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Unravelling the anisotropic behaviour of the upper mantle helps to shed light on its present and past
deformation processes. In this study, we attempt to explore the seismic anisotropy prevailing within the
upper mantle beneath the Kachchh rift zone through shear wave splitting analysis. We have measured the
splitting parameters (e.g., fast axis orientation (U) and delay time (dt)) using SKS/SKKS core refracted
phases from 112 teleseismic events recorded at NGRI network in the Kachchh region, during 2006–2009
and 2013–2016. The ‘U’ and ‘dt’ estimates vary from N34° to N73°E and 0.80 to 1.5 s, respectively. The
average vector means of ‘U’ and ‘dt’ for all the stations are found to be Nð58  10Þ°E and (0.99 ± 0.19) s,
respectively. Measurements of 59 good SKS/SKKS splitting parameters from 112 earthquakes reveal that
the upper mantle is highly anisotropic beneath the Kachchh rift zone with an average fast axis orientation
of Nð58  10Þ°E, which is deviated nearly ð  N18°E) from the absolute plate motion (APM) direction
(*N40°E) of the Indian plate in a no-net-rotation reference frame. This deviation of fast axis orientation
from APM direction may be attributed to the eAect of Kachchh rift zone as well as the presence of
structural imprints of the 65 Ma Deccan mantle plume in the study region. And the average delay time of
(0.99 ± 0.19) s is consistent with the global average (1 s) for continents. Furthermore, the modelled
seismic layer thicknesses reveal that anisotropic sources beneath study region are associated with both the
lithospheric deformation processes (e.g., 184 Ma African rifting, 88 Ma Madagascar rifting, 65 Ma
Deccan mantle plume) as well as asthenospheric Cows.
Keywords. Seismic anisotropy; fast axis; delay time; lattice preferred orientation.

1. Introduction
The Kachchh rift basin of the Indian subcontinent
is associated with the split-up of Gondwanaland
that resulted in two landmasses, viz., the eastern
and the western Gondwanaland during the Late
Triassic–Early Jurassic period (Biswas 1987). And,

the subsequent northward movement along an
anticlockwise path as a result of plate tectonics and
thermo-chemical interaction between the mobile
belts of continental lithosphere and mantle plumes
(Biswas 1987; Raval and Veeraswamy 2003).
During this time, western Indian subcontinent
experienced thinning due to crustal stretching and

