
(2007) 61–78
www.elsevier.com/locate/tecto
Tectonophysics 429
Relocation of aftershocks, focal mechanisms and stress inversion:
Implications toward the seismo-tectonics of the causative

fault zone of Mw7.6 2001 Bhuj earthquake (India)

P. Mandal a,⁎, S. Horton b

a National Geophysical Research Institute, Uppal Road, Hyderabad-500007, India
b Center for Earthquake Research and Information, Memphis, Tennesse-38152, USA

Received 9 May 2006; received in revised form 25 September 2006; accepted 26 September 2006
Available online 15 November 2006
Abstract

The HYPODD relocation of 1172 aftershocks, recorded on 8–17 three-component digital seismographs, delineate a distinct
south dipping E–W trending aftershock zone extending up to 35 km depth, which involves a crustal volume of
40 km×60 km×35 km. The relocated focal depths delineate the presence of three fault segments and variation in the brittle–
ductile transition depths amongst the individual faults as the earthquake foci in the both western and eastern ends are confined up to
28 km depth whilst in the central aftershock zone they are limited up to 35 km depth. The FPFIT focal mechanism solutions of 444
aftershocks (using 8–12 first motions) suggest that the focal mechanisms ranged between pure reverse and pure strike slip except
some pure dip slip solutions. Stress inversion performed 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°). The stress inversions of different depth bins of the P
and T axes of selected aftershocks suggest a heterogeneous stress regime at 0–30 km depth range with a dominant consistent N–S
orientation of the P-axes over the aftershock zone, which could be attributed to the existence of varied nature and orientation of
fractures and faults as revealed by the relocated aftershocks.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Kachchh area lies in the seismic zone V of India,
which has experienced two earthquakes of Mw ≥7.7
within a span of 182 years (Bureau of Indian Standards,
2002; Mandal et al., 2004a,b). In addition, we know that
the region has experienced moderate size earthquakes
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since 1668 (Rajendran and Rajendran, 2001). The latest
2001 Bhuj earthquake of Mw 7.7 (intensity X+ on MM
Scale) occurred along an E–W trending south dipping
reverse fault at 23 km depth (Fig. 1). Available fault
plane solutions from first motion indicate that both
strike–slip and reverse faulting characterize the
Kachchh seismic zone (Chung and Gao, 1995). Further,
available GPS campaign data suggests very slow strain
accumulation (Sridevi et al., 2001). Thus, the most
important question related to tectonics of Kachchh to be
answered is how the large strains accumulate in this low
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Fig. 1. A plot showing 17 seismograph stations (seismograph stations marked by solid triangles). KU, Kachchh mainland uplift. Major faults (lines):
ABF, Allah Bund Fault; IBF, Island belt fault; KMF, Kachchh mainland fault; KHF, Katrol Hill fault; NPF, Nagar Parkar fault; Kathiwar F., Kathiwar
Fault; NWF, North Wagad fault. The inset is showing the key map for the area with reference to Indian plate boundaries (dark lines) (After Biswas
(1987)). The prevailing compression from in-situ stress measurement and focal mechanism data has been shown by compression arrow symbol (After
Gowd et al. (1992)).
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strain rate intraplate region (Himalayan plate boundary
in the north is more than 1000 km away and Herat–
Chaman plate boundary in the west is 500 km away).
Hence, the mechanism of stress concentration at the
aftershock zone of 2001 Bhuj earthquake, is an im-
portant outstanding geodynamic problem, which per-
haps can be clarified by focused investigation of the
seismotectonics of the causative fault zone using reliable
and accurate aftershock data.

Estimation of accurate hypocentral parameters using
large aftershock data is becoming an essential tool for
understanding the seismotectonics of any seismically
active fault zone (Poupinet et al., 1984; Got et al., 1994;
Dodge, 1996; Richards-Dinger and Shearer, 2000).
Several techniques using the 1-D or 3-D inversion of
travel times of P and S waves from local earthquake data
have been discussed in the literature for estimating
accurate and reliable hypocentral parameters (Thurber,
1983; Michelini, 1991; Michael and Eberhart-Phillips,
1991; Foxall et al., 1993; Zhao et al., 1996; Mandal
et al., 2004a,b). These earthquake location techniques
would be generally based on the first order Taylor series
approximation of travel time difference between ob-
served and predicted estimates. This linearization
approximation would allow earthquakes to be located
individually using these algorithms, or jointly with
other unknowns related to the location of individual
earthquakes, such as station corrections in the joint
hypocentral determination (JHD) method, or the veloc-
ity model in seismic tomography/simultaneous inver-
sion (Thurber, 1983; Pujol, 1988). In the HYPODD
algorithm, the residuals between observed and calculat-
ed travel-time difference (double-difference) between
two events at a common station are estimated for two
very closely spaced events by assuming the similar ray
paths between the source region and the common station
(Waldhauser and Ellsworth, 2000). This further cancels
the common mode errors related to the receiver side
structure resulting in no station corrections for the
raypath outside the focal volume. The double-difference
algorithm (Waldhauser and Ellsworth, 2000) has been
extensively used with data from permanent networks



Table 1
1-D Velocity model for the Kachchh, Gujarat obtained from the travel
time inversion using VELEST (Mandal, in press)

Depth to the bottom
of the layer (km)

Vp
(km/s)

Vs
(km/s)

Vp/Vs Geology

2.0 2.92 0.90 3.24 Tertiary sediments
5.0 5.99 3.49 1.72 Jurassic sediments
10.0 5.90 3.37 1.75 Upper crust
16.0 6.18 3.60 1.72 Upper crust
22.0 6.07 3.60 1.69 Upper crust
29.0 6.59 3.73 1.77 Lower crust
34.0 7.20 3.99 1.80 Lower crust
42.0 6.78 3.44 1.97 Lower crust
∞ 8.20 4.70 1.74 Half space
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and aftershock arrays around the world, where it has
demonstrated an ability to improve the image of
seismicity in every case studied.

