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We analyzed 3365 relocated aftershocks with magnitude of completeness (Mc) ≥1.7 that occurred in
the Kachchh Rift Basin (KRB) between August 2006 and December 2010. The analysis of the new
aftershock catalogue has led to improved understanding of the subsurface structure and of the aftershock
behaviour. We characterized aftershock behaviour in terms of a-value, b-value, spatial fractal dimension
(Ds), and slip ratio (ratio of the slip that occurred on the primary fault and that of the total slip). The
estimated b-value is 1.05, which indicates that the earthquake occurred due to active tectonics in the
region. The three dimensional b-value mapping shows that a high b-value region is sandwiched around
the 2001 Bhuj mainshock hypocenter at depths of 20–25 km between two low b-value zones above and
below this depth range. The Ds-value was estimated from the double-logarithmic plot of the correlation
integral and distance between hypocenters, and is found to be 2.64 ± 0.01, which indicates random spatial
distribution beneath the source zone in a two-dimensional plane associated with fluid-filled fractures. A
slip ratio of about 0.23 reveals that more slip occurred on secondary fault systems in and around the
2001 Bhuj earhquake (Mw 7.6) source zone in KRB.

1. Introduction

The Kachchh region is the second most seismically
active region in India after the Himalayas. It is con-
sidered as pre-continental rifted major sedimentary
basin limited by Nagar Parker Uplift (NPU) in the
north, Radhanpur–Barmer arch in the east, North
Kathiawar Fault (NKF) in the south and east-
ern Arabian Sea in the west. Its crust consists of
Tertiary sediments underlain by Deccan volcanoes,
Mesozoic sediments, and Precambrian granitic gen-
esis. The rift basin which is deepening to the
south is divided into several sub-basins by numer-
ous faults. Among them the E–W faults which cut
across the basins, are deep seated. The intraplate

seismicity associated with the ancient rift sedimen-
tary basins has created interest among scientific
community to unravel geologic structure, stress dis-
tribution pattern and physical processes contribut-
ing to the present day seismic activity in the region
(Singh et al 2011, 2012). The recent studies ana-
lyzed key processes involved in the generation of
the 1819 Allah Bund earthquake (Gaur 2001), 1956
Anjar earthquake, 2001 Bhuj earthquake and sev-
eral other earthquakes (Rastogi 2004) (figure 1a, b)
of the Kachchh region.

Aftershock sequences are a rich source of infor-
mation of the earth’s crust and source properties
of large earthquakes, because of very large number
of events occurring over a short period of time in
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Figure 1. (a) A map showing geotectonic setting of the KRB. The 2001 Bhuj main-shock epicenter and past historical
damaging earthquakes are shown by red stars. The 2001 fault plane solution is also shown in equal area projection with
white (tension) and black (compression) sheds. Faults causing past seismicity in Kachchh region are marked in the figure as:
Kachchh Mainland Fault, KMF; Katrol Hill Fault, KHF; Allah Bund Fault, ABF; Old ABF; Island Belt Fault, IBF; Gedi
Fault, GF; Banni Fault, BF; North Wagad Fault, NWF; Nagar Parkar Fault, NPF; North Katiwar Fault, NKF. Elliptical
areas show distribution of the intensity values X and X+ during the 2001 Bhuj earthquake. The two solid black lines, AB
and CD, indicate locations of the cross sections (after Mishra et al 2008). (b) Map showing a broader view of regional
tectonics of India. The red rectangle represents the 2001 Bhuj earthquake region (after Singh et al 2011).
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a small area. Several parameters are required to
explain crustal heterogeneities and source proper-
ties of the mainshock from the aftershocks data
which are mainly derived from Gutenberg–Richter
relation (1944) or frequency–magnitude empirical
equation:

Log (N) = a − bM, (1)

where ‘N ’ is the cumulative number of events with
the magnitude ≥ M , ‘a’ is the constant describing
the seismic productivity and mechanical coupling
or cohesive force between rock masses of the stud-
ied area, and b is the slope of the frequency mag-
nitude distribution (FMD) quantifying the ratio of
occurrence of small to large earthquakes. In addi-
tion to that we have two other statistical para-
meters namely spatial fractal dimensions (Ds) and
slip rate ratio to understand the behaviour of after-
shock sequences. Mapping of b-value is an accepted
approach to learn about three main natural factors:

• increased material heterogeneity with increase of
the b-value,

• increase in shear stress or effective stress with
decrease of the b-value, and

• increase in the thermal gradient with increase of
the b-value.