Supplementary materials pertaining to this article are available on the Journal of Earth Science Website (http://www.ias.ac.in/
Journals/Journal˙of˙Earth˙System˙Science).
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three failed rifts, viz., Kachchh, Cambay and
Narmada were formed. In the Kachchh rift zone,
magmatic intrusives were emplaced in the lower
crust during the Late Jurassic (Biswas 2005). The
Indian subcontinent is divided into Proterozoic
mobile belts and Achaean Cratons (Naqvi et al.
1974; Radhakrishna and Naqvi 1986). The mobile
belts are thin, warm, weak and unstable part of
continental lithosphere and the cratons represent
relatively thick, cold, rigid and dry stable part of
the continental lithosphere. Such heterogeneity in
the relative characteristic of mobile belts and cratons of the Indian subcontinent plays a key role in
the tectonic and geodynamics expansion of the
Indian subcontinent (Kachchh rift basin). Due to
higher heat transfer, the relative weakness, and
thinner lithosphere, a mobile belt, when subjected
to mantle plume activity will facilitate the episodic
rejuvenations making the mobile belts quite prone
to rifting and breakup (White and McKenzie 1989;
Storey 1995; Vauchez et al. 1995; Courtillot et al.
1999; Dalziel et al. 2000; Tommasi and Vauchez
2001). As these plumes diverge beneath the tectonic plates, they exert an extensional force on
these tectonic plates and cause the plates to be
stretched and ruptured. Finally, the convection
currents carry the plates with themselves. Thus,
mantle plume plays a major role in rifting and
breakup of lithosphere pertaining to the tectonic
activities. In the Kachchh region, the crustal and
lithospheric structures were modiBed significantly
by the Deccan mantle plume when Indian plate
moved over the reunion hotspot, thus, the modiBed
crustal and lithospheric structures might be playing a key role in controlling the present-day seismicity (Kennett and Widiyantoro 1999; Karmalkar
et al. 2005; Mandal 2011a).
The Kachchh rift zone is one of the most seismically active intraplate areas of the world, even
though this region is very far from the seismically
active plate boundaries like Makran and Himalaya
(Rastogi et al. 2014). However, it comes under the
zone V in seismic zoning map of India (BIS 2002).
Two large earthquakes (viz., the 1819 Mw 7.8
Allah-bund and the 2001 Mw 7.7 Bhuj) have
occurred in this region (Bgure 1). Since the occurrence of the 2001 Bhuj mainshock, several aftershocks have occurred, which include 16 Mw C 5,
250 Mw C 4, and 4000 Mw C 3 shocks, and 5000
other well-located shocks of moment magnitude
(Mw) ranging from 1.0 to 2.9 (Mandal and Rastogi
2005; Mandal et al. 2009; Rastogi et al. 2013a, b).
The nature of these aftershocks is mostly reverse
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and strike-slip (Singh and Mandal 2018), which
suggests that presently this region is under compression. However, some aftershocks show dip-slip
movement (Bodin and Horton 2004; Mandal and
Horton 2007). Until today, some aftershocks (M
B 4.0) are still occurring in this region. The cause
of occurrence of these large number of aftershocks
may be related to the ongoing deformation processes of the Kachchh region. These deformation
processes can be well understood through seismic
anisotropy by estimating the fast axis orientation
of teleseismic shear waves (e.g., Vinnik et al.
1984a; Silver and Chan 1988, 1991; Vinnik et al.
1992).
In the upper mantle, seismic anisotropy can be
related to the mantle deformation aligning rockforming minerals, particularly olivine and their
preferred orientations, which develops due to
mantle Cow (Nicolas and Christensen 1987; Mainprice et al. 2000). Therefore, seismic anisotropy
provides information about the present, or past
mantle Cows at different depths. The mantle anisotropy has been studied through shear-wave
splitting using several seismological datasets
(Bowman and Ando 1987; Silver and Chan 1991;
Silver 1996; Barruol and HoAmann 1999; Savage
1999; Currie et al. 2004; Walker et al. 2005a, b;
Heintz and Kennett 2006). The anisotropic regions
have been identiBed in many areas of the world, by
analysing splitting of the shear waves. Thus seismic
anisotropy provides a better understanding of deep
interior and the geodynamic process of the Earth.
In the upper crust, seismic anisotropy is primarily
controlled by the preferred orientations of microcracks (Crampin and Chastin 2003). In some continental rift zones, rift parallel upper mantle
anisotropy has also been observed (Gao et al.
1994, 1997; Kendell et al. 2006; Mandal 2011b). In
the deeper Earth, mainly in the upper mantle, it is
controlled by the preferred orientation of anisotropic crystals (Tommasi 1998). Shear wave splitting has been used to characterize seismic
anisotropy in the Earth, particularly in the crust,
upper mantle, and D00 region (Keith and Crampin
1977; Ando et al. 1983; Fukao 1984; Kosarev et al.
1984; Vinnik et al. 1984b; Silver and Chan 1988).
When a shear-wave passes through an anisotropic
medium, it split into two orthogonal directions: one
is faster, and the other is slower. The fast wave
orientation (U) and the difference in arrival time or
delay time ðdt Þ between the two split shear waves
are two measurable parameters for seismic anisotropy. The fast wave orientation reCects the past
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Figure 1. A plot showing the locations of seismograph stations (solid blue triangles) whose data has been used for the SKS/SKKS
analysis. The red solid stars represent the epicenters of the 2001 Mw 7.7 Bhuj and 1819 Mw 7.7 Rann of Kachchh 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 KWF: Kathiwada Fault are shown by solid black line and NWF North
Wagad Fault by black dotted line. Uplifts: KMU: Kachchh Mainland Uplift; WU: Wagad Uplift; PU: Pachham Uplift; KU:
Khadir Uplift; BU: Bela Uplift; and CU: Chobari Uplift.

