters 

Seismic activity recorded during May 2014 to 2015 has been analyzed in the present 

study, and the spatial distribution of seismicity along with the seismic station's network 

is shown in (Figure3.1). During the entire period of observation, a few of the seismic 

stations had a problem. Because of this problem data from these stations were not 

available for estimation of hypocentral parameters. Earthquake location is done though 

Hypocenter location program using velocity modal (Table 2.2). The input parameters 

are defined in parameter files called STATION0.HYP, which contains the following 

parameters 

I. Test parameters 

II. The station list containing latitude, longitudes and elevation and elevations for 

each station 

III. The layered velocity model parameters 

IV. A default starting focal depth 

V. The distance weighting parameters 

VI. The Vp and Vs ratio 

VII. The locating agency name 

hypocenters were determined by picking  P phase in vertical component and S phases 

in radial or transverse component of seismogram. These phases are shown in Figure 

2.3. Magnitude of these events is estimated through spectral analysis of S wave which 

is discuss in next chapter III. 
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Figure 2.3: A plot showing three- component seismograms. 

2.6.Results and discussions 

Seismicity of the Kachchh region during 2014-2015, which has been monitored using 

the broadband seismic network of NGRI, Hyderabad, is shown in Figure 2.1. A total of 

340 earthquakes were located using the hypocenter location algorithm, which is inbuilt 

in SEISAN software. The earthquake hypocentral locations obtained using this method 

are shown in Figure 2.3, (Table A2.1). Error in hypocenter, is determined by the 

method of Jordan and Sverdrup (1981), varies from 0.5 to 2.6 km in Latitude, 0.4 to 2.3 

km in Longitude  and 0.7 to 4.7 km in focal depth. Two clusters of seismicity are seen 

along the Kachchh Mainland Fault (KMF) and North Wagad Fault (NWF). The 

magnitudes (Mw) of these selected events range from 1.8 to 4.3 while focal depths vary 

from 2.0 to 4.7 km. We divided located event magnitudes into three range 2.0˂Mw, 

2.0≤ Mw˂3.0, and Mw≥3.0, and we found that the majority of events lie in Mw≥ 2.0 

range (337 events), not in Mw˂2.0 range (3 events). Theoretically, the occurrence of 

smaller events (Mw˂2.0) should be more in comparison to the occurrence of Mw≥ 2.0. 

Thus, our above observation regarding fewer occurrences of smaller events (Mw˂2.0) 

may be because of the event detection sensitivity of our network. Most of the felt 

events Mw≥ 3.0 have occurred along the KMF and NWF. However, three felt events 

(Mw≥ 3.0) took place along different faults, away from the main seismic clusters; one 

along the Katrol Hill Fault (Mw = 3.3), two along the Banni Fault (Mw =3.0, 3.2). 



28 
 

Additionally, there are few smaller events. Around the Bhuj aftershock zone, several 

mainshocks of Mw4.4–5.6 are reported along different faults during 2006–12. The total 

number of such mainshocks is at least 20 in Kachchh e.g., an Mw5.6 earthquake in 

March 2006 along the GF about 75 km northeast of the 2001 mainshock epicentre, an 

Mw4.4 shock of October 28, 2009, along with the Gora Dungar fault, and an Mw 5.1 

shock of June 19, 2012, along a transverse fault north of the rupture zone of the 2001 

Bhuj mainshock.The generation of a large number of mainshocks is attributed to the 

triggering mechanisms caused by migration of fluids or the stress pulse generated by 

the 20 MPa stress drop of the Mw7.7 Bhuj earthquake in 2001 (Mandal et al., 2016; 

Rastogi et al., 2013b). This stress pulse migrates to distances of 100–200 km and even 

6–16 years after the Bhuj earthquake. This triggered seismicity may be because of an 

increase in Coulomb stress of up to 1 bar in Kachchhas estimated by viscoelastic 

modelling (Rastogi et al., 2013b). Note that Scholz (1977) gave the explanation of the 

Haicheng earthquake prediction by propagation of the deformation front at a rate of 110 

km/yr and explained that this might result from stress pulse migration through the 

mantle (Savage, 1971; Bott and Dean, 1973). The epicentral plots and depth sections of 

located aftershocks during 2014-2015, are shown in Figure 2.4. In-depth sections, no 

earthquakes are noticed in the top 2 km. This can be attributed to the unconsolidated 

sediments of the Kachchh basin, which does not host favourable environment for 

accumulating stresses, thereby, generating earthquakes. A marked concentration of 

events is noticed in 15-30 km depth range, which could be attributed to the presence of 

a mafic intrusive body, resulting in stress build-up for earthquake generation in this 

region (Mandal et al. 2004). 

Note that the rheological modelling of the Kachchh region reveals a deeper 

Brittle/Ductile transition zone at 25 km depth, suggesting the brittle crust extending 

down to 35 km depth, which suggests the possibility of occurrence of earthquakes 

down to 35 km depth (Mandal and Pandey, 2010). 
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Figure 2.4: Epicenteral plot of earthquakes in Kachchh during May 2014 to June 2014. The epicenters 

of shocks ofMw˂2.0, 2.0 ≤ Mw˂3.0, and Mw≥ 3.0 are shown by small, medium and large circle, 

respectively. Red star show the 2001 Bhuj earthquake. Dark solid lines show different faults in the 

Kachchh region.  

 

Figure 2.5: (A) E–W depth plot of located aftershocks during 2014–15. (B) N–S depth plot of located 

aftershocks during May 2014 to June 2014. The epicenters of shocks ofMw˂2.0,     2.0 ≤ Mw˂3.0, and 

Mw≥ 3.0  are shown by small, medium and large circles, respectively, and  a red star shows the 2001 

Bhuj earthquake in both figures 2.4(A,B). 
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2.7. Conclusions 

Two clusters of seismicity are seen along the Kachchh main land Fault (KMF) and 

north Wagad Fault (NWF). Also, three felt events occurred along different faults away 

from the above-mentioned seismicity clusters; one along the Katrol Hill Fault andtwo 

along the Banni Fault.  The generation of these three felt events could be due to 

triggering caused by migration of fluids or the stress pulse generated by the 20 MPa 

stress drop of the Mw7.7 Bhuj earthquake in 2001. This triggered seismicity may also 

be because of an increase in Coulomb stress of up to 1 bar in Kachchh. There is no 

earthquake in the top 2 km, which could be attributed to the presence of unconsolidated 

sediments of the Kachchh basin that does not host favourable environment for 

generating earthquakes. A marked concentration of events is noticed at 15-30 km 

depths, which could be attributed to the presence of a crustal mafic intrusive 

body,resulting in stress build-up for earthquake generation in this region. 
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Chapter 3 

Estimation of Earthquake Source Parameters 

3.1. Introduction 

In this study, an attempt has been made to understand the physics of intraplate 

earthquakes, through modelling of some earthquake parameters, which describe the 

earthquake rupture process called source parameters, such as seismic moment, corner 

frequency, source radius, stress drop and radiated energy. Determination of source 

parameters for small earthquakes is essential for constraining the scaling of earthquake 

size, stress drop, and radiated energy. In general, spectral properties of small 

earthquakes at high frequencies are analysed to determine their source parameters, 

which are relatively complicated. This is because of the fact that the path and site-

effects of smaller earthquakes are difficult to distinguish from their source 

characteristics. The high-quality of the analyzed dataset and the corrections applied to 

the spectra made it possible to obtain reliable source parameters for earthquakes 

occurring in Kachchh, Gujarat, India. Earthquake source parameters can be estimated 

both in the time domain (Berckhemer& Jacob 1968; Bollinger 1968, 1970; Mikumo 

1969, 1971; Fukao1970, 1972; Burdick &Helmberger 1974; Sasatani 1974; Chung 

&Kanamori 1976, 1978a; Strelitz 1977) and in the frequency domain (Teng& Ben 

Menahem 1965; Khattri 1969; Wyss 1970; Wyss & Molnar 1972). The spectral 

analysis has been widely used for the determination of source parameters based on ω-

square source model of Brune (1970) and the spectral theory of Boatwright (1980). To 

understand the seismo-tectonics of an area, earthquake source parameters have been 

studied for different parts of the world, by several authors (Bakun et al. 1976; Hanks 

&Kanamori 1979; Ishida &Kanamori 1980; Fletcher 1980, 1982; Marion &Long 1980; 

Fletcher et al. 1984, 1987; Cranswick et al. 1985, Boatwright 1994; Mandal et al. 1998; 

Mandal & Johnston 2006; Tusa&Gresta, 2008). 

3.2. Developments of earthquake source models 

Several field observations suggested that the earthquakes are caused by faulting (e.g., 

Richter, 1958). On account of this, dislocation models were developed to model an 

earthquake as a slip on the fault. A brief description of some of the early models is 

discussed in the following. The expression of the body force representing a dislocation 
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has been derived by Burridge and Knopoff(1964). This expression produces radiation 

pattern identical to that of the dislocation. This equivalent body force depends only 

upon the source and the elastic properties of the medium near to source. At the same 

time, a rectangular fault model was proposed by Haskell (1964) to represent a 

propagating displacement discontinuity by assuming a uniform displacement 

discontinuity that is moving at a constant rupture velocity along a thin fault of length 

‘L’ and width ‘W’. This model is a reasonable approximation of a simple seismic 

rupture propagating along a strike-slip fault at wavelengths much longer than the size 

of the fault. This model has been extensively used to invert seismic and geodetic data 

for estimating earthquake source parameters in the near and far-field. The seismic 

radiation of Haskell's model was computed by Madariaga (1978) and found that this 

model, fails at high frequencies due to the stress singularities around the edges. All 

dislocation models with constant slip suffer from this problem. Sato and Hirasawa 

(1973) reduced this problem through tapering the slip discontinuity near the edges of 

the fault. Savage (1966) proposed an elliptical fault model to study the effects of body 

and surface waves on the spectra. The spectra of the pulses from this model exhibited 

two band-limited components that are associated with two intervals in the time domain. 

The first interval is associated with the time interval preceding the first stopping phase, 

and the interval over which the first and final stopping phase occurs. The second 

interval is associated with the time interval between the stopping phases. The scaling 

law depicting the dependence of the amplitude spectrum of seismic waves with 

magnitude was developed by Aki (1967). An earthquake dislocation was also modelled 

as a tangential stress pulse applied to the interior of a dislocation surface wherein the 

stress pulse sends a shear-stress wave perpendicular to the dislocation surface (Brune, 

1970 and 1971). Considering the effects of fractional stress drop, this model expresses 

near- and far-field displacement time functions and spectra. Since this model explains 

the near- and far-field spectra observed for earthquakes quite well. Thus, this model has 

been successfully used to study the earthquake source parameters from the 

seismological dataset.  A spectral theory for circular seismic sources has been 

developed by Boatwright (1980) wherein expressions were derived for calculating 

source dimension, dynamic stress drop, and radiated seismic energy. The far-field body 

wave radiation associated with the Boatwright(1980)'s model was investigated 

concerning takeoff angle, rupture velocity, and stopping-behaviour. The variation in 
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spectral shape, pulse shape, and energy flux of this model over the focal sphere was 

also quantified. Two new methods for estimating source dimension was derived from 

the above study (Boatwright, 1980). In the first method, the source dimension is 

determined through the inversion of a characteristic frequency while source dimension 

is calculated using the rise time of the displacement pulse shape in the second method. 

The dynamic stress drop from the shape of the velocity pulse is also possible for the 

Boatwright (1980)'s model. The total radiated energy, as a new spectral parameter, has 

been expressed as the integral of the square of the ground velocity. This model also 

includes the source directivity. The earthquake scaling laws for different regions of the 

world have been established using the above-discussed earthquake source models. 

 

3.3. Seismic Network and Aftershock data 

In this chapter, we have estimated source parameters of 78 selected Kachchh 

earthquakes of Mw ranging from 2.3 to 3.9, which have occurred in the Kachchh region 

during May - June 2014. For our study, we have used digital seismograms of selected 

aftershocks from the broadband seismic network of NGRI, Hyderabad. The details of 

this network are discussed in the Chapter-II. These selected events were located using 

the methodology as discussed in Chapter - II. And, the hypocenter parameters of these 

aftershocks events are listed in the Table A3.1. An instrumental correction was applied 

to the broadband waveform data of selected 78 aftershocks using pole-zero files of the 

sensor through the inbuilt “transfer” facility of SAC (Seismic Analysis Code), followed 

by the application of the functions “mean” and “trend removal” to our data, through 

SAC. A time window of 5.12 s was then selected beginning at the S-arrival. After 

obtaining the windowed S-wave data, a 5% cosine tapering on both sides was applied. 

Finally, the S-wave spectra using the in-built FFT (fast Fourier transform) facility of 

the SAC was computed.  

3.4. Methodology for Estimation of Earthquake Source Parameters 

Levenberg–Marquardt non-linear inversion method is used to obtain the best-fit spectra 

for estimating earthquake source parameters. S-wave spectra are used as the input data 

for the Levenberg–Marquardt inversion modelling. In this inversion scheme, initial 
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guesses for corner frequency (fc) and long period spectral level (Π0)are made from the 

respective observed spectra and modelled spectra, i.e., the initial corner frequency is 

determined by matching the observed spectraandmodelled spectra. After obtaining 

initial values, inversion modelling based on the ω-square source spectral model was 

performed to estimate the best-fit inverted spectra, by iteratively minimizing the 

normalized difference between inverted and observed spectra that provides therequired 

model parameters, i.e., corner frequency and long-period spectral level values. Using 

these model parameters, other source parameters like source radius, static stress drop, 

seismic moment and moment magnitude were computed, using some well-known 

empirical relations. We know that  A0, the source term for S-waves (high frequencyfall-

off ( = 2)) can be written as (Boatwright, 1980): 

A0 = 
Π0

[1 + (
f

fc
)
2

]
0.5 =

Π0

[1 + (
f

fc
)
4

]
0.5 =

Π0
[B4]0.5

 
(3.1) 

From equation (3.1), we can write the spectral amplitudes at adistance R from the 

source, with no attenuation effect, as (Fletcher,1995): 

ln[A(f, R)] = ln

{
 

 
Π0

[1 + (
f

fc
)
4

]
0.5

}
 

 

− ln(R) −
ωt∗

2
 

(3.2) 

where, t* = R/𝑄0Vs.𝑄0 is the quality factor while R is the hypocentral distance. Since, 

the formula for seismic moment iscorrected from the geometrical spreading effect, thus, 

the ‘R’ term can be dropped from equation (3.2). We now expand the 𝐵4 term 

following the Taylor series as a Newton–Raphson’s method to find roots of nonlinear 

equations (Press et al. 1992), which yields the final equation as: 

A(f) = lnΠ0 − 0.5 ln B4 + 2B4
−1 (

f

fc
)
4

(
Δfc
fc
) −

ωt∗

2
 

(3.3) 

We solve equation (3.3) using a least-squares algorithm to obtain the model parameters 

after 10 iterations. In fact, we minimize the error in least squares sense by solving: 

D = GM (3.4) 
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where, the model parameter matrix M, sensitivity matrix G and data matrix D are 

M = [ln(Π0), t
∗Dfc]

T 

G = [1, −
ω

2
, 2B4

−1 (
f

fc
)
4

/fc] 
(3.5) 

D = [lnA(f) + 0.5 ln B4] 

Using Newton’s method for quasi-linear equation 

ΔM = (GTG)−1GTΔD  

(3.6) 

where, 𝛥𝑀 is the change in model parameters and 𝛥𝐷is the difference between 

predicted data and observed data. The solution is found iteratively according to Mk  =

 M0 + Mk−1 where 𝑀0 is the initial model. Since the sensitivity matrix tends to 

singular, we use the Lavenberg-Marquardt inversion technique to estimate ln𝛱0 and fc 

with 10 iterations. Using this technique, equation (3.6) can be written as: 

ΔM = (GTG + λI)−1GTΔD (3.7) 

where, λ is the Levenberg–Marquardt adjustable damping parameter and I is the 

identity matrix. In this inversion scheme, first, we set the initial guessed value of Δfcto 

0.1 Hz for all events, while that of 𝛱0is selected visually from the respective low-

frequency spectral level. And, the initial guessed value of t* is calculated using the 

equation t*=R/𝑄0𝑉𝑠, where R is the hypocentral distance (in km). And for the Kachchh 

region, 𝑄0considers to be 102 while 𝑉𝑠assumes to be 3.5 km/s. Next, we estimate the 

normalized difference between the computed spectra obtained from the theoretical 

formula and that yielded from equation (3.14) at each iteration. The maximum 

difference is selected from the initial guessed values of Π0, t* and fc, and the minimum 

value is set based on the accuracy of the Π0, t* and fc values that one can expect to 

obtain from the inversion of noisy data (Mandal and Dutta, 2011). We also assign an 

initial value to λ, say 0.001. Thechange in model parameter vector (ΔM) is derived by 

substituting the initial guessed values into equation (3.20). In the next iterations, a new 

model parameter is computed according to Mr+1  =  Mr  + DMr, where 𝑀𝑟 and 

D𝑀𝑟 are the model parameters and change in parameter values at the rth iteration. Thus, 
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after 10 integrations, we obtain the best fit model which provides the model parameters 

i.e. fc, t* and 𝛱0. In this study, the damping factor λ, which provide the best fit inverted 

spectra, vary from 1 to 300. After obtaining model parameters from the above inversion 

technique, source parameters such as seismic moment, source radius and stress drop are 

estimated using following empirical relations: 

M0 = 
4πρVs

3Π0
FRθϕ

 
 (3.8) 

r =  
2.34 ∗ Vs
2πfc

 
 (3.9) 

Δσ =
7

16
∗ (
M0

r3
) ∗ 10−7 

(3.10) 

where, Πo  and fc mark the long-period spectral level (in m-s) and corner frequency (in 

Hz) for seismograms, 𝑉𝑠and ‘ρ’ are the S-wave velocity in m/s and rock density in 

kg/m3 at the source, respectively. R is the mean radiation pattern, which is assumed to 

be 0.55 for the Kachchh region (Singh et al. 2004; Mandal and Johnston 2006). F is the 

free surface correction factor (=2). The estimated Mo, r and stress drop are in N-m, m, 

and Pa, respectively (1 MPa = 106 Pa).And, the moment magnitude is estimated using 

the equation given below: 

Mw =
2

3
log10(M0) − 6.06 

(3.11) 

Where Mois in N-m. 

3.5. Error analysis 

we analyze the error in source parameters by estimating the standard deviation and 

mean of moment (Mo), source radius (r) and stress drop (Δσ). The average seismic 

moment and source radius are estimated by the equations given below (Archuleta et al., 

1982): 

〈M0〉 = antilog [(
1

NS
)∑logM0i] 

(3.12) 
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and                〈r〉 =  [(
1

NS
)∑ri] 

(3.13) 

 

 

Figure 3.1: A plot showing 3- component Seismograms labelled with P and SH phases. 

 

Figure 3.2: Plot showing shear wave spectra. The long period spectra level and corner frequency are 

marked by  ∏0 and fc. 
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The standard deviation of the log moment are calculated using the equation mentioned 

below, 

sd(log〈M0〉) =  {(
1

NS
− 1) ∗∑[logM0i − log〈M0i〉]

2}
0.5

 
(3.14) 

We also estimate multiplicative error factor using equation as given below 

Emo = antilog{sd(log〈M0〉)} (3.15) 

Similarly, we calculate the average and the standard deviation for source radius and 

corner frequency.Finally, the standard deviations of stress drops are estimated using the 

equation as given below (Fletcher et al., 1984): 

σstd = Δσ{(
σm
M0
)
2

+ 9(
σr
r
)
2

}

0.5

 
(3.16) 

3.6. Results and Discussions 

The estimated seismic moment (Mo), source radius (r) and stress drop (Δσ) for the 

aftershocks of moment magnitude ranging from 2.2 to 3.9, rangefrom 1.86 x 1012to 3.2 

x 1015N-m, 146 to 262 m and 0.04 to 5.73 MPa, respectively (Table A3.2). The 

maximum stress drop value is estimated to be 5.73 MPa at 24 km depth for the most 

significant studied event of Mw3.9. The logarithmic of the seismic moment estimates 

are plotted against the logarithmic of source radius with the constant stress drop lines 

(Figure 3.3), which shows that the source radii are weakly dependent on the event size. 

The logarithm of the seismic moment (Mo) versus corner frequency (fc) plot (figure 3.4) 

shows that corner frequency (fc) is decreasing with increasing seismic moment (Mo), 

following a linear relationship. This relation can be written as Mo= 7* 1024 fc – 12.6. 

Our estimated stress drop (Δσ) values also show a linear relation with the seismic 

moment (Figure 3.5), which can be written as (log10Δσ = 0.722 log10Mo−10.34). 
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Figure 3.3:A plot showing logarithm of seismic moment (M0) versus source radius (r) plot for 78 Bhuj 

aftershocks. shown by green sphere. 

 

 

 

 

 

 

 

 

 

Figure 3.4:A plot showing logarithm of seismic moment (M0) versus corner frequency(fc) plot for 78 

Bhuj aftershocks shown by green sphere. 
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Figure 3.5:A plot showing logarithm of  stress drop (Δσ) versus seismic moment (M0) plot for 78 Bhuj 

aftershocks shown by green sphere. 

 

Stress drops as a function of earthquake size for the aftershocks of 2001 Bhuj 

earthquake have also been observed by Bodin et al. (2004) for their ground motion 

scaling study of the Kachchh basin. It is well known that stress drop, in general, does 

dependent on earthquake size (Aki, 1962). This size dependency of stress drop is also 

seen from the relation between the seismic moment and source radius as shown in 

(Figure 3.5). Toro and Silva, (2001) proposed that stress drop, in general, does not 

depend on earthquake size.  However, there are some discussions about the earthquake 

scaling in terms of Mo and stress drop in the literature (Archuleta et al., 1982: Mayeda 

and Walter, 1996). The estimated corner frequencies are found to decrease with the 

increasing moment magnitude values as expected (Figure 3.6). Our estimated moment 

magnitude and corner frequency estimates reveal a linear relationship given by Mw= -

0.478fc + 6.538. The depth distribution of stress drop values on the NWF suggests that 

large stress drops are confined to the depth range of 8-33 km (Figure 3.7). This 

observation can be explained in terms of large stresses induced by the presence of 

mafic intrusive bodies and aqueous fluids in the crust below the region, as revealed by 

tomographic studies (Mandal and Pujol, 2006; Mandal and Chadha, 2008; Mishra and 

Zaho, 2003). 
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Figure 3.6:A plot showing logarithm of  moment magnitude (Mw) versus seismic corner frequency(fc) plot 

for 78 Bhuj aftershocks shown by green sphere. 

 

Note that all known larger (M≥7) stable continental intra-plate earthquakes took place 

in failed rifted crust (Johnston et al., 1994).In general, it is observed that the large stress 

drops characterize the intra-plate earthquakes in comparison to those of their interplate 

counterparts (Kanamori and Allen, 1986). To characterize the continued aftershock 

activity during May 2014 to June 2014, we compare our source parameters results of 

Bhuj aftershocks with those of aftershocks of other large intraplate and interplate 

events of India. The large stress drops obtained for the 2001 Bhuj mainshock of Mw7.7 

(~21 MPa, Antolik and Dreger, 2003) and the 1993 Latur earthquake of Mw6.3 (~7 

MPa, Baumbach et al., 1994) classify them as intra-plate earthquakes according to the 

stress drop estimates of intraplate events as provided by Scholz et al. (1986). From the 

spectral analysis for regional S waves, Singh et al. (1999) reported a static stress drop 

of 20 MPa for the Mw5.8 Jabalpur earthquake and 3.5 MPa for a Mw5.7 Bhuj 

aftershock. The source parameters for the Koyna earthquake sequence (1994-97) 

suggest that the stress drops range from 0.03 to 19 MPa for events of Mw varying from 

1.5 to 4.7 (Mandal et al. 1998). While the stress drops of the interplate Himalayan 

earthquakes like Uttarkashi (Mw6.8, 1991) and Chamoli (Mw6.5, 1999) are found to be 

4 and 15 MPa, respectively (Singh et al., 2004). 
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Figure 3.7:A plot showing logarithm of stress drop (Δσ)  versus focal depth (km) plot for 78 Bhuj 

aftershocks shown by green sphere. 

