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The calibration of local magnitude scale to local tectonics is essential for seismic hazard assessment and
quantifying the seismicity in active regions. In the present study, we have developed a local magnitude
scale ML, for the Saurashtra region, which is a horst, located in the western continental margin of India.
The local magnitude scale is developed using 1968 amplitude measurements from horizontal component
recordings of 319 earthquakes, obtained from sites in the Saurashtra region, with hypocentral distances
ranging from 3 to 298 km. All the 1968 amplitude measurements were inverted simultaneously to
determine attenuation curve, magnitudes and station corrections for the studied region. The resultant
distance correction term for the Saurashtra is log(A0) = 1.31 log(r/100) + 0.0002 (r  100) + 3 for
100 km normalization, where A0 is the distance correction and r is the hypocentral distance. The distance
correction term (log A0) suggests that the attenuation in the Saurashtra region is lower as compared to
neighbouring Kachchh region. The station corrections obtained in the present study varies from 0.31 to
+0.24. Overall, standard deviation of the magnitude residuals without station correction is 0.28, while
with station correction, it is 0.23, which indicates that applying station correction reduces the variance by
31% and brings the average residual closer to zero.
Keywords. Saurashtra; local magnitude scale; attenuation.

1. Introduction
The Saurashtra peninsula is a horst located in the
western continental margin of India. The seismic
activity in this region is moderate, mostly of
swarm type (Chopra et al. 2008a). The seismic
activity is mainly concentrated in Bve pockets,
namely, Junagadh, Jamnagar, Surendranagar,
Bhavnagar and Botad. Neighbouring Kachchh
region has witnessed many large earthquakes in
the historical past and the most recent one is in
2001, Bhuj earthquake of MW 7.6 (Rajendran and
Rajendran 2001). After the 2001 Bhuj earthquake, many nearby regions have experienced

seismicity due to transfer of stresses and release
of energy in the critically stressed regions (Rastogi et al. 2013). The Saurashtra region has witnessed many swarm types of localized seismic
activity after Bhuj earthquake: Lalpur (2003 and
2007) and Kalawad, Jamnagar (2006 and 2007)
(Chopra et al. 2008a), Haripur, Talala, Junagadh
(2001 and 2004–2005) (Sharma et al. 2012),
Bhavnagar (2000–2001) (Bhattacharya et al.
2004). Besides, many earthquakes in this region
are accompanied by subterranean sounds (Singh
et al. 2017).
Hitherto, there is no region-speciBc local magnitude scale available to estimate the magnitudes
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of earthquakes in this region. The accurate calculation of the local magnitude is important to
quantify the seismicity and getting insight into the
attenuation of seismic waves that is necessary for
estimating the seismic hazard of this intraplate
region.
After 2001 Bhuj (Kachchh) earthquake, the
Government of Gujarat established the Institute of
Seismological Research (ISR) in the year 2004 to
monitor the seismic activity in the Gujarat state,
carry out seismic hazard assessment in different
parts and understanding the physics of earthquakes in this intraplate region. ISR has established a dense network (GSNet) of seismic stations
(Chopra et al. 2008b), comprising of 53 broadband
seismographs and 50 strong motion accelerographs,
which provides continuous data of earthquakes in
the Gujarat and nearby regions including regional
and teleseismic events (Rastogi et al. 2013). Since
the inception of GSNet, the magnitude of earthquakes recorded on this network were determined
using the default local magnitude scale of Norway
region embedded in the SEISAN software
(Havskov and Ottemoller 2003).
The local magnitude scale ML is estimated by
measuring maximum amplitude on a Wood–
Anderson seismometer (0.8–10 Hz) having damping
of 0.7 and ampliBcation of 2800 placed at 100 km
from the epicenter (Richter 1935). It is a measure
of the physical size and energy released during an
earthquake. As we know, the attenuation of the
seismic waves is inCuenced by the regional geology.
In view of this, the region-speciBc magnitude relationships are necessary that takes into account
region’s attenuation characteristics. Moreover, ML
is also used for seismic risk assessment of structures
as the frequency band of the Wood–Anderson
seismometers (0.8–10 Hz) is in the range of the
resonant frequencies of many engineering
structures (Bormann 2002).
Several studies have been done to determine the
local magnitude scale for different tectonic regions
of the world (Hutton and Boore 1987; Alsaker et al.
1991; Baba et al. 2000; Illsley-Kemp et al. 2017).
However, no attempt has been made in India to
develop local magnitude scale for different tectonic
regimes. Recently, Joshi et al. (2019) have developed a local magnitude scale for the Kachchh
intraplate region, where 2001 Bhuj earthquake has
occurred. The main aim of the present study is to
Bnd out a local magnitude scale and distance
dependent attenuation curve for the Saurashtra
horst.
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In the present study, local waveform data of the
earthquakes with epicenter in the Saurashtra
region are used to determine a local magnitude
scale (ML) for the Saurashtra region. The amplitude observations from local earthquakes were
inverted for ML scale and station corrections,
simultaneously. The singular value decomposition
method using the numerical recipe (Press et al.
2003) routines is used to invert the amplitude
observations. To determine local magnitude scale,
we used amplitude measurements obtained from
the horizontal components of ground motion for
those earthquakes that are recorded on Bve or more
stations in Saurashtra region. We have also
developed a ML–MW relationship, which could be
related to the physical source properties, such as
stress-drop (Ristau 2009).