Another parameter for better understanding of the
ongoing geodynamical process in a fault zone is a good
reliable estimate of the stress tensor (Bott, 1959;
McKenzie, 1969). The nature of stress tensor (compres-
sive/extensional) is generally well known for the inter-
plate/plate boundary regions (Bott, 1959). However,
the stress regime is quite less obvious from the observed
geological or geodynamical processes acting in the
intra-plate or stable continental areas, which have un-
dergone several deformation episodes in the past.
Common methods to measure magnitude and orienta-
tion of stress tensor like overcoring and bore hole
breakouts can be performed at near surface depths only
(McGarr and Gay, 1978). These methods cannot provide
any information regarding variation in stress tensor
Table 2
Station coordinates, travel-time corrections, and site conditions

Station Latitude
(°N)

Longitude
(°E)

P Correction
(s)

S Correction
(s)

Geology

AND 23.7673 69.8388 −0.04 −0.51 Sandsto
ANJ 23.1278 70.0205 +0.06 +0.09 Deeply
BAC 23.2808 70.3266 +0.01 −0.03 Basalt f
BHA 23.5600 70.4141 +0.03 −0.08 Deeply
DUD 23.3195 70.1270 −0.07 −0.12 Weathe
DRL 22.5770 70.6460 Weathe
GDM 23.0660 70.1150 +0.27 +0.14 Hard sa
KHA 23.4605 73.3516 +0.00 +0.13 Deeply
LBR 23.9875 69.7463 −0.13 −0.07 Slightly
LIQ 23.4878 69.9153 +0.01 +0.63 Deep co
LOD 23.3930 69.8920 +0.17 +0.12 Weathe
LOT 23.2383 69.6726 +0.10 +0.05 Thin so
MAL 23.0930 70.7580 +0.37 +0.06 Sandsto
RPR 23.5708 70.6460 +0.03 −0.06 Hard se
SKL 23.3030 70.5070 +0.23 +0.46 Weathe
VER 23.8888 70.4138 −0.01 −0.05 Sandsto
BHM 23.5420 70.8750 +0.05 −0.07 Weathe
behavior with depth. Thus, the use of focal mechanism
to estimate the nature of stress tensor deep in the crust is
becoming more popular (Gephart and Forsyth, 1984).
Stress inversion can be performed over a large number
of earthquakes for the reliable estimation of stress tensor
(Gephart, 1990a,b). The technique provides an estimate
for the orientation of the stress tensor, but does not
provide any information regarding the magnitudes of the
stress tensor. In fact, the stress inversion yields only an
aspect ratio that is a measure of the relative importance
of the principal deviatoric stresses. The accuracy of
these stress inversions is limited, however, by the un-
certain reliability of many of the focal mechanism
estimates and the fault plane ambiguity inherent in the
double-couple source.

In this paper, we present the salient results from
our HYPODD relocation, focal mechanism and stress
inversion. We used 1238 aftershocks of the 2001 Mw
7.6 Bhuj earthquake recorded by a combined network of
the National Geophysical Research Institute (NGRI),
Hyderabad, India and CERI, Memphis, USA during
12–28 February 2001. Finally, these results are
correlated with the local geology and tectonics with a
view to characterize the seismotectonics of the causative
fault zone of the 2001 Bhuj earthquake.

2. Geology, tectonics and seismicity of the Kachchh
region

The Kachchh rift is the largest Indian intracontinental
rift zone and is situated at the western border of the India
far from any plate boundary (Fig. 1). Geologically,
Structures

ne Stick hut
weathered sandstone Very small shed
low Free field
weathered sandstone Small underground storage room
red sandstone Ground floor of a damaged 1-story masonary
red sandstone Small 1-story stone hut
ndstone Small 1-story RCC room of a nursery
weathered sandstone Ground floor of damaged 1-story masonary
indurated sediments Free field
nsolidated sediment Free field
red sandstone Basement of a 2-story stone house
il over sandstone Basement of a 2-story stone house
ne Small 1-story storage room
diments Basement of a 2-story stone house
red sandstone 1-story RCC room of a school
ne Thatch hut
red sandstone Small 1-story stone house
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Quaternary/Tertiary sediments, Deccan volcanic rocks
and Jurassic sandstones resting on Precambrian base-
ment mainly characterize the Kachchh region (Gupta
et al., 2001). The evidence of the Precambrian basement
has been seen in the Banni deep well (north of the
epicentral zone), where the Precambrian granite por-
phyry/rhyolite is found at a depth of 1718.5 m (Singh
et al., 1997). The Mesozoic rift related extensional
structures of the Kachchh basin got reactivated as
strike–slip or reverse faults as a result of regional com-
pressive stresses due to collision of Indian and Eurasian
plates since Neogene times (Patriat and Achache, 1984;
Jaeger et al., 1989). The focal mechanisms of some
earthquakes indicate reverse faulting (Chung and Gao,
1995). It is important to note that the region containing
Fig. 2. HYPOELLIPSE location and HYPODD relocation errors of earthqu
P-residual.
the Kachchh rift is thought to be within the mid-
continental stress province where the mean orientation
of the maximum compression is N30° E (Gowd et al.,
1992).

