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Abstract In this work, an attempt has been made to evaluate the spatial variation of peak
horizontal acceleration (PHA) and spectral acceleration (SA) values at rock level for south
India based on the probabilistic seismic hazard analysis (PSHA). These values were
estimated by considering the uncertainties involved in magnitude, hypocentral distance and
attenuation of seismic waves. Different models were used for the hazard evaluation, and
they were combined together using a logic tree approach. For evaluating the seismic
hazard, the study area was divided into small grids of size 0.1° x 0.1°, and the hazard
parameters were calculated at the centre of each of these grid cells by considering all the
seismic sources within a radius of 300 km. Rock level PHA values and SA at 1 s corre-
sponding to 10% probability of exceedance in 50 years were evaluated for all the grid
points. Maps showing the spatial variation of rock level PHA values and SA at 1 s for the
entire south India are presented in this paper. To compare the seismic hazard for some of
the important cities, the seismic hazard curves and the uniform hazard response spectrum
(UHRS) at rock level with 10% probability of exceedance in 50 years are also presented in
this work.

Keywords Earthquake hazard - Seismotectonic atlas - PSHA - Logic tree - PHA -
SA and UHRS

1 Introduction

The Indian Peninsula, which is known as one of the oldest Archaean shield landmasses on
earth, is considered as a stable continental region. Recent study by Ramalingeswara Rao
(2000) has found that the strain rate in Indian shield region is 6.01 x 10719 and it is the
second highest in the stable continental region of the world (the highest strain rate of
6.80 x 107" is in the North American shield region). Moreover, the velocity of

Indian plate was very high before its collision with the Eurasian plate (18-20 cm year ';
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kumar et al. 2007), and it has slowed down 5.8 cm year_l (Sridevi 2004) after the collision
with the Eurasian plate. Gangrade and Arora (2000) have also reported that a slow and
steady accumulation of seismic energy is occurring in this region, and it may lead to
earthquakes of moderate to significantly high magnitudes. The deadliest stable continental
earthquake (Rastogi et al. 2001) occurred at Bhuj (2001, M, — 7.7), which is in the
Peninsular Indian shield region. The total death toll in this earthquake was more than
20,000, and it has caused extensive damage in Bhuj region. South India has experienced
about 10 earthquakes of moment magnitude 6 and above in the recent past, and the
deadliest among them was the Killari earthquake (1993, Mw — 6.3) which killed about
9,000 people. South India is having a total population of around 300 million, and there are
about eight cities with population exceeding one million in this region. Mumbai, the
financial capital of India and the fifth most populous city in the world, alone accounts for a
population of 19 million. These facts clearly demonstrate the need to identify the active
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seismic sources and to assess the seismic hazard in this region. The study area is shown as
the hatched portion in Fig. 1.

Earthquake hazard is controlled by three factors—source and path characteristics, local
geological and geotechnical conditions and the type of structures. All these factors will
require analysis and study of a large amount of geological, seismological and geotechnical
data. For estimating the seismic hazard, the important factors to be considered are as
follows: details of past earthquakes, earthquake source characteristics in the region and the
attenuation relationships. In this work, an attempt has been made to evaluate seismic
hazard at rock level in terms of peak horizontal acceleration (PHA) and spectral accel-
eration (SA) using probabilistic seismic hazard analysis (PSHA). A logic tree approach
was adopted in the hazard analysis to incorporate multiple source and attenuation models.

2 Preparation of earthquake catalogue for south India

Estimation of seismic hazard in any region needs the past earthquake details with a uniform
magnitude scale. Since a comprehensive earthquake catalogue was not available for the
study area, it was prepared by consolidating the data obtained from different sources till
December 2006. The earthquake data were collected from an area which falls within a
radius of 300 km from the boundary of the study area (Regulatory Guide 1.165 1997).
Earthquake data were collected from different sources like Indian Meteorological
Department (IMD), International Seismological Centre (ISC), Kalpakkam Atomic Reactor
(Kalpakkam), National Geophysical Research Institute (NGRI) Hyderabad, Incorporated
Research Institutions for Seismology (IRIS), earthquakeinfo, Guaribidanur Array (GBA)
and United States Geological Survey (USGS). The details of duration of data and the
magnitude of data collected from different sources are given in Table 1. In addition to this,
some more data were collected from the catalogues published by different researchers. The
data obtained were in different magnitude scales such as body wave magnitude (my),
surface wave magnitude (Ms), local magnitude (M} ) and the earthquake intensity scale (I).
Hence, these data were converted to a common magnitude scale of moment magnitude
My).