and present geodynamic deformation (Silver 1996).
The delay time reCects the thickness of the seismic
anisotropic layer and the strength of seismic anisotropy. It is observed that seismic anisotropy is
found at different depths in the Earth, from crustal
down to the core-mantle boundary in different
tectonic environments. It is a common feature in
the upper mantle and characterizes through core
refracted shear phases (SKS/SKKS) which are well
detectable at epicentral distances between
90 and 130 . According to the ray theory, SKS/
SKKS phases are aAected by the anisotropic
structure over the receiver side of its mantle ray
path. But, SKS/SKKS splitting is always interpreted as upper mantle anisotropy while the lower
mantle anisotropic eAect is ignored (Meade et al.
1995; Niu and Perez 2004; Restivo and Helffrich
2006). Similarly, the crustal anisotropic eAect is
also ignored because it is much smaller (*0.1 s;
Savage 1999) than the upper mantle contribution
(*1 s; Silver 1996; Fouch and Rondenay 2006).

Previously, Mandal (2011b) and Rao et al.
(2013) have studied SKS/SKKS analysis in this
region. Mandal (2011b) studied the upper mantle
anisotropy through minimum energy (SC) and
rotation–correlation (RC) techniques using the
waveform data recorded at 12 broadband stations
from 2006 to 2009. Mandal (2011b)’s study
revealed an east–west fast axis orientation. Rao
et al. (2013) demonstrate the presence of two fast
axis orientations: (a) one along with the nearly
absolute plate motion (APM) direction of the
Indian plate and (b) another approximately oriented in the east–west direction. These studies
revealed a variation in the estimates of splitting
parameters in the region, which prompted us to
carry out a detailed study of upper mantle anisotropy in the region.
To study the upper mantle anisotropy, we use
ten broadband stations waveform data recorded at
NGRI network in the Kachchh region during
2013–2016. We also added waveform data from two
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more stations (KMN and GDD) recorded during
2006–2009 in this study. Out of twelve stations, the
locations of nine stations are similar to that of
Mandal (2011b). However, the remaining three
stations (SIV, MOU and JMN) are newly located.
After analysing more than 1000 waveforms, we
select 140 digital waveforms for this SKS/SKKS
study. Finally, we interpreted these results
regarding seismic anisotropy of upper mantle
beneath the study region. We correlated the splitting parameters with tectonic trends and the
structure to understand the nature of anisotropic
sources in the upper mantle below the study region,
i.e., whether it is associated with the lithospheric
deformation, asthenospheric Cow, or both.
2. Geology and tectonics
Geologically, Kachchh region is mainly characterized
by Quaternary/Tertiary sediments, Deccan volcanic
rocks and Jurassic sandstones resting on the Precambrian basement (Biswas 1987; Gupta et al. 2001).
This region is reactivated due to the regional compressive stresses caused by the collision of two tectonic plates namely Indian and Eurasian (Biswas
1987) along with mantle plume activities (Karmalkar
et al. 2005; Mandal 2011a). The major structural
features of the study region are characterized by a rift
basin and several east–west trending faults and folds.
The rift basin is bounded by the Nagar Parkar Fault
(NPF) in the north and the Kathiawar Fault (KWF)
in the south (Bgure 1). Its major tectonic east–west
trending faults are the Allah Bund Fault (ABF),
Island Belt Fault (IBF), Gedi fault (GF), Banni Fault
(BF), North Wagad Fault (NWF), Kachchh Mainland Fault (KMF), and Katrol Hill Fault (KHF)
(Bgure 1). Furthermore, there are several uplifts like
Kachchh Mainland Uplift (KMU), Wagad Uplift
(WU), Pachham Uplift (PU), Khadir Uplift (KU),
Bela Uplift (BU), and Chobari Uplift (CU) (Bgure 1)
and some minor NE/NW trending faults/lineaments
in this region (Biswas 1987; Rastogi 2001).
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present study. In this study, 112 teleseismic earthquakes are selected, whose epicentral distances and
moment magnitudes vary from 90 to 120 and 5.5 to
7.3, respectively. The distribution of these teleseismic
events is shown in Bgure 2. Two complementary
techniques, e.g., (a) minimum energy (SC) (Silver
and Chan 1991) and (b) rotation–correlation (RC)
(Bowman and Ando 1987 (inbuilt in Splitlab software, Wustefeld et al. 2008) are used for the estimation of splitting parameters. The minimum energy
technique is the most widely used technique for estimating shear wave splitting parameters. This technique is based on the principle that, when a shear
wave passes through an isotropic medium, it polarizes
linearly. And it is showing significant energy on the
transverse component and polarizes elliptically when
it passes an anisotropic medium. A grid search is
performed over all possible values of splitting
parameters by rotating and time-shifting the horizontal components appropriately. The corrected
transverse component energy is measured, by a contour plot of transverse component energy, which has
all possible pairs of splitting parameters. The minimum on this contour plot corresponds to the best-Bt
splitting parameters. An F-test formulation is used to
compute formal error maps on measurements (Silver
and Chan 1991). Sometimes error maps of each
measurement are weighted to obtain the best-Btting
splitting parameters at a single station. However, the
stacking procedures for obtaining average splitting
parameters have also been developed (Restivo and
Helffrich 1999; Chevrot 2000). The stacking methods
are advantageous because they can remove the errors