Major structural features of the Kachchh region
include several E–W trending faults/folds as shown in
Fig. 1. The rift zone is bounded by a north dipping
Nagar Parkar fault in the north and a south dipping
Kathiawar fault in the south. Other major faults in the
region are the E–W trending Allah Bund fault, Island
belt fault, Kachchh mainland fault and Katrol Hill
fault. In addition, several NE and NW trending small
faults/lineaments are observed (Biswas, 1987). Seis-
mics, gravity and magneto-telluric surveys indicate
undulated basement with 2–5 km deep sediments and
akes (a) epicenter, (b) focal depth, and (c) root mean square value of



Fig. 3. (a) Epicenters of selected 1238 aftershocks by using
HYPOELLIPSE, which have occurred during 12–28 February 2001.
A solid star shows the epicenter for the 2001 Bhuj mainshock. The
inferred causative fault is shown by dotted line and marked as NWF.
(b) Hypocentral depth plots of selected earthquakes in N–S direction
(Geologically valid inferred fault trace is shown by dotted line and
marked as NWF. Arrows mark surface traces of KMF and SWF (after
Biswas (1987)).
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Moho depth at 35–43 km in southern Kachchh region
(Gupta et al., 2001; Reddy et al., 2001). Recently, the
analysis and inversion of teleseimic RF suggests a Moho
depth variation from 42 to 49 km in the epicentral zone
of 2001 Bhuj earthquake (Mandal, in press).

The Kachchh region is characterized by large and
moderate but infrequent earthquakes. Based on John-
ston's (1994) classification scheme, great intraplate
earthquakes with Mw ≥7.7 have occurred in only two
intraplate regions in the world: New Madrid, USA and
Kachchh, India (Bendick et al., 2001; Bodin et al., 2001;
Schweig et al., 2003). Large earthquakes are known
to have been occurring in the Kachchh region since
historical times (Rajendran and Rajendran, 2001). It has
been inferred, based on the radiocarbon dating, that an
earthquake occurred between A.D. 885–1035 along the
Allah Bund fault (Rajendran and Rajendran, 2001). In
1668, a moderate earthquake occurred west of Kachchh,
with an epicenter at 24° N 68° E (Rastogi et al., 2001).
The largest earthquake in the region occurred on June 6,
1819. This Mw 7.8 earthquake resulted in a 100 km long
ridge and created what is known as the Allah Bund
(Johnston, 1994; Rajendran and Rajendran, 2001).
Between 1821–1996, 16 moderate earthquakes of
magnitude varying from 4.2 to 6.1 have occurred in
the region (Rajendran and Rajendran, 2001). The last
damaging earthquake of Mw 6.0 (Intensity IX) prior to
the most recent Mw 7.7 2001 Bhuj event occurred along
the Katrol Hill fault near Anjar, Gujarat in 1956 (Chung
and Gao, 1995). This earthquake was apparently a
shallow reverse rupture but did not rupture the surface
(Chung and Gao, 1995). Most recently there was an
earthquake in 1992 (Dodge, 1996), which was 19±4 km
deep. On December 24, 2001, an M5 earthquake struck
north of Bhuj, the teleseismically determined epicenter
is close to the western end of the Island Belt fault.
Whereas, the devastating 2001 Mw7.7 Bhuj earthquake
occurred on the ENE–WSW trending and south dipping
blind reverse fault (North Wagad Fault) at a depth of
23 km (USGS, Fig. 1). This earthquake had a high static
stress drop of 12.6 to 24.6 MPa, over a small circular
rupture area with a radius of 20 to 25 km, for a moment
of 4.5×1020 N-m (Negishi et al., 2001).

3. Combined local seismic network

Several institutes from India and other countries
deployed their seismic networks in the epicentral area
immediately after the occurrence of the Mw 7.6 Bhuj
earthquake on 26 January 2001 (Negishi et al., 2001;
Mandal et al., 2004a; Bodin and Horton, 2004). In this
paper, we combine aftershock data from two of these
seismic networks (National Geophysical Research
Institute (NGRI), Hyderabad, India and Center for
Earthquake Research and Information (CERI), Mem-
phis, USA) that operated concurrently from 13 to 27
February 2001. Although both data sets have been
independently studied, the combined dataset provides P-
and S-phase data from 8–16 stations. The increased data
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coverage can potentially improve location estimates and
provide better-constrained focal mechanism solutions.

The local NGRI digital Seismograph network con-
sisted of 8 stations. Each station was comprised of a 24-
bit recorder (REFTEK) with a GPS timing system. Six
of these were equipped with short period seismometers
(Mark Products triaxial L4-3D, Frequency range 1–
40 Hz) and two with broadband sensors (Guralp CMG-
3ESP, Frequency range 0.01–40 Hz). Recording was
done in continuous mode at a sampling rate of 100 sps.
CERI deployed eight Kinemetrics K2 digital recorders
equipped with an internal force-balance accelerometer
set to full scale of 2 g and a built-in GPS timing system.
Each K2 was also equipped with an external velocity
sensor (Mark Products triaxial L-28) to ensure detection
of weak ground motion. Data was recorded at 200 sps in
a triggered mode.

The station locations of this combined network are
listed in Table 1 and shown in Fig. 1. The distance
between station and epicenters varies from 14 km to
90 km. This network provides an azimuthal gap of less
Fig. 4. a) P-wave window for two events plotted relative to the adjusted arr
(differential travel time), and c) examples of P and S waves at two stations
than 180°. Most of these stations were located on
hard sediments or rocks (Jurrassic sediments or basalt).
However, few of these stations were sited on a thin layer
of soil overlying rock. The network is covered very well
in all directions except the northern and central areas
due to non-availability of roads in Banni region. The
largest aftershocks recorded during the above mentioned
period is mb 5.2 (PDE) and several were mbN4.0.