Generally, high b-values are observed for highly
cracked volumes like magma chamber, reservoir-
induced or intraplate sites. However, small b-
value is observed for asperities or probable zones
for future large earthquakes like plate boundaries
(Mogi 1962; Scholz 1968; Warren and Latham
1970; Wyss 1973; Shaw 1995; Jaiswal et al 2010).
Thus, the b- and a-values shall help in learning
about the behaviour of aftershocks, which vary spa-
tially as well as temporally. Fractal dimension (Ds)
is a measure of crustal deformation and degree of
clustering of earthquakes in space and time (Aki
1981; King 1983; Turcotte 1986; Main 1996). The
relation between the fractal dimension (Ds) and
b-value is widely discussed (Aki 1981; Wyss et al
2004; Mandal and Rastogi 2005). Aki (1981) first
showed that these two parameters are related as
D = 3b/c, where c ∼1.5 is the scaling constant
between the logarithm of the moment and magni-
tude of the earthquake (Kanamori and Anderson
1975). However, a negative correlation between b
and Ds is noted in the case of Bhuj earthquake
(Mandal and Rastogi 2005). The negative correla-
tion means stress release along faults of larger sur-
face area. Aftershocks occurred two months later
than the Bhuj mainshock showed Ds and b-values
positive correlation is probably due to numer-
ous smaller shocks releasing stress along faults of
smaller surface area.

However, their previous studies on b-value esti-
mates for Gujarat region used limited earth-
quake datasets. It is worth to mention that their
interpretation of these statistical parameters were
confined to see only the correlation pattern of b-
values with the fractal and slip rate ratio rather
than comparing with the seismogenesis of the
region. In the present study, a systematic approach
has been applied to estimate b-values, a-values,
Ds-values and slip rate ratio from relatively large
set of homogeneous earthquake data for better
correlation of 2-D structural heterogeneity with
seismogenesis beneath Kachchh region.

2. Tectonics setting

The Kachchh Rift Basin (KRB) is one among
the three major pre-continental rifts including
Kachchh, Cambay and Narmada which were
formed during the separation of India from the
eastern Gondwanaland in the early Cretaceous
(figure 1). The sedimentary rift basin is divided
into several sub-basins by the east-west trending
faults; north dipping Nagar Parkar Fault (NPF)
(figure 1) in the north and a south dipping
Kathiawar fault in the south are among the major
faults bounding the southward deepening sedimen-
tary basin. Besides these, the significant crustal
features are Allah Bund Fault (ABF), Island Belt
Fault (IBF), Gedi Fault (GF), Kachchh Main-
land Fault (KMF) and Katrol Hill Fault (KHF).
North-east (NE) and north-west (NW) trending
small faults/lineaments and E-W trending uplifts;
Kachchh Mainland Uplift, Pachham, Khadir Bela,
Wagad and Chobari uplift, surrounded by the
depressions like the Banni plain and Rann of
Kachchh. These uplifts mostly associated with the
higher than average Bouguer gravity anomalies are
interpreted as the basement upwraping/volcanic
plugs (Chandrasekhar and Mishra 2002). The epi-
central 2001 Bhuj earthquake region lies outside
the basalt-covered areas of southern Kachchh and
its geologic structure consists of Cretaceous, Ter-
tiary and Mesozoic sediments that overlie the
Precambrian basement.

3. Seismicity of the Kachchh region

The first Kachchh earthquake of 16 June 1819
(M 8.0), Allah Bund (Dam-of-God) attracted
the attention of International Scientific Com-
munity (figure 1) (Rajendran and Rajendran
2001) as the co-seismic uplift had evidenced the
presence of the Allah Bund fault expression. The
crustal blocks to the south and north of the Allah
Bund fault are identified as hanging and footwalls,
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respectively (Gaur 2001). An excavated scarp iden-
tified in shallow trenches across this structure has
been interpreted as part of a fold (Rajendran and
Rajendran 2001), which resulted in progressive
migration of streams towards the formation of a
lake at the down dip side of the up-thrust block.
On 19 April 1845, the Lakhpat earthquake (M 6.0)
with 60 strong aftershocks was followed by earth-
quake of M 6.3 on 19 June 1845. The Mw 6.1
Anjar earthquake of 21 July 1956, which caused
115 deaths, was the last serious damaging earth-
quake in this region, prior to Mw 7.6 Bhuj earth-
quake of 26 January 2001. The focal mechanisms
of the Kachchh earthquakes, such as 1956 Anjar
earthquake, 1819 Rann of Kachchh earthquake and
a few others indicated reverse faulting, suggesting
compressional stress field (Chung and Gao 1995).
Even after more than 10 years of Bhuj, after-
shock activity is still continuing, M 5.7 on March
2006 and M 5.6 on April 2006 events occurred
along the neighbouring GEDI (GF, 30 km north of
NWF) and NWF fault respectively. These events
are largest aftershocks of the 2001 Bhuj sequence
(ISR Report 2009). There were more than 37
moderate earthquakes of magnitude ranging from
M 4.2 to 6.1 that occurred between 1821 and
2010 in this region (Rajendran and Rajendran
2001; ISR Report 2009). The most recent of these

are well located along with others known only by
accounts of local damage. It is clear from the above
descriptions that Kachchh is still one of the most
seismically active areas of northwest India.