3. Earthquake data and methodology
Three-component digital waveform data recorded
at 12 broadband seismograph stations during
2006–2016 are used for the present study. Data from
only two broadband stations (i.e., GDD and KNM)
during 2006–2009 and 10 broadband stations (i.e.,
BCH, BHU, JMN, MOU, MTP, NAGO, SIV, TPM,
TPR and VJP) during 2013–2016 are used in the

Figure 2. Epicentral distribution of the 112 earthquakes used
in the study.
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due to noisy data or poor waveform clarity and can
utilize null observations. Null measurements deBne
by little or no energy on the transverse component or
shear wave is not significantly split and the initial
polarization of phases of null measurements are
nearly parallel to either orientation of fast or slow
axis. 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. The
rotation correlation technique is another technique
for estimating splitting parameters using broadband
datasets that were developed earlier to Silver and
Chan (1991)’s approach (Fukao 1984; Bowman and
Ando 1987). Like minimum energy technique, a gridsearch approach is also used to Bnd out the best-Bt
splitting parameters, which is obtained through timeshifting and rotating the horizontal components of
seismograms. The determinant of the time-domain
covariance matrix maximized the cross-correlation
between the corrected horizontal components (Silver
and Chan 1991; Levin et al. 1999). In this technique, a
null measurement is also recognized by a linear initial
particle motion. The above-discussed two techniques
are being used for low frequency, but, they can also be
used for higher frequency. The quality of this measurement is given by the criteria of Wustefeld and
Bokelmann (2007). According to this criteria, quality
of measurement is determined by the difference of fast
axis estimates from (both RC and SC technique)
DU ¼ URC  USC and a ratio of delay times
q ¼ dtRC =dtSC . Based on synthetic studies, they
categorised splitting measurements as good
ð0:8\q\1:1 and DU\8 Þ, fair ð0:7\q\1:2 and
DU\15 Þ, good null ð0\q\0:2 and 37 \DU\53 Þ
and near null ð0\q\0:5 and 32 \DU\58 Þ.
Remaining splitting measurements are considered as
poor quality. In this paper, we have shown an example only related good measurements (Bgure 3).
However, examples about other good (Bgure A1–A7),
fair (Bgure A8), good–null (Bgure A9) and near-null
(Bgure A10) measurements are provided as electronic
supplementary material.

4. Estimation of splitting parameters
At Brst, we process the waveform data of selected
112 teleseismic earthquakes, using the seismic
analysis code (SAC 2000). After that, we perform
SKS/SKKS analysis through SC and RC techniques using Splitlab software (Wustefeld et al.

2008). IASP91 reference earth model is used as a
velocity model to estimate the travel time of the
ray path. A zero-phase two-pole Butterworth Blter
of 0.05–0.25 Hz corner frequency is used to boost
the dominant period of the SKS/SKKS phases
(*5–20 s) before shear wave splitting analysis.
After analysing more than 1000 waveforms, 140
waveforms are selected for the SKS/SKKS study.
The estimated SKS/SKKS splitting parameters are
found to be qualiBed as good, fair, good null and
near null measurements. Poor measurements have
been ignored during the analysis. The individual
events result obtained from this SKS/SKKS analysis are shown in table A1. A complete procedure
for SKS analysis for good measurement at GDD
station is shown in Bgure 3 which shows splitting
by an elliptical particle motion and energy on the
transverse component. Figure 3 demonstrates an
example of the determination of the splitting
parameters through SC and RC techniques.
Figure 3(a) 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 technique are shown in Bgures 3(b and c), respectively.
Note that the transverse component has some
energy before and no energy/feeble energy after
removal of seismic anisotropy. The particle motion
before and after the splitting correction are shown
in Bgure 3(d). Note that it shows an elliptical
particle motion before the splitting correction
while the particle motion becomes linear after the
correction. The map for the correlation coefBcient
is shown in Bgure 3(e). Splitting parameters estimated by the SC technique (Bgure 3f–j) are also
discussed here. It is observed that splitting
parameters of the above event are nearly the same
order obtained using both SC and RC techniques
(Bgure 3).