4. Initial aftershock locations

Initial event locations were obtained using the
program HYPOELLIPSE (Lahr, 1995). We used a 1-D
velocity model (Table 1) obtained from inversion of
travel times of P and S waves using VELEST (Kissling,
1995; Mandal, in press). Travel-time deviations of
individual stations from values predicted by this average
model were accounted for using station correction terms
in the locations. Station corrections based on average
travel-time residuals at each station are shown in
Table 2. The average location rms was 0.05 s (Fig. 2).
ival time, b) normalized cross-correlation showing optimum lag time
after adjustment by lag time.
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The mean horizontal and vertical single 68% confidence
estimates are 1.2 and 2.1 km, respectively, for the
aftershocks (Fig. 2).

We have located 1238 aftershocks. Fig. 3a shows that
the aftershocks are distributed over a fairly broad area,
but that most epicenters fall within roughly trapezoidal
shape with the parallel sides oriented east west. The
northern edge at ∼23.6° is approximately 55 km long,
Fig. 5. (a) Relocated epicenters of selected 1172 aftershocks by using
HYPODD, which have occurred during 12–28 February 2001. A solid
star shows the epicenter for the 2001 Bhuj mainshock. The inferred
causative fault is shown by dotted line and marked as NWF. (b)
Hypocentral depth plots of selected earthquakes in N–S direction
(Geologically valid inferred fault trace is shown by dotted line and
marked as NWF. Arrows mark surface traces of KMF and SWF (after
Biswas (1987)).

Fig. 6. Strike-parallel (E–W) depth profile of HYPODD relocated
aftershocks illustrating short and long wavelength roughness at the
base of the seismogenic zone. The dotted lines represent the approx-
imate outline of the base of the seismogenic zone. And, the star mark
denotes the hypocenter of the 2001 Bhuj mainshock.
and 5–10 km deep. The southern edge at ∼23.3° is
approximately 25 km long and ∼35 km deep. In N–S
cross-section (Fig. 3b) a distinct south-dipping concen-
tration of aftershocks is seen to extend from between 3–
10 km deep to about 35 km deep, which has been named
as north Wagad fault (NWF) (Rastogi et al., 2001). The
depth-distribution also shows the south dipping south
Wagad fault (SWF), which is not obvious due to scatter
in focal depth distribution. The east–west strike is about
8° from the WSW–ENE striking, south dipping, nodal
plane of the mainshock (Fig. 1). The aftershocks are
well south of the Island Belt fault, east of the Banni
fault, and for the most part north of the surface trace of
the Kachchh Mainland fault and (its apparent eastern
extension) the Wagad fault. Earthquakes occurring
outside the trapezoid are not on the mainshock fault
plane.

5. Relocation of aftershocks using double-difference
algorithm

To reduce the level of location uncertainty, we
employed the double-difference earthquake location
method, HYPODD (Waldhauser and Ellsworth, 2000).
The method incorporates travel time differences formed
from P- and S-wave arrival times with differential travel
times derived from waveform cross-correlation meth-
ods. It is suggested that uncertainties are improved by an
order of magnitude for two basic reasons (Waldhauser
and Ellsworth, 2000). First, specifying the travel time
as a double difference minimizes errors due to un-
modeled velocity structure. In the Kachchh basin with
slower Mesozoic sediments overlying a fast crystalline
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basement, this could prove significant. Secondly,
waveform cross-correlation measurements are poten-
tially more accurate than picks made by an analyst,
particularly for S waves where the onset is often
obscured by the P-wave coda.

The HYPODD algorithm was developed to optimally
relocate seismic events in the presence of measurements
errors and earth model uncertainty (Waldhauser and
Ellsworth, 2000). The fundamental equation of this
iterative least-squares procedure relates the residual
between the observed and predicted phase travel time
difference for pairs of earthquakes observed at common
stations to change in the vector connecting their hypo-
centers through the partial derivatives of the travel times
Fig. 7. Examples of different focal mechanism solutions obtained from mor
reverse left lateral strike–slip, (b) oblique normal right lateral strike–slip, (c
for each event with respect to the unknown. When the
earthquake location problem is linearized using the
double-difference equations, the common mode errors
cancel, principally those related to the receiver-side
structure. Thus, this algorithm does not require account-
ing for the station corrections or high-accuracy of
predicted travel times for the portion of the ray path that
lies outside the focal volume. This approach is especially
useful in regions with a dense distribution of seismicity,
i.e. where distances between neighboring events are only
a few kilometers or less. The aftershock zone of 2001
Bhuj earthquake covers an area of 40 km×70 km with
1238 earthquakes in a tight cluster. Therefore, HYPODD
should work well to relocate Bhuj aftershocks.
e than 8 stations first P-motion data using FPFIT program (a) oblique
) normal, and (d) left lateral strike–slip.



Fig. 8. a) Displacement waveforms at station GDM for event#37. Horizontal waveforms are rotated to radial and transverse allowing identification of
S-wave polarity. (b) Focal mechanism for event#37. For the polarities, circles represent compressions and triangles represent dilatations.
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Although, Waldhauser and Ellsworth (2000) used
the cross-spectral method of Poupinet et al. (1984)
to measure the differential travel times, we find this
method to be unstable for radically dissimilar events. In
this study a cross-correlation technique has been used
that was found to be quite stable for analysis of broad-
band of waveforms (Horton et al., 2004). This method
has been graphically illustrated in Fig. 4 where the P-
waves from two events at site DUD are correlated. The
data are bandpass-filtered between 0.1 and 6 Hz and a
5.12 second window is used. The windows are centered
on the same specified time relative to the origin time of
each event (Fig. 4a). The specified time corresponds to
the travel time of the phase in question for the first event.
The cross-correlation of the two time series is shown
Fig. 4b. The differential travel-time corresponds to the
lag time of the peak in the cross-correlation function.
Only those measurements having a correlation coeffi-
cient equal to or larger than 0.75, are used in the double
difference earthquake location. The correlation coeffi-
cients are used to weight the uncertainty of the ob-
servations. The method has a precision of one sample,
and it is a stable estimator since non-similar signals do
not satisfy the correlation coefficient threshold. An
example of correlated P and S waves at two stations
from the same event are shown in Fig. 4c.