4. Seismic data and aftershocks distribution

The catastrophic 2001 Bhuj earthquake has insti-
gated several premier seismological institutes of
India and abroad to carry out intense seismologi-
cal investigations through extensive monitoring of
aftershocks in this area by setting their own seis-
mograph network. However, their monitoring was
based on isolation using lesser numbers of seismo-
graph stations in their individual seismic network.
Our present study deals with relatively compre-
hensive data recorded by a large number of seis-
mograph stations. The Gujarat Seismic Network
(GSNet), operated by Institute of Seismological
Research (ISR), had started acquiring data in
early 2006 from the network consisting of 50 3-
component Broadband Seismographs (BBS) out
of which 19 were Very Small Aperture Terminal
(VSAT) connected and 46 were Strong Motion
Accelerograph (SMA) covering the whole Gujarat
state (figure 2). The Broadband stations relay data
in real-time to ISR. Six permanent, 10 temporary

Figure 2. Map shows the distribution of the seismic stations in the state of Gujarat.
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BBS and 36 SMA stations are currently installed
in the Kachchh district alone, enhancing the net-
work detectability to events with M ≥ 0.8. The
preliminary earthquake information is transferred
within 10 minutes after the arrival of seismic waves
from the ISR data center to concerned authority of
the place. The online data from these stations are
available in Guralp format (GCF). However, the
data of Reftech and Geon format are received from
temporary stations. The online BBS data recorded
with 50 samples per second (sps), offline (tempo-
rary) BBS data with 100 sps and the SMA data
with 100 sps. However, the SMA data fixed is in
trigger mode, having a triggering level of 0.002 g.
The arrival times of P- and S-phases are picked
from the merged datasets consisting of the online
and temporary BBS data and all the recorded
SMA waveforms. The relocated earthquake esti-
mates are reliable in magnitude and several other
parameters that are relevant for earthquake stud-
ies. In this study, we analyzed precisely relocated
3365 aftershocks that occurred in the Kachchh
region between August 2006 and December 2010
for understanding the subsurface structure and the
aftershock behaviour (figure 3).

In order to understand the seismicity pattern
of the KRB, initial event locations were obtained

Figure 3. Epicentral distribution of 3365 relocated earth-
quakes and seismic stations used in this study area is shown
by open circles and solid triangles, respectively, in cross-
sectional views with depth (the left side shows the distri-
bution of events along latitude with depth, while the lower
one shows the distribution along longitude with depth).
The figure also shows the identified faults of the regions as
denoted in figure 1(a). Depth distribution of the used events
(in crosses) in the latitude and longitude directions, respec-
tively. Stars show the 2001 Bhuj epicenter and mainshock
hypocenter.

using HYPO71 program (Lee and Lahr 1975). We
used a 1-D velocity model of Mandal (2007). The
errors in depth decrease to 2.5 km, which may
reflect the high quality of data. The root mean
square range of the relocated earthquakes is in the
range of 0.05–0.2. It is found that the majority of
the aftershocks are confined between the KMF and
NWF between depths up to 30 km (Mandal et al
2004). The overall distribution of earthquakes as a
function of depth is shown in figure 3. Our study
also revealed that most of the aftershocks occurred
at 15–35 km depth, few aftershocks were at less
than 10 km (figure 3b, c). The horizontal error
in epicenter location by a computer code SEISAN
is 1.0–2.0 km while depth error is 2.0–3.0 km.
The root mean square error is minimized, sta-
tionwise by giving more weightage to clear phases
and less weightage to phases which are not clear.
Also strong SMA stations phase data are included
to have more phase arrivals and good azimuthal
coverage.

4.1 Relocation of aftershock sequences by HypoDD

We relocated the large set of aftershocks of the 2001
Bhuj earthquake in this study using HypoDD in a
similar way as used by Mishra et al (2008) in relo-
cating their old dataset (Mishra and Zhao 2003).
The double-difference (HypoDD) algorithm incor-
porates ordinary absolute travel-time measure-
ments and/or cross-correlation of P and S-wave
differential travel-time measurements to determine
high-resolution hypocentre locations (Waldhauser
and Ellsworth 2000). Residuals between the
observed and theoretical travel-time differences (or
double differences) are minimized for pairs of earth-
quakes at each station while linking together all
observed event-station pairs. A least-squares solu-
tion has been used for iterative adjustment of the
vector difference between hypocentral pairs. In our
study, we used 9975 double-difference data from
3365 earthquakes to relocate the hypocentres by
HypoDD. The relocated data show several event
clusters (figure 3). We have used a total of five iter-
ations for the conjugate gradient method (LSQR)
within the HypoDD inversion technique. In this
study, the travel time difference have been esti-
mated for all the event pairs with an inter-event
separation less than 8 km and stations located in
the range of 100–150 km radius from the clustered
centroid. A maximum of 6–8 neighbouring events
linked to each other were only considered for the
relocation. In effect, HypoDD provides a way of
estimating the true errors in locations of shallow
events. We analysed the error variations in loca-
tions of both shallow and deeper events (table 1),
and found that the shallow events (0.0 < depth
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Table 1. Horizontal and vertical errors in relocations of aftershocks using HypoDD.