2. Seismotectonics of Saurashtra
The Saurashtra region, the extension of the Aravalli Range (Bgure 1a), was uplifted as a horst
during major tectonic phase in the Late Cretaceous
(Biswas 1987). This event was followed by largescale volcanic eruptions, which cover large parts of
the northwest India (McKenzie and Sclater 1971;
Surya Prakasa Rao and Tewari 2005). During the
passage of the Indian Plate over the Reunion plume
in late cretaceous, the Saurashtra peninsula was
close to the trace of this plume on the earth’s surface. In view of this, almost the entire Saurashtra
was covered by the Cows of mainly tholeiitic lava
extruded from the Reunion plume except the
coastal fringes, which consist of Tertiary and
Quaternary sediments. In general, the stratigraphy
of the Saurashtra peninsula consists of a Precambrian basement at the bottom followed by Mesozoic sedimentation that is covered by Deccan trap
overlain by thin cover of Tertiary and Quaternary
sediments at the top in the fringes.
The Saurashtra region is in the form of a rocky
tableland with coastal plains on its fringes (Biswas
2005). Various rivers that Cow out in all directions
divide the central part. The region is surrounded
by the Kachchh rift in the north, Cambay rift in
the east and the Arabian Sea in the south and the
west. It is bounded by the North Kathiawar Fault
(NKF) in the north, West Cambay Fault (WCF) in
the east, the Narmada Geo-fracture (extension of
Narmada fault) in the south and extension of the
west coast fault in the west (Biswas 1987). A major
part of the region is covered by Deccan basalts.
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Figure 1. (a) Topographic map of Gujarat, western India and
(b) distribution of 319 earthquakes used in the present study.
Area of the large map is indicated by the rectangle in the
inserted map of India. NKF: North Kathiawar Fault; ShF:
Saurashtra Fault; Ex NF: extension of Narmada Fault; WCF:
West Cambey Fault; ECF: East Cambey Fault; NJF: North
Junagadh Fault; SJF: South Junagadh Fault; SF: Savarkundla
Fault; RF: Rajula Fault; UF: Umrethi Fault; SiF: Shihor
Fault; Ex WCF: extension of West Coast Fault.

Most of the Saurashtra region falls under zone III
(IS:1893–Part 1 2002) and a small area *100 km
in width, is placed in zone IV of the seismic zoning
map of India.
3. Seismological network and data
ISR is operating a seismic network in the Gujarat
state (GSNet) located in the western part of India,
since 2006 (Chopra et al. 2008b). The network
comprises of 53 broadband seismographs. The
locations of these seismic stations are depicted in
Bgure 1(b). Out of these, nine seismograph stations are located in Saurashtra peninsula. The
seismograph stations located in the Saurashtra are