Travel time differences formed from both manually
picked P- and S-wave arrival times and differential
travel times derived from waveform cross-correlation
methods as shown above can be used by HYPODD. We
used a total of eight iterations for the conjugate gradient
method (LSQR) within HYPODD inversion technique.
In this study, the travel time differences have been
estimated for all the event pairs with an inter-event
separation less than 5 km and stations located in 100 km
radius from the cluster centroid. A maximum of 6 to
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8 neighboring events linked to each other were only
considered for the relocation. The condition numbers
(i.e. ratio of the largest to smallest eigen value) obtained
for 8 iterations range from 41 to 70. HYPODD could
relocate 1172 out of 1238 aftershocks, which were
sufficiently clustered. The apriori weights assigned for P
and S waves were 1.0 and 0.5, respectively. After four
iterations weights were assigned for small inter event
distances and vice versa to both the P and S phase data.
We then checked each location obtained by LSQR
against the singular value decomposition (SVD) result
to insure consistency in hypocentral location (Waldhau-
ser and Ellsworth, 2000). The average relative uncer-
tainties for the aftershocks upon relocation are 30 m in
epicentral location and 50 m in focal depth estimation.
Fig. 9. (a) Spatial distribution of aftershock focal mechanisms inferred from
represents the fault plane solution of the 2001 Bhuj manishock. KTF represen
mechanism P axes for selected 444 aftershocks.
The relocated epicenters using HYPODD are plotted
in Fig. 5a that suggests significant differences in epi-
central locations in comparison with the earlier location
by HYPOELLIPSE (Fig. 3a). The mean of relative
epicentral location uncertainty obtained by HYPODD is
30 m, which is quite less in comparison to the absolute
epicentral location uncertainty of 1000 m as obtained by
HYPOELLIPSE. The distribution of epicenters still
defines an E–W trending aftershock zone covering
almost 40 km×60 km area, which is about 8° from the
WSW–ENE striking nodal plane of the mainshock
(Fig. 1). The relocated hypocenters delineate a distinct
south dipping E–W trending aftershock zone extending
up to 35 km depth, which involves a crustal volume of
40 km×60 km×35 km. The N–S hypocentral depth
first motion of P-waves using FPFIT as well as FOCMEC. MS FPS
ts the Katrol Hill Fault, and (b) Rose diagram for the earthquake focal



Fig. 10. Maximum principal stress axis, σ1 (square), intermediate axis,
σ2 (triangle), and least principal axis, σ3 determined from inverting the
P and T axes of focal mechanisms of selected 444 aftershocks by Exact
method.
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distribution also clearly delineates the south-dipping
south Wagad fault (SWF) at 3–25 km depth. A sub-
stantial compressing of the vertical distribution of
hypocenters in comparison to earlier HYPOELLIPSE
hypocentral location (Fig. 3b) is apparent in the trans-
verse cross-section as shown in Fig. 5b. The mean of
relative focal depth uncertainty obtained by HYPODD
is 50 m, which is quite less in comparison to the absolute
focal depth uncertainty of 2000 m as obtained by
HYPOELLIPSE (Fig. 3b).

Strike-parallel (E–W) hypocentral depth section
reveals that the base of seismogenic zone is irregular,
with a variation in aftershock activity cutout depth of
up to 7 km occurring on wavelength of ∼10 to 60 km
(Fig. 6). This observation suggests a significant
variation in brittle/ductile transition depth beneath the
aftershock zone where the earthquake foci in the both
western and eastern ends are confined up to 28 km depth
whilst in the central aftershock zone they are limited up
to 35 km depth.

6. Aftershock focal mechanisms

We determined 991 focal mechanism solutions for
Bhuj aftershocks using the program, FPFIT (Reasenberg
and Oppenheimer, 1985). FPFIT is a grid search routine
that minimizes the misfit between nodal planes and
observed first-motion data. From these, we selected 444
events having a single solution, a misfit less than 0.2, and
less than 30° uncertainty in dip, rake and azimuth.
Between 8 and 12 first motions were observed for these
events. Few examples of different focal mechanism
solutions determined by FPFITare shown in Fig. 7(a–d).

For events where FPFIT produced multiple solutions,
we used the program FOCMEC (Snoke et al., 1984).
FOCMEC is also a grid search routine, however, it
Table 3
Different faulting types

Rake angle Type of faulting Number

−157.5N rakeN157.5 Right lateral strike–slip 46 (10%)
−112.5N rakeN−157.5 Oblique-normal right lateral

strike–slip
32 (7%)

−67.5N rakeN−112.5 Normal 28 (6%)
−22.5N rakeN−67.5 Oblique-normal left-lateral

strike–slip
33 (7.5%)

22.5N rakeN−22.5 Left-lateral strike–slip 56 (12.5%)
67.5N rakeN22.5 Oblique-reverse left-lateral

strike–slip
78 (18%)

112.5N rakeN67.5 Reverse 106 (24%)
157.5N rakeN112.5 Oblique-reverse right lateral

strike–slip
65 (15%)
minimizes the misfit between possible nodal planes and
broader observed data set. In addition to P-wave first
motions, FOCMEC utilizes Sh, and Sv first-motion
observations, and amplitude ratios Sv/Sh, Sh/P and Sv/P
to constrain the possible focal mechanisms. An addi-
tional 41 events were added. To obtain these additional
observations, the seismograms are rotated to radial and
transverse components. Then, the P, Sh and Sv am-
plitudes were estimated from the vertical, transverse and
radial component, respectively (Fig. 8a). Fig. 8b shows
an example focal mechanism for an aftershock deter-
mined using FOCMEC and the larger set of constraints.