Error in latitude Error in longitude Error in depth

Depth of aftershocks (±km) (±km) (±km)

0−10 0.00−0.125 0.00−0.226 0.00−2.21

10−15 0.00−0.131 0.00−0.243 0.0−2.833

15−25 0.00−0.312 0.00−0.362 0.0−2.932

25−35 0.00−0.364 0.00−0.335 0.0−3.247

≥35 0.00−0.405 0.00−0.421 0.00−4.081

≤ 15 km) located by HypoDD have lesser horizon-
tal (<0.25 km) and vertical (<3.0 km) errors. How-
ever, the error estimates for deeper events (depth
>15 km) located by HypoDD are of range (hori-
zontal error ≤ 0.45 km; vertical error ≤ 4.5 km).
The relocated aftershocks show a clear geometry
of the rupture planes. The rupture dimension is
found about 50 × 35 km2 around the mainshock.
The use of relocated aftershocks by HypoDD may
not affect statistical analysis of seismicity and 2-
D crustal heterogeneities beneath Kachchh region
because of a dense spatial distribution of seismic
rays on surface as well as in depths (figure 3).

4.2 Frequency-magnitude distribution
or b-value and a-value

As mentioned in equation (1) a relationship
between frequency magnitude distribution (FMD)
or mean magnitude is documented by Ishimoto and
Iida (1939) and Gutenberg and Richter (1944) on
the basis of statistical analysis of a large amount
of earthquake data.

It is observed that epicenter maps mostly show
that seismicity rate (a-value) is heterogeneous clus-
ters located next to patches without earthquakes.
The spatial and temporal variations in b-values are
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Figure 4. A histogram showing plot of aftershocks of differ-
ent magnitudes (M ≥ 1.7) recorded (August 2006–December
2010) and compiled by Institute of Seismological Research
(ISR), Gujarat.

rigorously employed in the investigation of seis-
motectonics of different seismically active regions
of the world. Equation (1) shows that the num-
ber of earthquakes declines logarithmetically with
the increasing magnitude. The extent rate of this
decline is expressed by b-value which is normally
close to 1. However, local variations of b-value
between 0.6 and 1.5 exist (Ogata and Katsura
1993; Udias 1999). The histogram of magnitudes in
the original catalogue compiled by ISR shows a uni-
model distribution with some peaks (figure 4). The
histogram also reveals the swarm activity up to
December 2010. Most of the earthquakes occurred
in the magnitude range of 1.5–2.0, which is the
first indication of value of magnitude completeness
(Mc) of catalogue. We calculated the magnitude of
completeness and eliminated all the events having
magnitudes less than Mc (figure 5). The calculated
Mc was found as 1.7 with 90% goodness-of-fit level.
The estimated Mc is based on the assumption of
a power-law Gutenberg–Richter relationship and
taken as the magnitude where the first derivative of
the frequency–magnitude curve has its maximum.
Mc can also be defined as the lowest magnitude at

Figure 5. A graph showing frequency–magnitude distribu-
tion of G–R relation (log N = a – bM) and b-values com-
puted for 0.1 magnitude increment. Mc shows the magnitude
of completeness. Solid trianles is non-cumulative number of
aftershocks with ML≥ 0.1.
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Figure 6. A graph showing the time distribution of the
cumulative number of events with magnitude of ML ≥ 1.7
as a function of time for the Kachchh region also, corrected
for a magnitude shift of dm = 0.3 in 2006.

which 100% of the events are detected in space and
time volume (Woessner and Wiemer 2005).