 

Thus, the above discussion suggests that in general, the stress drops of Indian 

earthquakes follow the observation made by Kanamori and Allen (1986). The ground 

motion prediction study for Kachchh basin by Bodin et al. (2004) suggests that the 

stress drops range from 0.07 to 100 MPa for the Bhuj aftershocks of Mw ranging from 2 

to 5.2. And, our study reveals a stress drop variation from 0.04 to 5.73 MPa for the 

Bhuj aftershocks of Mw varying from 2.2 to 3.9. Thus, it seems that our stress drop 

estimates are in good agreement with those estimates of other Indian earthquakes (as 

discussed above), whereas, Bodin et al. (2004)’s stress drop estimates seem to be 

overestimated. The standard deviation of (Mo, fc, r and Δσ) are listed in Table A3.2 for 

the aftershocks recorded at two or more stations. The estimated 

𝜎𝑓𝑐, 𝜎log (𝑀𝑜), 𝜎𝑟 𝑎𝑛𝑑 𝜎𝑠𝑡𝑑 are found to be varying from 0.13 to 1.93 Hz, 0.05 to 1.50 N-

m, 2.13 to 63.32 m, and 0.01 to 4.46 MPa, respectively while the error factor Emo for 

seismic moment is estimated to be ranging from 0.23 to 4.47. The standard deviation of 

( fc, log(Mo), r and Δσ) for the whole dataset are 0.77 Hz, 0.26 N-m, 21.17m and 0.80 

MPa with an average values 7.66 Hz, 0.54 N-m, 172.94 m and 0.59 MPa, respectively. 
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3.7. Conclusions  

In this chapter, we have modelled source parameters for 78 Bhuj aftershocks of Mw 

ranging from 2.2 to 3.9, which have occurred during May-June 2014. These estimated 

source parameters are then used to derive probable source scaling of intraplate 

earthquakes occurring in the Kachchh region. From Figure 3.4, we notice that, corner 

frequency (fc) is decreasing with an increase in the seismic moment (M0), following a 

linear relationship. This relation can be written as Mo= 7* 1024 fc – 12.6. The estimated 

Δσ are plotted against seismic moment (M0), which shows a linear relationship between 

these two quantities. Our estimated stress drop (Δσ) values reveal a systematic nature 

(log10Δσ= 0.722 log10Mo−10.34) (Figure 3.5). Figure 3.6 shows the distribution of 

stress drop with depth. We can see that large stress drops are confined to the 8–33 km 

depth range, which indicates the probable existence of the base of the seismogenic 

layer in this depth range. The maximum stress drop value is estimated to be 5.73 MPa 

at 24 km depth for the largest studied event of Mw3.9. The observed large stress drops 

in the 8–33 km depth range could be attributed to stresses induced by crustal mafic 

intrusive bodies and the presence of aqueous fluids in the lower crust below the region, 

as revealed by the earlier tomographic studies. The corner frequency estimates decrease 

with the increasing moment magnitude (Figure 3.7). Our estimated moment magnitudes 

and corner frequency estimates reveal a linear relationship given by Mw= -0.478fc + 

6.538. The standard deviation of seismic moment, corner frequency, source radius, and 

stress drop has been estimated for 78 selected Bhuj earthquakes, which are recorded on 

three or more stations. The estimated σfc, σlog (Mo), σr and σstd are found to be varying 

from 0.13 to 1.93 Hz, 0.05 to 1.50 N-m, 2.13 to 63.32 m, and 0.01 to 4.46 MPa, 

respectively. While the error factor Emo for seismic moment is estimated to be ranging 

from 0.23 to 4.47. The standard deviation of (fc, log(Mo), r and Δσ) for the whole 

dataset are 0.77 Hz, 0.26 N-m, 21.17m and 0.80 MPa with an average value 7.66 Hz, 

0.54 N-m, 172.94 m and 0.59 MPa, respectively. 
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Chapter 4 

Seismic waveform modelling using Moment Tensor Inversion 

approach 

4.1. Introduction 

Seismic waveform modelling is a technique of generating synthetic seismograms based 

on models of crust-mantle structure and the earthquake source characteristics. Further, 

the desired model parameters can be obtained through the correlation between the 

synthetic and observed waveform data. One of the advantages of waveform modelling 

is to estimate the precise focal depth of an earthquake since the synthetic seismograms 

are very sensitive to the focal depth. 

The earthquake source information obtained through the modelling of seismograms are 

the fault plane parameters like strike, dip, and rake, etc., which comprises the focal 

mechanism solution, seismic moment, source time function and rupture history of sub-

events that constitute the whole rupture process. The focal mechanism solution of an 

earthquake is one of the fundamental parameters that describe the source characteristics 

and is important for a physical understanding of the earthquake phenomenon. 

Conventionally, the focal mechanism solution is determined from the P-wave 

polarities. However, this method requires a large number of polarity data with good 

azimuthal coverage.  A much better approach to determine the focal mechanism 

solution is the ‘moment tensor inversion technique’ which evolved in the last few 

decades. 

4.2. Moment tensor inversion method 

Moment tensor inversion is a process of obtaining the source model by correlating 

synthetic and observed seismograms. Moment tensor inversion is an iterative process in 

which the Earth structure or source representation is changed to minimize differences 

between the observed and synthetic seismograms.  The moment tensor derived from the 

modelling of the seismograms contains the information of the fault plane parameters – 

namely strike, dip and slip/rake, which comprises the focal mechanism solution as well 

as the seismic moment. 
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4.2.1.Theory of Moment tensor inversion 

The concept of moment tensor provides a complete description of the equivalent force 

of a general seismic point source. A source can be assumed as a point source if the 

distance D of the observer from the source and the wavelength (λ) are much larger than 

the linear source dimension. A special case is the shear dislocation alongwith a planar 

fault which is described by the double couple source model. 

Jost and Herrmann (1989) expressed the displacement u on the earth surface at a 

seismic station through the following equation 

      us(x, t) =  Mkj(ξ, t) ∗ Gsk,j(x, ξ, t) (4.1) 

Where, 𝑢𝑠(𝑥, 𝑡): ground displacement at position x and time t 

𝑀𝑘𝑗(𝜉, 𝑡): components of 2-nd order, symmetrical seismic moment tensor M 

𝐺𝑠𝑘,𝑗(𝑥, 𝜉, 𝑡): derivative of Green’s function with regard to source coordinate 𝜉𝑗 

s(t):  source time history 

x: Position vector of the seismic station with coordinates 𝑥1, 𝑥2, 𝑥3 corresponding to 

north, east and down 

𝜉: Position vector of the seismic station with coordinates 𝜉1, 𝜉2, 𝜉3 corresponding to 

north, east and down 

Moment tensors provide a general theoretical framework to describe the seismic point 

sources based on generalized force couple. We can also say, a mathematical 

representation of the fault during an earthquake, comprising of nine generalized 

couples. 

[𝑀𝑖𝑗] = [

𝑀𝑥𝑥 𝑀𝑥𝑦 𝑀𝑥𝑧

𝑀𝑦𝑥 𝑀𝑦𝑦 𝑀𝑦𝑧

𝑀𝑧𝑥 𝑀𝑧𝑦 𝑀𝑧𝑧

] 

(4.2) 

(Jost & Herrmann, 1989, Shearer, 2009)          
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Figure 4.1: The nine generalized couples representing 𝐺𝑠𝑘,𝑗(𝑥, 𝜉, 𝑡) in equation (4.1). 

There are nine elements of [𝑀𝑖𝑗] however, the condition that angular momentum be 

conserved that require Mxy = −Myx, Myz = −Mzy, Mxz  = −Mzx 

Thus the moment tensor [𝑀] is symmetric and has six independent elements. 

For a double-couple source, the Cartesian components of the moment tensor can 

beexpressed in terms of strike 𝜙, dip 𝛿, and rake 𝜆, of the shear dislocation source (fault 

plane),and the scalar seismic moment M0 (Aki and Richards, 1980): 

 Mxx = −M0(sin δ cos λ sin 2ϕ + sin 2δ sin λ sin
2ϕ) 

Myy = M0(sin δ cos λ sin 2ϕ + sin 2δ sin λ cos
2ϕ) 

Mzz = M0(sin 2δ sin λ) 

 Mxy = M0(sin δ cos λ cos 2ϕ + 0.5sin 2δ sin λ sin 2ϕ) 

Mxz = −M0(cos δ cos λ cosϕ + cos 2δ sin λ sinϕ) 

Myz = −M0(cos δ cos λ sinϕ − cos 2δ sin λ cosϕ) (4.3) 
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Among six components, one represents an isotropic tensor, and other five are double 

couple tensors. In general, a seismic moment tensor, need not correspond to a pure 

double couple, but the symmetric tensor can still be diagonalized, with a linear 

combination of three orthogonal dipoles completely describing moment tensor 

excitation. The diagonalized values then correspond to eigenvalues of the moment 

tensor. For a double couple, the eigenvector corresponding to the positive eigenvalue, 

gives the tension axis, T; the eigenvector for the zero eigenvalues gives the 

intermediate stress axis, B; and the eigenvector for the negative value gives the 

compressional axis, P.  The combination of the first five gives a pure-deviatoric 

moment tensor while with the constraint of vanishing determinant, it corresponds to a 

double couple mechanism. 

4.2.2. General Moment Tensor 

Kikuchi and Kanamori (1991) chose six elementary moment tensors as the basis 

tensors to represent a seismic source, which are given bellow. 

M1 = a1 [
0 1 0
1 0 0
0 0 0

]M2 = a2 [
1 0 0
0 −1 0
0 0 0

]M3 = a3 [
0 0 0
0 0 1
0 1 1

] 

M4 = a4 [
0 0 1
0 0 0
1 0 0

]M5 = a5 [
−1 1 0
1 0 0
0 0 1

]M6 = a6 [
1 0 0
0 1 0
0 0 1

] 

where the coordinates (x, y, z) for 𝑀𝑗𝑘correspond to (north, east, down) and 𝑎𝑘are 

constants to be determined. The M1and M2 represent pure strike-slip faults; M3and 

M4represent dip-slip faults on vertical planes striking N-S and E-W, respectively, and 

M5 represent a 450dip-slip fault. The M6represents an isotropic source radiating energy 

equally into all direction (i.e., explosion or implosive). Figure 4.2 shows the 

mechanism diagram for these elementary tensors. 

 

Figure4.2: Elementary moment tensors used in the inversion. 
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The subgroups of this system represent the specific solutions: 

I. M1 ∼ M6: general moment tensor 

II. M1 ∼ M5: deviatoric moment tensor 

III. M1 ∼ M5: with|Mij| = 0: double couple. 

Let 𝑤𝑗𝑛(𝑡; 𝑝) be the synthetic seismogram at jth station due to nth elementary tensor 

Mn, where p represents the source term  such as the onset time and the location  etc. 

then the synthetic seismogram  𝑦𝑗(𝑡) is given  by 

yj(t) =  ∑an

Nb

n=1

wjn(t; p) 

(4.4) 

Where Nb is the number of elementary tensors. Let xj(t) is the observed seismogram.  

The coefficient𝑎𝑛 can be obtained by minimizing the residual sum as 

Δ =∑∫[xj(t) − yj(t)]
2

Ns

j=1

 

(4.5) 

Where Nbthe number of seismograms and the integration isconducted within some 

specified time window. By introducing new variables 

Rx = ∑∫{xj(t)}
2

Ns

j=1

dt 

 Rnm(p) =   ∑∫{wjn(t; p)wjm(t; p)}dt

Ns

j=1

 

(4.6) 

Gn(p) =   ∑∫{wjn(t; p)xj(t)}dt

Ns

j=1

 

Using equation(4.6), we can write equation (4.5) as, 

Δ = Rx − 2∑anGn

Nb

n=1

+ ∑∑Rnm anam

Nb

n=1

Nb

m=1

 

(4.7) 
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Applying least square conditions, 

∂Δ

∂an
= 0            (n = 1,2, ……… . . , Nb) 

(4.8) 

Equation (4.7) reduces to 

∑Rnmam

Nb

m

= Gn             (n = 1,2, ……… . . , Nb)  

(4.9) 

Let the inverse of the matrix 𝑅𝑛𝑚 𝑏𝑒 𝑅𝑛𝑚
𝐼  , i.e., 

∑Rnl
l

Rlm
I = δnm      (n,m = 1,2, … . , Nb)           

(4.10) 

Where δnm is thekronecker’s delta. Then the solution of the normal equation (4.9) can 

be express as 

an  =  an
0 ≡∑Rnm

I

m

Gm 
(4.11) 

The residual error is  

Δ =  Rx −∑Gn
n

an
0  

(4.12) 

The solution 𝑎𝑛
0  and 𝛥 are functions of the parameter p, which can be calculated from 

the criterion of minimum 𝛥 or maximum 𝛹𝑚(𝑝) 

Ψm(p) =  
∑ Gnn an

0

Rx
= 
∑ ∑ Rnm

I GmGnmn

Rx
 

(4.13) 

Here 𝛹𝑚 represents the correlation between the observed and synthetic seismograms. 

The normalization by Rx is introduced so that  Ψm = 1. 

Once the optimum is determined the values of 𝑎𝑛
0  are given by equation (9). Using the 

coefficients an, the resultant moment tensor is given by 
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[Mil]  = [

a2 − a5 + a6 a1 a4
a1 −a2 + a6 a3
a4 a3 a5 + a6

] 
(4.14) 

 

4.2.3. Double Couple Source 

A moment tensor with zero trace and zero determinants represent a double couple 

mechanism.Thus, by adding constraint as mentioned below 

D ≡ det⌊Mij⌋ = 0 (4.15) 

for a pure deviatoric moment tensor[Mij] = a1M1……………………a5M5 

And, if λ is the Lagrangian multiplier then, the objective function can be written as, 

Δ′  =  Δ + 2λ𝙳 (4.16) 

The objective function can be minimized with respect to 𝑎𝑛 and λ from the following 

conditions 

∂Δ′

∂an
= 0 ,       

∂Δ′

∂λ
= 0 

(4.17) 

Subsequently, we get following two equations 

𝑎𝑛 = 𝑎𝑛
0 − 𝜆∑𝑅𝑛𝑚

𝐼

𝑚

𝜕𝙳

𝜕𝑎𝑚
 

(4.18) 

And 𝙳 = 0 (4.19) 

Where 𝑎𝑛
0  is the moment tensor solution given by equation (9).Equations (16) and (17) 

can be solved numerically. The residual error Δ can be express as, 

Δ = Rx − 2∑anGn  +∑∑Rnmanam
nmn

 

Δ =  Rx −∑∑Rnm(an
0am

0 − ΔanΔam)

nm

 
(4.20) 

Where Δan = an − an
0  
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The correlation between the observed and synthetic seismograms is determined as 

Ψ𝙳(p) =  
∑ ∑ Rnm(an

0am
0 − ΔanΔam)nm

Rx
 

(4.21) 

4.2.4. Calculation of Green’s function 

The displacement field due to an impulsive source can be taken as a Green’s function. 

The Green’s function, which is given in terms of reflection-transmission matrices on 

the free surface (Kennett and Kerry, 1979) and can be evaluated by the discrete 

wavenumber method (Bouchon,1981). 

In a cylindrical coordinate system (r, Φ, z) with corresponding unit vectors ( 𝑟,̂ Φ̂, �̂�), 

wemay express the elastic displacement (𝑟, Φ, 𝑧, 𝑡) as a Fourier-Bessel transform 

W(r,Φ, z, t) = wrr̂ + wΦΦ̂ + wzẑ 

=
1

2π
∫ exp(−iωt)dω∫∑(UmRk

m + VmSk
m +WmTk

m)kdk

2

−2

∞

0

∞

−∞

 

 

(4.22) 

Where 

Rk
m = Jm(kr)exp(imΦ)ẑ (4.23) 

Sk
m =

1

k
[
∂

∂r
r̂ +

1

r

∂

∂Φ
Φ̂] Jm(kr)exp(imΦ) 

 

(4.24) 

Tk
m =

1

k
[
1

r

∂

∂r
r̂ −

∂

∂r
Φ̂] Jm(kr)exp(imΦ) 

 

(4.25) 

Recently, many approaches have been proposed to evaluate the layered half space 

response for a point source. These methods are the generalized ray theory (Helmberger, 

1968; Helmberger and Harkrider, 1978), reflectivity method (Fuchs and Muller, 1971), 

reflection and transmission coefficients matrix method (Kennett, 1974, 1980; Kennett 

and Kerry, 1979), discrete wavenumber method (Bouchon, 1981). A combined use of a 

generalized reflection-transmission matrix and a discrete wave-number method 

proposed for near-field synthetic seismograms (Yao and Harkrider, 1983; and Takeo 

1987). These all approaches are based on Kennett’s (1974, 1980) reflection and 
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transmission matrix, which is an effective procedure to evaluate the wavenumber 

integrands. 

According to Kennett’s (1974, 1980) reflection and transmission matrix method, Um, 

Vm, 

Tm in equation (4.17) are expressed as 

Uml0+ = (MU +MDR̃)(I − RD
RSR̃)

−1
TU
RS(I − RD

SLRU
FS)

−1
RD
SL(Φsm

D −Φsm
U ) 4.26 

Vml0+ = (MU +MDR̃)(I − RD
RSR̃)

−1
TU
RS(I − RD

SLRU
FS)

−1
RD
SL(Ψsm

D −Ψsm
U ) 4.27 

Wml0+ = (MU +MDR̃)(I − RD
RSR̃)

−1
TU
RS(I − RD

SLRU
FS)

−1
(RD

SL∑D − ∑U) 
4.28 

Where 𝑅 ̂is the free surface reflection coefficient matrix, and (𝑀𝑢 +𝑀𝐷�̂�)is the 

receiver function matrix (Helmberger,1978). RD
SL,  RD

RS,  RD
FSaregeneralized reflection 

and transmission matrices. In the frequency domain, the displacement (4.17) is 

expressed as follows: 

Wz
m(ω) = exp(imΦ)∫ UmJm(kr)kdk

∞

0

 

 

4.29 

Wr
m(ω) = exp(imΦ)∫ [Vm

∂Jm(kr)

∂(kr)
+
im

kr
WmJm(kr)] kdk

∞

0

 

 

4.30 

WΦ
m(ω) = exp(imΦ)∫ [

im

kr
VmJm(kr) −Wm

∂Jm(kr)

∂(kr)
] kdk

∞

0

 

 

4.31 

These expressions involve integrals of the form 

Im = ∫ F(k,ω)

∞

0

Jm(kr)kdk, m = 0,±1, ±2 

 

(4.32) 

Bouchon (1981) has demonstrated that the above wave-number integration can 

beevaluated by a discrete wave-number summation 

𝐼𝑚 =
𝜋

𝐿
∑휀𝑗𝑘𝑗𝐹(𝑘𝑗  , )𝐽𝑚(𝑘𝑗𝑟)

∞

𝑗=0

 
 

(4.33) 
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Where         

                                                              εj = 2 forj ≠ 0 

= 1 forj = 0 

 

(4.34) 

 

                                                                  =
2πj

L
 

 

(4.35) 

 

   If relations                                        r <
L

2
√(L − r)2 + z2 > 𝛼𝑡 

 

(4.36) 

are satisfied. The influence of singularities of the integrand F(k,⍵)is avoided by giving 

thefrequency a negative imaginary part 

𝜔 = 𝜔𝑅 − 𝑖𝜔𝐼  (4.37) 

An advantage of the Bouchon(1981)'s method is that it is straightforward to obtain 

thenear field static solution that comes from zero frequency. 

4.2.5. Assumptions 

Waveform modelling fulfils several needs of a comprehensive evaluation of earthquake 

source parameters and to infer crust-mantle velocity structure. To accomplish the task, 

some assumptions are given below 

• Crust-mantle layer formation is homogeneous and horizontal. 

• Earthquake source Location is known. 

• Signal to noise ratio is more. 

• Some apriori information about the geology of the area of research is 

acknowledged. 

• Green’s function is very sensitive to the depth of source. 

• Normalized correlation error in the acceptable range between observed and 

synthetic 

Essential steps Taken in Moment Tensor Inversion: 

1. Pre-processing 

• Good signal-to-noise ratio 
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• Unclipped signals 

• Good azimuthal coverage 

• Removal of mean value and linear trends 

• Removal of instrumental disturbances 

• Conversion of velocity seismogram to displacement seismogram 

• Remove high-frequency noise by low pass filtering to fulfil the point 

source approximation 

2. Generation of synthetic seismogram 

• Earth model 

• Source location 

• Receiver position 

3.  Inversion 

• Selection of waveform, e.g., P and S or full seismograms 

• Different crustal models for different source-station paths  

• Different frequency range for different stations 

• Matching the observed and corresponding synthetics waveform 

• Evaluation of the residual error 

• Decomposition of moment tensor, e.g., into best double couple, isotropic 

component plus CLVD 

The inversion can be done in the time domain or frequency domain. Cross-correlation 

technique facilitates alignment of observed and synthetic waveforms. In the moment-

tensor inversion scheme, the focal depth can be assumed to be constant while carrying 

out the inversion fora range of focal depths. The best solution is the one that provides 

the maximum correlation between observed and synthetic waveform. 

4.3. Earthquake data and analysis 

For this study, we have used digital waveform data from the NGRI seismic network of 

5 - 12 three-component seismographs in Kachchh Gujarat, during 2009-2015.  
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Table 4.1: Hypocentral parameters of 14 events which are used for moment tensor study. 

S.N. Date 

yymmdd 

Time 

hhmm 

Latitude 

(deg) 

Longitude 

(deg) 

Depth 

(km) 

Magnitude 

       Mw 

1 090207 17:18 23.59 70.45 21.6 4.2 

2 090412 18:42 23.43 70.15 11.8 3.9 

3 090518 04:25 23.40 70.26 27.9 4.6 

4 110206 10:23 23.47 70.41 23.7 3.7 

5 130425 05:57 23.44 70.48 8.6 3.9 

6 130617 03:35 23.57 70.25 9.1 3.5 

7 130821 12:55 23.40 70.39 19.7 3.5 

8 140308 19:01 23.36 70.29 38.4 4.3 

9 140419 20:06 23.71 70.53 25.5 3.7 

10 140429 08:47 23.41 70.22 26.0 3.5 

11 140521 09:50 23.43 70.42 17.3 3.6 

12 140827 19:32 23.37 70.36 26.0 3.5 

13 141030 09:04 23.58 70.06 24.5 3.8 

14 150105 17:21 23.39 70.26 16.7 3.5 

 

We selected 14 aftershock events for our study purpose for which epicentral distances 

vary from 14 km to 90 km while focal depthsrange from 1.5 km to 38.4 km. The 

moment magnitudesof these events vary from 3.5 to 4.6 (Table 4.1). First of all, the 

trend and mean were removed from the traces. Then, the instrumental correction was 

done using the Seismic Analysis Code (SAC, 2000). The corrected velocity traces were 

then cut from origin time to 250s, and they were filtered between 0.01 and 5.0 Hz using 

4- pole band-pass Butterworth filter, using SAC. The input of ISOLA code is the band-

passed velocity records, which are later integrated to the band-passed displacement 

inside ISOLA. Finally, these displacement traces were used as input data for the 

deviatoric moment tensor inversion inbuilt in the ISOLA software.  
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4.4. Moment tensor inversion 

In this study, the deviatoric moment tensor inversion is performed using ISOLA 

package, which is based on multiple point-source representations and iterative 

deconvolution method (Zahradnik et al., 2005).  The iterative deconvolution method 

was initially developed for teleseismic data by Kikuchi and Kanamori (1991) to study 

the complexity of earthquakes. In 2005, Zahradnik et al. have modified this method for 

regional distances by incorporating the full Green's functions (Bouchon, 1981) and 

multiple point source models representing their isolated asperities. This method is also 

applicable to local events. In this method, first, the discrete wave-number of 

Bouchon(1981) and Coutant (1989) are used to compute the full wavefield synthetics 

(i.e., Green’s functions at local and regional distances), using a set of predefined point-

source positions along a line or on a plane. After obtaining a major point-source 

contribution or sub-event, the corresponding synthetics are subtracted from data. Then, 

the residual waveform is inverted for another point source, and so on(Zahradnik et al., 

2005). The point sources are removed consecutively, one after another, thus, each stem 

involves only two parameters (source position and onset time), which provides the best 

position and time regarding the absolute value of the correlation coefficient between 

the observed and synthetics. The correlation coefficients are calculated automatically at 

least squares inversion (Dimri, 1992; Zahradnik et al., 2005). At the best-fitting 

spatiotemporal position, the match between the observed and synthetics data is 

characterized by the overall variance reduction(over all stations and components) 

(Zahradnik et al., 2005). The remaining part (i.e. the deviatoric moment tensor 

inversion) is linear, which calculates only five-moment tensor components. An L2 

norm least squares inversion is used to obtain the moment tensors of the subevents by 

minimizing the difference between observed and synthetic displacement, whose 

moment rate has a predefined shape and duration. In our modeling, a delta function is 

used. 

Here, we used the deviatoric moment tensor inversion available in the ISOLA 

GUI package (Sokos and Zahradnik, 2008 &2013). The constraint is nonlinear, which 

is applied iteratively using the method of Lagrange multipliers. The details of the 

technique can be found in Zahradnik et al.(2005). We used velocity records in SAC 

format as input data for moment tensor inversion. In ISOLA, data is processed in 

different steps like a bandpass (here 0.05-0.18 Hz) filtering, cosine tapering (5%), 
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origin alignment, etc. ISOLA integrates the input data to the band-passed displacement, 

which are then used as input for the moment tensor inversion. A four bandpass filter 

(f1,f2,f3,f4), which is applied both to real and synthetic waveforms, is flat(=1) between f2 

and f3, and cosine-tapered between f1 andf2 and again f3 and f4. The SNR curves help 

mainly to define f1because the noise level (either natural or instrumental) limits the 

usable low-frequency range (Sokos and Zahradnik, 2013). The f4 value indicated by 

knowledge of the earth structure. With existing crustal models, near stations (<100 km) 

can be inverted up to 1 Hz, whereas near-regional stations(~100 km) can be inverted up 

to 0.1 Hz, and regional stations 1000 km up to 0.01 Hz (Sokos and Zahradnik, 2013). In 

this paper, the station dependent frequency range is used according to the SN (signal-

to-noise) ratio and the epicentral distance. Here, we used three frequency range (0.05 

0.08 0.11 0.14), (0.07 0.10 0.13 0.16) and (0.09 0.12 0.15 0.18) for the moment tensor 

inversion.  

4.5. Focal Mechanisms of aftershocks 

The focal mechanisms of aftershocks are shown in Figure 4.8. The solutions are 

sorted into faulting types based on rake angle following the convention of Aki and 

Richards (1965) and listed in Table 4.3. Because these classifications are based on the 

rake angle, thus, it is necessary to fix the fault plane between the two nodal planes 

based on the geological information. For each focal mechanism solution, the fault plane 

is chosen as that nodal plane which agrees with the orientation of faults in the vicinity 

mapped or compiled by Biswas (1987). In most cases, the faulting type is the same 

regardless of which nodal plane is assumed to be the fault plane.  All types of focal 

mechanism (e.g., 3 oblique-normal left lateral strike-slip; 2 left lateral strike-slip; 6 

oblique reverse left lateral strike-slip; 3 reverse) are observed although reverse and 

strike-slip mechanisms are noticed to be dominant (Table 4.3; Figure 4.8). Reverse 

movement mainly characterizes these mechanisms with a minor strike-slip component. 