Since there is no relation available for conversion of different magnitude scales for
Peninsular India, the magnitude conversion was done using the relations suggested by
Scordilis (2006). Scordilis (2006) proposed a relation to convert different magnitude scales
to My based on 20,407 earthquake events occurred all over the world. Since no relation
was suggested to convert the local magnitude values to Mw by Scordilis (2006), the

Table 1 Details of earth-

quake data from different Source Data period Magnitude range
sourees Kalpakkam 1820-1990 1.6-5.6

NGRI (Hyd) 1968-1981 2.1-5.2

GBA 1968-1995 0.9-5.7

Earthquakeinfo 1843-1997 3.2-59

USGS 1841-2006 22-64

IMD 1827-2006 2.8-6.3

ISC 1967-1994 4.1-64
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relation suggested by Heaton et al. (1996) was used for this purpose. The intensity values
were converted using the equation suggested by Reiter (1990) (M = (2/3) I 4 1).

Earthquake occurrences are assumed to follow a Poisson distribution, and hence, only
the main events should be included in the earthquake catalogue. A declustering algorithm
was used to remove the dependent events from this catalogue. Most of the declustering
algorithms are developed for active tectonic conditions; hence, it may not be suitable in the
present study. The criterion used for declustering was based on uniform time (>30 days)
and space (> 30 km) window between successive events. After declustering, there were
1585 events in the catalogue, out of which 10 events of M, > = 6.0, 136 events of
M,, > = 5.0. There were 598 events of M,, > = 4.0, and these events were used for
further analysis. The magnitude time history is shown in Fig. 2, and the magnitude his-
togram is shown in Fig. 3.

3 Regional recurrence relation

The seismic activity of a region is characterized by the Gutenberg—Richter (1944)
earthquake recurrence relation. According to this law,

Log,)N =a —bM (1)

where N is the total number of earthquakes of magnitude M and above in a year, and ‘a’
and ‘b’ are the seismic parameters of the region. In the present study, the study area
considered is very vast and the seismic activity in the study area is not uniform. This
clearly points towards the need for dividing the study area into different seismic source
zones, where each zone is having identical seismicity characteristics. There has been only a
little work done till now in identifying and delineating the seismic sources zones in
Peninsular India. Based on the past earthquake data, Bhatia et al. (1999) had delineated
seismic sources for the entire India. However, this work did not evaluate the seismicity
parameters or the m,,,, values for each of these zones. The delineation of seismic source
zones in Peninsular India was done by Seeber et al. (1999) based on the evolutionary
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Fig. 2 Time history of magnitudes
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Fig. 4 Spatial variation of ‘b’ values

geologic and seismotectonic units identified by various other researchers. For these source
zones, the recurrence rate and the m,,,, values were evaluated by Jaiswal and Sinha (2008).

To study the spatial variation of the seismicity parameters, ‘a’ and ‘b’ values, the study
area was divided into small grids of size 0.5° x 0.5° and the seismicity parameters were
evaluated at the centre of each of these grid cells. The evaluation of these values was done
based on the magnitude of completeness (M,) of the catalogue using the methods suggested
by Wiemer and Wyss (2000) and Wiemer (2001). The value of M, was calculated at the
centre of the grid points by considering the events within a radius of 300 km. After
evaluating the M, value, the ‘b’ value was evaluated using the maximum likelihood
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Fig. 5 Spatial variation of ‘a’ values

method (Aki 1965; Bender 1983; Utsu 1999) using the earthquake events, which are equal
to or higher than the M,. This evaluation was done using the software package ZMAP
(Wiemer 2001).

The spatial variations of ‘b’ values in the study area are shown in Fig. 4. The ‘b’ values
vary from 0.3 to 1.1, and for the majority of the study area, the value is around 0.5. Higher
‘D’ values are obtained near the Koyna region and at the eastern Dhanwar Craton region.
The ‘b’ values for the Godavari Garben vary in the range of 0.7-0.9. The ‘b’ values were
not evaluated for some of the regions (shown in white colour in Fig. 4) because those
cells were not having adequate number of earthquake events (50) with magnitude equal to
or greater than M,. This check is very essential to get an accurate measure of ‘b’ values
(Utsu 1965).