The aftershock focal mechanisms are shown in
Fig. 9a. The solutions were sorted into faulting types
based on rake angle following the convention of Aki and
Richards (1965) and listed in Table 3. Because these
classifications are based on the rake angle, it was neces-
sary to fix the fault plane between the two nodal planes
based on the geological information. For each focal
mechanism solution, the fault plane was 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 was the same regardless
of which nodal plane was assumed to be the fault plane.
A total of 143 events are oblique reverse, 106 reverse,
102 strike slip, 65 oblique normal, and 28 normal
(Table 3; Fig. 7(a–d)). All types of focal mechanism are



Fig. 11. (a) Spatial distribution of P-axes for all selected 444 FPS's, (b) spatial distribution of P-axes of FPS's of those aftershocks which
have occurred in the 0–10 km depth range, (c) same as (b) for 10–20 km depth range, (d) same as (b) for 20–30 km depth range, and (e) same as
(b) for 30–40 km depth range.
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observed although reverse and strike–slip mechanisms
are dominant.

Reverse movement mainly characterizes these me-
chanisms with minor strike–slip component along a
preferred south dipping plane, however, some mechan-
isms show east or west dipping planes. Some pure
reverse and strike–slip mechanisms have also been
noticed (as shown in Fig. 9a). These solutions suggest a
dominant reverse movement with a strike slip compo-
nent on a south dipping plane, which agrees with the
causative nodal plane of the mainshock focal mecha-
nism as shown in Fig. 9a (Antolik and Dreger, 2003).

Horizontal projections of the compression (P) axis
show a wide scatter in orientation. However, a rose
diagram, Fig. 9b, shows that the P-axes are centered on
a nearly north–south orientation with about 40° of
scatter to either side. Although a wide range of focal
mechanism type are observed for aftershocks of the
Bhuj earthquake, the dominant pattern is consistent with
the prevailing north–south compression over the Indian
Fig. 12. Solutions of exact method stress inversion for four different depth
plate (Cloetingh and Wortel, 1986; Coblentz et al.,
1998).

7. Stress inversion using focal mechanism estimates

The grid search inversion technique (Exact method),
FMSI, of Gephart (1990a,b) has been used for the stress
inversion using P- and T-axes of selected 444 focal
mechanisms, which have P-wave first-motion data from
8–12 stations, misfit less than 0.2 and less than 30°
uncertainty in dip, rake and azimuth (Fig. 9a). In this
method, the misfit measures the minimum rotation about
any axis, which will bring the fault plane into a position
in which slip in the predicted direction would occur. The
basic assumptions underlying the method are that the
stress field is uniform in the region considered, that the
focal mechanisms are independent of each other, and
that slip takes place in the same direction as the resolved
shear stress on the fault plane. Here, we applied un-
certainties estimated from FPFIT to the first-motion data
bins (a) 0–10 km, (b) 10–20 km, (c) 20–30 km, and (d) 30–40 km.
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to provide a better estimate of the true error in the stress
tensor model. For the aftershock zone, the misfit and
ratio, R [=(σ2−σ1) / (σ3−σ1)] obtained by the exact
method are 12.73° and 0.4, respectively (Fig. 10). The
large misfit of the order of 12.73° suggests a relatively
more heterogeneous stress regime in the aftershock zone
(Gillard et al., 1992). However, the stress inversion
suggests an N181° E oriented maximum principal stress
with shallow dip of 14° corroborating well with the
prevailing N–S orientation of the regional compression
resulted from the northward movement of the Indian
plate.

Spatial distribution of P-axes of selected 444 FPS
shows a significant variation in P-axes orientation
suggesting a heterogeneous distribution of numerous
faults in the aftershock zone (Fig. 11a). The depth-wise
distribution of P-axes with a bin of 10 km also suggests
a significant variation in P-axes orientation at 0–30 km
depth range, however, it suggests a dominant NE
orientation at 30–40 km depth range (Fig. 11(b–e)).
However, the stress inversion for the P and T axes from
FPSs of four different depth bins (0–10, 10–20, 20–30
and 30–42 km) shows a N–S orientation for 0–10
(N181° E), 10–20 (N181° E) and 20–30 (N172° E) km
depth bins, however, stress tensor orientation show a
change in orientation at 30–40 km (N233° E) depth
range (Fig. 12(a–d)). It would be important to mention
here that we could use only available 5 events for the
30–40 km depth range.

8. Discussions and conclusions

The 2001 Bhuj earthquake located in the Mesozoic
Kachchh basin which has been experiencing large
intraplate earthquakes (Rajendran and Rajendran,
2001; Gupta et al., 2001). Existing seismological data
suggests that the majority of Kachchh intraplate earth-
quakes can be attributed to the sudden movement along
the E–W trending pre-existing reverse/thrust faults in
response to the prevailing N–S compression due to the
northward movement of the Indian plate (Chung and
Gao, 1995; Biswas, 1987). Nevertheless, the region is
characterized by several uplifts associated with gravity
and magnetic highs, which are generally being attrib-
uted to the crustal intrusive bodies (Chandrasekhar and
Mishra, 2002). The results from local earthquake
tomography and inversion of teleseismic body waves
suggest an ultramafic/a mafic high velocity crustal body
beneath the aftershock zone (Mandal et al., 2004a;
Antolik and Dreger, 2003). Hence, it is apparent from
the above-discussion that the seismicity at Kachchh rift
basin is due to a combination of regional tectonics and
local spatial variation of stresses associated with the
tectonic structures, which were probably originated due
to earlier rifting (∼160 Ma), followed by Deccan
volcanism (65 Ma) (Courtillot et al., 1986; Coblentz et
al., 1998).