However, some mechanisms show east or west dipping planes. Some pure reverse and 

strike-slip mechanisms have also been noticed (as illustrated in figure 4.8). These 

solutions suggest a dominant reverse movement with a minor strike-slip component on 

a south dipping plane, which agrees with the causative nodal plane of the focal 

mechanism of the 2001 Bhujmainshock as shown in Figure 4.8 (Antolik and Dreger, 

2003).Although a wide range of focal mechanism types is observed for aftershocks of 

the 2001 Bhuj earthquake, the dominant pattern is consistent with the prevailing north-
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south compression over the Indian plate (Cloetingh and Wortel, 1986; Coblentz et 

al.,1998). 

4.6.Results and Discussions 

We modelled moment tensor solutions for 60 aftershocks. Out of these events, we 

selected only 14 aftershocks for which correlation coefficient is 0.5. The epicentral 

distances and focal depths for these selected 14 events vary from 14 to 90 km and from 

1.5 to 38.4 km, respectively (Table 4.1). The moment tensor solutions of these selected 

14 aftershocks are listed in Table 4.2. Fault mechanisms of all these events are 

classified according to Aki and Richards (1965), which are listed in Table 4.3. 

However, we discuss here the results of five events (02, 05, 07, 08, 11) having small 

(events 07 & 011), intermediate (events 02 & 05) and large magnitudes (event 08), 

which show good correlation between synthetic and observed waveforms. 

Table 4.2: List of the hypocentral and focal parameters of the 14 earthquakes in the Kachchh region 

during 2009–2015, which are being modeled in the present study. NP1 and NP2 are the two nodal planes 

of the focal mechanism obtained using the moment tensor inversion approach. 

S.

N 

Mo(nm) DC

% 

CLVD

% 

Plane NP1 Plane NP2 Faulting 

Type 

P-axis T-axis 

Strike Dip Rake Strike Dip Rake Az PI Az PI 

01 5.82E+14 74.5 25.5 191 36 47 61 65 116 ORLS 131 16 11 61 

02  5.00E+14  77.9     21.1 275 26 -55 53 61 -113 ONLS 281 66 160 13 

03 9.47E+13 69.5 30.5 199 13 105 3 78 87 R 96 33 269 57 

04 3.85E+14 61.9 38.1 125 53 25 19 70 140 ORLS 76 11 336 42 

05 9.27E+14 76.0 24.0 340 14 -66 136 77 -96 ONLS 39 57 231 32 

06 4.72E+13 67.7 32.3 287 64 76 136 30 116 R 27 17 170 68 

07 1.59E+14 85.0 15.0 259 54 48 136 53 133 ORLS 18 0 108 57 

08 3.24E+14 92.2 7.8 153 58 -8 247 83 -148 LS 115 27 16 17 

09 3.42E+14 67.5 32.5 224 43 126 359 56 61 ORLS 110 7 215 65 

10 8.23E+13 90.1 9.9 21 79 43 281 48 165 ORLS 145 20 251 38 

11 1.79E+14 95.4 4.6 122 82 -32 217 59 -171 ONLS 75 28 173 16 

12 1.31E+14 62.5 37.5 181 87 -21 273 69 -177 LS 135 17 229 12 

13 8.83E+13 93.1 6.9 139 23 26 24 80 111 ORLS 97 32 317 51 

14 3.64E+13 73.2 26.8 283 44 75 124 48 104 R 203 2 103 79 

Note: NP1 and NP2 are the two nodal planes of the focal mechanisms obtained using the moment tensor inversion approach. In the 

earthquake  type, RS, ONRS, ONLS, LS, ORLS, R & ORLS stand for right lateral strike-slip faulting, oblique-normal right lateral strike-slip 

faulting, oblique-normal left lateral strike slip faulting, left lateral strike slip faulting, oblique reverse left lateral strike slip faulting, reverse  

faulting and oblique reverse right lateral strike slip faulting. 
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Table 4.3:  Different faulting types as suggested by Aki and Richards (1965). 

 

Figure 4.3: (a) A plot showing the correlation between synthetic (red) and observed (black) waveforms 

recorded at the stations BCH and VJP of an earthquake Event 07 (21.08.2013, 12:55)occurred along the 

Kachchh Mainland Fault. Numbers in blue colour also show variance reduction of the NS, EW and Z 

components at these stations. (b) A plot showing the variation of correlation coefficient with the depth 

and maximum correlation is observed at a depth of 23km. 

 

Rake angle Faulting type Number of 

events 

Percentage 

−157.5> rake >157.5 right lateral strike–slip 0 0% 

−112.5> rake >−157.5 oblique-normal right lateral strike–slip 0 0% 

−67.5> rake >−112.5 normal 0 0% 

−22.5> rake >−67.5 oblique-normal left-lateral strike– slip 3 21.43% 

22.5>rake>-22.5 Left-lateral strike-slip 2 14.29% 

67.5 > rake >22.5 oblique-reverse left-lateral strike–slip 6 42.86 % 

112.5>rake>67.5 reverse 3 21.43% 

157.5>rake >112.5 Oblique-reverse right-lateral strike–slip 0 0 % 
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Event 07 (21.08.2013, 12:55): The deviatoric moment tensor (MT) solution of this 

Mw3.5 event, which occurred on the Kachchh Mainland Fault (KMF), is estimated 

using broadband waveform data from two stations (Figure 4.3.a). The best-fit solution 

shows a good correlation (with a correlation coefficient of 0.87 as shown in Figure 

4.3.b) between observed and synthetic waveforms (Figure 4.3a). It provides the 

maximum spatial correlation for this event at the 10th source position at 23 km depth 

(Figure 4.3.b) suggesting a focal mechanism having 85% of double-couple (DC) 

component and 15% of compensated linear vector dipole (CLVD) component. The 

mechanism suggests an oblique-reverse left lateral strike-slip motion along the fault 

plane. The orientation and plunge of P-axes are estimated to be 18° and 0°, 

respectively, while the orientation and plunge of T-axes are found to be 108° and 57°, 

respectively. 

 

Figure 4.4: (a) A plot showing the correlation between synthetic (red) and observed (black) waveforms 

recorded at the stations VJP and BCH of an earthquake Event 11 (21.05.2014, 09:50) occurred along 

the Kachchh Mainland Fault. Numbers in blue colour also show variance reduction of the NS, EW and Z 

components at these stations. (b) A plot showing the variation of correlation coefficient with the depth 

and maximum correlation is observed at a depth of 29 km. 
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Event 11 (21.05.2014, 09:50): The deviatoric moment tensor (MT) solution of this 

Mw3.6 event, which occurred on the KMF, is estimated using broadband waveform 

data from two stations (Figure 4.4.a). The best-fit solution shows a good correlation 

(with a correlation coefficient of 0.73 as shown in Figure 4.4.b) between observed and 

synthetic waveforms (Figure 4.4.a). It provides the maximum spatial correlation for this 

event at the 13th source position at 29 km depth (Figure 4.4.b) suggesting a focal 

mechanism having 95.4% of DC component and 4.6% of CLVD component. The 

mechanism suggests an oblique-normal left lateral strike-slip motion along the fault 

plane. The orientation and plunge of P-axes are estimated to be 75° and 28°, 

respectively, while the orientation and plunge of T-axes are found to be 173° and 16°, 

respectively. 

Event 02 (12.04.2009, 18:42): The deviatoric moment tensor (MT) solution of this 

Mw3.9 event, which occurred on the KMF, is estimated using broadband waveform 

data from three stations (Figure 4.5.a). The best-fit solution shows a good correlation 

(with a correlation coefficient of 0.74 as shown in Figure 4.5.b) between observed and 

synthetic waveforms (Figure 4a). It provides the maximum spatial correlation for this 

event at the 12th source position at 38 kmdepth (Figure 4.5.b) suggesting a focal 

mechanism having 77.9% of DC component and 22.1% of CLVD component. The 

mechanism suggests an oblique-normal left-lateral strike-slip motion along the fault 

plane. The orientation and plunge of P-axes are estimated to be 281° and 66°, 

respectively, while the orientation and plunge of T-axes are found to be 160° and 13°, 

respectively. 
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Figure 4.5: (a). A plot showing the correlation between synthetic (red) and observed (black) waveforms 

recorded at the stations TPR, BCH and BHU of an earthquake Event N02 (12.04.2009, 18:42) occurred 

along the Kachchh Mainland Fault. Numbers in blue colour also show variance reduction of the NS, EW 

and Z components at these stations. (b) A plot showing the variation of correlation coefficient with the 

depth and maximum correlation is observed at a depth of 38 km. 

Event 05 (25.04.2013, 05:57): The deviatoric moment tensor (MT) solution of this Mw3.9 

event, which occurred on the South Wagad fault (SWF), is estimated using broadband 

waveform data from two stations (Figure 4.6.a).The best-fit solution shows a good 

correlation (with a correlation coefficient of 0.75 as shown in Figure 4.6.b) between 

observed and synthetic waveforms (Figure 4.6.a). It provides the maximum spatial 

correlation for this event at the 15th source position at 33 km depth (Figure 4.8b) 

suggesting a focal mechanism having 76% of DC component and 24% of CLVD 

component. The mechanism suggests an oblique-normal left lateral strike-slip motion 

along the fault plane. The orientation and plunge of P-axes are estimated to be 39° and 

57°, respectively, while the orientation and plunge of T-axes are found to be 231° and 32°, 

respectively. 
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Figure 4.6: (a) A plot showing the correlation between synthetic (red) and observed (black) waveforms 

recorded at the stations BCH and BHU of an earthquake Event 05 (25.04.2013, 05:57) occurred along 

the South Wagad fault. Numbers in blue colour also show variance reduction of the NS, EW and Z 

components at these stations. (b) A plot showing the variation of correlation coefficient with the depth 

and maximum correlation is observed at a depth of 33 km. 

Event 08 (08.03.2014, 19:01): The deviatoric moment tensor (MT) solution of this Mw4.3 

event, which occurred on the SWF, is estimated using broadband waveform data from 

three stations (Figure 4.7.a). The best-fit solution shows a good correlation (with a 

correlation coefficient of 0.64 as shown in Figure 4.7.b) between observed and synthetic 

waveforms (Figure 4.7.a). It provides the maximum spatial correlation for this event at the 

8th source position at 26 km depth (Figure 4.7.b) suggesting a focal mechanism having 

92.2% of DC component and 7.8% of CLVD component. The mechanism suggests a left 

lateral strike-slip along the fault plane. The orientation and plunge of P-axes are estimated 

to be 115° and 27°, respectively, while the orientation and plunge of T-axes are found to 

be 16° and 17°, respectively. 
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Figure 4.7:(a) A plot showing the correlation between synthetic (red) and observed (black) waveforms 

recorded at the stations BCH TPR and VJP of an earthquake Event 08 (08.03.2014, 19:01) occurred 

along the South Wagad fault. Numbers in blue colour also show variance reduction of the NS, EW and Z 

components at these stations. (b) A plot showing the variation of correlation coefficient with the depth 

and maximum correlation is observed at a depth of 26 km. 

 

The 2001 Bhuj earthquake took place within the Mesozoic Kachchh basin, which has 

been the nucleation zone for large intraplate earthquakes since historical times 

(Rajendran and Rajendran, 2001; Gupta et al., 2001a). The majority of these 

earthquakes have occurred due to the sudden movement along the E–W trending pre-

existing reverse/thrust faults in response to the prevailing N–S compression caused by 

the northward movement of the Indian plate (Chung and Gao, 1995; Biswas, 1987). 

Several uplifts or half-grabens associated with gravity and magnetic highs characterise 

the region, which has been attributed to the crustal intrusive bodies (Chandrasekhar and 

Mishra, 2002). This crustal intrusive model gets further support from the results of 

local earthquake tomography and inversion of teleseismic body waves, which also 

suggest the presence of ultramafic/ mafic high-velocity crustal intrusive bodies beneath 

the aftershock zone (Mandal et al., 2004; Antolik and Dreger, 2003). It is evident from 
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the discussion as mentioned above that the seismicity at Kachchh rift is mainly caused 

by stresses resulted from regional plate-tectonic forces and local tectonic forces 

associated with the tectonic structures. These structures were probably related to earlier 

rifting episodes (∼140 and 80 Ma), followed by Deccan volcanism (65 Ma) (Courtillot 

et al., 1986; Coblentz et al., 1998). 

 

Figure 4.8: Green and white color beach balls represent the moment tensor solutions of 14 earthquakes, 

which are analyzed in our present study. Red stars and black triangles represent the location of events 

and location of seismograph stations respectively. N01, N02,……, N14 are the moment tensor solutions 

of 14 earthquakes. Solid black lines show tectonic faults in the study area.  
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In this chapter, we present the moment tensor inversion results for fourteen 

events of Mw3.5-4.6, which are mostly occurred on the NWF, SWF and KMF. The 

newly determined mechanisms indicate extensive reverse faulting in most of the 

Kachchh region. Overall, the results presented in this work are compatible with the 

existing knowledge, and relevant extensive references in the literature, on the active 

seismotectonic processes in the Kachchh region(Rao et al. 2013; Mandal and Hoton, 

2007). The current picture of earthquake focal mechanism distribution in the Kachchh 

region is reflected in Figure 4.8. It is found that the aftershock activity of the 2001 Bhuj 

earthquake is continued mostly along the pre-existing faults and has also migrated to 

re-activated faults like the Gedi Fault, as suggested by Mandal (2009). Focal 

mechanism solutions obtained in this study are of reverse and strike-slip mechanisms, 

while some are a combination of the two. Only four solutions show a combination of 

the normal and strike-slip mechanism. There is no pure-normal solution in our study 

whereas an earlier study suggested 6% pure-normal solutions (Mandal and Horton, 

2007). Mostly, the focal planes of the mechanisms in the Kachchh region match pretty 

well with the trends of the local geological faults. 

4.7. Application of the Moment Tensor inversion technique to the broadband data 

of the 15 December 2015 Deogarh Earthquake of 𝑴𝒘4.0 

The location of the 2015 Deogarh event lies in the Damodar Graben of Gondwana age 

in the Chotanagpur Plateau of eastern Indian craton, where the existing focal 

mechanism solutions of earthquakes during last few decades show a dominant strike-

slip regime with almost NE trending P-axes. The deformation data suggests that the 

Indian subcontinent is moving northward at a rate of approximately 52 to 63 mm/yr, 

and is colliding with the northward-moving Asian plate (Burgmann et al., 2001). The 

forces related to this collision apparently control the current pattern of tectonic activity 

in India, which led to the domination of NNE-NE compression over the Indian plate. 

Modelling of intraplate stresses and GPS studies for Indian region showed a dominant 

NE compression over the Indian plate resulted from the northward movement of the 

Indian plate (Cloetingh and Wortel, 1986; Coblentz et al.,1998; Bilham, 1999; Paul et 

al., 2001). Small to moderate size earthquakes have been occurring in CGGT (Gupta et 

al., 2014). Until today, the region has experienced two historical damaging earthquakes 

(viz.31 July 1868 M4.3 Hazaribagh and 30 September 1868 M5.7 Manbhum (Oldham, 
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1883). The left lateral strike-slip faulting has been shown to be the dominant 

deformation mode for the region through the momenttensor solutions of two local 

earthquakes of M<3.0, which occurred in the surrounding regions of Dhanbad, 

Jharkhand (Figure 4.10; Kayal et al., 2009). By the above-mentioned seismological 

observations, the estimated source mechanism obtained by the iterative inversion of 

nine station broadband data of the 15 December 2015Deogarh event revealed a right-

lateral strike-slip motion at 8 km centroid depth below the study area. The P-axis 

orients toward N24oE that corroborates well with the absolute plate motion of Indian 

plateau predicted by the Nuvel1a model (Demets et al., 1990). While the T-axis orients 

toward EW direction, which aligns well with the strike of Damodar graben (DG) of 

Gondwana age. The faults/fractures within DG are neotectonically active, which has 

reactivated to generate small to moderate size earthquakes in the past.  

 

Figure 4.9:Solutions of deviatoric constrained full wave-filed MT inversion for the 15 December 2015 

Deogarh event for multiple point sources below the epicenter, showing Synthetic (red lines) and 

observed (black lines) traces. 
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Figure 4.10: Solutions of deviatoric constrained moment tensor (MT)inversion for the 2015 Deogarh 

event for multiple point sources below the epicenter (a) A plot showing correlation with source depth, 

and (b)A plot showing focal mechanism for the best fit solution showingmaximum correlation with 

source depth. 

 

Thus, we propose that the Deogarh earthquake is generated by the neotectonic 

reactivation of a fault associated with DG in the eastern Indian craton. The cause of 

fault reactivation could be attributed to the occurrence of low friction material (Morrow 

et al.,1992) or the presence of high fluid pressure in the fault zone (Byerlee,1978; 

Sibson, 1984). The short period of instrumental monitoring, poorly known seismicity, 

and lack of systematic geophysical investigations in the Eastern Indian shield indicate 

that further studies are necessary to address this problem. 

4.8. Conclusions 

Based on our study in this chapter, following inferences are being made: 

1. It is perceived that the Kachchh region is under compression. This idea is 

conceived from the resultsobtained from our study in this chapter, which 

indicates the occurrence of reverse and strike-slip faulting within the region. 

2. The existence of pure normal faulting within the region is not observed from 

our analysis. However, an earlier study using aftershock data of 2001 (Mandal 

and Horton, 2007) documented 6% of such faulting prevailing within the 

region, which was attributed to the tectonic block readjustment immediate after 

the occurrence of the 2001 mainshock. 
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3. Our study using Bhuj earthquake aftershock data during 2009-15 does not show 

any evidence of pure normal faulting. This observation suggests that the 

tectonic block readjustment process in the epicentral zone of 2001 mainshock 

has been reduced significantly over the passage of time. 

4. The 15 December 2015 Deogarh event revealed a right-lateral strike-slip motion 

at 8 km centroid depth below the Chotanagpur Plateau, Eastern Indian craton. 

The P-axis orients toward N24oEthat corroborates well with the absolute plate 

motion of Indian plateau predicted by the Nuvel1a model (Demets et al., 1990). 

While the T-axis orients toward EW direction, which aligns well with the strike 

of Damodar graben (DG) of Gondwana age. The faults/fractures within DG are 

neotectonically active, which has reactivated to generate small to moderate size 

earthquakes in the past. Thus, we propose that the Deogarh earthquake is 

generated by the neotectonic reactivation of a fault associated with DG. 
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Chapter 5 

Sediment thicknesses and Qsvs.Qp relations in the Kachchh 

rift basin, Gujarat, India, using converted phases 

5.1. Introduction 

In general, a high impedance contrast characterizes the interface between 

unconsolidated, alluvial/soft sediments and the underlying hard basement rock, which 

affects the characteristics of ground shaking significantly (Aki, 1988; Darragh and 

Shakal, 1991; Langston, 2003a). Note that high values of site amplification and 

anelastic attenuation have commonly recognized as the result of the near-surface soft, 

low-velocity sediments, and P-S converted phases (i.e., P-to-SV or SV-to-P 

conversions) (Phillips and Aki, 1986; Langston, 2003b). The P-to-S conversions have 

been widely used to map the crust-mantle boundary (e.g., Moho discontinuity) and 

subducting lithosphere boundary (Snoke et al., 1977; Ruppert et al., 1998; Frederiksen 

et al., 2003; Serrano et al., 2003; Zeyen et al., 2005).The P-S converted phases 

generated at the interface between the Cenozoic unconsolidated sediments and the 

underlying rocks have also been used to study the sediment-basement boundary in the 

upper crust (Andrews et al.,1985; Chen et al., 1996). P-S conversions generated at very 

shallow depth were also used to constrain the thicknesses of low velocity, Quaternary 

alluvium and Holocene mud in the San Francisco Bay area (Hough, 1990). 

Energy entrapment in the shallow subsurface due to high impedance contrast 

between the sedimentary sequence and the basement rocks results in the amplification 

of seismic waves (Clouser and Langston, 1991). Thus, sedimentary thickness plays a 

critical role in the amplification of seismic waves within the sedimentary basin (Chen et 

al., 1994). Estimation of sedimentary thickness provides a better understanding of the 

seismic hazard associated with the basin (Chapman et al., 2003). Geologically, the 

Kachchh rift zone is characterised by thick piles of sediments, which are responsible 

for more seismic hazard as compared to thin sedimentary layers and hard rock 

exposures (Mandal, 2007). The presence of thick piles of sediments in the Kachchh rift 

basin and occurrence of minor to major earthquakes suggests a high level of earthquake 

hazard associated with this basin. 
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    Understanding of the attenuation of seismic waves is essential for the prediction of 

ground motion, thereby, the estimation of seismic hazard. The attenuation can be very 

well studied by using spectral ratio method that has been documented by several 

authors (Clouser and Langston, 1991; Chen et al., 1994; Chapman et al., 2003). With 

such technique, the converted (Sp) and direct (S) phases of seismic waves are widely 

used for analyzing seismic wave attenuation. Such fact has been illustrated by different 

authors, where attenuation of seismic waves is analyzed within the sedimentary basin in 

terms of quality factor. However, such method suffers a severe drawback in 

demonstrating the attenuation of seismic waves in highly attenuated unconsolidated 

sediments, e.g., Mississippi embayment due to wave propagation effects (Langston, 

2003).Mandal (2007) estimated the sedimentary thickness in Kachchh from the time 

difference between direct and converted phases using data from 20 strong motion 

accelerographs (SMA)and six broadband seismographs (BBS), which were deployed 

by the National Geophysical Research Institute (NGRI) during August 2002-2004. He 

has used P- andS-wave velocities of 2.92 and 0.90 km/s, respectively, which were 

estimated through 1-D travel time inversion (Mandal et al., 2004, 2006).The 

sedimentary thicknesses estimated by Mandal (2007) are slightly less than the 

constraints provided by a drill hole and limited seismic survey (Biswas, 2005). These 

sediment thicknesses in Kachchh were re-estimated by Chopra et al. (2010). For their 

modelling, they also added additional data from 13 BBS and 2 SMA stations of the ISR 

network in Gujarat. The result of their study implies that the maximum thickness of 

sediments is in Banni plains near KMF and between the eastern edge of KMF and 

western edge of SWF. Imprints of KMF and SWF are also observed in the cross 

sections across these faults as sudden increase in the thickness of sediments of the order 

of 0.40–0.50 km. Basement highs are observed in the cross sections across the Kachchh 

mainland, and the Wagad regions as expected as these are highlands, and basement 

lows are observed in the Samkhiyali basin. 

In this chapter, sediment thickness is estimated using the differences in travel 

time taken by the direct S and converted Sp phases, to travel through the sedimentary 

rock sequences (Chen et al.,1994).The average seismic velocity structures for the 

region are delineated using receiver function inversion of teleseismic P waves,1-D as 

well 3-D travel-time inversion of local earthquakes and seismic refraction (Mandal, 
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2007; Mandal and Pujol, 2006; Mandal, 2006; Reddy et al., 2001). Average sediment 

thickness is estimated using the travel-time differences between Sp and S phases and 

the velocity of P and S waves(Mandal, 2007) beneath each broadband seismic station. 

Direct S-wave on the horizontal component shows lower frequency content than that of 

the converted Sp phase on the vertical component of the seismograph. This type of 

frequency content difference is shown in S and Sp phases recorded at 12 broadband 

seismic stations, which enabled us to study Qs vs. Qp relationships in the Kachchh rift 

basin. 

5.2. Earthquake data and analysis for estimation of sediment thickness & Qs vs. 

Qprelationships 

      For this study, we have used digital waveform data from the NGRI seismic network 

of twelve three-component digital seismographs, which were deployed in Kachchh, 

Gujarat, during February 2009- January 2016. We selected 92 aftershock events for our 

study purpose for which epicentral distances vary from 14 km to 90 kmwhile focal 

depths range from 1.2 km to 66.8 km. And moment magnitudes of these selected events 

vary from1.4 to 4.6. The hypocentral parameters of these events are shown in Table 

(A5.1). The seismic stations in the Kachchh region showed a prominent Spphase on the 

Z component of broadband records. The SEISAN (Havskov and Ottemoller, 2003) and 

SAC(2000) software have been used to process digital waveform data of selected 

earthquakes. In this study, the velocity model used has been derived from the 1-D 

travel time inversion (Mandal, 2007), which has also been constrained by the results of 

the integrated geophysical survey in the Kachchch region (Gupta et al., 2001; Kaila et 

al., 1981). 

5.3. Estimation of Sediment thickness  

A considerable velocity contrast between the uppermost Kachchh sedimentary basin 

and underlying granite basement causes generation of a prominent S-P converted phase 

(Sp). The velocity of the basement (2-5 km) and sediment (near the surface) were found 

to be 3.40 km/s and 1 km/s, respectively.  This velocity contrast was also reported in 

the earthquake data collected by the Central for Earthquake Research and Information 

(CERI), Memphis, USA. During this study, Sp converted phase has been used instead 

of Ps (P-to-S) phase. Because a sediment–basementinterface is very close to the ground 
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surface compared to the Moho discontinuity, a Ps converted phase is more affected by 

the source rupture duration or contaminated by a P coda than a Sp phase. Therefore, a 

Sp phase is more distinct and observable than a Ps phase where a converting point is 

shallow, such as at a base of unconsolidated embayment (Andrews et al., 1985; Chen et 

al., 1996; Langston, 2003a). The Sp phase is clear and strong on the vertical component 

of seismograph whereas the S phase is clear in the other two horizontal components (N-

S component and E-W Component) of the seismograph. The large amplitudes of 

converted phases is an indication of the presence of a high impedance interface in the 

upper crust beneath the Kachchh region, where conversion of S-to-P phase occurs at 

the Precambrian to the Mesozoic boundary (Bodin and Horton, 2004). The S and Sp 

phase shows the lower frequency and higher frequency content, respectively. Thus, it 

can be said that the direct S and the Sp converted phase has different frequency content. 