5. Results and discussion
Shear-wave splitting parameters (e.g., U and dt)
are measured using SKS/SKKS phases from 112
teleseismic events recorded at 12 broadband stations in the Kachchh region, during 2006–2009 and
2013–2016. In this study, we found 59 good, 4 fair,
14 good nulls, and 6 near null measurements based
on the criterion mentioned above, wherein results
obtained from both the techniques (RC and SC)
are used. However, here we use only good measurements obtained from the SC technique for

110

Page 6 of 11

making any scientiBc interpretations and discussions. The estimated U and dt at all the stations
vary from 22 to 86 and 0.4 to 2.0 s, respectively.
In this study, we estimate the mean values of U and
dt for each station, using only good measurements.
These mean values of U and dt are used for interpretations and discussions (table 1). The number
of good measurements are found to be ranging from
2 (at MTP/TPR/KNM station) to 12 (at VJP)
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(table 1). The vector mean of U at all the stations,
vary from N34°E to N73°E (table 1), while the
average of a vector means for all the stations is
estimated to be U = Nð58  10Þ E.
Previously Mandal (2011b) study revealed an
east–west fast axis orientation. Furthermore, Rao
et al. (2013) demonstrated the presence of two fast
axis orientations: one along with the nearly absolute plate motion (APM) direction of the Indian
plate and another approximately oriented in the
east–west direction. However, the results obtained
from this study show a deviation in fast axis orientation from the APM direction (*N40°E) of the
Indian plate in a no-net-rotation reference frame
(DeMets et al. 1994). At MOU station, the estimated fast polarization orientation Nð34  12Þ E,
is almost coincident (deviation \10 ) with the
APM direction of the Indian station. Stations
BCH, BHU, JMN, MTP, NAGO, SIV, TPM, TPR,
VJP, GDD, and KNM, with fast polarization orientations Nð60  10Þ E, Nð64  11Þ E, Nð55 
18Þ E, Nð56  8Þ E, Nð56  12Þ E, Nð61  10Þ E,
Nð60  09Þ E, Nð73  01Þ E, Nð63  13Þ E, Nð65
 09Þ E, and Nð67  09Þ E are subparallel (deviation [10 and \35 ) to the APM direction of the
Indian plate. Estimated fast axis orientations
beneath these 11 stations show a large deviation
([10 and \35 ) from the APM direction of the
Indian plate, which may be attributed to the
inCuence of rift zone as well as 65 Ma Deccan
mantle plume present in the study region. Presence
of Deccan mantle plume beneath the study region
b

Figure 3. A diagnostic plot of a good single measurement at
GDD station for an event of Mw 6.9, occurred on 07, 2006 at
22:18 time for which lat. (15.78°), long. (167.80°) and depth
(141 km). Estimated URC , USC and dtRC , dtSC are 75°, 76° and
0.9 s, 0.9 s, respectively. (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 speciBcations 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 RCanisotropy 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 coefBcients. 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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Table 1. Composite shear wave splitting parameters for Kachchh region stations, along with deviation from the APM directions in
a no-net-rotation reference frame (DeMets et al. 1994) and seismic anisotropy layer thickness beneath stations.