In accordance with the above-mentioned seismolog-
ical observations, precise and accurate relocated after-
shocks (by HYPODD) delineate an E–W trending south
dipping aftershock zone extending up to a depth of
35 km. The spatial distribution of relocated aftershocks
suggests a tight E–W trending cluster involving an area
of 60 km×40 km. In comparison to earlier locations by
HYPOELLISE technique, the uncertainty in epicentral
location and focal depth estimation has been reduced
significantly. The spatial distribution of HYPODD
relocations clearly reveals that the deeper aftershocks
are falling in the south of aftershock zone, whereas, the
shallower aftershocks are lying in the north of after-
shock zone (Fig. 5a). The sudden termination of after-
shocks along a NW trend at the western edge of the
rupture suggests that the rupture might have ran up
against a near vertical structure beneath the western end
of the aftershock zone (Bodin and Horton, 2004) where
a NE trending coseismic/reactivated lineament has been
mapped (Ghevariya and Sahu, 2001). At the eastern end,
aftershocks show a similar behavior along a NNE trend,
where WAGAD uplift/Great Rann boundary might be
acting as a geometric barrier. At the eastern end, a N–S
trending coseismic/reactivated lineament has also been
mapped (Ghevariya and Sahu, 2001). Aftershocks also
suggest a sudden termination along an E–W trend at
the southern end, which perhaps indicates stoppage of
rupture due to some vertical structure where an E–W
trending coseismic/reactivated lineament has been
mapped (Ghevariya and Sahu, 2001). It seems the
sudden terminations of the powerful rupture in all di-
rections suggest that the epicentral zone is bounded by
the coseismic/reactivated lineaments (Ghevariya and
Sahu, 2001). There is another possibility that there are
vertical mafic intrusive bodies beneath the epicentral
zone, which might be the reason for sudden terminations
of aftershock activity (Chandrasekhar and Mishra, 2002;
Mandal et al., 2004a).

Our accurately estimated focal depths reveals a
variation in the depth of the deepest seismicity amongst
the various fault segments, which is largely constrained
by the seismicity patterns. The N–S hypocentral depth
distribution reveals a distinct south-dipping plane ex-
tending up to 35 km depth, which agrees well with the
nodal plane of the manishock focal mechanism (Antolik
and Dreger, 2003). They also clearly delineate the south-
dipping SWF at 4–25 km depth. Strike-parallel (E–W)
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hypocentral depth section reveals that the base of seis-
mogenic zone is irregular, with a variation in aftershock
activity cutout depth of up to 7 km occurring on wave-
length of ∼10 to 60 km (Fig. 6). The maximum depth of
seismogenic faulting can be interpreted as the transition
from brittle faulting to plastic deformation (Sibson,
1984). The maximum depth at which crustal earth-
quakes occur depends on factors like geometry and
mode of faulting, geothermal gradient, lithology, pore
fluid pressure and strain rate (Sibson, 1984). There are
few published heat flow measurements in Kachchh, Roy
(2003) noted a somewhat higher than normal heat flow
from the Bhuj earthquake source region (55–93 mW/
m2), which suggests higher rather than lower deep crust
temperatures unless heat production is unusually high in
shallow rocks. Sibson (1984) has shown that a change in
geothermal gradient along strike from 20° to 30 °C/km
would cause the base of seismogenic zone to shallow by
4–6 km depending on rock type. Our results suggest
a 7 km shallowing of the seismogenic base beneath
the central aftershock zone where the 2001 mainshock
took place.

In a review article (Maggi et al., 2000), demonstrated
that the intraplate earthquakes in the continental areas
around the world confines only to the crust up to Moho
depth except for a single small (ML 3.8) isolated event at
90 km depth reported in the northern Utah (Zandt and
Richards, 1979). However, the deepest earthquakes in
the Indian shield crust beneath the rift zone like Narmada
Son lineament (NSL) do occur to depths very close to the
Moho (Singh et al., 1997). It would be important to
mention here that the NSL region was shown to have two
brittle–ductile transitions one at shallow (∼12–15 km)
and another at deeper (∼20–25 km) depths in presence
of crustal intrusive bodies (Manglik and Singh, 2002).
They also suggested that crustal strength profile also
varies laterally along the NSL. Recently, Li et al. (2002)
computed the strength envelope for the western Indian
plate assuming a 40 km thick granitic crust and a
geotherm characterized by a steady-state surface heat
flow of 60 mW/m−2 (Pollack et al., 1993), which also
revealed two brittle–ductile transitions one at 15 km and
another at 40 km depths. Their study also revealed that
the crustal rheology is playing a very important role in
controlling the lateral change in the crustal strength and
the strong upper-middle crust can support most devia-
toric stresses. It is well known that the crustal strength
mainly depends on the crustal thermal state, but it also
depends on the rheological effects of water contained in
the hydrous minerals, where even small concentrations
of a few tens of parts per million can greatly decrease the
strength (Brace and Byerlee, 1970; Sibson, 1982;
Mackwell et al., 1998). In many regions, the continental
Mantle has been metasomatized by small amount of a
melt that is very enriched in hydrogen (Harte et al.,
1993). Alternatively, from the above-discussion it could
be inferred that the variation in seismogenic depths
beneath the old Kachchh rift zone can also be explained
in terms of changes in the rheological composition of the
crustal materials.