This difference in the frequency content is responsible for the different attenuation 

effects in P and S waves when they travel through the unconsolidated sediments 

(Clouser and Langston, 1991). The travel-time difference between the S and SP phases 

is calculated by picking the SP phase in the vertical component of seismograph and S 

phase in horizontal components of theseismograph. Respective epicentral distances for 

each earthquake event are taken into consideration. For each station, a plot is made 

between the travel-time differences and epicentral distances (Figure 5.2). S and SP 

phases show more or less consistent travel time difference beneath the seismic stations 

with the small standard deviation (0.09–0.24 s).This consistency of travel time shows 

that the phase is generated from the same boundary, and the depth of the sedimentary 

layer almost constant in our area of investigation, however,travel time difference varies 

from onestation to another station, which implies that the depth of conversion is 

different beneath each station. 
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Figure 5.1:Schematic of S and Sp wave propagation in the basin. The S-to-P conversion occurs atthe 

basin/basement interface. 

The travel-time difference at each station is listed in Table 5.1. The maximum and 

minimum difference were observed to be 1.12 s (TPR station) and 0.76 s (at BCH and 

MOUstations), respectively. The difference travel-time between the S phase and SP 

phase can be calculated as (Chenet al.,1994), 

dt(S−Sp) = h ∗ [
Vp − Vs

VpVs
] 

(5.1) 

Where, 𝑑t(S–Sp) denotes the travel time difference(in seconds) between S and SP phases, 

h represents the sediment thickness (in km), VS and VP are the average P-wave and S-

wave velocities (in km/s) in the sediments, respectively.  In this study, we used P-wave 

and S-wave velocity of  2.92 km/s and 0.90 km/s, respectively (Mandal, 2007). The 

thickness, h is estimated for each seismic station using given values of Vp, Vs, and 𝑑t(S–

Sp) (Figure 5.3; Table 5.1). 
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Table 5.1: Estimated travel time difference between S and Sp phases and Sediment thicknesses at 

different stations, using SAC software. 

Station 
Type of 

 instrument 

Latitude 

(0N) 

Longitude  

(0E) 

t(S-Sp) 

sec 

Thickness(h) 

(km) 
No of events 

 
Estimates from NGRI stations used in present study 

BCH Broadband 23.28 70.34 0.760.14 0.99 ± 0.18 42 

BHU Broadband 23.21 69.65 0.84 0.24 1.09 ± 0.31 22 

JMN Broadband 23.82 69.88 0.76 0.14 0.99 ± 0.18 16 

MOU Broadband 23.81 70.86 0.97 0.16 1.26 ± 0.21 31 

NAG Broadband 23.31 69.73 0.83 0.14 1.08 ± 0.18 18 

GDD Broadband 23.87 70.37 0.79 0.09 1.03 ± 0.12 10 

MND Broadband 22.84 69.29 0.88 0.23 1.14 ± 0.30 4 

MTP Broadband 23.86 69.78 0.88 0.21 1.14 ± 0.27 39 

TPM Broadband 23.02 69.66 0.99 0.14 1.29 ± 0.18 43 

TPR Broadband 23.24 70.12 1.12 0.22 1.46 ± 0.29 11 

SIV Broadband 23.41 70.59 0.85 0.13 1.10 ± 0.17 20 

VJP Broadband 23.56 70.5 0.79 0.20 1.03 ± 0.26 56 

Estimates from ISR Stations (Chopra et al., 2010) 

Lakadia Broadband 23.34 70.57 0.67 0.12 1.34 ±0.16 43 

Suvai Broadband 23.61 70.49 0.49 0.11 0.97 ± 0.14 54 

Adesar Broadband 23.55 70.98 0.50 0.08 1.01 ± 0.10 11 

Rapar Strong motion 23.56 70.66 0.68 0.07 1.36 ± 0.09 8 

Bhachau Strong motion 23.29 70.35 0.87 0.11 1.75 ± 0.14 7 

Dudhai Broadband 23.32 70.13 0.96 0.12 1.93 ± 0.16 33 

Dhori Broadband 23.43 69.75 1.14 0.13 2.29 ± 0.17 17 

Rudramata Broadband 23.37 69.71 0.70 0.06 1.41 ± 0.08 12 

Fatehgarh Broadband 23.7 70.85 0.88 0.10 1.77 ± 0.13 30 

Lodrani Broadband 23.89 70.62 0.88 0.11 1.76 ± 0.14 22 

Vajepar Broadband 23.56 70.5 0.54 0.04 1.09 ± 0.05 18 

Nakhtarana Broadband 23.34 69.27 0.92 0.07 1.84 ± 0.09 13 

Anjar Broadband 23.11 70.03 0.84 0.05 1.68 ± 0.07 11 

Bhuj Broadband 23.25 69.65 0.91 0.08 1.83 ± 0.10 15 

Mandvi Broadband 22.83 69.36 1.02 0.07 2.04 ± 0.09 15 

Estimates from NGRI Stations (Mandal 2007) 

Adhoi Strong motion 23.21 70.5 0.76 0.07 1.52 ± 0.09 15 

Chobari Strong motion 23.52 70.33 0.77 0.08 1.54 ± 0.10 9 

Chopdawa Strong motion 23.27 70.29 0.85 0.07 1.70 ± 0.09 13 

Dudhai Strong motion 23.31 70.12 0.91 0.11 1.82 ± 0.14 25 

Manfara Strong motion 23.48 70.35 0.79 0.09 1.58 ±  0.12 18 

Ramvav Strong motion 23.54 70.47 0.66 0.08 1.32 ± 0.10 14 
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5.4. Computation of Qs vs. Qp  relationship using the Spectral Ratio Method 

The area between the basin bottom and the surface is characterised by identical ray 

paths of both direct and converted phases (S and Sp) of S wave. Moreover, the 

transmission coefficients of both of these phases are frequency independent (Clouser 

and Langston, 1991). However, these phases exhibit frequency variations, which occurs 

due to the anelastic attenuation as they tend to propagate through the sedimentary 

sequences of the basin. The amplitude spectrum of S and Sp phases can be defined as 

(Clouser and Langston, 1991): 

S(f) = As(f)TSS
U  e−πfts Qs⁄  (5.2) 

Sp(f) = As(f)TSp
U  e−πftSp Qp⁄

 (5.3) 

Sikara Strong motion 23.33 70.29 0.95 0.11 1.90 ± 0.14 6 

Tapar Strong motion 23.24 70.13 0.85 0.14 1.70 ±  0.18 10 

Vondh Strong motion 23.29 70.4 0.75 0.12 1.50 ± 0.16 16 

Jawaharnagar Strong motion 23.36 70 1.05 0.17 2.04 ± 0.22 17 

Anjar Strong motion 23.11 70.02 0.81 0.08 1.62 ± 0.10 6 

New-Dudhai Strong motion 23.32 70.14 0.96 0.09 1.92 ± 0.12 20 

Mai Strong motion 23.43 70.38 0.95 0.14 1.90 ± 0.18 4 

Daneti Strong motion 23.25 69.91 0.97 0.12 1.94 ± 0.16 4 

Satapar Strong motion 23.28 70.34 0.74 0.09 1.48 ± 0.12 11 

Meghpar Strong motion 23.39 70.35 1.08 0.08 2.16 ± 0.10 9 

Bandri Strong motion 23.39 70.31 1.18 0.09 2.36 ± 0.12 7 

Kumbardi Strong motion 23.34 70.26 0.78 0.08 1.56 ± 0.10 15 

Kodki Strong motion 23.24 69.55 0.71 0.06 1.42 ± 0.08 2 

Burudia Strong motion 23.56 70.41 0.66 0.09 1.32 ± 0.12 16 

Bhuj Strong motion 23.25 69.65 0.87 0.19 1.74 ± 0.25 16 

Gandhidham Broadband 23.06 70.11 0.90 0.11 1.80 ± 0.14 10 

Khavda Broadband 23.84 69.73 1.00 0.14 2.00 ±  0.18 15 

Fatehgarh Broadband 23.7 70.84 0.70 0.10 1.40 ± 0.13 17 

Gadhada Broadband 23.86 70.37 0.78 0.13 1.56 ± 0.17 23 

Bhachau Broadband 23.3 70.34 0.76 0.07 1.52  ± 0.09 5 
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Figure 5.2:Plots between the travel-time differences (in seconds) and epicentral distances (in km) for 

twelve different broadband stations  in Kachchh, Gujarat, (a) BCH, (b) BHU, (c)  JMN, (d) MOU, (e) 

NAG, (f) GDD, (g) MND, (h) MTP, (i) TPM, (j) TPR, (k) SIV, and (l) VJP. 
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Where, f, ts and tsp are the frequency (in Hz) and travel times of the S and Sp phases 

through the sedimentary basin, respectively. QP and QS are the frequency-independent 

P and S-wave quality factors, respectively. As(f) is the spectrum of the S-wave pulse 

incident between the basin and basement interfaces. TSS 
U and TSp

U  are the upgoing S and 

S-to-P wave transmission and conversion coefficients, respectively. The Q estimated 

using the above equations (eqs. 5.2and 5.3), includes the combined effects of anelastic 

and unmodeled losses (if any) caused due to scattering. The log ratio of Sp(f) and S(f) 

amplitudes can be used to determine the quality factor. Thus by using logarithm, the 

above equations can be rewritten as 

log [
Sp(f)

S(f)
] = πf [

ts
Qs
−
tSp
Qp
] +  log [

TSp
U

TSS
U ] 

(5.4) 

This equation resembles to be a straight line, where the slope (m) and the intercept (c) 

can bedefined as 

Now rearranging the terms in the equation (5.5) the relationship between QS and QPcan 

be described as  

Qs = [
ts

m

π
+
tSp

Qp

] 

 

 

(5.7) 

The spectral ratio is computed through the following steps 

First, a suitable time-gate is selected to separate the S and Sp arrivals. This window 

helps in minimising the contamination effects caused by the coda energy that follows 

the Sp phase in particular. For this purpose, a 10.24 sec time-window is used for the 

vertical and transverse components of Sp and S waves, respectively. Secondly, the trend 

of the waveforms is smoothened by using a cosine taper filter. Once this is achieved, 

then the spectral ratios (Sp/S) are computed for different events recorded at thesame 

m = π [
ts
Qs
−
tSp
Qp
] 

 

(5.5) 

c = log [
TSp
U

TSS
U ] 

 

(5.6) 
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station. These estimates are then averaged out to prevent the contamination of the final 

result by the source effects.A least-square fit is applied over the spectral ratios to 

estimate the common slope for the events recorded at the same station (Figures 5.4a-

l).The bandwidth of the best-fitted line is extended over the range of maximum power 

in S and Sp amplitude spectra to avoid low-frequency noise. Data from different events 

are used to determine the Qs vs. Qprelationship independently for each station of the 

broadband network of the NGRI. Some important parameters such as the slope of the 

spectral ratio, the standard error, cross-correlation coefficient and data points related to 

such estimationare listed in Table 5.2.  

5.5. Results and Discussions 

5.5.1. Sedimentary Layer Thicknesses 

The estimation of sediment thickness consists of a straightforward approach. 

However, this approach is constrained by few key facts. Though the thickness of 

sediments beneath the NGRI stations reveal to be varying from 1.75 to 2.5 km, which 

suggests a smooth variation. Moreover, the direct and converted wave ray paths may 

deviate from that of the vertical incidence.However, small standard deviations (0.09–

0.24) in travel-time differences for events from different azimuths, focal depths, and 

epicentral distances at NGRI stations showcased a similar nature in the ray paths of the 

direct S and converted Sp waves that propagate within the sedimentary layer. This 

observation validates the basic assumption of vertically incident ray paths as shown in 

equation (5.1). Furthermore, several facts such as uncertainties in the picking ofarrival 

times, the curvature of the base of sediments, and the lateral velocity variations may all 

contribute to the resolution of the results. The estimated travel time differences between 

the direct S-wave and the converted Sp phase for 12 stations varies from (0.76 ± 0.14) 

to(1.12 ± 0.22) (Table 5.1). These differences imply a maximum and minimum 

sediment thickness of(1.456) km and (0.986) km beneath the TPR and BCH and JMN 

stations, respectively. 
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5.5.2. Spatial distribution of Estimated Sediment Thicknesses  

 

Figure 5.3:Contour map of the estimated sediment thicknesses(in km) in Kachchh, Gujarat. 

Figure 5.3 shows the contour plot of estimated sediment thicknesses (km) in Kachchh, 

Gujarat, India, wherein sediment thickness estimates from earlier similar kind of 

studies in Kachchh, ISR, Institute of Seismological Research.Gujarat, have also been 

used (Mandal, 2007; Chopra et al., 2010). This plot reveals an E-W trending basin 

structure with a thickness varying from 1.75 to 2.5 km, underlying the Kachchh rift 

zone, whereas, it depicts another zone of large sediment thickness (1.5-1.8 km) below 

the GF zone. The contour plot also delineates two zones of smaller sediment 

thicknesses (< 1.5 km), one is below the mainland Kachchhcovering BHU, NGR and 

TPM while another below the region between Wagad and Bela uplifts. The delineated 

E-W trending basin structure (sed. thick. > 1.5 km) is inferred to represent the 

Mesozoic Kachchhrift basin, which extends from 23.2 to 23.6o (~44 km) in north-south 

and from 69.35 to 70.45o (~125 km) in east-west.  We propose that this E-Wtrending 

zone of large sediment thicknesses represents a regional feature of atleast of crustal 

origin. 

5.5.3. Qs vs. QpRelationships  

We observe that the slopes and correlation coefficients for BHU, MTP, NGR, TPM, 

and VJP seismic station are of the same order, which is based on the error bounds given 
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by the standard deviations (Table 5.2). The correlation coefficients exhibit an inverse 

relationship with that of the slope. Stations having smaller correlation coefficients (i.e., 

GDD, JMN and MND) provide larger slopes (0.023–0.027) (Figure 5.4).The Qs vs. 

Qprelationships have been estimated (using equation 7) at 12 stations (Figure 5.4; Table 

5.2). Note that the spectral slopes of the stations (BHU, MTP, NGR, TPM, VJP, TPR, 

and MOU) exhibit very high correlation coefficients ranging from0.84 to 0.93. 

Moreover, these stations possess similar Qs vs. Qp relations. These observations suggest 

that seismic waves suffer less attenuation within the sediments underlain by these 

stations (Table 5.2). However, TPR and MOU seismic stations are associated with high 

correlation coefficient ranging from 0.92 to 0.93,and the spectral slopes vary from 

0.0107 to 0.0114. The Qs vs. Qprelationssuggest a relatively higher attenuation of 

seismic waves within the sediments underlain by these stations. More attenuation of 

seismic waves within the sediments underlain by BCH and SIV stations are observed 

and are characterisedbyhigh correlation coefficients ranging from0.69 to0.70.The 

spectral ratios for JMN, MND and GDD stations, are observed to be small, and Qs vs. 

Qprelations suffers in accuracy. This observation could be attributed to the presence of 

noisy data, and less availability of seismic waveforms or could be due to the presence 

of velocity heterogeneities/interface irregularities.These stations reasonably fit into a 

linear model, whichmakes us claim for the accurate measurement of the anelastic Q 

effect described by equations (2) and (3). The estimated Qs vs. Qp relations for 12 

stations varies from Qs = 0.467Qp at TPR to Qs = 0.779 Qp at JMN/MND. It is obvious 

to note that the S and Sp phases possess similar frequency content, associated with 

relatively large Sp amplitudes as compared to S. Certain facts such as scattering due to 

velocity heterogeneities significantly distort the linear relationship of Qs and Qp. 

5.5.4. Comparisons of Qs vs. Qp with Other Studies 

Now, we will compare our results of Qs and Qp with laboratory measurements. 

Johnston and Tokosoz (1980) found Qp = 50 and Qs = 30 at 300 bars (appropriate for 

the bottom of the sedimentary basin) for a fully water-saturated sample. However, Qs is 

found to equal or slightly higher value than Qp, for an air-dry sample. Winkler and Nur 

(1982) and other researchers found that Qs is significantly greater than Qp for partial 

water saturation. Vassiliou et al.(1982) documented the following relation between Qs 

and Qp in sedimentary rocks: Qp = Qs, for air dry rocks; Qs ≤ Qp, for fully saturated 
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rocks; Qs> Qp, for partially saturated rocks.If these generalizations can be applied to the 

Kachchh basin sediments, then our observations imply that the basin-fill beneath the 

twelve best-fitting stations is fully saturated, but not dry or partially saturated. In this 

study, average Q is measured through a multi-layered heterogeneous medium.Tullos 

and Reid (1969) measured Qp of 10 to 20 for Gulf coast sediments, using deep 

downhole seismometer array data. However, Hauge(1981) found Qp = 30 for the Texas 

Miocene sand-shale sequence. Bakun and Bufe (1975) measured a Qs of 75 to 100 

through SH-wave spectral ratios along the San Andreas Fault zone. Kurita (1975) found 

Qs of about 20 northeast and 100 southwest of the fault in central California. Singh et 

al. (1982) obtained Qs between 60 and 100 for the upper 4 km through SH-wave 

attenuation along the Imperial Valley Fault. Barker and Stevens (1983) found Qs of 10 

to 50 in the upper 20 m, and 50 to130 down to 100 m through artificially generated 

Rayleigh waves near El Centro, California.From the above-mentioned discussion, it has 

been inferred that near-surface Q values vary widely from region to region. Mcdonal et 

al (1958) found Qp= 32 and Qs= 10 for Pierre shale froma borehole through vertically 

propagating waves from a nearby deep event.  Hauksson et al. (1987) found Qp = 44 

and Qs =25 between 420 and1500 m. However, they found a high Qs =108 in the upper 

420 m, which has been attributed to a frequency dependent near-surface amplification 

or a real effect (high Qs). Based the theoretical elastic Qs vs. Qp relations, Vassiliou et 

al.(1982) suggested that for the case of zero bulk loss Qp and Qs can be related by the 

following equation: 

Qs  =  0.41Qp  (5.8) 

The above relation is obtained using the average Vp/Vs is 1.8 in the upper sedimentary 

layer below the Kachchh rift zone (Mandal, 2006). This relation may be lower bound 

for Qs vs. Qp relationships for the Kachchh basin.We can work out another Qs vs. Qp 

relationship, assuming there are no apparentdifferential attenuation effects and the 

slope of log spectral ratio is zero (i.e., m = 0),using equation (5). For normal incidence, 

this linear relation is, 

Qs  =  Vp/VsQp  (5.9) 

The average Vp/Vs for the upper sedimentary layer in the Kachchh rift zone range from 

1.73 to 2.99 (Mandal, 2006). 
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Qs  =  2.99Qp  (5.10) 

This relation may be upper bound for Qs vs. Qp relationships for the Kachchh basin. 

 Table 5.2: Estimated slopes, standard deviation, correlation coefficient, Qsvs.Qp relations and a number 

of data points used for the computation at 12 broadband stations. 

Station      Slope 
Standard     

E      Error 

Correlation 

Coeff. 
      Qs vs. Qp Data used 

BCH 0.0185 0.0092 0.69  Qs = 0.674Qp 42 

BHU 0.0130 0.0083 0.85  Qs = 0.545Qp 22 

JMN 0.0239 0.0096 0.51  Qs = 0.779Qp 16 

MOU 0.0107 0.0064 0.92  Qs = 0.481Qp 31 

NAG 0.0129 0.0070 0.85  Qs = 0.546Qp 18 

GDD 0.0246 0.0047 0.53  Qs = 0.773Qp 10 

MND 0.0279 0.0131 0.51  Qs = 0.779Qp 4 

MTP 0.0118 0.0097 0.88  Qs = 0.516Qp 39 

TPM 0.0148 0.0117 0.86  Qs = 0.538Qp 43 

TPR 0.0114 0.0096 0.93  Qs = 0.467Qp 11 

SIV 0.0202 0.0064 0.70  Qs = 0.666Qp 20 

VJP 0.0127 0.0088 0.84  Qs = 0.554Qp 56 
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Figure 5.4: Plot showing spectral (S/Sp) ratios versus frequency (in Hz) for (a–l) 12 

broadband Stations. 

5.6. Conclusions 

This study reveals the sedimentary thicknesses underlain by several NGRI 

broadband seismic stations within the study region. Using the travel-time difference 

between direct waves and converted waves and the available subsurface velocity 

structure obtained from the1-D travel time inversion (Mandal, 2007). Variation in the 
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travel time differences (0.76 ± 0.14) to (1.12 ± 0.22) between the direct S and 

converted Sp phases are observed. These differences lead to conclude for a maximum 

and minimum sedimentary thickness of ~ 1.456 and 0.986 km beneath the TPR, BCH 

and JMN broadband seismic stations (Figure 5.3). The contour plot of estimated 

sediment thicknesses in Kachchh, Gujarat, reveals an E-W trending basin structure with 

large thicknesses varying from 1.75 to 2.5 km, underlying the Kachchh rift zone.Also, 

it depicts another zone of large sediment thicknesses (1.5-1.8 km) below the GF zone. 

The delineated E-W trending zone of large sediment thickness coinciding with the 

Mesozoic Kachchh rift zone extends 44 km in north-south and 120 km in east-west. 

The contour plot also delineates two zones of smaller sediment thicknesses (< 1.5 km), 

one is below the region covering BHU, NGR and TPM while another lies below the 

region between the Wagad and Bela uplifts. 

The estimated Qs vs. Qp relations for 12 broadband seismic stations varies from Qs = 

0.467Qp (at TPR) to Qs = 0.779 Qp (at JMN and MND) (Figure 5.4).These stations 

(e.g., BHU, MTP, NGR, TPM, VJP, TPR and MOU), whose spectral slopes have very 

high correlation coefficients (0.84–0.93),demonstrate similar Qs vs. Qp relations. 

However, the seismic stations TPR and MOU, whose spectral slope varies from 0.0107 

to 0.0114 accounts for a very high correlation coefficient ranging from 0.92 to 93. The 

Qs vs. Qp relation for these stations suggest relatively more attenuation of seismic 

waves within the sediment beneath these seismic stations. At BCH and SIV seismic 

stations reasonably high correlation coefficients ranging from 0.69 to 0.70 is 

observed.The spectral ratios for seismic stations JMN, MND and GDD, are small, that 

suggests in less reliable Qs vs. Qp relations. The Qs vs. Qp relationships are velocity-

model dependentand agree quite well with the relations obtained from global studies. 
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Chapter 6 

Measurement of upper mantle seismic anisotropy through 

shear wave splitting in the intra-continental Kachchh rift 

zone, Gujarat, India 

 

6.1. Introduction 

Since the early 1990s, mantle anisotropy has been studied through shear-wave splitting 

measurements using broadband seismological datasets (Bowman and Ando, 1987; 

Silver and Chan, 1991; Silver, 1996; Savage, 1999; Barruol and Hoffmann, 1999; 

Currie et al., 2004; Walker et al., 2005a,b; Heintz and Kennett, 2006). The anisotropic 

regions have been identified in many areas of the world, by analysing splitting of the 

shear waves. Ray paths of the core refracted phases (SKS, SKKS, PKS; Figure 6.1) 

enable an integrated view of anisotropy directly beneath a station, without considering 

lateral heterogeneities. The interpretation of such anisotropy leads to a better 

understanding of the Earth’s deep interior and geodynamic process.  Preferred 

orientations of microcracks primarily control seismic anisotropy in the upper crust 

(e.g., Crampin and Chastin, 2003), it has more influence on the deeper Earth and 

particularly in the upper mantle, by the preferred orientation of anisotropic crystals 

(e.g., Tommasi, 1998).When a Shear-wave travels through an anisotropic layer, it split 

into two orthogonal directions(Figure 6.2): one is faster, and another is slower. The 

direction of the fast wave and time difference between these two orthogonal waves are 

the measurable parameters for anisotropy. The delay time measured at the Earth’s 

surface between the two split waves depends on the strength of anisotropy and the 

thickness of the anisotropic layer. Seismic anisotropy is observed in many tectonic 

environments and at many depths in the Earth, from crustal down to the core-mantle 

boundary (CMB). In the upper mantle, anisotropy is a common feature. Anisotropy is 

widely accepted to be directly related to mantle deformation aligning rock-forming 

crystals that are intrinsically anisotropic. Therefore measurement of anisotropy is 

provided information about present or past mantle flows at depth.Thus, anisotropy 

gives the unique possibility to directly observe and measure Earth’s properties and 

geodynamic processes at depth. Core refracted shear phases such as SKS and SKKS are 

used to characterize the upper mantle anisotropy. 
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Figure 6.1: Travel path of seismic phases generally used for estimating anisotropy. 

These phases are well detectable at distances between 90o and 130o from the epicentre. 

They travel along steeply inclined rays between the core and the surface, while the 

liquid nature of the outer core and the P-to-S conversion at the CMB ensures that only 

receiver-side splitting is observed.In our study, we use SKS phases only. Theoretically, 

SKS is affected by anisotropic structure anywhere along the receiver side of its mantle 

ray path. However, SKS splitting is always interpreted as an upper mantle anisotropy 

while anisotropic effect from the lower mantle is ignored. 

6.2.Methods for estimating Splitting Parameters Using SKS Phases 

In this study, two complementary types of methods are used to find the fast direction 

and delay time through the removal of the splitting effect. One is minimum energy 

technique (SC) searches (Silver and Chan, 1991) another rotation-correlation method 

(Bowman and Ando, 1987). 

 

Figure 6.2: Shear-wave splitting occurs for a shear wave travelling through an anisotropic medium. 