equipped with broadband triaxial seismometer
CMG3T (Guralp), which are connected to 24-bit
recorder with GPS time synchronization. The
earthquake data recorded at nine digital broadband seismic stations in the Saurashtra region for
the period 2009–2016 are utilized for developing a
local magnitude scale for the region. The P- and
S-phase pickings were performed, using the
earthquake analysis software SEISAN (Havskov
and Ottemoller 2003), assigning a time uncertainty to each phase: 0.05–0.30 s for P and
0.1–1.0 s for S arrivals for events inside the network. Since 2006, ISR has recorded *5600
earthquakes in the Saurashtra region, mostly from
swarm activity in different parts of the region
(Chopra et al. 2008a). In the present study, we
have used only those earthquakes that are registered on minimum of Bve or more stations. All the
earthquakes were relocated using Joint Hypocenter Determination (JHD) technique, for which we
have used the velocity model of the Saurashtra
region (Joshi et al. 2017), having an average
VP/VS ratio of 1.73, which is abstracted from the
P- and S-wave arrival-time data from the network.
Before picking amplitudes, instrument response is
removed from the data and the data is Bltered
between 1 and 10 Hz. The maximum peak-to-peak
amplitude on the horizontal components of each
station was measured for each event. The Bnal
dataset consisted of 1968 amplitude measurements
from 319 events with hypocentral distances ranging from 3 to 298 km for magnitude range M 1.8
to M 5.1 (Bgure 2). The ray paths are shown in
Bgure 3.
4. Methodology
The local magnitude scale ML is originally deBned
by Richter (1935, 1958) assuming that the magnitude of an event recorded at an epicentral distance
of 100 km will be 3 if the maximum amplitude on
the Wood–Anderson seismograph is 1 mm. The
equation is
ML ¼ logðAÞ logðA0 Þ þ S;

ð1Þ

where A is the maximum trace amplitude in
millimeters measured on a Wood–Anderson
seismogram, logA0 is the empirically derived
distance correction term (attenuation curve), A0
is the distance correction and S is the station
correction. The distance correction term is deBned
as

114

Page 4 of 9

J. Earth Syst. Sci. (2020)129:114

Figure 2. Magnitudes and hypocentral distances for the horizontal components for all stations.

Figure 3. Distribution of travel paths used in this study, triangle shows the seismic stations.

 logðA0 Þ ¼ a logðr=100Þ þ bðr100Þ þ 3;

ð2Þ

where r is the hypocentral distance in km, a is the
geometrical spreading and b is the attenuation of
S waves in the region.
The observed amplitude Aijk, is modelled by



log Aijk ¼ a log rij =100 b rij  100
ð3Þ
þ MLðiÞ  Sjk  C ;
where i, j, and k represent events, stations, and
components, respectively, ML(i) is the average
magnitude for event i and C is a constant for the
scale to give the same magnitude for the same
amplitude at a reference distance. The objective
is to calculate a, b, C and S and for that we
inverted 1968 amplitude measurements simultaneously for 319 earthquakes using mag2 program of
the SEISAN earthquake analysis software
(Ottemoller et al. 2013), which utilizes singular

value decomposition with numerical recipe (Press
et al. 2003) routines. The constant C is set to
anchor the scale to the (Richter 1935) scale at
100 km.
The attenuation parameter evaluated in the
present study were further used to compute ML for
all the events used for the study. The magnitude
residuals (difference between magnitude assigned
to a single station for a given earthquake and the
average magnitude of the same earthquake) were
also calculated with and without the station
correction for the entire dataset.