The time distribution of the cumulative number
of earthquakes of magnitude 1.7 or more reported
in the catalogue for the Kachchh region shows a
constant slope with time (figure 6). We interpret
this to mean that the reporting was homogenous
since August 2006, if the magnitude correction is
applied. Software ZMAP following of Wiemer and
Wyss (1994, 1997) and Wiemer (1996, 2001) was
used to perform the investigation of seismic qui-
escence. It had permitted interactive event selec-
tion in polygons of any shape. ZMAP also allows
a custom selection of the size of the grid, latitudi-
nal and longitudinal distance between grid points
(grid spacing) in degrees as well as of the number of
events per grid point. There is a trade off between
the significance of the calculated values and the res-
olution. Small volumes, meaning few earthquakes,
result in better spatial resolution and less reliable
values and vice versa. The frequency–magnitude
plot (figure 5) was used to estimate the parameter
b-value. Maximum likelihood method is adopted for
the calculation of b-values following Aki (1965) and
Bender (1983). The overall b-value estimate for the
study area is found to be 1.05 with a standard error
of ±0.12 (figure 5). We also produced maps using
the weighted least-squares methods to make sure
that results did not depend on the choice of the
method to calculate b. Our estimation of b-value
is comparable with the previous values of Mandal
and Rastogi (2005) and Yadav et al (2005) for this
region which suggests a heterogeneous structure of
the 2001 Bhuj epicenter region.

Spatial mapping of b-value has demonstrated a
rich source of information about the seismotec-

tonics of a region. For this purpose, the aftershocks
data are projected on to a plane to visualize the
frequency–magnitude distribution as a function of
space. The b-values have been estimated at every
node of density spaced grids of 0.50◦ × 0.50◦ using
50 to 200 nearest earthquakes considering spatial
variation of Mc calculated using the approach out-
lined by Wiemer and Wyss (2002). The size of the
grid can also be reduced by limiting the number
of earthquakes per sample. However, small sample
sizes result in large uncertainties in the estima-
tion of b-values. In this study, we found that 50–
200 events are sufficient to estimate b-values with
acceptable error bar. Previous study by Wyss and
Weimer (2000) showed that the difference in b is
larger for samples of 50 events and may be sufficient
for statistical significance of the differences. Our
b-value estimates conspicuously demonstrate that
spatial b-value varies from 0.6 to 1.4 with standard
deviation (δb) in the range of 0.02–0.14 (figure 7a
and b), which fall within the tolerable error bar.
To a large extent, spatial distribution of b-value
and standard deviation follow a trend in this study,
which is similar as observed by Oncel and Wyss
(2000) for Izmit, Turkey earthquake. The low val-
ues of spatial standard deviation clearly indicate
that the estimated values of spatial b-values are
statistically significant. The spatial distribution of
percentage fit of G–R power law equation has also
been calculated by the method given by Wiemer
and Wyss (2002) (figure 7c). We estimated b- and
a-values of the G–R law as a function of minimum
magnitude, based on the events with magnitude
greater than minimum magnitude. We computed
a synthetic distribution of magnitudes with the
same b-, a-values and minimum magnitude values,
which represent a perfect fit to a power law. Esti-
mate of the goodness-of-fit is made by computing
the absolute difference of the number of events in
each magnitude bin between the observed and syn-
thetic distribution. Then, we divide it by the total
number of observed events to normalize the dis-
tribution. The overall spatial variation in percent-
age fit of GR power law is found to be varying
from 60% to 97%, which shows that the estimate of
b-values, what we made is statistically significant
(figure 7c).

Compared to variations in b-values for the
region, a-value shows fewer variations in the region
on changing time interval of the data. The a-value
varies from 2 to 8 and its distribution pattern is
similar to that of b-value with sharp contrast. The
variations in a-values do not effectively represent
the seismicity status alone. The ratio (a/b) is also
estimated for a given magnitude; which indicates
periodicity of particular magnitude earthquakes, a
useful parameter for the quantification of seismicity
for earthquake engineering applications.
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Figure 7. (a) Spatial distribution of b-value calculated using
the maximum likelihood method for the KRB region.
Big red star shows 2001 Bhuj mainshock epicenter, two
white stars show small earthquakes M 4.7 and solid white
circle shows seismicity ML ≥ 1.7 pattern in the KRB.
(b) Standard errors of estimated spatial mapping b-value
and (c) percentage-fit of G–R power law equation. The
scales are shown at the top of the each figure.