The ‘a’ values for the study area vary from a lower value of 2.5 to a higher value of 7.5
and are shown in Fig. 5. For most of the study area, ‘@’ value is around 4 and the higher
values were obtained at the Koyna region, along the east coast of southern Andhra Pradesh
and at parts of Tamil Nadu. Majority of the southern Craton and northern Craton are
having ‘a’ values around 3.5. The parts of the Godavari Garben are having ‘a’ value of
around 5.0.

In the present study, an attempt was made to delineate the seismic source zones based
on the seismicity parameters. The Figs. 4 and 5 clearly indicate that there is a definite
pattern in the variation of ‘a’ and ‘b’ values. The seismic source zones in the study area
were delineated based on the variation of these seismicity parameters, and the five seismic
source zones identified in the study area are shown in Fig. 6 (the spatial variations of ‘b’
values are shown as background). By adopting this method, the regions with similar
seismicity characteristics will be grouped together and this will be more helpful in eval-
uating the seismic hazard of the region more precisely. A similar method was adopted for
the delineation of seismic source zones in north-east India by Kiran et al. (2008). For each
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Table 2 Seismicity parameters for different seismic source zones in south India

Seismic source ‘a’ value ‘D’ value oy, Estimated m,,,,,,
zone no.
Cramer’s approx. Bayesian approx.
1 1.42 0.48 0.08 6.33 £ 04 633 £ 04
2 4.08 1.0 0.17 7.05 £ 0.5 7.04 £ 0.5
3 3.18 0.9 0.46 6.17 = 0.21 6.16 = 0.21
4 4.21 1.01 0.19 633 £ 04 631 £ 04
5 1.25 0.39 0.02 6.36 + 0.21 6.34 £ 0.2

of these zones, the seismicity parameters and the m,,,, values were evaluated and these
values were used in the seismic hazard analysis. The evaluation of m,,, was done using the
method suggested by Kijko and Sellevoll (1989). The details of ‘a’, ‘b’ and m,,,,, values for

each of the zones are given in Table 2.

4 Identification of seismic sources

One of the major challenges in seismic hazard analysis is the identification of the vul-
nerable seismic sources. The present study uses two types of seismic sources—Ilinear and
smoothed areal sources. In this study, an attempt was made to identify the faults and
lineaments, which are associated with earthquakes in the study area. The seismotectonic
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Fig. 7 Seismotectonic map of south India

atlas (SEISAT 2000), published by Geological Survey of India, was selected as the
important reference document for selecting the linear seismic sources like faults and
lineaments. The SEISAT is a comprehensive document regarding the seismotectonic and
geomorphologic features in India and adjoining areas. The geophysical, structural, seis-
micity and geothermal data, relevant to seismotectonic studies, have been given in the
SEISAT. The details of faults and lineaments are classified in detail due to their direct
bearing on seismicity. The seismic sources identified by SEISAT are being used by various
researchers (Iyengar and Ghosh (2004) for Delhi, Nath (2006) for microzonation of Sikkim
Himalayas, Nath et al. (2008) for north-east regions of India, Raghukanth and Iyengar
(2006) for Mumbai, Anbazhagan et al. (2009) for Bangalore) working in this area. The
SEISAT maps are available in Ay size sheets, each map covers an area of 3° x 4°, and the
study area was covered in 19 sheets of SEISAT. The required pages of SEISAT were
scanned, and after georeferencing these images, the earthquake data were superimposed on
this. The sources, which are associated with earthquake events of magnitude 4 and above,
were identified and were used in the hazard analysis. Since SEISAT has not mapped the
faults at the sea bed, we could not identify the seismic sources at the sea bed. Apart from
this, some additional lineaments and faults, which are associated with earthquake events of
four and above, were obtained from the remote sensing image analysis by Ganesha Raj and
Nijagunappa (2004). The seismotectonic map prepared for the study area along with the
details of earthquakes is shown in Fig. 7. A total of 189 seismic sources, which were
associated with earthquake magnitude of four and above, were selected for the hazard
analysis.