6.3.1.Minimum energy technique (SC) method (Silver and Chan 1991) 

In 1991, Silver and Chan introduced the Minimum energy method, which is the most 

widely used technique for estimating shear-wave splitting parameters using broadband 
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waveform data of teleseismic earthquakes. This method uses a grid search approach for 

identifying a pair of splitting parameters (𝜙, 𝜹t), which best minimises the energy of 

the transverse component, by removing the splitting/anisotropic effect from the particle 

motion. The method can be used either to the horizontal components, rotated into a 

radial (R) and transverse (T) coordinate system or the Q–T components in a ray-

coordinate based L–Q–T coordinate system (Sileny and Plomerova, 1996; Vecsey et 

al., 2008). For perfectly vertical incidence, RTZ and LQT systems are equivalent. This 

method is based on the fact that when a shear wave passes through an isotropic medium 

resulting in a linear particle motion while it travels through an anisotropic medium 

resulting in significant energy on the transverse component. The Minimum energy 

method utilises the above-discussed observation as a diagnostic tool for detecting shear 

wave splitting.  In this method, a grid search is performed over all possible values of 𝜙 

and 𝜹t, by rotating and time shifting the horizontal components appropriately. And, the 

amount of energy on the corrected transverse component is measured, by producing a 

contour plot of transverse component energy for all possible pairs of splitting 

parameters. The minimum on this plot corresponds to the best-fit splitting parameters.A 

F-test formulation is used to compute formal errors on the splitting measurements 

(Silver and Chan 1991). The smaller eigenvalue of the corrected covariance matrix can 

also result in slight variation in the splitting parameters estimates, which are obtained 

using minimum energy method. Thus, the most linear particle motion can be obtained 

by identifying the most nearly-singular time-domain covariance matrix (Vidale, 1986; 

Silver and Chan, 1991).  For the unknown initial polarization of shear wave, the 

eigenvalue method for estimating splitting parameters may be preferred (Silver and 

Chan 1991; Savage 1999).In the Silver and Chan (1991)'s method, initially, the splitting 

parameters are being estimated from individual seismograms, and finally, mean 

splitting parameters (𝜙, 𝜹t) are calculated by averaging individual estimates. For 

obtaining best-fitting splitting parameters for a given station, sometimes errors on each 

measurement are weighted. However, the stacking procedures for obtaining average 

splitting parameters have also been developed (Wolfe and Silver, 1998; Restivo and 

Helffrich, 1999).  The stacking methods are advantageous because they can remove the 

errors due to noisy data or poor waveform clarity and can utilize null observations. 

Thus, these methods can provide robust estimates of average splitting-parameters. 

However, these stacking methods are based on the assumption that there is a single 

layer below the observation site. This assumption results in a severe limitation in 

interpreting the resulting parameters regarding vertically heterogeneous anisotropy. 
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6.3.2. Rotation-Correlation (RC) Method (Bowman and Ando, 1987) 

The rotation correlation method, is another method for estimating splitting parameters 

using broadband datasets that was developed earlier to Silvar and Chan (1991)'s 

approach (Fukao, 1984; Bowman and Ando, 1987). Like minimum energy method, this 

method also uses a grid-search approach to identify the best-fit splitting parameters, 

which is obtained through rotating and time-shifting the horizontal components (R-T or 

Q-T components). This method tries to capture the maximum cross-correlation between 

the corrected horizontal components, thereby, maximizing the determinant of the time-

domain covariance matrix (e.g. Silver and Chan 1991; Levin et al. 1999). In this 

method also a null measurement is recognised by a linear initial particle motion. The 

above-discussed two techniques are being used at the long period, but, they can also be 

used for higher frequency. 

6.3. Quality determination of SKS measurement 

Quality of measurement is determined by the difference of fast axis estimates from 

(both RC and SC technique) (|ΔΦ|=ΦSC – ΦRC) and a ratio of delay times (ρ = δtRC / 

δtSC). Based on the synthetic measurements good splitting measurements define as if 

0.8 < ρ < 1.1 and ΔΦ < 8o and fair splitting if 0.7 < ρ < 1.2 and ΔΦ<15o. A small-time 

ratio characterizes good Nulls (0 < ρ< 0.2) and a difference in fast axis estimate close to 

45o, that is 370< ΔΦ< 53o. Near-Null measurements can be classified by 0 < ρ < 0.3 and 

32o < ΔΦ< 58o. Remaining measurements are to be considered as poor quality. 

6.4. Earthquake data and   SKS Splitting Analysis  

For this study, we use broadband waveform data of teleseismic earthquakes from the 

NGRI's local seismic network of ten three-component digital broadband seismographs, 

which were deployed in Kachchh, Gujarat, during 2013-2016. We selected 108 

teleseismic events for our study purpose for which epicentral distances vary from 90.83 

to 119.99, and moment magnitudes range from 5.2 to 7.3. First, the instrument response 

was deconvolved from the broadband velocity seismograms and then these 

seismograms were integrated to calculate the ground displacement for the shear-wave 

splitting study. The Splitlab (Wustefeld et al., 2007)and SAC(2000) softwares have 

been used to process earthquake data for analysis of SKS splitting. In this study, 

IASP91 velocity model has been used to calculate the travel time of ray path. The 

details of teleseismic events are given in Table A6.1. Rotational Correlation(RC) and 

minimum energy method (SC) methods, which are inbuilt facilities in the Splitlab 

software (Wustefeld et al., 2007), are used for analysis of SKS waveforms from 108 
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earthquakes recorded at 12 seismic stations. These stations provided a good number of 

high-quality SKS waveform from different azimuths.  The waveforms show SKS 

splitting regarding clear energy on the transverse component and elliptical particle 

motion(Figure 6.3). After analysis more than 1000 waveforms, we selected 147 digital 

waveforms for analysis by the presence of sharp and clear SKS phases on both the 

radial and transverse components.  A 0.05 to 0.2 Hz band-pass filter is used to enhance 

the dominant period of the SKS phase (~5–20 s). The number of phases analysed in this 

study varies from a maximum of 33 at MTP station to a minimum of 5 at MTP/NAGO 

station (Table 6.1). The quality of this measurement from criteria given by Wustefeld 

and Bokelmann (2007). 

Table A6.1 shows the individual events considered for the SKS analysis at 12 stations 

using RC and SC methods. We found seven near Null, 118 good, 15 fair and poor 

measurements have been ignored during the analysis based on the criterion mentioned 

above. A complete procedure for the shear-wave splitting analysis at four stations 

(BHU, BCH, MOU and MTP) is shown in Figures 6.3-6.6.  The results obtained from 

station BHU show an azimuth of 77° and a delay time of 0.7 s for an event of Mw5.5 

(Figure 6.3). The results obtained from BCH and MOU station show similar results 

(Figures 6.4 and 6.5). The fast axis direction for these two stations is estimated to be 

70o for BCH and 63o for MOU, respectively. The estimated delay times for these two 

stations are found to be 1.2 s for BCH and 0.5 for MOU, respectively. The result from 

MTP station shows a fast axis direction of -120owhile the delay time is estimated to be 

1.4 s. Our splitting parameter estimates for the above-discussed event are found to be 

qualified good estimates. It is noticed that splitting parameters estimated for the above 

event using SC method are of the same order as those obtained using RC method 

(Figures 6.3-6.6). Therefore, here we use only the splitting parameters estimated by RC 

technique for our discussion. For interpretations and discussions, only 125 good 

splitting measurements obtained using RC method are used in this study (Table A6.2). 

For good measurements, the orientations of fast axes and delay times vary from 2° to 

88° and 0.5 to 2.4 s, respectively. Figure 6.3 demonstrates an example of determination 

of the splitting parameters through RC and SC methods. Figure 6.3a shows the 

theoretical and observed waveforms, and SKS phase in the observed waveform. The 

radial and transverse components before and after the splitting correction in the RC 

method, are shown in Figures 6.3b and 6.3c, respectively. Note that the transverse 

component has some energy before and no energy/feeble energy after removal of 

anisotropy. The particle motion before and after the splitting correction are shown in 
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Figure 6.3d. Note that it shows an elliptical particle motion before the splitting 

correction while the particle motion becomes linear after the correction. The map for 

correlation coefficient is shown in Figure 6.3e. Splitting parameters estimated by the 

SC method (Figures 6.3f-J) are also discussed here. 

 

Figure 6.3:A diagnostic plot of a single measurement at BHU station. (a) A zoomed section of the radial, 

Q (solid red line) and transverse, T (dashed violet line) components before anisotropy correction is 

displayed. Dotted lines mark the arrivals of SKS. The header gives specifications of the event. The left 

panels display the results of the Rotation- Correlation (RC) technique: b) seismogram components in fast 

(solid red line) and slow(dashed violet line) direction for the RC-anisotropy system after RC-delay 

correction (normalized), c) radial (Q, solid red line) and transverse (T, dashed violet line) components 

after RC-correction (not normalized), d) particle motion before (dashed violet line) and after (solid red 

line) RC correction and e) map of correlation coefficients. The right panels display the results for the 

minimum energy (Silver–Chan) technique: f) seismograms showed after splitting correction shown on 

SC-fast and slow components (normalized), g) same on radial and transverse components (not 

normalized), h) SC particle motion before and after correction, and i) map of minimum energy values on 

the transverse component. 
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Figure 6.4: A Diagnostic plot of a single measurement recorded at BCH station a) seismogram 

components in fast (solid red line) and slow(dashed violet line) direction for the RC-anisotropy system 

after RC-delay correction (normalized), b) radial (Q, solid red line) and transverse (T, dashed violet 

line) components after RC-correction (not normalized), c) particle motion before (dashed violet line) and 

after (solid red line) RC correction and  d) map of correlation coefficients. The right panels display the 

results for the minimum energy (Silver–Chan) technique: f) seismograms shown after splitting correction 

shown on SC-fast and slow components (normalized), g) same on radial and transverse components (not 

normalized), h) SC particle motion before and after correction, and i) map of minimum energy values on 

the transverse component. Splitting parameters estimated using SC method are found to be same. 
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Figure 6.5: A diagnostic plot of a single measurement recorded at MOU station a) seismogram 

components in fast (solid red line) and slow(dashed violet line) direction for the RC-anisotropy system 

after RC-delay correction (normalized), b) radial (Q, solid red line) and transverse (T, dashed violet 

line) components after RC-correction (not normalized), c) particle motion before (dashed violet line) and 

after (solid red line) RC correction and  d) map of correlation coefficients. The right panels display the 

results for the minimum energy (Silver–Chan) technique: f) seismograms shown after splitting correction 

shown on SC-fast and slow components (normalized), g) same on radial and transverse components (not 

normalized), h) SC particle motion before and after correction, and i) map of minimum energy values on 

the transverse component. 
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Figure 6.6:  A diagnostic plot of a single measurement recorded at MTP station a) seismogram 

components in fast (solid red line) and slow(dashed violet line) direction for the RC-anisotropy system 

after RC-delay correction (normalized), b) radial (Q, solid red line) and transverse (T, dashed violet 

line) components after RC-correction (not normalized), c) particle motion before (dashed violet line) and 

after (solid red line) RC correction and  d) map of correlation coefficients. The right panels display the 

results for the minimum energy (Silver–Chan) technique: f) seismograms shown after splitting correction 

shown on SC-fast and slow components (normalized), g) same on radial and transverse components (not 

normalized), h) SC particle motion before and after correction, and i) map of minimum energy values on 

the transverse component. 
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F 6.1: List of average SKS splitting parameter results obtained using Rotation Correlation (RC) method. 

St. 

Name 

Latitude(0N) Longitude(0E) Vector 

mean of  𝜙 

𝜹t(s) No. of good 

measurements 

BCH 23.28 70.34 30 0.9±0.31 6 

BHU 23.21 69.65 25 1.0±0.27 14 

JMN 23.82 69.88 7 1.3±0.46 12 

MOU 23.81 70.86 16 1.1±0.39 11 

MTP 23.86 69.78 14 1.1±0.19 5 

NAGO 23.31 69.73 36 0.9±0.25 5 

SIV 23.41 70.59 14 1.1±0.35 10 

TPM 23.02 69.66 9 0.9±0.30 22 

TPR 23.24 70.12 7 0.8±0.22 7 

VJP 23.56 70.50 15 1.0±0.27 33 

 

Figure 6.7 Block rose diagrams (along with estimated average fast axis orientations and names of the 

corresponding stations) of estimated fast axis orientation (𝜙RC, where RC represents the rotation-

correlation method (Bowman and Ando, 1987)) superposed on faults map of Kachchh, India. Black plus 

symbols mark the locations of stations used for the SKS splitting analysis. Solid black lines denote the 

major geologically mapped tectonic faults in the region like KMF: Kachchh mainland fault; KHF: 

Katrol hill fault; BF: Banni fault; NWF: north Wagad fault and GF: Gedi fault. Black lines have also 

shown some imbricate faults in the Wagad uplift (WU).  
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Figure 6.8: Variation of the estimated fast anisotropic orientations with the event back-azimuths for (a, 

b) BCH, (c, d) BHU, (e, f) JMN, (g, h) MOU, and (I, j) MTP stations. Red plus and the red open circle 

mark the estimates of only good and null measurements. The green lines show the predicted distributions 

of fast anisotropic directions with back-azimuths for a two-layered anisotropic model, corresponding to 

different stations.(as shown in Table 6.2). 
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Figure 6.9: Variation of the estimated fast anisotropic orientations with the event back-azimuths for (a, 

b) NAGO, (c, d) SIV, (e, f) TPM, (g, h) TPR, and (I, j) VJP stations. Red plus and the red open circle 

mark the estimates of only good and null measurements. The green lines show the predicted distributions 

of fast anisotropic directions with back-azimuths for a two-layered anisotropic model, corresponding to 

different stations (as shown in Table 6.2). 



98 
 

 

Figure 6.10: Variation of the estimated splitting times with the event back-azimuths for (a, b) BCH, (c, d) 

BHU, (e, f) JMN, (g, h) MOU, and (I, j) MTP stations. Red plus and the red open circle mark the 

estimates of only good and null measurements. The green lines show the predicted distributions of fast 

anisotropic directions with back-azimuths for a two-layered anisotropic model, corresponding to 

different stations (as shown in Table 6.2). 
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Figure 6.11: Variation of the estimated splitting times with the event back-azimuths for (a, b) NAGO, (c, 

d) SIV, (e, f) TPM, (g, h) TPR, and (I, j) VJP stations. Red plus and the red open circle mark the 

estimates of only good and null measurements. The green lines show the predicted distributions of fast 

anisotropic directions with back-azimuths for a two-layered anisotropic model, corresponding to 

different stations (as shown in Table 6.2). 
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Table 6.2 Modelling of the variation in splitting parameters with backazimuths using twoanisotropic 

layers. 

 

S.N. 

Station 

Name 

Upper layer Lower layer 

Δ𝜙𝜹t Δ𝜙  𝜹t 

1 BCH 74 0.4 18 1.4 

2 BHU 72 0.3 17 1.1 

3 JMN 80 0.3 14 1.3 

4 MOU 78 0.5 20 1.4 

5 MTP 76 0.4 18 1.1 

6 NAGO 71 0.5 19 1.0 

7 SIV 75 0.2 18 1.2 

8 TPM 79 0.4 16 1.3 

9 TPR 72 0.3 17 0.8 

10 VJP 74 0.4 15 1.1 

 

6.6. Results and Discussion  

In this chapter, SKS splitting parameters have been measured at 12 broadband stations 

in Kachchh, Gujarat, using both rotational-correlation (RC) and Silvar-Chan (SC) 

techniques. The vector mean of fast axis directions estimated at 12 stations using RC 

method range from N7°E to N30°E (Figure 6.7; Table 6.1) while the average of vector 

means for all the stations is estimated to be (φ, δt)= (N15oE, 1.01 ± 0.3 s). The splitting 

parameters estimated using SC method also shows near about same results for events 

with different back-azimuths. The results show the variation in delay times and fast 

polarization directions at every station. This variation may be because of regional 

patterns at a shorter distance. These stations show very similar splitting over a wide 

range of back azimuths, and the measured null directions at four stations are consistent 

with the measured fast directions beneath those stations. The delay times at these 

stations range from 0.9 to 1.3 s. The average delay time of all the stations is estimated 

to be 1.01 s, which is consistent with the global average of 1s for continental regions 

(e.g., Silver, 1996). Our study reveals that the mantle is highly anisotropic with fast 

anisotropic directions aligning nearly along the Indian plate motion at all the stations. 

The azimuthal variation of shear wave splitting parameters obtained from SKS analysis 

are modelled for two anisotropic layers at each station using the method of Silver and 

Savage (1994). Best-fit models assuming two anisotropic layers using the data from 10 

stations are listed in Table (6.2). Variation of the estimated fast anisotropic orientations 
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and delay times with the event back-azimuths are shown in Figures 6.3-6.4 and Figures 

6.5-6.6, respectively. Our modelling of azimuthal variation of shear-wave splitting 

parameters depicts two anisotropic layered model beneath the Kachchh region. The fast 

axis orientation for the upper and bottom layers are N75oE and N17oE, respectively, 

while the delay time for the upper and bottom and upper layers are estimated to be 0.37 

s and 1.17 s, respectively. The strong anisotropy (𝜹t=1.17s) in the bottom layer is 

attributed to the asthenospheric flow while the weaker anisotropy (𝜹t=0.37s) in the 

upper layer is explained in terms of the frozen lithospheric anisotropy. Our results are 

in good agreement with the results of earlier studies in the region (Rao et al. 2013; 

Mandal, 2011). Rao et al. (2013) found similar results for a two-layered model of 

anisotropy wherein the fast axis orientation (delay time) for upper layer and the bottom 

are found to be N77oE (0.5 s) and N22oE (1.2 s) respectively. They also found similar 

results in the other neighbouring regions like Saurashtra, South Gujarat and North 

Gujarat. Note that Mandal (2011)also modeled the azimuthal variation of estimated 

splitting parameters at twelve broadband stations for a case of two anisotropic layers, 

however, they found that the two-layered anisotropy models with horizontal symmetry 

axes is inconclusive for the Kachchh rift zone. 

6.6. Conclusions 

In this chapter, our SKS splitting study shows that measurements of fast axis 

orientation and delay time vary from N7°E to N30°E (Figure 6.7) and 0.9 s to 1.3 s, 

respectively. The average of vector means of measurements for all the stations is found 

to be (φ, δt)= (N15oE, 1.01 ± 0.3 s). Note that the average delay time of all these 

stations is estimated to be 1.01s, which is consistent with the global average of 1s for 

continental regions (e.g., Silver, 1996). Our study reveals that the mantle is highly 

anisotropic with fast anisotropic directions aligning nearly along the Indian plate 

motion at all the stations. Our modelling of azimuthal variation of shear-wave splitting 

parameters reveals two anisotropic layers underlying the Kachchh region. The fast axis 

orientation for the upper and bottom layers are N75oE and N17oE, respectively, while 

the delay time for the upper and bottom layers are estimated to be 0.37 s and 1.17 s, 

respectively. The strong anisotropy (𝜹t=1.17s) in the bottom layer is attributed to the 

asthenospheric flow while the weaker anisotropy (𝜹t=0.37s) in the upper layer may be 

explained in terms of frozen LPO anisotropy in the lithosphere. 
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Chapter 7 

7.1. Discussions and Conclusions 

A better understanding of the seismogenesis of earthquakes occurring in the Kachhch 

rift zone is obtained through the present thesis work, which has provided several 

important clues to understand the physical processes involved in generating 

uninterrupted occurrences of seismicity in Kachchh, Gujarat, since the occurrence of 

the 2001 Bhuj earthquake. Thus the conclusions drawn from the present thesis work 

would help us to take a quantum jump in our understanding regarding the intraplate 

seismicity associated with the continental rift zones in the world in general and the 

Kachchh rift zone, in particular. 

The primary objectives of the present thesis can be divided into four parts. First one is 

the delineation of active seismic sources in the Kachchh region through earthquake 

locations, second is characterization of active seismic sources through modelling source 

parameters and moment tensors, third is assessment of earthquake hazard of the 

Kachchh rift basin through modelling of sediment thicknesses and Qs vs. Qp relations, 

and fourth is understanding anisotropic nature of the upper mantle below the Kachchh 

region through shear wave splitting study. The knowledge of the geometry of active 

seismic sources, nature of seismic sources and attenuation of seismic waves are the key 

parameters for assessing earthquake hazard for the study region while the knowledge of 

upper mantle anisotropy is essential for understanding the ongoing geodynamic 

processes below the study region. The conclusions of this thesis work are discussed 

below. 

Earthquake location 

Seismic activity in Kachchh, Gujarat, recorded during May-June 2014 has been 

analyzed in the present study.  The modelled epicentral locations of earthquakes show 

two distinct clusters of seismicity along the Kachchh mainland Fault (KMF) and North 

Wagad Fault (NWF). Three felt events also occurred along different faults away from 

the above-mentioned clusters; one along the Katrol Hill Fault and two along the Banni 

Fault. The generation of these three felt events might have been caused by triggering 

due to migration of fluids or the stress pulse generated by the 20 MPa stress drop of the 

Mw 7.7 Bhuj earthquake in 2001. Also, this triggered seismicity may be because of an 
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increase in Coulomb stress of up to 1 bar in Kachchh. Absence of earthquakes in the 

top 2 km can be attributed to the presence of unconsolidated sediments of the Kachchh 

basin, which does not host favourable environment for accumulating stresses to 

generate earthquakes. A marked concentration of events is noticed in 15-30 km depth 

range, which could be attributed to the presence of a mafic crustal intrusive body, 

resulting in stress build-up for earthquake generation in this region. 

Earthquake source parameters 

In this study, we have modelled earthquake source parameters of 78 Bhuj aftershocks 

(Mw ranging from 2.2 to 3.9), which have occurred during May-June 2014. Finally, 

these estimates are used to obtain the scaling relationship between different source 

parameters. The results of this study show that corner frequency (fc) is decreasing with 

an increase in the seismic moment (Mo), following a linear relationship. This relation 

can be written as Mo= 7* 1024 fc – 12.6. Estimated stress drop (Δσ) values show a linear 

relationship with the seismic moment (Mo) govern by the following equation log10Δσ= 

0.722 log10Mo−10.34. Distribution of stress drops with depth shows that large stress 

drops are in 15–30 km depth range, which indicates the probable existence of the base 

of the seismogenic layer in this depth range. The maximum stress drop value is 

estimated to be 5.73 MPa at 24 km depth for the most significant studied event of Mw 

3.9. The observed large stress drops in the 15–30 km depth range could be attributed to 

stresses associated with crustal mafic intrusive bodies and the presence of aqueous 

fluids in the lower crust, as revealed by the earlier tomographic studies of the region. 

The corner frequency estimates decrease with the increasing moment magnitude. 

Moment magnitudes show a linear relation with corner frequency, which is given by 

the relation Mw= -0.478fc + 6.538. The standard deviations of seismic moment, corner 

frequency, source radius, and stress drop have been estimated for 78 selected Bhuj 

earthquakes, which are recorded at three or more stations. The maximum standard 

deviation in the seismic moment, corner frequency, source radius and stress drop are 

0.77 Hz, 21.17 km, and 0.80 MPa, respectively. The mean values of standard deviation 

in the seismic moment, corner frequency, source radius and stress drop are found to be 

7.66 Hz, 172.94 m and 0.59 MPa, respectively. 
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Moment tensor Inversion 

The aftershock focal mechanisms are shown in Figure 4.8. The solutions are sorted into 

faulting types based on rake angle following the convention of Aki and Richards (1965) 

and listed in Table 4.3. Because these classifications are based on the rake angle, thus, 

it is necessary to fix the fault plane between the two nodal planes based on the 

geological information. For each focal mechanism solution, the fault plane is chosen as 

that nodal plane which agrees with the orientation of faults in the vicinity mapped or 

compiled by Biswas (1987). In most cases, the faulting type is the same regardless of 

which nodal plane is assumed to be the fault plane.  The results obtained from moment 

tensor inversion show all types of focal mechanism, 3 oblique-normal left lateral strike-

slip; 2 left lateral strike-slip; 6 oblique reverse left lateral strike-slip; 3 reverse. This 

classification is based on rake angle following the convention of Aki and Richards 

(1965). In this study, we notice that maximum number of events show reverse and 

strike-slip mechanisms. Some pure reverse and strike–slip mechanisms have also been 

noticed. These solutions suggest a dominant reverse movement with a minor strike-slip 

component on a south dipping plane, which agrees with the causative nodal plane of the 

focal mechanism of the 2001 Bhuj mainshock (Antolik and Dreger, 2003). Although, a 

wide range of focal mechanism type is observed for aftershocks of the Bhuj earthquake, 

the dominant pattern is consistent with the prevailing north-south compression over the 

Indian plate (Cloetingh and Wortel, 1986; Coblentz et al.,1998). Based on our present 

study, itis perceived that the Kachchh region is under compression. This idea is 

conceived from the results observed in our study, which indicates the occurrence of 

reverse and strike-slip faulting within the region. The existence of pure normal faulting 

within the region is not observed from our analysis. However, earlier studies (Mandal 

and Hoton, 2007) documents 6% of such faulting prevailing within the region, which 

was attributed to the tectonic block readjustment immediate after the occurrence of the 

2001 mainshock. Our study does not show any evidence of pure normal faulting, 

suggesting the tectonic block readjustment process in the epicentral zone of 2001 

mainshock has been reduced significantly over the passage of time. 

Further, we studied the moment tensor solution of the 15 December 2015 Deogarh 

event, which revealed a right-lateral strike-slip motion at 8 km centroid depth below the 

Chotanagpur plateau in the eastern Indian craton. The P-axis orients toward N24oEthat 
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corroborates well with the absolute plate motion of Indian plate as predicted by the 

Nuvel1a model (Demets et al., 1990). While the T-axis orients toward EW direction, 

which aligns well with the strike of Damodar graben (DG) of Gondwana age. The 

faults/fractures within DG are neotectonically active, which has reactivated to generate 

small to moderate size earthquakes in the past. Thus, we propose that the Deogarh 

earthquake is generated by the neotectonic reactivation of a fault associated with DG. 