Estimates of 3D b-values mapping in the 2001
Bhuj earthquake region is made by setting up
3-D grids with nodal points separated by 5 km
in horizontal and in vertical using fixed number
of earthquakes (n = 150 for figure 8a and n =
200 for figure 8b) ZMAP (figure 8a and b). We
calculated b-values without limiting the size of the
sample volume. To verify that the results are inde-
pendent of the method used, we mapped b-values
calculated using both the Maximum Likelihood
(ML) and the weighted least-squares (WLS) meth-
ods. We note that the spatial patterns observed
were the same using the ML and WLS methods.
The b-value maps shown in figure 8(a and b) are
those calculated using the ML method. From 3D
b-values mapping it is observed that b-values in
the epicenter region of 2001 Bhuj earthquake vary
from 0.45 to 1.21 following the pattern of low-high-
low-high-low with depth. Such type of variations in
b-values with depth suggest that Bhuj earthquake
epicenter region consists of highly fractured rock
mass of varying structural heterogeneities, which
may be a reason for continuous aftershocks activity
even after 10 years from the mainshock occurrence.
There are two zones of high b-values associated
with this region at depths 12–16 km and 25–35 km
(figure 8a, b). These high b-value anomalies are
observed in both cases; either b-values are calcu-
lated using number of earthquake n = 150 at every
nodes or n = 200 suggesting that the existence of
anomalies and their positions are well constrained.
High b-values mapped zones are the zones of a het-
erogeneous fractured rock mass, possibly associ-
ated with low strain energy due to presence of fluids
into the rock matrix. The extension of high b-value
zone from the mainshock hypocenter depth of 25–
30 km may suggest the deep crustal source of fluids
through the dehydration of the hydroxyl bearing
rocks (figure 8a, b). It is spectacular to see that a
prominently very high b-value above the mainshock
hypocenter around the depth of 20 km exists, which
may suggest the percolation of meteoric water or
sea water into the mainshock hypocenter. This
observation is in good agreement with that made
by Mishra et al (2008). Sandwiched high b-value
between the top and bottom low b-values in
the region may have generated sufficient stress to
cause the 2001 Bhuj earthquake (Mw 7.6) under
the complex geotectonic settings of the region. The
existence of this high b-value at 20 km depth sug-
gests a homogeneously high stress region that may
be a zone of asperity.

The complex pattern of b-value changing rapidly
within a depth range of 10–35 km indicates tectonic
complexity where maximum aftershocks have oc-
curred. Such changes are due to increase in crustal
heterogeneities (Aki 1965; Wiemer and Wyss 1997;
Wyss et al 2004), fluid-filled fractured rock mass.
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Figure 8. Three-dimensional images of b-values beneath the Kachchh region for selected parts of data of August 2006–
December 2010, number of events considered 3447 with M ≥ 1.7 constant number of events per sample was N = 150 and
N = 200. The scale ranges from 0.5 (dark blue) to 1.4 (bright red). Star shows 2001 Bhuj mainshock hypocenter. The
b-values scale is shown to the right of the figure, the range of scale is 0.5–1.4.

Figure 9. Cross-sectional views, showing distribution of b-values (a) along the 2001 Bhuj mainshock (AB), and (b) per-
pendicular to the mainshock (CD). Cross-sectional locations of AB and CD are shown in figure 1(a). The white dots denote
aftershocks, while the black star denotes the 2001 Bhuj mainshock hypocentre at depth of 25 km. The red and blue colours
indicate high-b and low-b values, respectively. The scale bar is shown to the right of each cross-sectional image as shown
under (a) and (b).

The strong heterogeneities within a mafic pluton
are responsible for the accumulation of large crustal
shear stress that results a lower crustal intraplate
earthquake in this region (Kayal et al 2002; Mishra
and Zhao 2003; Mandal et al 2004; Mandal and
Pujol 2006; Mandal and Chadha 2008).

The b-values in the north-south (NS) cross sections
(positions defined in figure 1) are mapped following
gridding technique of Wiemer (1996). It becomes
clear that the hypocenters of the mainshocks are
associated with high b-values (figure 9a). The east-
west cross section also shows that the bottom of

the seismogenic crust is associated with anoma-
lously high b-values (figure 9a). The hypocenter
plots of the numerous aftershocks in the dataset
had obscured the b-value pattern. A very signifi-
cant pattern of high b-values emerges at the bottom
of the east-west (EW) section (figure 9a), despite
of its 15 km width. It means that this pattern
overrides the differences due to the general hetero-
geneity visible in figures 7 and 9. It is found that
the mainshock of the Bhuj earthquake is strongly
stressed up to the surface near the mainshock
(figure 7a).
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4.3 Spatial fractal dimension (Ds)

It is well known that the earthquakes cluster both
in space and time, either on a long-term (Kagan
and Jackson 1991) or in the short-term time scale
(foreshocks and aftershocks). Spatial clustering is
examined through the estimation of the spatial
fractal dimension (Ds), which describes the spatial
distribution of earthquakes and provides a measure
of the spatial clustering strength (the smaller the
fractal dimension, the stronger the clustering). In
order to investigate the spatial properties of the
aftershock sequence the fractal analysis based on
the correlation integral (Grassberger and Procaccia
1983) is used here.

The correlation integral of a distribution of N
earthquakes is:

C(R) =
2NR<r

N (N − 1)
(2)

where N(R<r) is the number of event pairs sep-
arated by a distance R smaller than r. If the
distribution is fractal, then:

C(r) ∼ rDs (3)

where Ds is the spatial fractal dimension (or more
strictly the correlation dimension, Grassberger
1983). Thus, one can evaluate the fractal dimen-
sion of a spatial distribution of earthquakes as the
slope of the best-fitted straight line to the log–log
plot of C(r) vs. r.