5. Result and discussion
The distance correction term (log A0) obtained
through the amplitude inversion for the Saurashtra
region using a 100 km normalization is
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 logðA0 Þ ¼ 1:31 logðr=100Þ þ 0:0002ðr100Þ þ 3:
ð4Þ
We compared the attenuation rate of the
Saurashtra region with the other stable
continental regions (SCR) (Bgure 4a) and active
continental regions (ACR) (Bgure 4b) of the world.
Figure 4(a) indicates that different SCR have
different attenuation rates. The attenuation rate
of the Saurashtra is almost equal to the attenuation
rate of Ethiopia (Keir et al. 2006) up to
hypocentral distance of 100 km. A comparison
with the neighbouring Kachchh region found that
the attenuation rate of the Kachchh is higher as
compared to the attenuation rate of the
Saurashtra. This fact is also supported by the
analysis of coda Q in Kachchh and Saurashtra. The
coda Q study indicates that the Saurashtra region
is less heterogeneous as compared to the Kachchh
region (Sharma et al. 2012). Also, most of the
Saurashtra region is covered by Deccan Traps
which are competent rocks and attenuation will be
much lower in these rocks as compared to other
rock types.
Moreover, since the inception of the GSNeT, the
attenuation relation obtained for the Norway
region (Alsaker et al. 1991) was used to determine
the local magnitudes in the studied region. We
compared the attenuation curve of the Norway
region with the Saurashtra region, to check the
eAect of attenuation on magnitude estimates. The
comparison (Bgure 4a) indicates that the

attenuation rate of Norway region is higher than
the Saurashtra region up to 100 km and lower
beyond 100 km. It means that the magnitude
estimated for the earthquakes in the Saurashtra
region is underestimated up to hypocentral distance 100 km and overestimated above 100 km
using Norwegian parameters. From Bgure 4(a), we
can say that the attenuation rates of two tectonically distinct regions of western India, i.e.,
Kachchh and Saurashtra are higher as compared to
other SCR, except UK and Ethiopia. The comparison with ACR shows that the attenuation for
the Basin of Mexico is minimum followed by
Saurashtra and other regions.
The station corrections are also calculated in
the present study, which show deviation in the
average velocity model in the vicinity of the station and depend strongly on the topography and
lateral velocity variations associated with
heterogeneous near-surface structures. A positive
(or negative) station correction means the true
velocities are lower (or higher) than the predicted
ones at the recording station. The station corrections for the nine sites, the data of which were
used to evaluate the local magnitude scale of the
study region, were determined using the inversion
(Bgure 5). The station correction varies from
0.31 to +0.24. The elevation of each station is
shown in table 1. It is clear from table 1 that the
elevation of the stations is low (few tens of meters)
and there is not much difference among different
stations. In view of this, the topographic

Figure 4. (a) Comparison of attenuation rate with SCR (Alsaker et al. 1991; Langston et al. 1998; Brazier et al. 2005, 2008;
Illsley-Kemp et al. 2017; Joshi et al. under review; Ottemoller and Sargeant 2013; Saunders et al. 2013) and (b) comparison of
attenuation rate with ACR (Bakun and Joyner 1984; Hutton and Boore 1987; Ortega and Quintanar 2005; Shoja-Taheri et al.
2007, 2008; Askari et al. 2009; Nguyen et al. 2011; Kilic et al. 2017).
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Figure 5. Station corrections obtained in the present study. The size of the black solid circles is proportional to the amount of
correction.
Table 1. The elevation of seismic stations.
Station
code

Elevation
(m)

Latitude
(North)

Longitude
(East)

Station
correction

AMR
BHV
DWK
JUN
LAL
MOR
RAJ
SUR
UNA

206
66
51
133
38
69
141
89
124

21.306
21.694
22.289
21.355
22.347
22.839
22.357
22.732
20.978

71.246
71.996
69.036
70.724
69.963
70.893
70.764
71.585
70.926

0.31
0.05
0.09
0.09
0.10
0.08
0.24
0.08
0.24

variations may not have played much role in the
attenuation. It may be dependent on the very
local eAects, such as near-surface geology and the
level of coupling between the seismometer and the
soil. It is noted from Bgure 5 that the seven sites
located in Deccan Trap show both +ve and ve
station correction. Out of seven sites, three show
+ve station correction and four show ve station
correction. One site on Cretaceous shows +ve
station correction and one site on Tertiary shows
ve station correction. In view of this, we cannot
establish direct correlation between the regional
geology and the station corrections.
Overall, standard deviation of the magnitude
residuals was computed to check the eAect of new
attenuation term on magnitude estimates. The
magnitude residuals for the scale used at present is
shown in Bgure 6(a), whereas, magnitude residuals
for the newly derived scale without station correction and with station correction are shown in
Bgure 6(b, c), respectively. The standard deviation
of the magnitude residuals without station