Sediment thicknesses and Qs vs. Qp relations 

This study provides estimates of sedimentary thicknesses underlain by several NGRI 

broadband seismic stations within the study region. Using the travel-time differences 

between direct waves andconverted waves and the available subsurface velocity 

structure obtained from the 1-D trvel time inversion. Variation in the travel time 

differences from (0.76 ± 0.14)s to(1.12 ± 0.22)s between the direct S and converted Sp 

phases are observed. These differences leadto conclude for a maximum and minimum 

sedimentary thickness of ~ 1.456 and 0.986 km beneath the TPR, and BCH as well as 

JMN broadband seismic stations (Figure 5.3). The contour plot of estimated sediment 

thicknesses in Kachchh, Gujarat, reveals an E-W trending basin structure with large 

thicknesses varying from 1.75 to 2.5 km, underlying the Kachchh rift zone. Also, it 

depicts another zone of large sediment thicknesses (1.5-1.8 km) below the GF zone. 

The delineated E-W trending zone of large sediment thickness coinciding with the 

Mesozoic Kachchh rift zone extends 44 km in north-south and 120 km in east-west. 

The contour plot also delineates two zones of smaller sediment thicknesses (< 1.5 km), 

one is below the region covering BHU, NGR and TPM while another lies below the 

region between the Wagad and Bela uplifts. 

The estimated Qs vs. Qp relations for 12 Broadband seismic stations varies from Qs = 

0.467Qp (at TPR) to Qs = 0.779 Qp (at JMN and MND). These stations (e.g., BHU, 

MTP, NGR, TPM, VJP, TPR and MOU), whose spectral slopes have very high 

correlation coefficients (0.84–0.93),demonstrate similar Qs vs. Qp relations. However, 

the seismic stations TPR and MOU, whose spectral slope varies from 0.0107 to 0.0114 

accounts for a very high correlation coefficient ranging from0.92 to 93. The Qs vs. Qp 

relation for these stations suggest relatively more attenuation of seismic waves within 

the sediment beneath these seismic stations. At BCH and SIV seismic stations 

reasonably high correlation coefficients ranging from 0.69 to 0.70 is observed. The 
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spectral ratios for seismic stations JMN, MND and GDD, are small, that suggests in 

less reliable Qs vs. Qp relations. The Qs vs. Qp relationships are velocity-model 

dependent and agree quite well with the relations obtained from global studies. 

Upper Mantle anisotropy through shear wave splitting 

Our results obtained from SKS analysis show that measurements of fast axis orientation 

and delay time vary from N7°E to N30°E and 0.9 s to 1.3 s respectively. While the 

average of vector means of measurements for all the stations is found to be (φ, δt)= 

(N15oE, 1.01 ± 0.3 s). The average delay time of all these stations is 1.01 s, which is 

consistent with the global average of 1 s for continental (e.g., Silver, 1996).  Our study 

reveals that the mantle is highly anisotropic with fast anisotropic directions aligning 

nearly along the Indian plate motion at all the stations. Our modelling of azimuthal 

variation of shear-wave splitting parameters reveals two anisotropic layers underlying 

the Kachchh region. The fast axis orientation for the upper and bottom layers are 

N75oE and N17oE, respectively, while the delay time for the upper and bottom layers 

are estimated to be 0.37 s and 1.17 s, respectively. The strong anisotropy (𝜹t=1.17s) in 

the bottom layer is attributed to the asthenospheric flow while the weaker anisotropy 

(𝜹t=0.37s) in the upper layer could be due to the frozen LPO anisotropy in the 

lithosphere. 

7.2. Recommendation and future scope 

The conclusions drawn from the present thesis work will play a significant role in the 

current understanding of earthquake source process, seismo-tectonics, ground-motion 

and geodynamic process in the Kachchh rift zone. However, improvement in the 

accuracy of results is necessary.Ground-motion modelling will be essential to reduce 

the future seismic hazard in Kachchh. Some studies related to Ground-motion 

modelling have been done in the Kachchh rift basin, but in these studies, the effects of 

the sedimentary basin on surface waves have been studied for waves inside the basin, 

but wavefield effects downstream from the basin is not incorporated. Further, it will be 

important to make an effort to improve our current understanding of nature of surface 

waves, and especially the effect on amplitudes due to the basin. So, additional studies 

are required in the Kachchh seismic region for seismic hazard estimation, which can be 

used in building codes for taking strict measures of hazard mitigation. Estimated 

earthquake source parameters and focal mechanisms will form a key input for 
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modelling seismic hazard of the Kachchh region. Though we have studied the 

earthquake data using different approaches in this thesis, however, it is required to do 

more geophysical and geological works near and around the Kachchh seismic 

zone/region for a better understanding of the lower crustal structure and its role in 

generating intraplate earthquakes. Similar studies can be carried out in other 

seismically active areas in the Indian sub-continent to model the seismogenesis of 

earthquakes occurring in other parts of India. Particularly on the seismically active 

regions like Kachchh seismic zone, northeastern parts of the India and Himalayan 

regions, which fall in zone V on the seismic zoning map of India. In kachchh region 

data acquired from broadband, seismometer is very noisy because of subsurface 

sediments. To overcome this problem, some new data recording approach like 

Distributed Acoustic Sensing (DAS) should use to record the earthquake data in the 

Kachchh region and also in other seismically active areas in India. DAS technique can 

provide less noisy data. Thus, this method would give better results.  
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Appendix 
Table A2.1: Locations of  Kachchh earthquakes during 2014 to 2015. 

S.N. 

 
 Date         Time                      Lat      Error   Long       ErrorDepth    Error Mag    RMS        GAP   yymmdd hhmm     

Sec         (deg)                  (deg)                     (km)                   Mw 

1.  140101 1423 40.45 23.679 1.9 69.915 1.9 22.0 3.9 3.2 0.02 148 

2.  140102 300 35.83 23.506 0.6 70.013 0.7 23.6 2.8 3.4 0.04 94 

3.  140102 853 35.83 23.379 0.9 70.281 0.5 10.0 1.4 2.9 0.04 90 

4.  140103 1450 33.54 23.492 1.0 70.462 0.9 14.9 2.3 2.9 0.05 107 

5.  140103 1649 46.54 23.505 0.7 70.14 0.8 16.0 1.6 3.1 0.09 102 

6.  140103 1931 06.43 23.365 1.0 70.189 0.8 29.8 1.5 3.0 0.05 87 

7.  140106 2350 32.35 23.519 1.1 70.486 0.9 16.1 1.9 1.9 0.03 110 

8.  140107 1052 06.33 23.455 0.9 70.292 0.7 23.6 2.2 2.5 0.05 101 

9.  140107 1549 38.34 23.478 1.2 70.579 1.2 22.6 2.7 3.6 0.03 134 

10.  140107 2308 31.32 23.547 0.6 70.06 0.9 15.3 3.1 2.2 0.04 101 

11.  140108 741 0.91 23.29 1.1 70.237 0.7 27.7 1.1 2.2 0.04 148 

12.  140108 1042 4.59 23.393 1.2 70.403 0.9 21.4 2.0 2.7 0.07 122 

13.  140108 1539 13.49 23.42 1.1 70.479 0.9 11.1 3.2 2.4 0.02 127 

14.  140108 2043 34.88 23.448 1.1 70.234 0.8 28.8 1.8 1.8 0.08 98 

15.  140110 1837 39.61 23.305 1.5 70.276 0.8 13.2 2.0 2.7 0.03 134 

16.  140111 1906 19.86 23.443 1.3 70.434 0.9 23.4 2.9 2.8 0.05 105 

17.  140112 1650 39.61 23.462 1.1 70.432 0.8 20.0 2.8 2.9 0.04 103 

18.  140113 1021 31.66 23.587 1.1 70.467 1.0 20.1 3.8 2.7 0.03 124 

19.  140113 1504 36.93 23.518 0.9 70.274 0.7 9.4 2.5 3.4 0.05 111 

20.  140113 1723 54.38 23.471 1.2 70.489 1.0 18.1 2.3 2.9 0.03 113 

21.  140113 2248 7.21 23.472 1.2 70.57 1.1 19.4 1.7 2.4 0.02 126 

22.  140114 1329 30.97 23.528 0.8 70.218 0.9 14.5 2.5 2.5 0.07 110 

23.  140114 1959 11.75 23.464 0.8 70.176 0.8 25.0 2.4 2.6 0.04 98 

24.  140116 910 27.04 23.481 0.9 70.116 0.6 21.4 3.4 2.8 0.05 103 

25.  140117 1340 21.14 23.516 0.6 70.33 0.9 07.9 1.9 1.9 0.03 119 

26.  140119 1706 51.47 23.573 0.8 70.492 1.0 24.0 2.4 2.3 0.07 97 

27.  140121 2014 15.75 23.543 2.6 70.419 1.4 22.5 2.0 2.9 0.04 173 

28.  140122 1949 8.00 23.495 0.9 70.446 0.9 16.0 1.1 2.3 0.06 107 

29.  140122 2102 35.28 23.349 1.3 70.144 0.5 20.4 2.1 3.0 0.02 88 

30.  140123 0011 11.44 23.514 1.0 70.384 1.0 22.3 2.0 2.2 0.09 114 

31.  140123 0436 54.75 23.464 1.0 70.261 0.8 23.4 2.4 2.8 0.05 106 

32.  140123 0446 47.22 23.504 1.1 70.196 0.9 15.8 2.3 2.3 0.04 110 

33.  140125 1454 31.64 23.612 0.8 70.531 0.8 9.4 1.1 2.9 0.11 126 

34.  140126 1452 26.94 23.458 0.7 70.167 0.5 19.2 2.3 2.5 0.03 96 

35.  140128 0630 18.63 23.394 0.8 70.038 0.5 18.0 2.3 2.5 0.08 79 

36.  140128 1012 30.06 23.395 0.8 70.04 0.5 18.2 2.3 2.6 0.08 80 

37.  140129 0220 2.62 23.507 0.8 70.499 0.9 16.1 1.2 2.4 0.09 92 

38.  140129 1541 58.94 23.501 0.9 70.452 0.8 13.0 1.7 2.2 0.10 104 

39.  140129 1932 26.31 23.546 0.5 70.037 0.5 15.3 1.8 3.0 0.07 98 

40.  140130 1829 05.06 23.578 0.7 70.202 0.6 9.5 1.8 2.4 0.10 119 

41.  140130 1943 44.43 23.611 0.8 70.447 0.7 10.4 1.6 2.8 0.09 129 

42.  140131 1438 4.96 23.362 1.0 70.411 0.8 23.9 1.4 2.6 0.05 144 

43.  140131 1504 37.95 23.683 0.8 70.431 0.8 27.1 1.6 3.5 0.09 145 

44.  140131 1521 37.21 23.687 0.8 70.434 0.8 28.7 1.2 2.8 0.07 146 

45.  140131 2354 14.58 23.567 0.6 70.255 0.6 11.4 4.7 2.1 0.06 119 

46.  140201 6 34.87 23.527 0.7 70.239 0.6 15.9 1.6 2.5 0.07 111 

47.  140201 59 40.17 23.683 0.9 70.413 0.7 21.8 1.9 2.5 0.05 145 

48.  140201 236 35.19 23.6 0.7 70.465 0.7 10.1 1.2 3.0 0.09 127 

49.  140201 440 55.99 23.404 1.2 70.34 1.0 28.3 1.1 2.7 0.03 143 

50.  140201 1003 56.43 23.476 0.7 70.483 0.8 23.7 1.2 2.9 0.06 90 

51.  140201 2300 37.78 23.44 0.7 70.141 0.5 14.0 2.4 2.7 0.03 92 

52.  140202 1446 49.24 23.5 0.7 70.394 0.7 09.5 1.5 2.7 0.07 109 

53.  140203 1140 8.03 23.534 0.5 70.069 0.5 21.4 2.4 2.5 0.05 100 

54.  140204 655 50.69 23.392 1.0 70.358 0.8 18.0 1.8 2.6 0.03 102 

55.  140205 2251 48.97 23.441 0.8 70.165 0.5 18.6 2.6 2.6 0.03 94 

56.  140206 904 55.7 23.469 0.7 70.471 0.8 17.6 1.3 2.7 0.06 94 

57.  140206 1336 10.79 23.373 0.9 70.338 0.8 08.4 1.8 2.2 0.07 97 

58.  140206 1601 11.88 23.48 0.7 70.276 0.7 15.9 1.5 2.4 0.05 105 

59.  140207 144 28.14 23.359 1.0 70.391 0.7 26.9 1.3 2.7 0.04 135 
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60.  140207 444 11.63 23.502 0.6 70.171 0.5 20.5 2.4 3.2 0.04 103 

61.  140207 2240 54.01 23.466 0.9 70.417 0.9 21.6 1.8 2.8 0.10 93 

62.  140210 1104 32.11 23.558 0.9 70.617 1.1 22.7 1.2 2.5 0.03 149 

63.  140212 236 19.62 23.392 1.0 70.371 0.8 17.5 1.9 2.8 0.07 109 

64.  140214 1444 6.71 23.529 0.5 70.18 0.5 18.7 2.6 2.5 0.04 108 

65.  140215 139 55.22 23.573 0.8 70.418 0.7 11.1 1.6 2.9 0.08 122 

66.  140215 449 3.66 23.51 0.9 70.497 0.9 18.4 1.2 2.4 0.07 93 

67.  140215 1732 21.4 23.39 0.7 70.313 0.5 07.7 1.8 2.7 0.07 88 

68.  140216 1218 44.8 23.501 0.5 70.277 0.5 13.4 2.6 3.7 0.03 108 

69.  140217 449 12.01 23.64 0.7 70.518 0.8 02.0 0.9 2.5 0.12 133 

70.  140220 1024 13.56 23.323 1.0 70.116 0.7 27.7 1.4 2.6 0.10 78 

71.  140223 1615 51.65 23.497 0.8 70.393 0.9 09.7 1.8 3.1 0.11 109 

72.  140224 900 16.04 23.459 0.9 70.386 0.9 25.3 1.8 2.8 0.11 98 

73.  140225 1247 56.62 23.449 0.9 70.353 0.8 22.3 1.9 3.2 0.09 100 

74.  140226 557 45.81 23.356 1.0 70.189 0.7 36.6 1.5 2.9 0.07 92 

75.  140226 749 57.18 23.444 0.9 70.441 0.9 23.7 1.6 2.9 0.10 105 

76.  140226 1025 34.16 23.478 0.8 70.299 0.6 15.6 1.8 2.5 0.07 105 

77.  140227 2316 21.88 23.576 0.7 70.505 0.7 18.8 1.1 3.3 0.09 120 

78.  140228 1119 59.12 23.494 0.7 70.396 0.9 09.7 1.6 3.2 0.10 108 

79.  140228 1440 32.35 23.389 0.9 70.442 0.9 24.7 1.4 3.1 0.07 139 

80.  140228 1444 44.85 23.391 1.0 70.434 0.9 22.9 1.6 2.9 0.09 135 

81.  140228 1615 59.3 23.431 0.6 70.14 0.5 16.0 1.1 3.7 0.05 91 

82.  140301 556 35.53 23.462 0.9 70.488 1.1 21.2 1.6 2.7 0.09 98 

83.  140303 1319 49.69 23.519 0.6 70.139 0.6 14.5 1.9 3.3 0.07 104 

84.  140303 1759 45.19 23.294 1.1 70.305 0.7 24.3 1.3 2.7 0.05 132 

85.  140303 2209 12.92 23.389 1.1 70.412 1.0 21.6 1.8 2.5 0.13 128 

86.  140304 457 24.22 23.513 0.5 70.109 0.4 19.2 2.5 3.4 0.04 100 

87.  140305 214 46 23.373 1.1 70.191 0.7 30.0 1.7 3.3 0.09 87 

88.  140305 1410 8.78 23.445 1.0 70.508 1.1 21.4 1.5 2.0 0.09 108 

89.  140305 2355 32.25 23.471 1.2 70.45 2.0 37.3 1.7 2.3 0.03 180 

90.  140306 148 26.78 23.664 1.0 70.393 0.9 30.0 2.0 3.0 0.10 142 

91.  140306 1858 1.72 23.389 1.0 70.303 0.8 33.7 1.6 2.1 0.08 89 

92.  140307 803 58.34 23.408 1.0 70.336 0.9 27.9 1.4 2.9 0.11 90 

93.  140307 2226 18.6 23.407 1.0 70.202 0.7 28.0 1.6 2.5 0.11 91 

94.  140307 2307 14.29 23.461 1.0 70.343 1.0 24.7 2.3 2.8 0.12 103 

95.  140308 1535 46.88 23.429 0.8 70.56 0.9 22.4 1.1 2.9 0.07 110 

96.  140308 1901 9.26 23.359 1.0 70.291 0.7 38.4 0.7 4.3 0.06 84 

97.  140309 529 37 23.538 0.5 70.051 0.5 19.4 2.7 2.5 0.05 98 

98.  140310 1348 18.54 23.404 0.9 70.439 0.9 23.3 1.4 2.4 0.08 129 

99.  140311 459 18.18 23.607 0.9 70.247 0.8 09.5 2.5 2.9 0.15 127 

100.  140314 2013 46.23 23.468 0.8 70.46 1.1 07.7 2.4 2.4 0.13 95 

101.  140315 112 38.24 23.447 0.6 70.275 0.5 13.4 2.5 3.0 0.04 99 

102.  140315 2108 19.24 23.413 1.0 70.364 0.8 21.8 1.9 2.5 0.07 98 

103.  140319 334 51.04 23.667 0.7 70.087 0.6 25.0 2.4 2.9 0.06 129 

104.  140322 118 46.73 23.396 1.0 70.465 1.1 18.0 1.8 2.9 0.12 141 

105.  140322 510 47.42 23.567 0.9 70.405 1.0 14.2 2.2 2.9 0.17 121 

106.  140322 1329 53.23 23.469 0.9 70.433 0.9 24.5 1.6 3.5 0.10 92 

107.  140324 428 45.96 23.496 1.0 70.557 1.2 18.3 1.6 2.7 0.14 119 

108.  140324 917 36.3 23.539 0.5 70.047 0.6 22.6 2.5 3.1 0.07 98 

109.  140325 839 13.96 23.441 0.9 70.516 1.0 19.1 1.4 3.2 0.11 111 

110.  140326 2306 21.16 23.477 0.9 70.383 0.9 23.1 2 3.2 0.11 105 

111.  140329 121 23.86 23.422 1.0 70.361 0.9 26.6 1.8 2.6 0.10 94 

112.  140331 1047 6.31 23.468 0.9 70.372 1.4 26 2.4 2.5 0.05 136 

113.  140401 833 11.12 23.481 0.8 70.289 0.7 17.7 2.5 2.4 0.04 105 

114.  140401 1549 15.61 23.436 0.8 70.146 0.5 22.4 2.6 3.2 0.04 102 

115.  140402 428 8.43 23.44 1.0 70.402 1.2 23.9 2.2 2.6 0.09 99 

116.  140402 643 8.39 23.661 0.8 70.082 0.7 27 2.5 2.8 0.04 154 

117.  140403 952 17.32 23.457 0.6 70.477 0.9 7.9 1.8 2.6 0.08 101 

118.  140407 1857 48.64 23.057 0.9 69.667 1.0 16.1 1.0 2.6 0.06 129 

119.  140409 1351 6.39 23.608 0.8 70.255 0.6 2.1 1.0 2.6 0.13 127 

120.  140409 1715 40.24 23.312 1.3 70.106 0.8 27.4 1.8 3.0 0.15 76 

121.  140410 543 21.6 23.386 1.1 70.348 0.9 30.1 1.5 3.0 0.07 99 

122.  140410 950 34.86 23.448 1.0 70.361 0.9 18.1 2.4 3.2 0.11 99 

123.  140410 1051 59.63 23.734 1.6 69.904 1.3 17.7 3.0 3.1 0.10 114 

124.  140411 1313 47.81 23.327 1.2 70.356 0.9 31.3 1.3 3.2 0.05 127 
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125.  140411 1700 16.65 23.441 0.9 70.353 0.9 26.4 1.9 3.0 0.09 97 

126.  140411 1809 11.45 23.453 0.8 70.264 0.7 18.4 2.5 2.6 0.05 100 

127.  140412 1056 0.04 23.493 0.6 70.294 0.5 15 1.7 3.9 0.06 107 

128.  140413 1156 37.4 23.449 1.0 70.299 1.2 21.3 3.4 2.8 0.10 105 

129.  140414 112 22.06 23.479 0.9 70.204 1.1 15.5 2.8 2.4 0.08 114 

130.  140414 347 4.23 23.342 1.1 70.374 0.9 20.5 1.5 3.5 0.08 135 

131.  140415 3 16.67 23.514 0.8 70.116 0.6 2.0 1.0 3.8 0.16 101 

132.  140417 112 3.58 23.417 1.6 70.418 1.4 26.3 2.7 2.3 0.17 110 

133.  140419 315 40.07 23.474 1.0 70.438 1.1 21.1 1.7 2.5 0.10 91 

134.  140419 614 17.15 23.731 0.9 70.381 0.8 34.2 1.7 2.7 0.04 156 

135.  140419 2006 57.27 23.714 0.9 70.525 0.8 25.5 1.7 3.7 0.06 149 

136.  140420 42 39.26 23.374 0.9 70.244 0.7 13.5 2.6 2.9 0.02 101 

137.  140420 837 7.82 23.589 0.9 70.428 1.8 15.9 2.1 2.3 0.09 179 

138.  140420 1644 7.18 23.37 1.1 70.238 0.9 33.1 1.9 3.7 0.10 104 

139.  140426 19 52.01 23.427 0.8 70.179 0.6 21.6 2.7 3.0 0.04 95 

140.  140427 253 47.21 23.543 0.7 70.315 0.6 8.3 1.8 2.8 0.06 116 

141.  140428 19 23.23 23.372 1.1 70.392 1.0 26 1.6 3.6 0.09 129 

142.  140428 59 29.34 23.531 0.9 70.525 0.9 21.6 1.2 3.0 0.06 106 

143.  140428 1152 56.39 23.371 0.9 70.269 1.0 2.3 1.4 2.8 0.13 95 

144.  140429 408 4.59 23.376 1.3 70.297 1.0 12 3.5 2.2 0.10 86 

145.  140429 539 4.52 23.56 0.6 70.024 0.6 18.8 3.8 2.8 0.05 98 

146.  140429 555 1.15 23.475 0.7 70.302 0.8 14.2 2.5 3.9 0.11 104 

147.  140429 847 52.44 23.408 1.1 70.219 0.9 26 2.5 3.5 0.16 95 

148.  140429 1522 47.01 23.38 0.9 70.258 0.7 14 2.1 3.5 0.13 95 

149.  140501 127 32.03 23.437 1.0 70.359 1.7 20.2 3.1 2.4 0.02 139 

150.  140501 840 41.5 23.553 0.6 70.126 0.5 17.2 4.4 2.7 0.06 108 

151.  140501 1421 19.6 23.397 1.9 70.457 1.3 29 1.0 2.5 0.08 179 

152.  140502 1421 51.72 23.563 0.7 70.092 0.6 10 2.5 2.8 0.07 127 

153.  140502 1530 4.22 23.561 0.9 70.285 0.8 9.6 2.5 2.6 0.05 119 

154.  140503 449 21.52 23.511 0.8 70.180 0.7 24.3 2.8 2.5 0.04 105 

155.  140505 358 25.7 23.230 1.3 70.087 0.6 15.3 2.4 2.5 0.04 164 

156.  140506 1046 20.07 23.550 0.8 70.071 0.7 28.5 3.2 2.5 0.03 121 

157.  140506 1719 38.89 23.394 0.8 70.176 0.6 19.2 2.5 3.1 0.04 105 

158.  140507 911 19.5 23.446 1.0 70.154 0.8 9.6 2.5 2.5 0.11 94 

159.  140507 1057 50.63 23.581 1.1 70.482 1.1 15.6 1.3 3.1 0.04 122 

160.  140507 1111 18.74 23.561 1.2 70.485 1.0 17 1.5 2.7 0.06 118 

161.  140509 1035 48.3 23.490 0.7 70.437 1.0 15.5 1.4 3.2 0.08 97 

162.  140509 1320 14.01 23.501 0.7 70.196 0.9 15.9 2.2 3.1 0.04 120 

163.  140510 613 2.99 23.418 1.1 70.351 1.0 20.7 2.2 3.3 0.13 92 

164.  140511 1026 0.15 23.424 0.8 70.461 0.9 21.1 1.3 3.2 0.05 121 

165.  140512 1316 53.75 23.501 0.6 70.072 0.5 8.0 2.3 3.3 0.07 95 

166.  140512 1423 53.75 23.585 0.7 70.090 0.5 18.7 3.7 2.9 0.05 111 

167.  140512 1732 26.3 23.430 0.9 70.460 1.1 19.2 1.8 2.7 0.05 116 

168.  140515 356 13.83 23.494 0.7 70.287 0.7 13.7 2.6 2.6 0.07 107 

169.  140515 1146 47.28 23.471 0.9 70.390 1.0 17.9 2.0 2.7 0.07 102 

170.  140518 1117 17.48 23.481 0.8 70.466 0.9 19.7 1.4 2.8 0.07 88 

171.  140521 149 49.1 23.555 1.0 70.408 1.0 18.1 2 3.3 0.12 119 

172.  140521 950 47.78 23.428 0.8 70.422 0.9 17.3 1.7 3.6 0.08 110 

173.  140523 601 55.05 23.463 0.9 70.370 0.9 19.9 2.1 3.0 0.09 103 

174.  140523 1121 28.1 23.476 0.8 70.119 0.7 32.4 2.8 2.8 0.07 96 

175.  140525 408 53.26 23.416 1.1 70.293 1.0 31.3 2.0 3.4 0.09 96 

176.  140525 745 4.12 23.447 0.8 70.268 0.7 10 1.7 2.6 0.10 99 

177.  140526 756 29.2 23.399 1.0 70.425 1.0 27.7 1.3 2.8 0.08 127 

178.  140527 552 33.79 23.618 1.7 70.553 1.2 32.4 2.1 2.7 0.07 126 

179.  140527 1120 14.18 23.396 1.1 70.322 0.9 12.9 3.4 2.4 0.04 90 

180.  140527 1341 47.68 23.295 1.1 70.145 0.7 25.2 2.2 3.2 0.05 145 

181.  140527 2131 20.52 23.383 1.1 70.367 1.0 15.4 1.5 2.9 0.07 110 

182.  140528 5 59.76 23.366 1.1 70.356 0.9 23.3 1.7 3.9 0.06 111 

183.  140529 936 57.38 23.425 0.7 70.473 0.9 10.4 2.3 3.3 0.08 122 

184.  140529 1619 59.71 23.456 0.9 70.318 0.8 21.8 2.1 3.5 0.04 102 

185.  140530 1650 24.16 23.392 1.2 70.319 0.9 33 1.9 3.2 0.05 92 

186.  140530 1806 50.73 23.351 1.0 70.393 0.9 10.0 1.4 3.0 0.04 141 

187.  140603 1634 35.43 23.57 1.2 70.437 1.1 14.5 1.6 2.6 0.03 157 

188.  140607 1046 50.14 23.431 1.1 70.187 0.8 31.9 2.3 3.3 0.09 94 

189.  140608 645 30.58 23.38 1.2 70.349 1.0 30.1 1.5 3.0 0.06 102 
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190.  140608 1709 52.86 23.399 1.5 70.317 2.1 29.8 2.9 3.5 0.06 123 