The variation in fractal dimension zones gives a
lot of information about the geological heterogene-
ity and stability of the region (Dimitriu et al 1993;
DeRubeis et al 1993). The fractal dimension of spa-
tial distribution of hypocenters is related with the
heterogeneity of the fractured material. It charac-
terizes the degree to which the fractals fill up the
surrounding space. A value of Ds close to zero may
be interpreted as all events clustered into one point,
close to 1 indicates the dominance of the sources,
close to 2 indicates the planar fractures surface
being filled up and a value close to 3 indicates that
earthquake fractures are filling up a crustal volume.

In this study, the spatial fractal dimension was
estimated from the double-logarithmic plot of the
correlation integral and distance between hypocen-
ters, and found equal to 2.64 ± 0.01 (figure 10).
The Ds-value higher than 2, although the 3 dimen-
sional space was considered, indicates that the
events are randomly distributed into the fault zone
crustal volume, whereas much of this volume seems
free from hypocenters. Mandal and Rastogi (2005)
calculated a spatial correlation of 1.71 ± 0.02
for 2001 Bhuj aftershocks using limited datasets,
adjudging this value as indicative for approaching
a two-dimensional region. In this study, with Ds =

Figure 10. A plot showing correlation integral versus dis-
tance between hypocenters for Bhuj aftershocks, found equal
to 2.64 ± 0.01. The distance ranges for the straight line fits
are given as r in frame.

2.64 and b = 1.05, we found that c = 1.2, which
is closer to agreement with the aforementioned
statements.

4.4 Slip ratio estimation

The amount of slip released during a seismic
sequence may be partly attributed to the main-
shock and also to the aftershock activity. The slip
is relative displacement of formerly adjacent points
on opposite sides of a fault, measured on the fault
surface forms a major mode of crustal deformation.
It has been observed that in general a fraction of
the total slip is associated with secondary faults
(Khattri 1995). This fraction, called slip ratio, can
be estimated from the spatial fractal dimension, Ds

according to the formula

Sp

S
= 1 − 2−(3−D) (4)

where Sp is the slip on primary fault and S is the
total slip (Khattri 1995; Dimri et al 2005). In the
case of Ds = 3, the total amount of slip is released
on the secondary (smaller) faults, whereas in the
case of Ds = 0, the total slip released on the pri-
mary fault. In our case, with Ds = 2.64, the slip
ratio is found equal to 0.23. This implies that most
of the total slip, more than half, was associated
with failure on the secondary faults.

5. Results and discussions

The physical cause of aftershock activities is due
to the difference of stress level and b-value holds
inverse relationship with it (Schorlemmer et al
2005). The higher b-values beneath the mainshock
could be due to high crack density, high satura-
tion rate, high porosity and strong heterogeneities
(Mishra and Zhao 2003; Singh et al 2011). In case
of low ambient stress, the accumulated stress varies
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from very low to the breaking strength levels in
contrast to high ambient stress where amplitude of
this variation ranges from moderate values to the
same maximum breaking strength. The areas of low
b-values towards NE and NW of the Bhuj main-
shock (figures 7, 8a, 8b and 9a, 9b) are most likely
characterize high stress accumulation. The state of
stress may as well be caused by increased stress
in part of the interface due to strong seismic cou-
pling in tectonic regime. The stress gradually accu-
mulates in the rock volume until it slips/ruptures
causing a big earthquake and release most of the
strain energy. Therefore it is reasonable to sug-
gest that low b-value zones are more seismically
vulnerable to produce large earthquake. On the
other hand, the area with high b-value mark low
stress accumulation and possibility of earthquake
recurrence is more related to in situ material het-
erogeneities rather than stress conditions alone.
Around the depth range of 15–35 km the crust
is likely to be more extensively cracked (hetero-
geneous) than elsewhere, where high pore pres-
sure is also probable. Thus high b-values could be
explained in both ways.

Several researchers explained the possibilities
of the fluid near the Bhuj mainshock hypocenter
through various geophysical and geological inves-
tigations conducted in this region. Recent obser-
vations of geomagnetic depth sounding and longer
period magnetotelluric investigations inferred as
impermeable layer the source area of the Kachchh
attaining low resistivity value at a depth range
of 0–17 km (Arora et al 2002). Recently prepared
regional Bouguer and isostatic gravity anomaly
maps of the KRB show that the epicenter’s deeper
source of 2001 Bhuj and the 1956 Anjar earth-
quakes are associated with the low Bouguer and
isostatic gravity anomalies that are distributed be-
tween the centers of mass deficiency, causing differ-
ential uplifts in this region (Chandrasekhar and
Mishra 2002; Mishra et al 2005), where our results
show high b-values (figures 7c, 8 and 9). They ex-
plained the gravity lows by the presence of deep-
seated mass deficient bodies within the crust or
in the upper mantle. The gravity observation and
tomography studies of the region support our stat-
istical results that fluid filled fractured rock matrix
might have caused the mass deficiency and led to
lateral changes in the subsurface density of the host
rocks in the 2001 Bhuj hypocentral region (Mishra
et al 2005). The fractured rock matrix could be
an aggregate of mafic intrusive bodies within the
crust (Mishra and Zhao 2003; Mandal et al 2004;
Mishra et al 2008; Singh et al 2011). The interpre-
tation that the fluids present in the hidden fault
zone or percolated to it might have caused high b-
value at the depth ranges 15–35 km (figure 8a, b).
From all the observations in the Bhuj source area,