correction is 0.28 (variance r2 = 0.078) and with
station correction, it is 0.23 (variance r2 = 0.053),
which indicates that station correction reduces the
variance by 31% and brings the average residual
closer to zero. From Bgure 6(a), it is observed that
the magnitude residuals calculated using Norway
scale underestimate the magnitude for hypocentral
distance below 100 km and overestimate above
100 km. The magnitude residuals calculated using
current magnitude scale show no bias with
hypocentral distance and average residual at all
hypocentral distances stick to near zero. The only
difference while incorporating station correction is
that it reduces the variance by 31% and brings the
average residual closer to zero. This indicates that
the attenuation curve for the Saurashtra region
accurately modelled the relationship between the
attenuation and the hypocentral distance. From
the above results, we can say that the newly
derived magnitude scale in the present study is
more consistent as compared to currently used ML
scale in Saurashtra region.
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Figure 6. Magnitude residuals calculated (a) for magnitude scale used at present, (b) for newly derived scale without station
correction, and (c) for newly derived scale with station correction. Solid line is best Bt to the data and dashed line represents 1:1
relationship.

Furthermore, we have also developed the ML–MW
relationship for the new ML scale derived in the
present study for the Saurashtra region. From the
data set of 319 earthquakes, we have used 99 events
to develop an ML–MW relationship
MW ¼ ð0:72  0:037ÞML þ ð0:771  0:092Þ
ðLinearÞ;
MW ¼ð0:041  0:06ÞML2 þ ð0:494  0:335ÞML
þ 1:078 ðQuadraticÞ:

ð5Þ

ð6Þ

The relation between two magnitudes is shown
in Bgure 7. From Bgure 7, we observed that for
earthquakes with magnitude smaller than 3, MW
estimates were larger as compared to ML. We do
not have more earthquakes for magnitudes above
3, so concluding anything for magnitude above 3
will have biases. In a stable continental region like

Figure 7. Comparison of ML (this study) and MW for 99
earthquakes.

Saurashtra, we expect lower attenuation and
higher stress drop. Both will result in higher
amplitudes in higher frequency band, hence larger
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ML than MW, as compared to tectonically more
active region (Ottemoller and Sargeant 2013).
Baruah et al. (2012) inferred that regions with
large discrepancies between MW and ML, are
characterized by less stress drop with high
attenuation and vice versa. In case of Saurashtra,
the MW estimates are higher than the ML, which
indicates the region is tectonically active.

6. Conclusion
• Local magnitude scale for the Saurashtra region,
a moderately active intraplate region in the
western part of India, is determined by simultaneously inverting 1968 amplitude measurements obtained from horizontal components of
319 events with hypocentral distances ranging
from 6 to 298 km. The distance correction term
(logA0) obtained through the amplitude
inversion for the Saurashtra region using a 100
km normalization is log(A0) = 1.31 log(r/100)
+ 0.0002 (r  100) + 3.
• The attenuation in the Saurashtra region
is lower as compared to neighbouring
Kachchh region, which indicates that the
crust is less heterogeneous in the Saurashtra
region as compared to neighbouring Kachchh
region.
• Overall standard deviation of the magnitude
residuals for the scale used at present is 0.29
(variance r2 = 0.084), while with new scale, it is
0.28 (variance r2 = 0.078) without station correction and 0.23 (variance r2 = 0.053) with
station corrections. This indicates that by applying station corrections the variance is reduced by
31% and brings the average residual closer to
zero. The newly derived magnitude scale for the
Saurashtra region displays no bias with the
hypocentral distance, and hence an average
residual is near zero at all hypocentral distances.
The station correction obtained in the present
study varies from 0.31 to 0.24. From the above,
it is concluded that the newly derived magnitude
scale in the present study is more consistent as
compared to currently used ML scale for the
Saurashtra region.
• From ML–MW relation, we observed that for
earthquakes with magnitude smaller than 3, MW
is larger than ML. The application of the new
scale on the earthquakes, results in a slight
increase in the magnitude for earthquakes below
ML 3.
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