Station name
Bhachau (BCH)
Bhuj (BHU)
Jumkunariya (JMN)
Mouvana (MOU)
Motapaya (MTP)
Nagor (NAGO)
Shivlaka (SIV)
Tappar Mundra (TPM)
Tappar (TPR)
Vajepar (VJP)
Gadhada (GDD)
Kanmer (KNM)

Lat. (°N)

Long. (°E)

Litho. thickness
(km) (Mandal
2019a)

23.28
23.21
23.82
23.81
23.86
23.31
23.41
23.02
23.24
23.56
23.87
23.40

70.34
69.65
69.88
70.86
69.78
69.73
70.59
69.66
70.12
70.50
70.37
70.86

64
102
92
78
86
104
106
76
80
103
112
114

Figure 4. Map showing the fast axes directions obtained from
present study in the Kachchh region. Red arrows represent the
average fast axes directions at different stations, while yellow
arrow represents average fast axis direction for whole region
and the length of these arrows represent the delay time. Black
arrows represent the motion of Indian plate in a no-net
rotation frame, as deBned by the NUVEL1A plate model
(DeMets et al. 1994).

has been conBrmed by a low seismic P-wave speed
anomaly beneath 200 km (Kennett and Widiyantoro 1999). Recently, Mandal (2019c) have studied
the upper mantle structure through P-wave teleseismic tomography. His study also conBrmed the
presence of Deccan mantle plume beneath this
region. Mantle plume beneath the study region
may change the asthenosphere Cow which may be
the cause of the deviation in the fast axis orientation (Bgure 4).

U (°)
60
64
55
34
56
56
61
60
73
63
65
67

±
±
±
±
±
±
±
±
±
±
±
±

10
11
18
12
08
12
10
09
01
13
09
09

dt (s)
0.9
1.1
1.1
1.5
1.1
0.9
0.8
0.9
0.8
1.0
0.9
0.9

±
±
±
±
±
±
±
±
±
±
±
±

0.3
0.3
0.3
0.3
0.1
0.4
0.2
0.4
0.0
0.4
0.2
0.2

Deviation
from
APM
20
24
15
6
16
16
21
20
33
23
25
27

±
±
±
±
±
±
±
±
±
±
±
±

10
11
18
12
08
12
10
09
01
13
09
09

Anisotropic
layer thickness
(km)

No. of
phases

104
127
127
173
127
104
92
104
92
115
104
104

3
6
7
3
2
4
4
7
2
12
7
2

Our estimates of fast axis orientation at all
stations, viz., BCH, BHU, JMN, MOU, MTP,
NAGO, SIV, TPM, TPR, VJP, KNM, and GDD,
suggest a deviation of ð  20Þ , ð  24Þ , ð  15Þ ,
ð  6Þ ; ð  16Þ ; ð  16Þ ; ð  21Þ ; ð  20Þ ; ð  33Þ ,
ð  23Þ , ð  25Þ and ð  27Þ ; respectively, from
the APM direction. Similarly, Kumar and Singh
(2008) found a deviation of ð  22Þ from the APM
direction in this region. However, Mandal
(2019b)’s study in surrounding areas (Rajasthan
craton), reveals that fast axis orientation at four
stations namely Banswara ð36  11Þ , Bundi
ð44  09Þ , Udaipur ð36  08Þ , and Jaipur ð41 
09Þ (Bgure 5) is almost parallel to the APM
direction of the Indian plate. Thus, it can be
noticed that there is a difference in the fast axis
orientation beneath the Kachchh and the surrounding (Rajasthan craton) regions. This difference in the fast axis orientation may be due to the
presence of rift zone as well as the presence of
structural imprints of the 65 Ma Deccan mantle
plume in Kachchh, Gujarat, India. In general, fast
axis orientation in the rift zones is reported to be
parallel or orthogonal to the rift axis (Gao et al.
1994, 1997; Kendall et al. 2006). However, the fast
axis orientation in the Kachchh region is neither
parallel nor orthogonal to the rift axis. It has
deviated from the APM direction of the Indian
plate towards the rift axis. The mean delay time at
all the stations (viz., BCH, BHU, JMN, MOU,
MTP, NAGO, SIV, TPM, TPR, VJP, KNM, and
GDD) are estimated to be (0.9 ± 0.3), (1.1 ± 0.3),
(1.1 ± 0.3), (1.5 ± 0.3), (1.1 ± 0.1), (0.9 ± 0.4),
(0.8 ± 0.2), (0.9 ± 0.04), (0.8), (1 ± 0.4), (0.9 ±
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Figure 5. Map showing the direction of fast axes obtained from different studies in the Kachchh region. The red, yellow and
white arrows represent the average values of fast axes direction obtained from present, Mandal (2011b), and Rao et al. (2013)
studies, respectively, and the length of these arrows represents the delay time. Black arrows represent the motion of Indian plate
in a no-net rotation frame, as deBned by the NUVEL1A plate model (DeMets et al. 1994).