191.  140609 1641 50.52 23.483 0.7 70.201 0.6 20.2 2.5 2.6 0.04 102 

192.  140610 22 52.49 23.52 0.9 70.469 0.9 19 1.4 3.1 0.09 96 

193.  140610 523 34.65 23.47 0.7 70.144 0.5 18.8 2.9 2.8 0.04 97 

194.  140611 403 31.53 23.454 0.8 70.534 1.0 15.1 1.1 3.6 0.09 95 

195.  140611 537 24.61 23.305 1.5 70.331 0.9 12.4 1.7 2.6 0.06 113 

196.  140612 312 15.74 23.337 1.1 70.32 0.9 9.6 1.5 3.8 0.07 87 

197.  140612 1817 2.62 23.469 0.7 70.37 0.8 9.5 1.7 2.4 0.07 104 

198.  140614 443 38.64 23.49 1.1 70.167 0.9 15.0 2.9 2.6 0.16 101 

199.  140616 1823 13.53 23.348 1.0 70.306 0.8 24.1 1.5 2.8 0.05 87 

200.  140617 631 26.24 23.749 1.0 70.622 1.1 16.3 2.7 2.6 0.06 156 

201.  140618 443 13.08 23.709 0.9 70.407 0.8 27.2 1.7 2.6 0.05 152 

202.  140618 1040 30.92 23.521 1.0 70.173 0.8 10.0 2.4 2.6 0.14 107 

203.  140618 1255 50.11 23.45 0.7 70.094 0.5 15.3 1.9 3.3 0.06 97 

204.  140619 829 15.87 23.489 0.8 70.425 0.8 17.7 1.5 3.0 0.09 101 

205.  140619 1150 2.49 23.484 0.7 70.363 0.8 12.0 2.7 2.6 0.07 107 

206.  140619 1434 2.4 23.48 0.9 70.385 0.8 26.4 1.6 2.8 0.07 106 

207.  140619 1608 24.24 23.379 1.0 70.194 0.7 28.8 1.1 2.6 0.09 108 

208.  140620 837 39.73 23.402 1.0 70.477 1.0 25.0 1.4 2.8 0.09 140 

209.  140620 1044 23.09 23.379 0.9 70.218 0.6 13.0 2.9 2.8 0.03 104 

210.  140622 234 1.96 23.364 1.2 70.315 0.8 13.8 2.3 3.1 0.07 84 

211.  140622 933 20.15 23.631 1.1 70.43 0.8 23.1 1.7 2.7 0.08 134 

212.  140622 1213 23.81 23.573 1.1 70.457 0.9 17.4 1.3 3.0 0.08 121 

213.  140623 425 4.3 23.362 1.1 70.358 1.0 8.3 2 2.3 0.06 113 

214.  140626 1505 55.31 23.401 0.8 70.402 0.8 11.5 2.3 2.7 0.08 118 

215.  140628 636 44.86 23.393 2.1 70.305 1.3 33.0 2.9 3.5 0.01 113 

216.  140628 2139 43.9 23.517 1.8 70.106 1.7 47.8 4.7 2.2 0.10 102 

217.  140630 706 19.35 23.68 1.1 70.322 0.9 2.0 1.4 2.6 0.08 145 

218.  140701 1137 47.48 23.39 1.1 70.466 1.3 24.8 1.9 2.73 0.03 146 

219.  140703 756 34.93 23.367 1.0 70.362 0.9 9 1.7 2.94 0.08 114 

220.  140704 1048 16.56 23.38 1.0 70.365 0.9 24.4 1.5 2.84 0.05 110 

221.  140707 1132 4.48 23.336 1.2 70.37 1.0 20.2 1.6 2.32 0.06 135 

222.  140707 2240 15.1 23.483 0.8 70.379 0.9 15.9 1.3 2.75 0.09 85 

223.  140707 1927 17.09 23.488 0.8 70.466 0.9 19.40 1.4 2.62 0.08 106 

224.  140712 215 49.15 23.428 1.0 70.413 1.0 23.3 1.7 2.99 0.09 108 

225.  140712 1335 19.86 23.362 1.3 70.223 1.5 23.1 3.2 2.66 0.02 110 

226.  140714 1724 41.55 23.35 1.1 70.406 0.9 24.8 1.4 2.82 0.05 150 

227.  140716 304 27.48 23.396 1.2 70.345 1.0 31.5 1.6 3.46 0.07 95 

228.  140716 1728 30.14 23.372 1.0 70.336 1.0 9.6 1.9 2.62 0.07 96 

229.  140720 1616 19.81 23.643 1.0 70.391 0.9 27.9 1.7 2.97 0.10 137 

230.  140722 45 36.38 23.463 1.0 70.417 1.0 24.4 1.7 3.05 0.09 92 

231.  140722 838 28.55 23.371 0.9 70.153 0.6 21 2.5 3.01 0.05 115 

232.  140723 351 37.27 23.48 0.9 70.493 1.1 15.8 1.4 2.66 0.06 108 

233.  140724 236 14.47 23.368 0.9 70.065 0.6 22.4 2.9 3.06 0.06 118 

234.  140728 1330 58.41 23.418 0.9 70.449 0.9 20.8 1.5 3.03 0.05 122 

235.  140729 339 58.07 23.365 1.2 70.396 1.0 26.2 1.5 3.51 0.07 135 

236.  140730 831 28 23.521 0.7 70.17 0.5 14.3 1.9 2.51 0.04 106 

237.  140730 1049 59.57 23.38 1.1 70.343 1.0 25.3 1.9 2.91 0.05 98 

238.  140802 6 8.89 23.357 1.1 70.375 0.9 21.9 1.5 3.07 0.05 127 

239.  140802 249 49.83 23.358 1.2 70.39 1.2 32.6 1.7 2.95 0.03 136 

240.  140803 1345 44.42 23.413 1.0 70.452 1.1 26.3 1.6 3.10 0.05 126 

241.  140805 416 56.19 23.475 1.2 70.191 0.8 23.5 3.7 3.01 0.04 154 

242.  140808 1551 18.82 23.514 0.8 70.097 0.6 15.8 2.1 2.69 0.03 117 

243.  140809 436 49.69 23.47 0.9 70.151 0.6 24.4 3.3 3.18 0.02 127 

244.  140812 1526 0.08 23.446 1.1 70.408 0.9 23.6 1.8 2.84 0.04 136 

245.  140813 1009 27.15 23.419 1.1 70.371 0.9 20.2 2.2 3.02 0.04 146 

246.  140813 1020 55.39 23.499 1.0 70.31 0.9 16.0 1.8 2.94 0.04 123 

247.  140819 945 32.12 23.484 1.0 70.434 0.9 17.2 1.5 2.77 0.05 120 

248.  140821 539 17.45 23.486 1.1 70.366 0.9 20.8 2.0 2.76 0.05 125 

249.  140824 648 41.7 23.469 1.0 70.175 0.6 24.5 3.2 2.81 0.03 128 

250.  140824 810 51.66 23.603 1.0 70.456 0.8 11.5 1.4 2.87 0.06 127 

251.  140824 927 51.86 23.52 1.0 70.37 0.8 19.0 1.8 3.57 0.04 114 

252.  140825 1215 44.53 23.505 1.1 70.302 0.8 19.5 2.8 2.88 0.05 121 

253.  140825 1806 20.63 23.382 1.3 70.358 1.0 32.5 2.0 2.57 0.02 158 

254.  140826 1600 52.28 23.554 0.9 70.305 0.7 12.2 3.3 3.00 0.03 118 
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255.  140827 255 44.32 23.679 1.1 70.421 0.9 28.7 1.3 3.89 0.04 144 

256.  140827 926 56.19 23.374 1.3 70.191 0.7 28.8 1.5 3.12 0.04 150 

257.  140827 1932 36.92 23.372 1.2 70.357 0.9 26.0 2.3 3.51 0.07 161 

258.  140828 332 12.77 23.392 1.2 70.263 0.9 30.5 2.7 2.77 0.04 150 

259.  140828 2249 50.25 23.473 1.1 70.398 0.9 22.3 1.7 2.55 0.04 142 

260.  140829 853 2.75 23.807 1.9 69.942 2.0 8.3 3.3 2.60 0.02 166 

261.  140831 45 24.16 23.353 1.1 70.236 0.6 9.9 2.1 3.13 0.03 158 

262.  140901 2 25.59 23.410 1.2 70.371 0.9 25.3 2.1 2.7 0.04 149 

263.  140903 354 7.59 23.111 0.9 69.745 2.3 18.0 3.0 2.4 0.04 152 

264.  140904 14 12.65 23.472 1.1 70.401 0.9 23.9 1.7 2.6 0.05 127 

265.  140904 817 32.23 23.460 1.3 70.458 1.1 29 0.8 2.7 0.05 127 

266.  140905 1743 22.49 23.581 1.1 70.618 1.1 26 1.5 3.1 0.04 145 

267.  140906 52 53.18 23.490 0.8 70.045 0.7 23.2 3.7 2.8 0.03 118 

268.  140906 829 13.13 23.385 1.3 70.253 0.9 30.6 2.8 3.3 0.05 151 

269.  140906 1032 46.69 23.500 0.9 70.581 1.0 11.0 1.7 2.8 0.09 135 

270.  140907 1238 22.63 23.352 1.3 70.386 1.0 25.3 2.2 2.8 0.04 171 

271.  140907 1735 47.02 23.355 1.3 70.168 0.7 27.2 2.0 3.0 0.05 153 

272.  140907 2137 17.44 23.446 0.9 70.457 0.9 13.2 1.8 2.3 0.09 134 

273.  140907 2331 36.55 23.442 1.1 70.302 0.8 26.0 2.3 2.3 0.05 138 

274.  140913 1559 44.72 23.503 0.5 70.054 0.6 21.9 2.5 2.7 0.04 93 

275.  140914 822 42.78 23.514 0.8 70.325 0.8 15.1 2.0 2.9 0.09 141 

276.  140916 959 25.01 23.520 0.9 70.359 0.9 19.9 2.0 2.7 0.07 146 

277.  140916 1057 7.92 23.416 0.7 70.143 0.6 17.3 2.2 2.9 0.05 121 

278.  140920 1038 58.06 23.462 1.0 70.368 0.9 27.0 1.7 2.6 0.07 174 

279.  140920 1836 37.8 23.398 0.9 70.244 0.8 34.0 1.4 3.7 0.06 160 

280.  140921 1705 58.63 23.436 0.6 70.082 0.7 15.9 1.4 2.8 0.09 98 

281.  140922 113 59.04 23.364 0.9 70.221 0.8 26.0 1.5 3.8 0.08 164 

282.  140925 2125 12.46 23.390 0.8 70.178 0.7 25.6 1.6 2.4 0.07 139 

283.  140926 2238 55.96 23.680 1.0 70.572 0.9 7.0 2.3 3.9 0.04 147 

284.  140928 834 46.38 23.507 0.6 70.200 0.5 15.3 1.6 2.9 0.05 116 

285.  140928 1813 22.9 23.476 0.5 70.077 0.5 13.8 2.2 2.9 0.04 93 

286.  141001 1800 19.85 23.438 0.8 70.091 0.7 23.2 2.4 2.5 0.08 100 

287.  141002 656 5.49 23.433 0.9 70.324 0.9 27.3 1.9 3.2 0.07 172 

288.  141003 1613 9.99 23.102 0.8 69.715 1.1 26.4 1.2 3.7 0.08 142 

289.  141004 943 6.42 23.488 0.9 70.29 0.8 15.3 1.6 3.2 0.11 143 

290.  141004 1638 43.11 23.102 0.9 69.712 1.2 23.6 1.4 3.4 0.13 141 

291.  141004 2044 20.06 23.504 1.0 70.329 0.9 20.1 2.3 2.4 0.06 146 

292.  141005 851 29.08 23.51 0.9 70.438 0.8 16.6 1.2 3.2 0.05 176 

293.  141008 453 41.29 23.519 1.1 70.462 1.0 21.0 1.3 3.2 0.07 178 

294.  141009 432 31.36 23.444 1.0 70.346 1.0 29.1 1.5 3.1 0.06 174 

295.  141010 915 11.2 23.612 0.8 69.99 1.0 28 2.2 2.8 0.10 101 

296.  141011 1753 4.21 23.594 1.0 70.411 1.0 15.1 1.6 2.7 0.08 126 

297.  141012 102 49.57 23.524 0.7 70.157 0.6 24.5 2.5 2.9 0.04 106 

298.  141013 230 32.16 23.511 0.6 70.159 0.5 14.0 2.6 2.8 0.04 107 

299.  141014 1334 21.3 23.405 1.1 70.213 0.9 36.0 2.0 3.3 0.08 148 

300.  141018 1914 10.15 23.565 0.8 70.058 0.9 21.3 4.0 3.7 0.15 103 

301.  141018 2224 5.21 23.482 0.6 70.12 0.6 31.7 1.9 3.7 0.04 102 

302.  141024 306 1.8 23.476 0.5 70.077 0.6 21.0 2.4 2.8 0.04 93 

303.  141024 1511 0.73 23.355 1.1 70.192 0.9 30.4 1.6 2.6 0.06 156 

304.  141025 1614 14.59 23.457 0.9 70.227 0.8 35.1 2.0 3.0 0.07 137 

305.  141025 1916 33.14 23.649 0.8 70.286 0.6 9.40 1.6 3.0 0.06 137 

306.  141028 1913 49.72 23.523 1.2 70.401 1.0 22.2 1.8 3.9 0.08 155 

307.  141030 904 50.79 23.579 0.5 70.057 0.6 24.5 2.4 3.8 0.05 106 

308.  141104 839 46.62 23.411 1.0 70.3 1.0 18.0 2.5 2.6 0.03 173 

309.  141105 34 20.05 23.657 1.0 70.388 0.8 24.8 2.0 3.0 0.04 140 

310.  141113 2119 47.8 23.379 1.0 70.249 0.9 19.9 2.3 2.8 0.07 169 

311.  141115 514 12.97 23.439 1.0 70.247 0.8 31.3 1.9 2.7 0.05 148 

312.  141115 854 30.5 23.429 1.3 70.361 1.3 28.9 1.0 2.7 0.05 180 

313.  141115 1041 30.5 23.521 1.1 70.453 0.9 22.6 1.2 3.3 0.04 176 

314.  141122 611 57.65 23.484 0.8 70.154 0.8 31.2 2.4 3.0 0.05 111 

315.  141123 1127 39.75 23.503 0.6 70.114 0.6 14.1 2.9 2.9 0.03 99 

316.  141123 1300 23.82 23.583 1.0 70.382 0.8 25.9 1.8 3.3 0.07 124 

317.  141128 419 10.83 23.463 1.3 70.363 1.0 28.8 1.0 2.7 0.05 173 

318.  141128 1229 42.47 23.532 0.6 70.191 0.6 21.6 2.5 2.9 0.04 110 

319.  141129 1733 3.29 23.541 1.0 70.128 0.9 14.5 3.5 2.8 0.02 133 
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320.  141129 2332 20.36 23.532 1.2 70.444 1.0 20.7 1.4 2.9 0.03 164 

321.  141202 343 39.29 23.513 0.8 70.204 0.7 22.3 2.8 2.8 0.05 116 

322.  141204 618 18.91 23.37 0.8 70.154 0.7 21.9 1.7 3.1 0.04 134 

323.  141204 1320 4.17 23.541 1.1 70.461 0.9 19.5 1.2 2.6 0.05 165 

324.  141206 840 31.08 23.799 0.9 69.925 0.8 7.1 1.7 2.7 0.09 151 

325.  141208 1551 43.1 23.514 1.1 70.405 0.9 16 1.1 2.9 0.04 162 

326.  141210 1434 54.39 23.523 0.7 70.15 0.6 27.8 2.4 2.5 0.03 105 

327.  141213 521 5.75 23.622 0.8 70.059 0.9 27.6 1.9 2.8 0.08 115 

328.  141215 1704 4.69 23.45 1.1 70.347 0.9 26.4 1.9 2.9 0.07 173 

329.  141219 825 28.45 23.515 0.8 70.272 0.7 19.6 2.4 2.9 0.05 129 

330.  141221 1005 24.62 23.38 1.2 70.251 0.8 22.6 2.2 3.1 0.05 169 

331.  141222 2029 6.52 23.488 0.8 70.131 0.7 27.6 1.7 2.6 0.07 105 

332.  141224 423 17.71 23.566 0.7 70.071 0.8 23.2 3.4 2.9 0.09 105 

333.  141225 123 0.39 23.458 0.9 70.105 0.8 29.0 1.9 3.3 0.09 102 

334.  141226 1417 28.51 23.511 1.0 70.333 0.9 17.3 2.5 3.1 0.07 144 

335.  141228 323 18.69 23.585 1.3 70.513 0.9 11.6 1.2 2.8 0.04 151 

336.  141229 616 53.27 23.541 1.0 70.271 0.9 16.1 1.9 3.1 0.09 120 

337.  150103 157 24.26 23.566 0.5 70.056 0.6 14.9 2.9 2.8 0.05 103 

338.  150105 1721 19.52 23.393 1.1 70.256 0.8 16.7 2.5 3.6 0.05 166 

339.  150107 1022 29.8 23.657 0.8 70.537 0.7 5.3 2.5 3.1 0.06 138 

340.  150108 130 56.09 23.521 0.6 70.123 0.6 15.4 2.5 3.5 0.04 103 

 

Table A3.1: Hypocentral parameters of events, for which are source parameters are 

estimated. 

S.N 
Date 

yymmdd 
Time 

Hh:mm 
Latitude 

(deg) 
Longitude 

(deg) 
Depth 
(km) 

Magnitude 
Mw 

1 140501 01:27 23.44 70.36 20.2 2.4 

2 140501 08:40 23.55 70.13 17.2 2.7 

3 140501 14:21 23.40 70.46 29.0 2.5 

4 140502 14:21 23.56 70.09 10.0 2.8 

5 140502 15:30 23.56 70.28 09.6 2.6 

6 140503 04:49 23.51 70.18 24.3 2.5 

7 140503 09:36 23.39 70.20 01.2 2.7 

8 140503 16:12 23.36 70.40 23.4 2.4 

9 140505 03:58 23.23 70.09 15.3 2.5 

10 140506 10:46 23.55 70.07 28.5 2.5 

11 140506 17:19 23.39 70.18 19.2 3.1 

12 140507 09:11 23.45 70.15 09.6 2.5 

13 140507 10:57 23.58 70.48 15.6 3.1 

14 140507 11:11 23.56 70.49 17.0 2.7 

15 140509 02:02 23.92 70.35 25.3 3.1 

16 140509 10:35 23.49 70.44 15.5 3.2 

17 140509 13:20 23.50 70.20 15.9 3.1 

18 140510 06:13 23.42 70.35 20.7 3.3 

19 140511 10:26 23.42 70.46 21.1 3.2 

20 140512 13:16 23.50 70.07 08.0 3.3 

21 140512 14:23 23.58 70.09 18.7 2.9 

22 140512 17:32 23.43 70.46 19.2 2.7 

23 140515 03:56 23.49 70.29 13.7 2.6 

24 140515 11:46 23.47 70.39 17.9 2.7 

25 140518 11:17 23.48 70.47 19.7 2.8 
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26 140521 01:49 23.55 70.41 18.1 3.3 

27 140521 09:50 23.43 70.42 17.3 3.6 

28 140523 06:01 23.46 70.37 19.9 3.0 

29 140523 11:21 23.48 70.12 32.4 2.8 

30 140525 04:08 23.42 70.29 31.3 3.4 

31 140525 07:45 23.45 70.27 10.0 2.6 

32 140526 07:56 23.40 70.42 27.7 2.8 

33 140527 05:52 23.62 70.55 32.4 2.7 

34 140527 11:20 23.40 70.32 12.9 2.4 

35 140527 11:23 23.72 70.80 21.9 3.5 

36 140527 13:41 23.30 70.14 25.2 3.2 

37 140527 21:31 23.38 70.37 15.4 2.9 

38 140528 05:00 23.37 70.36 23.3 3.9 

39 140529 09:36 23.42 70.47 10.4 3.3 

40 140529 1619 23.46 70.32 21.8 3.5 

41 140530 16:50 23.39 70.32 33.0 3.2 

42 140530 18:06 23.35 70.39 10.0 3.0 

43 140531 08:40 23.91 70.06 02.4 2.6 

44 140531 15:38 23.90 70.11 25.0 3.2 

45 140606 16:14 23.43 70.58 31.6 2.2 

46 140607 10:46 23.43 70.19 31.9 3.3 

47 140608 06:45 23.38 70.35 30.1 3.0 

48 140608 17:09 23.40 70.32 29.8 3.5 

49 140609 16:41 23.48 70.20 20.2 2.6 

50 140610 00:22 23.52 70.47 19.0 3.1 

51 140610 05:23 23.47 70.14 18.8 2.8 

52 140611 04:03 23.45 70.53 15.1 3.6 

53 140611 05:37 23.31 70.33 12.4 2.6 

54 140612 03:12 23.34 70.32 09.6 3.8 

55 140612 18:17 23.47 70.37 09.5 2.4 

56 140614 04:43 23.49 70.17 15.0 2.6 

57 140614 17:10 23.27 70.41 23.2 3.0 

58 140615 18:17 23.15 70.33 30.0 2.7 

59 140616 18:23 23.35 70.31 24.1 2.8 

60 140617 06:31 23.75 70.62 16.3 2.6 

61 140618 04:43 23.71 70.41 27.2 2.6 

62 140618 10:40 23.52 70.17 10.0 2.6 

63 140618 12:55 23.45 70.09 15.3 3.3 

64 140619 08:29 23.49 70.42 17.7 3.0 

65 140619 11:50 23.48 70.36 12.0 2.6 

66 140619 14:34 23.48 70.38 26.4 2.8 

67 140619 16:08 23.38 70.19 28.8 2.6 

68 140620 08:37 23.40 70.48 25.0 2.8 

69 140620 10:44 23.38 70.22 13.0 2.8 

70 140620 12:35 23.56 69.68 32.5 2.4 
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71 140622 02:34 23.36 70.31 13.8 3.1 

72 140622 09:33 23.63 70.43 23.1 2.7 

73 140622 12:13 23.57 70.46 17.4 3.0 

74 140623 04:25 23.36 70.36 08.3 2.3 

75 140626 15:05 23.40 70.40 11.5 2.7 

76 140628 06:36 23.39 70.31 33.0 3.5 

77 140629 21:39 23.87 70.56 36.9 2.3 

78 140630 07:06 23.64 70.28 28.8 2.6 

 

Table A3.2: source parameters of 78 earthquake events which occurred during May 

2014 to June 2014. 