The tomographic study revealed high velocity mafic
intrusives on the eastern and western sides of the central
aftershock zone (Mandal and Pujol, 2006). The model-
ing of gravity and magnetic data indicates a crustal
thickening of 8–10 km resulted from the existence of
volcanic plugs of alkaline magmatic composition
beneath the epicentral zone of the 2001 Bhuj earthquake
(Chandrasekhar and Mishra, 2002). Therefore, the
compositional changes due to the intruded mafic
intrusives can lead to a marked variation in the thermal
state or rheological properties in the aftershock zone,
which can explain the 7 km deepening of the seis-
mogenic base. Hence, the deepest portion of the base of
the seismogenic zone beneath the central fault segment
will be the maximum probable zone for the future
frictional failure (where the 2001 Mw 7.7 Bhuj
mainshock took place).

In Kachchh region, the tomographic studies also
revealed the presence of fluid-filled fractured rockmatrix
at 23–25 km depth, which is characterized by high crack
density, high saturation rate and high porosity, which
could enhance the fluid pressure resulting in lubrication
of the fault zone (Mishra and Zhao, 2003; Mandal et al.,
2004b). Further, the upward advection of fluids along
fractures could locally raising the temperature along the
fault zone (Bickle and McKenzie, 1987; Hoisch, 1991),
which could also provide an alternative explanation for
the 7 km change in the seismogenic base along the north
Wagad fault zone.

The Kachchh region is located in Mesozoic rift
environment that was earlier characterized by tensional
stresses, however, the focal mechanism solutions of
earthquakes during last few decades show a dominant
compressive regime with almost N–S trending P-axes
(Chung and Gao, 1995; Antolik and Dreger, 2003).
Thus, present day compressive stress regime suggests
that this region is undergoing a stage of inversion
tectonics (Antolik and Dreger, 2003). 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 domination of
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northward compression over the Indian plate. Recent
modeling of intraplate stresses and GPS studies for
Indian region showed on an average a dominant N–S
compression over the Indian plate due to the
northward movement of the Indian plate (Cloetingh
and Wortel, 1986; Coblentz et al., 1998; Bilham,
1999; Paul et al., 2001). In general, major east–west
trending regional tectonic structures/faults characterize
the Kachchh region, which were reactivated in the
Mesozoic and Cenozoic time resulting in the forma-
tion of basin (Biswas, 1987). These E–W trending
structures perhaps indicate an E–W extension for the
region, which is consistent with extension direction
determined from geodetic measurements (Bendick et
al., 2001). The estimated focal mechanism solutions
for 444 selected aftershocks suggest a dominant
reverse movement with a strike slip component on a
preferred south-dipping plane. Some pure dip slip
solutions were also determined. Specifically, focal
mechanism P axes trend N-S in the vicinity of the
mainshock epicenter and rotate to NNE–SSW or
NNW–SSE away from it.

In accordance with the prevailing N–S compressive
stress regime, the exact method of stress inversion of 444
selected focal mechanism solutions reveals that the axis
of maximum principal stress is oriented N181°E with a
shallow dip (=14°). The orientation agrees with the P-
axes orientation obtained from the focal mechanism
solution of mainshock (strike N181° E, plunge 5°) as
suggested by waveform inversion of teleseismic body
waves (Antolik and Dreger, 2003; Figs. 1 and 10). The
stress ellipsoid is oblate (R=0.4). The pattern of stresses
obtained from stress inversion suggests that the prevail-
ing compressive stress regime in the region will prefer
thrust/reverse mechanism (because σ1 and σ2 are almost
horizontal and σ3 is almost vertical (Fig. 10)). This result
is in good agreement with the available seismological,
geophysical and geological information of the area (N–S
orientation of P-axes for focal mechanism solution of
1956 Anjar earthquake (Chung and Gao, 1995), E–W
trending major faults suggesting E–Wextension thus N–
S compression (Biswas and Khattri, 2002), N–S
compression from GPS and modeling of regional plate
stresses (Cloetingh and Wortel, 1986; Coblentz et al.,
1998; Bendick et al., 2001)). This indicates that the stress
field in Kachchh, Gujarat, India is relatively uniform and
that the maximum principal stress has an orientation N–
S that might be predicted on the basis of current plate
motions or from the directions of the P-axes of the
earthquakes (Cloetingh and Wortel, 1986; Chung and
Gao, 1995; Coblentz et al., 1998; Bendick et al., 2001;
Burgmann et al., 2001).
The spatial distribution and stress inversions of
different depth bins of the P and T axes of selected
aftershocks suggest a heterogeneous stress regime (as
indicated by large misfit valuesN9°) with a dominant
consistent N–S orientation of the P-axes at 0–30 km
depth range, except a homogeneous stress regime with a
rotation (N233° E) in P-axes orientation at deeper (30–
40 km) crustal depths. Further, the estimated large misfit
values (N6°) at 0–30 km depth range, also indicates a
heterogeneous stress regime resulted from the existence
of varied nature and orientation of fractures and faults as
revealed by the accurately relocated hypocenters of
aftershocks. However, the change in stress tensor
orientation and homogeneous stress regime as indicated
by a minimum misfit of 1.89° at deeper depths (30–
40 km) could be explained in terms of the domination of
the prevailing N30° E orientation of the homogeneous
regional northward compression due to the northward
motion of Indian plate.
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