0.2) and (0.9 ± 0.2) s, respectively. The delay
times at all stations vary from 0.80 to 1.5 s, while
the average delay time at all stations is estimated
to be (0.99 ± 0.19) s, which is consistent with the
global average (1 s) for continental regions (Silver
1996).
Thicknesses of the anisotropic layer beneath
each station are estimated by assuming a shear
velocity (Vs) of 4:6 km=s and 4% anisotropy for the
upper mantle (Booth and Crampin 1985), using the
following formula:
L ¼ ðdtVs Þ=A;

ð1Þ

where L and dt is the thickness of lithosphere (km)
and mean delay time (s), respectively. A is the percentage of seismic anisotropy (4%). The estimated
thicknesses of the corresponding anisotropic layer at
stations, viz., BCH, BHU, JMN, MOU, MTP,
NAGO, SIV, TPM, TPR, VJP, KNM, and GDD are
found to be (104), (127), (127), (173), (127), (104),
(92), (104), (92), (115), (104) and (104) km, respectively. Then, we compared our estimated anisotropic
layer thicknesses with the lithosphere thicknesses
(station-wise) estimated by Mandal (2019a). The

thicknesses of the anisotropic layer lying beneath four
stations namely NAGO, SIV, GDD, and KNM are
estimated to be approximately equal or less than the
lithospheric thickness beneath these stations
(table 1). This observation suggests that the anisotropic sources beneath these stations are associated
only with the lithospheric deformation processes
(e.g., 184 Ma African rifting, 88 Ma Madagascar
rifting, 65 Ma Deccan mantle plume). However,
thicknesses of the anisotropic layer lying beneath
remaining eight stations, viz., BCH, BHU, JMN,
MOU, MTP, TPM, TPR and VJP are more than
lithospheric thickness beneath these stations
(table 1). This observation reveals that a part of the
modelled seismic anisotropic layer beneath these
stations extends into the asthenosphere. Thus, anisotropic sources beneath these stations are associated
with both the lithospheric deformation processes
(e.g., 184 Ma African rifting, 88 Ma Madagascar
rifting, 65 Ma Deccan mantle plume) and asthenospheric Cows. Anisotropic sources result from the
lithospheric deformation processes may be due to
(i) the pre-rift deformation responsible for an inherited crystallographic fabric in the lithospheric
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mantle, (ii) the deformation associated with the rifting may modify the older fabric and generate a new
rift-related crystallographic fabric in the lithosphere.
Anisotropic sources result from asthenospheric Cows
may be due to (i) the Cow of asthenospheric mantle
beneath the rift producing a preferred orientation of
mantle minerals, (ii) oriented melt pockets resulting
in the asthenospheric wedge beneath the rift.

6. Conclusions
Our SKS/SKKS splitting study shows that measurements of fast axis orientation ðUÞ and delay time ðdt Þ
vary from N34 E to N73 E and 0.80 s to 1.5 s,
respectively. The average vector means of U and dt for
all the stations are found to be Nð58  10Þ E and
(0.99 ± 0.19) s, respectively. Our modelling results
suggest that the upper mantle is highly anisotropic
beneath the Kachchh rift zone with an average fast
axis orientation of Nð58  10Þ E, which suggests a
deviation of nearly (*N18 E) from the APM direction
(*N40 E) of the Indian plate. This deviation of fast
axis orientation from APM direction may be attributed to the eAect of Kachchh rift as well as the presence
of structural imprints of the 65 Ma Deccan mantle
plume in the study region. The mean delay time
(0.99 ± 0.19) s is consistent with the global average
(1 s) for continental regions. The computed seismic
layer thicknesses beneath each station vary from
92 km at TPR/SIV to 173 km at MOU station. It is
apparent that anisotropic sources beneath the study
region are associated with both the lithospheric
deformation processes (e.g., 184 Ma African rifting,
88 Ma Madagascar rifting, 65 Ma Deccan mantle
plume) as well as asthenospheric Cows.
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