S.N. fc SD Mo SD{Log(Mo)} Emo radius SD Std SD 

1.  8.7 0.2 6.1E+12 0.27 1.32 148.8 2.8 0.08 0.04 

2.  8.1 0.7 3.2E+13 0.69 1.99 160.9 14.2 0.27 0.31 

3.  8.6 0.4 9.6E+12 0.44 1.55 151.7 7.1 0.11 0.09 

4.  7.8 1.1 5.9E+13 0.93 2.53 168.6 25.6 0.36 0.42 

5.  7.9 0.4 2.5E+13 0.43 1.54 163.7 8.5 0.23 0.24 

6.  8.5 0.8 1.1E+13 0.46 1.59 152.5 12.6 0.12 0.11 

7.  7.9 0.9 3.5E+13 0.64 1.89 166.6 19.4 0.24 0.32 

8.  8.5 0.5 6.5E+12 0.28 1.33 152.5 8.5 0.08 0.05 

9.  8.5 0.4 9.3E+12 0.42 1.52 153.4 6.8 0.10 0.09 

10.  8.5 0.8 1.2E+13 0.62 1.86 152.7 14.9 0.12 0.12 

11.  7.3 1.4 3.1E+14 1.15 3.15 182.9 37.6 1.18 1.61 

12.  8.4 0.5 1.2E+13 0.52 1.67 154.4 8.4 0.12 0.13 

13.  7.1 0.7 7.5E+13 0.47 1.60 183.2 17.9 0.46 0.34 

14.  8.0 0.6 1.9E+13 0.47 1.60 162.2 11.6 0.18 0.12 

15.  7.2 1.5 2.1E+14 0.97 2.63 186.8 38.7 0.85 0.89 

16.  7.0 0.9 6.9E+13 0.41 1.50 197.7 30.3 0.83 0.73 

17.  7.3 1.5 1.3E+14 0.95 2.59 183.1 33.9 0.69 0.74 

18.  6.9 1.9 9.5E+14 1.50 4.47 200.1 55.2 2.70 3.23 

19.  7.1 1.0 1.3E+14 0.60 1.83 185.9 24.3 0.76 0.72 

20.  6.9 1.0 2.4E+14 0.66 1.94 192.4 29.5 1.07 0.92 

21.  7.7 1.0 1.3E+14 1.01 2.75 170.3 23.3 0.78 1.11 

22.  7.9 0.2 1.8E+13 0.30 1.35 163.7 3.5 0.18 0.14 

23.  8.2 0.6 2.7E+13 0.65 1.91 159.4 12.2 0.23 0.31 

24.  8.1 0.3 1.6E+13 0.40 1.49 161.0 5.9 0.16 0.13 

25.  8.1 0.9 3.4E+13 0.62 1.86 161.9 16.3 0.30 0.25 

26.  7.0 0.6 2.4E+14 0.65 1.91 185.2 15.2 1.37 1.48 

27.  6.6 0.5 3.0E+14 0.27 1.32 197.2 14.5 1.68 0.86 

28.  7.5 0.7 7.5E+13 0.50 1.65 173.8 18.1 0.49 0.46 

29.  8.2 0.5 2.3E+13 0.37 1.44 157.9 10.1 0.23 0.18 

30.  6.7 0.7 2.5E+14 0.52 1.69 193.8 19.0 1.26 1.14 

31.  8.3 0.7 2.4E+13 0.76 2.15 157.3 13.4 0.22 0.24 

32.  8.0 0.4 2.7E+13 0.40 1.49 162.9 9.1 0.24 0.24 

33.  8.2 0.3 1.7E+13 0.44 1.56 158.3 6.4 0.18 0.12 
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34.  8.3 0.3 8.6E+12 0.49 1.63 156.1 4.9 0.09 0.09 

35.  6.4 0.7 2.9E+14 0.49 1.64 204.4 21.9 1.42 1.05 

36.  7.4 0.8 1.7E+14 0.70 2.02 177.2 20.2 1.00 1.15 

37.  7.8 0.1 2.9E+13 0.23 0.23 166.9 3.0 0.27 0.13 

38.  5.3 1.8 3.2E+15 1.22 1.26 262.6 63.3 5.73 4.46 

39.  6.6 0.5 1.5E+14 0.47 1.59 198.1 14.0 0.84 0.59 

40.  6.3 0.1 2.2E+14 0.28 1.33 205.2 4.7 1.11 0.63 

41.  7.1 0.7 1.6E+14 0.69 1.99 183.1 18.1 0.90 0.92 

42.  7.2 0.7 8.1E+13 0.62 1.85 182.6 19.5 0.50 0.54 

43.  7.9 1.7 4.3E+13 1.32 3.76 166.8 35.9 0.27 0.35 

44.  7.4 0.8 1.2E+14 0.54 1.72 177.4 19.5 0.76 0.62 

45.  8.9 0.3 2.7E+12 0.34 1.40 146.0 4.5 0.04 0.02 

46.  6.8 1.5 4.1E+14 1.01 2.76 197.0 42.8 1.31 1.49 

47.  7.5 0.7 9.1E+13 0.53 1.69 173.8 17.2 0.58 0.62 

48.  6.5 0.7 2.9E+14 0.38 1.46 201.5 20.2 1.31 1.00 

49.  8.2 0.4 1.4E+13 0.33 1.40 158.9 7.5 0.14 0.08 

50.  7.3 0.9 6.8E+13 0.43 1.54 179.8 22.1 0.43 0.30 

51.  7.9 0.8 4.6E+13 0.64 1.90 166.0 18.0 0.34 0.35 

52.  6.0 1.0 4.7E+14 0.39 1.48 219.5 33.7 1.63 1.09 

53.  8.1 0.6 1.8E+13 0.50 1.64 160.8 11.0 0.17 0.14 

54.  5.6 1.0 9.5E+14 0.58 1.78 238.4 46.4 2.27 1.63 

55.  8.5 0.2 4.9E+12 0.22 1.25 152.1 3.5 0.06 0.03 

56.  8.2 0.7 2.0E+13 0.57 1.78 159.5 13.0 0.18 0.19 

57.  7.7 0.3 4.9E+13 0.38 1.46 169.2 5.8 0.42 0.33 

58.  8.0 0.4 2.3E+13 0.39 1.48 162.0 7.0 0.22 0.21 

59.  7.8 0.8 6.3E+13 0.76 2.13 168.4 20.1 0.38 0.56 

60.  8.3 0.6 1.2E+13 0.45 1.58 156.0 10.2 0.13 0.09 

61.  8.4 0.7 1.4E+13 0.47 1.61 155.5 11.7 0.15 0.13 

62.  8.2 0.2 1.1E+13 0.19 1.21 158.3 4.8 0.11 0.04 

63.  7.0 0.5 1.5E+14 0.48 1.61 186.1 13.5 0.93 0.69 

64.  7.5 0.3 5.5E+13 0.38 1.46 173.1 6.8 0.44 0.31 

65.  8.2 0.3 1.1E+13 0.33 1.39 157.3 4.7 0.12 0.08 

66.  7.9 0.4 2.8E+13 0.50 1.65 164.0 8.9 0.25 0.23 

67.  8.1 0.2 1.3E+13 0.31 1.36 160.1 4.8 0.14 0.09 

68.  7.9 0.4 2.6E+13 0.34 1.40 165.2 7.5 0.24 0.16 

69.  7.6 1.0 4.3E+13 0.58 1.78 172.1 23.3 0.29 0.29 

70.  8.9 1.2 1.1E+13 0.76 2.15 146.3 18.7 0.12 0.16 

71.  7.0 0.7 8.0E+13 0.42 1.52 185.5 17.7 0.47 0.48 

72.  7.9 0.5 2.2E+13 0.35 1.42 163.5 9.7 0.20 0.17 

73.  7.2 0.8 8.8E+13 0.60 1.82 181.3 20.7 0.50 0.50 

74.  8.4 0.4 5.5E+12 0.37 1.45 154.4 7.8 0.06 0.06 

75.  7.9 0.4 1.9E+13 0.28 1.32 165.2 7.2 0.18 0.12 

76.  6.2 0.3 3.0E+14 0.58 1.78 207.8 9.9 1.36 1.32 

77.  8.8 0.1 3.0E+12 0.05 1.05 147.3 2.1 0.04 0.01 

78.  8.4 0.2 8.8E+12 0.18 1.20 154.3 3.7 0.10 0.04 
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Table A5.1: Hypocentral parameters of 92 events,which are used for the study of 

sediment thickness & Qs vs.Qp relations. 

S.N. 
Date 

yymmdd 

Time 

hhmm 

Latitude 

(degree) 

Longitude 

(degree) 

Depth 

(km) 

Magnitude 

Mw 

1 090118 6:33 23.76 70.06 20.0 3.7 
2 090122 19:39 23.63 70.07 10.1 3.6 
3 090125 15:39 23.47 70.32 24.4 3.5 
4 090201 7:32 23.52 70.24 7.5 3.6 
5 090202 22:14 23.41 70.38 29.8 3.9 
6 090204 19:32 23.89 69.74 16.2 4.0 
7 090207 17:16 23.59 70.45 21.6 4.2 
8 090216 13:08 23.56 70.06 10.1 3.5 
9 090216 13:32 23.34 70.33 6.0 3.5 

10 090218 9:21 23.44 70.17 22.8 3.8 
11 090224 4:26 23.52 70.36 17.8 3.7 
12 090414 12:16 23.40 70.34 8.5 3.7 
13 090422 15:40 23.47 70.40 21.5 3.6 
14 090428 5:36 23.49 70.32 11.8 3.9 
15 090518 4:25 23.40 70.26 27.9 4.6 
16 130903 8:58 23.37 70.14 23.0 3.1 
17 130903 14:43 23.37 70.11 15.7 3.0 
18 130903 17:21 23.46 70.10 29.7 3.9 
19 130906 1:09 23.74 70.44 2.0 3.2 
20 130908 7:44 23.38 70.35 26.2 3.1 
21 130911 17:06 23.50 70.06 28.4 3.0 
22 130917 15:02 23.45 70.58 16.9 3.0 
23 130919 8:47 23.39 70.33 34.0 3.1 
24 130925 1:11 23.37 70.15 18.2 3.0 
25 130925 7:57 23.39 70.38 24.6 3.5 
26 130927 8:39 23.45 70.21 15.0 3.0 
27 131103 8:55 23.52 70.38 20.5 3.0 
28 131105 15:03 23.38 70.02 19.1 3.2 
29 131107 1:46 23.43 70.29 26.5 3.1 
30 131107 11:07 23.51 70.31 15.6 3.1 
31 131107 2:125 23.48 70.20 22.2 3.1 
32 131108 12:46 23.35 70.37 20.5 3.0 
33 131109 14:19 23.56 70.41 21.7 3.0 
34 131111 7:10 23.38 70.28 9.7 3.0 
35 131119 0:43 23.31 70.30 14.8 3.0 
36 131124 7:09 23.52 70.43 22.8 3.4 
37 140107 15:49 23.48 70.58 22.6 3.6 
38 140131 15:04 23.68 70.43 27.1 3.5 
39 140216 12:18 23.50 70.28 13.4 3.7 
40 140225 13:29 23.87 70.17 19 3.5 
41 140322 13:29 23.47 70.43 24.5 3.5 
42 140412 1056 23.49 70.29 15 3.9 
43 140415 0:3 23.51 70.12 2 3.8 
44 140420 16:44 23.37 70.24 33.1 3.7 
45 140429 5:55 23.48 70.30 14.2 3.9 
46 140611 4:03 23.45 70.53 15.1 3.6 
47 140920 18:36 23.40 70.24 34 3.7 
48 140926 22:38 23.68 70.57 7 3.9 
49 141003 16:13 23.10 69.72 26.4 3.7 
50 141018 19:14 23.57 70.06 21.3 3.7 
51 141018 22:24 23.48 70.12 31.7 3.7 
52 141220 23:39 23.42 70.35 19.3 3.5 
53 150629 22:00 23.38 70.34 1.2 2.4 
54 150703 4:40 23.33 70.32 8.7 1.9 
55 150704 15:25 23.51 70.36 13.6 2.3 
56 150706 16:38 23.41 70.37 31.8 1.9 
57 150706 18:35 23.41 70.35 17.9 3.6 
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58 150708 18:28 23.55 70.42 18.9 1.7 
59 150709 1:57 23.39 70.32 1.6 1.9 
60 150714 6:20 23.38 70.31 11.3 3.5 
61 150715 3:57 23.51 70.51 15.3 1.8 
62 150715 6:17 23.50 70.34 18.8 1.9 
63 150717 4:45 23.59 70.33 13.8 2.0 
64 150717 23:54 23.48 70.50 11.7 3.8 
65 150731 19:53 23.53 70.22 18.8 3.7 
66 150805 12:44 23.47 70.51 20.4 3.5 
67 150805 17:41 23.39 70.19 8.4 2.0 
68 150809 8:35 23.44 70.43 21.6 2.2 
69 150817 10:56 23.49 70.36 15.8 3.6 
70 150824 12:01 23.37 70.38 23.4 2.1 
71 150824 17:14 23.39 70.20 24.9 3.4 
72 150826 16:33 23.35 70.16 29.0 3.8 
73 151110 2:10 23.52 70.71 66.8 2.4 
74 151110 7:33 23.49 70.23 26.6 2.1 
75 151112 18:24 23.32 69.97 32.5 2.3 
76 151122 19:31 23.59 69.96 7.9 1.4 
77 151123 1:18 23.57 70.15 55.2 2.1 
78 151123 7:37 23.37 70.12 40.8 2.2 
79 151123 21:35 23.89 70.53 1.8 1.6 
80 151124 5:44 23.61 69.93 40.3 2.0 
81 151129 14:42 23.49 70.29 27.9 2.2 
82 151130 3:03 23.69 70.16 34.5 2.3 
83 151130 3:13 23.46 70.12 44.0 2.1 
84 151207 4:45 24.10 70.60 2.0 2.3 
85 151212 3:24 23.64 70.11 22.3 2.0 
86 151212 12:18 23.48 70.34 5.6 1.9 
87 151217 13:30 23.94 69.92 45.3 1.6 
88 151228 12:37 23.70 70.19 31.1 2.0 
89 151229 20:24 23.86 70.58 2.0 1.5 
90 160101 2:41 23.59 69.89 38.0 2.0 
91 160108 11:18 23.75 70.27 2.0 1.8 
92 160113 5:34 23.77 70.37 48.1 1.7 

 

Table A6.1: Hypocentral parameters of 108 teleseismic events, which are used for SKS 

study. 

S. N Year J Day hh:mm Latitude Longitude Depth(km)  Epi Dis Mw 

1 2013 54 8:59 -10.63 165.32 11  98.54 5.9 

2 2013 120 14:39 -65.40 179.59 10  119.06 5.5 

3 2013 131 20:46 -17.94 -175.12 205  118.83 6.4 

4 2013 156 4:47 -11.40 166.30 65  99.72 6.0 

5 2013 166 11:20 -33.90 179.49 172  117.94 6.0 

6 2013 167 2:51 -56.36 -27.61 83  113.67 5.5 

7 2013 167 13:31 -58.37 158.42 10  108.63 5.8 

8 2013 175 22:04 10.69 -42.67 10  106.38 6.5 

9 2013 191 14:25 -30.30 -177.29 10  119.94 5.5 

10 2013 191 14:44 -30.29 -177.38 10  119.86 5.6 

11 2013 196 14:03 -61.05 -25.23 31  113.02 7.3 

12 2013 200 2:20 -16.77 167.75 25  102.98 5.6 

13 2013 201 19:17 -41.62 174.41 12  115.33 5.7 

14 2013 207 7:07 -15.32 167.62 133  102.35 6.1 

15 2013 207 21:33 -58.04 -24.28 10  112.11 6.3 

16 2013 210 8:12 -17.08 -176.89 10  116.96 5.5 

17 2013 213 20:01 -15.27 -173.50 17  119.48 6.2 

18 2013 216 13:22 49.60 -127.44 10  105.50 5.5 

19 2013 218 10:41 -22.59 173.81 10  110.29 5.9 

20 2013 224 4:16 -30.62 -179.64 325  118.02 6.1 

21 2013 233 4:43 -22.30 171.63 92  108.29 5.7 
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22 2013 240 2:54 -27.79 179.75 489  116.87 6.2 

23 2013 241 13:52 -19.40 -179.02 649  115.73 5.8 

24 2013 246 20:19 51.10 -130.42 1  103.47 6.1 

25 2013 264 16:48 -33.40 -178.04 10  119.88 5.7 

26 2013 271 11:13 -16.61 -173.72 52  119.70 5.5 

27 2013 273 5:55 -30.88 -178.25 42  119.24 6.4 

28 2013 281 13:39 -58.92 149.33 10  104.28 5.7 

29 2013 284 21:24 -30.73 -178.43 147  119.07 6.2 

30 2013 297 0:25 -30.96 -178.10 35  119.39 5.6 

31 2013 297 19:25 -58.26 -12.80 26  106.26 6.6 

32 2013 311 16:46 -22.36 171.61 107  108.29 5.7 

33 2013 313 3:45 -11.99 167.20 72  100.76 5.5 

34 2013 316 10:41 31.79 -40.59 10  94.21 5.4 

35 2013 327 7:48 -17.16 -176.52 377  117.32 6.5 

36 2013 336 2:14 -21.25 170.26 123  106.73 5.7 

37 2013 338 14:55 -25.47 178.35 579  115.09 5.8 

38 2013 342 1:53 -15.53 167.55 125  102.36 5.5 

39 2014 156 5:44 61.17 -140.28 10  92.03 5.2 

40 2014 157 23:06 -14.86 -175.00 11  117.98 5.5 

41 2014 164 19:30 -46.03 -13.88 12  102.82 5.8 

42 2014 176 22:46 -30.25 -177.54 10  119.72 5.6 

43 2014 187 22:11 -21.14 173.95 44  109.97 5.7 

44 2014 189 12:56 -17.69 168.40 114  103.89 6.2 

45 2014 193 17:49 -55.42 -27.97 6  113.76 5.6 

46 2014 193 18:20 -55.34 -27.92 27  113.72 5.6 

47 2014 197 10:58 -21.93 -175.56 24  119.55 5.6 

48 2014 197 18:24 -10.04 160.87 21  94.27 5.6 

49 2014 198 11:49 60.30 -140.34 15  92.79 6.0 

50 2014 200 12:27 -15.82 -174.45 220  118.79 6.2 

51 2014 202 14:54 -19.80 -178.40 616  116.40 6.9 

52 2014 207 11:13 -60.16 -18.93 10  109.80 5.8 

53 2014 211 2:24 -19.01 -12.29 9  91.11 5.2 

54 2014 214 14:02 -55.57 -28.45 10  114.04 5.4 

55 2014 236 10:20 38.20 -122.09 11  117.50 6.1 

56 2014 239 16:31 -15.57 -177.83 10  115.62 5.7 

57 2014 239 23:11 -15.05 167.39 119  102.05 5.9 

58 2014 246 7:43 -15.06 -173.38 10  119.53 5.8 

59 2014 246 8:13 -15.02 -173.52 10  119.39 5.6 

60 2014 246 11:34 -14.89 -173.03 10  119.80 5.7 

61 2015 182 14:30 -52.21 159.59 10  107.67 5.6 

62 2015 182 19:35 -10.99 162.56 9  96.17 5.9 

63 2015 188 6:21 -35.41 -179.72 10  118.84 5.6 

64 2015 188 20:03 -22.94 -177.13 120  118.40 5.8 

65 2015 191 4:12 -9.31 158.40 10  91.75 6.7 

66 2015 197 11:01 13.88 -58.47 16  117.79 5.7 

67 2015 197 15:16 13.87 -58.55 10  117.86 6.5 

68 2015 198 18:49 -18.12 -178.19 536  116.10 5.8 

69 2015 199 2:27 -10.40 165.14 10  98.29 6.9 

70 2015 204 3:56 -0.69 -21.18 10  91.81 5.6 

71 2015 207 22:42 -18.02 -174.07 29  119.81 5.9 

72 2015 213 3:38 -25.34 154.33 10  94.56 5.4 

73 2015 215 14:01 -16.47 -174.36 165  119.08 5.7 

74 2015 219 14:22 -18.04 -174.14 26  119.75 5.7 

75 2015 222 4:12 -9.34 158.05 10  91.45 6.6 

76 2015 224 18:49 -9.33 157.88 5  91.28 6.5 

77 2015 226 18:03 21.10 -45.85 13  103.80 5.6 

78 2015 227 7:47 -10.90 163.82 6  97.28 6.4 

79 2015 236 9:41 -30.65 -178.73 221  118.80 6.0 

80 2015 250 9:13 -32.82 -177.86 35  119.93 6.2 

81 2015 261 15:59 15.28 -45.99 10  106.94 6.0 

82 2015 273 16:06 -56.19 -27.72 106  113.71 5.7 

83 2015 291 16:18 -16.20 -173.26 10  119.99 6.0 

84 2015 293 21:52 -14.86 167.30 127  101.90 7.1 

85 2015 301 20:46 -10.98 166.38 152  99.63 5.8 

86 2016 14 11:04 -15.50 -177.27 59  116.12 5.8 

87 2016 31 17:38 -63.35 169.30 10  114.66 6.0 
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88 2016 32 19:00 -30.73 -179.92 382  117.81 6.2 

89 2016 49 1:07 -56.25 -27.46 119  113.57 5.7 

90 2016 51 15:51 -21.90 -179.43 579  116.08 5.8 

91 2016 54 18:08 -62.90 145.06 8  103.92 5.9 

92 2016 58 2:41 4.61 -32.74 10  100.25 5.4 

93 2016 68 5:36 -15.17 -173.66 30  119.30 7.1 

94 2016 94 8:23 -14.30 167.04 35  101.46 6.8 

95 2016 97 6:58 -14.21 166.78 34  101.19 6.7 

96 2016 98 3:32 -13.97 166.74 27  101.07 6.6 

97 2016 105 12:17 -14.40 166.57 10  101.07 5.9 

98 2016 105 21:50 -14.53 166.47 10  101.03 6.3 

99 2016 109 13:06 -19.49 169.24 66  105.25 6.0 

100 2016 119 19:33 -16.06 167.41 27  102.42 7.0 

101 2016 149 9:47 -56.15 -26.76 73  113.18 7.2 

102 2016 152 20:51 55.59 -158.65 36  90.83 5.7 

103 2016 158 2:35 -30.01 -177.92 10  119.36 6 

104 2016 162 4:17 -8.78 160.52 29  93.47 6.1 

105 2016 166 13:49 -18.78 168.78 111  104.60 6.2 

106 2016 167 6:58 -62.47 165.37 10  112.79 5.6 

107 2016 169 21:26 -11.52 166.33 57  99.79 5.7 

108 2016 186 9:25 -10.71 164.84 67  98.14 5.9 

 

Table A6.2: Individual estimates of splitting parameters using both RC and SC 

methods. 
 Method 

S.N. RC (𝜙) SC (𝜙) RC (𝜹t) SC (𝜹t) 

BCH 

1 54 57 0.7 0.7 

2 53 52 0.8 0.7 

3 -3 1 1.4 1.5 

4 -15 -9 0.8 0.9 

5 49 55 0.6 0.6 

6 70 76 1.2 1.3 

BHU 

1 68 65 1.2 1.3 

2 76 80 1.4 1.4 

3 77 75 0.7 0.7 

4 -24 -31 1.3 1.5 

5 -50 -48 1.0 1.0 

6 -5 -11 1.0 1.1 

7 -82 -86 1.4 1.4 

8 60 57 1.3 1.5 

9 67 71 1.1 1.2 

10 54 58 1.1 1.1 

11 64 66 0.9 1.0 

12 41 47 0.6 0.7 

13 18 15 0.6 0.7 

14 66 62 1.0 1.2 

 JMN 

1 40 43 1.0 1.0 

2 -79 -79 1.0 1.0 

3 45 38 1.3 1.6 

4 70 76 0.7 0.8 

5 72 72 1.1 1.2 

6 83 79 1.3 1.2 

7 34 37 0.8 0.8 

8 -34 -32 2.4 2.4 

9 -80 -82 1.2 1.3 
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10 -32 -29 1.7 1.7 

11 -22 -26 1.7 1.6 

12 3 -1 1.2 1.4 

MOU 

1 48 51 1.0 1.1 

2 63 69 0.5 0.5 

3 52 52 1.2 1.2 

4 -13 -19 1.1 1.1 

5 -15 -22 1.4 1.6 

6 -33 -36 0.6 0.7 

7 22 26 1.7 1.7 

8 63 58 1.2 1.3 

9 34 32 1.2 1.4 

10 -40 -41 0.6 0.7 

11 23 22 1.5 1.8 

MTP 

1 61 65 0.9 1.0 

2 32 34 1.1 1.3 

3 44 49 1.1 1.2 

4 -12 -19 1.4 1.5 

5 -41 -40 1.0 1.0 

NAGO 

1 44 43 1.2 1.4 

2 78 76 0.6 0.6 

3 74 68 0.7 0.7 

4 -25 -23 0.9 0.9 

5 49 50 1.1 1.1 

SIV 

1 68 63 0.9 1.0 

2 2 9 1.0 0.9 

3 88 89 1.4 1.4 

4 41 48 1.4 1.6 

5 56 62 0.6 0.7 

6 12 13 1.3 1.3 

7 -61 -54 0.8 0.8 

8 -41 -34 1.6 1.6 

9 57 56 0.8 0.8 

10 -37 -40 0.7 0.7 

TPM 

1 52 53 1.3 1.4 

2 45 50 0.9 1.1 

3 -5 -10 1.0 1.0 

4 75 78 0.7 0.8 

5 20 23 1.0 1.0 

6 43 45 1.2 1.3 

7 -40 -36 0.9 0.9 

8 -88 -88 1.2 1.4 

9 20 24 1.0 1.1 

10 30 31 0.9 1.1 

11 53 56 0.9 1.0 

12 -15 -13 1.0 1.0 

13 11 4 0.5 0.6 

14 50 50 1.9 2.0 

15 -12 -15 0.6 0.6 

16 -41 -48 0.7 0.7 

17 -41 -45 1.1 1.2 

18 19 15 0.6 0.7 
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19 -85 -89 0.9 0.9 

20 -7 -13 1.1 1.2 

21 69 71 0.6 0.6 

22 59 60 0.8 0.8 

TPR 

1 -1 -8 0.7 0.7 

2 68 72 0.7 0.8 

3 -80 -77 0.5 0.6 

4 6 2 0.9 0.9 

5 6 12 1.2 1.2 

6 -16 -21 0.9 1.1 

7 80 74 0.7 0.8 

VJP 

1 60 60 1.4 1.4 

2 -21 -27 1.0 1.1 

3 -23 -25 1.3 1.4 

4 28 24 0.9 0.9 

5 55 62 0.5 0.6 

6 65 65 1.1 1.3 

7 62 65 1.0 1.0 

8 -26 -31 0.7 0.8 

9 34 41 1.2 1.2 

10 -12 -12 1.3 1.4 

11 68 72 1.4 1.5 

12 -22 -17 0.9 1.1 

13 34 33 1.1 1.3 

14 -23 -21 1.2 1.4 

15 -17 -18 1.5 1.6 

16 -34 -32 0.7 0.8 

17 -4 -7 0.6 0.6 

18 61 60 0.9 1.0 

19 44 44 1.0 1.1 

20 -25 -19 1.2 1.3 

21 84 77 1.3 1.2 

22 26 24 1.0 1.0 

23 -28 -31 0.8 0.8 

24 -22 -18 0.9 0.9 

25 30 35 1.5 1.6 

26 -37 -30 0.7 0.8 

27 76 72 0.9 1.0 

28 56 53 0.9 1.0 

29 -26 -29 0.8 0.8 

30 -11 -9 1.1 1.3 

31 85 86 0.8 0.9 

32 62 62 0.5 0.5 

33 73 75 1.2 1.1 

 

 

 

 

 