we can infer that fluids were involved in the rup-
ture nucleation and propagation processes of the
Bhuj earthquake.

Presence of several active Quaternary fault zone
in the Bhuj area and surrounding areas (figure 1)
and its nearness to the old (65 Ma) Owen fracture
zone from the Arabian Sea as well as to the triple
junction between three plates (Arabian, Iranian and
Indian plate) may have made the region sufficiently
apt to cause permeation of sea/surface water through
these active faults and fractures down to deep crust
on following fault suction pumping model (Lin et al
2003; Mishra and Zhao 2003; Mishra et al 2008;
Singh et al 2011). The cracks within the host rock
may have also reinforced by the episodic earth-
quakes in the Bhuj source region. Mishra (2004)
and Mishra et al (2008) put forth, for the first time,
a similar evidence for fluid driven seismicity by
permeation of fluids to the San Andreas source
zone due to the existence of nearby Mendicino
triple Junction (North America, Pacific and Juan
de Fuca plate) has also been reported by Levander
et al (1998). Fluid pressure and a variety of chem-
ical effects, such as stress corrosion and pressure
solution can enhance stress concentration in the
seismogenic layer leading to mechanical failure of
a strong asperity and thus may have contributed
to the nucleation of the Bhuj earthquake.

The spatial distributions of hypocenter of the events
associated with this sequence have been studied
in terms of fractal dimension. The estimated spa-
tial fractal dimension (D-value) is found equal to
2.64±0.01 that may be interpreted as earthquake
fractures are filling up a two-dimensional space
of the crust and events are distributed randomly.
The estimated fractal dimension and b-value fol-
low the well-known Aki (1981) relation of D=3b/c,
indicating positive correlation between these two
parameters.

The slip ratio has been calculated with the help
of fractal dimension and it is observed that 23%
of the total slip occurred on primary fault whereas
major part of the slip occurred on secondary fault
systems which reveal that aftershocks occurred on
highly fractured rock mass. The geology of the
area reveals that high fractures and large hetero-
geneities are dominant in the epicentral region and
fracture density of the area is comparatively higher
than that of the surrounding area (Mishra and
Zhao 2003).

6. Conclusions

The seismic characteristics of Bhuj sequence have
been studied in order to examine seismicity, stress
pattern and crustal heterogeneities of the Kachchh
region. For this purpose, 3-D distribution of
events, b-value, a-value Ds-value and slip ratio have



450 A P Singh et al

been calculated and analyzed using 3850 precisely
located events recorded at GSNet of ISR during
the period from August 2006 to December 2010.
The estimated Mc of the catalogue is 1.7 which
indicates uniform distribution of earthquakes with
time. Most of the aftershocks occurred at 20–25 km
depth in high b-value zone near the mainshock of
the Bhuj earthquake. The 3-D model vindicates the
presence of heterogeneities in association with flu-
ids along the fracture zone at this depth range (20–
25 km) where the 2001 Bhuj earthquake (Mw 7.6)
was nucleated (Singh et al 2011, 2012). The pattern
of a-value is similar to the b-value but sharper in
contrast. The results are examined with weighted
least square of the b-value. The spatial distribu-
tions of b-value distributions suggest increased b-
values beneath mainshock of the Bhuj earthquake.
And also 15–35 km depth in cross section coin-
cides with the maximum occurrence of aftershocks.
The high b-values at 25 km depth are explained by
the presence of fluid fracture zone initiating Bhuj
earthquake 2001. The results are not significantly
different when we use the weighted least squares fit
estimates of b-values.

This zone consists of fluid-filled heterogeneous
rock mass with high-density fractures that contri-
bute to the observed Vp, Vs and Vp/Vs inferred
through local earthquake tomography by earlier re-
searchers in the region. The spatial fractal dimen-
sion was estimated from the double-logarithmic
plot of the correlation integral and distance be-
tween hypocenters indicates random spatial distri-
bution and source is a 2-dimensional plan that is
being filled up by fractures. We estimate that about
23% of the total slip occurred over the primary
fault systems.
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