A detailed study of the seismotectonic atlas presented in Fig. 7 clearly indicates that
there is some scatter in the earthquake data. There are some earthquake events that are not
falling along any of the identified faults. In those cases, the linear source model alone may
not be able to give the correct picture of seismic hazard levels. To overcome this limitation,
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one more type of source model was selected in this study—smoothed gridded areal
sources. The smoothed historic seismicity approach suggested by Frankel (1995)
was adopted for smoothing the areal seismic sources. For the evaluation of seismic haz-
ard, spatially smoothed ‘a’ value based on earthquakes of magnitude four and above was
used.

5 Probabilistic seismic hazard analysis (PSHA)

The evaluation of seismic hazard was done using probabilistic seismic hazard analysis
(PSHA), which was initially developed by Cornell (1968) and now widely being used in
evaluation of seismic hazard. The occurrence of an earthquake in a seismic source is
assumed to follow a Poisson distribution. The probability of ground motion parameter at a
given site, Z, will exceed a specified level, z, during a specified time, 7, is represented by
the expression:

P(Z>z)=1-e"OT<v(x)T (2)

where v(z) is the mean annual rate of exceedance of ground motion parameter, Z, with
respect to z. The mean annual rate of exceedance of ground motion parameter, Z, with
respect to z for an earthquake of magnitude m occurring at a distance of r can be evaluated
using the following equation.

mt

N oo
V(Z):ZNn(mO) /fn(m) /f,,(r\m)P(Z>z|m,r)drdm (3)

m=m° r=0

where N,, (my) is the frequency of earthquakes on a seismic source n, having a magnitude
higher than a minimum magnitude m’; fu(m) is the probability density function for a
magnitude “m” having a minimum magnitude of m® and a maximum magnitude of m";
fa(rlm) is the conditional probability density function for the occurrence of an earthquake
of magnitude m at a distance r from the site for a seismic source n; P(Z > z|m, r) is the
probability at which the ground motion parameter Z exceeds a predefined value of z, when
an earthquake of magnitude m occurs at a distance of » from the site. Thus, the function
v(z) incorporates the uncertainty in time, size and location of future earthquakes and
uncertainty in the level of ground motion they produce at the site.

The maximum magnitude (m") for each linear source was estimated based on maximum
reported magnitude along that particular source plus 0.5 (Iyengar and Ghosh (2004);
RaghuKanth and Iyengar (2006); Anbazhagan et al. (2009)). The recurrence relation for
each fault, capable of producing earthquake magnitudes in the range m” to m", is calculated
using the truncated exponential recurrence model developed by McGuire and Arabasz
(1990), and it is given by the following expression

e~ Bm—mo) _ p—B(m"—mo)

N(m) = Ni(mo) form® <m<m" (4)

1 — e Blm—mO)
where f = b In (10) and N; (my) weightage factor for a particular source based on deag-
gregation. Deaggregation procedure is similar to the one followed by Iyengar and Ghosh
(2004); RaghuKanth and Iyengar (2006); Anbazhagan et al. (2009) for PSHA of Delhi,
Mumbai and Bangalore, respectively. The m,,,, for the areal sources was selected based on
the m,,,, for the zone in which the particular location falls (Table 2).
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Fig. 8 Logic tree structure adopted

The magnitude ranges for each seismic source were divided into small intervals, and the
probability for each of these values was calculated. In PSHA, the probability of occurrence
of an earthquake anywhere in the fault is assumed to be same. The uncertainty involved in
the source-to-site distance is described by a probability density function. The shortest and
longest distance from each source to the site was calculated. The hypocentral distance has
been calculated by considering focal depth of 15 km, similar to the one used for DSHA by
Sitharam et al. (2006); Sitharam and Anbazhagan (2007) and Anbazhagan et al. (2009). A
probable source zone depth of 10 km has been considered by Bhatia et al. (1999) in an
exercise to develop seismic hazard map of the shield region of India in GSHAP. The
conditional probability distribution function of the hypocentral distance for an earthquake
is assumed to be uniformly distributed along a fault. This value was evaluated using the
equations given by Kiureghian and Ang (1977).

There is only one attenuation relation available for south India, and this was developed
by RaghuKanth and Iyengar (2007). In order to consider the epistemic uncertainties in the
attenuation relations, it is always advisable to use multiple attenuation models. Based on
the results of the ground motion attenuation analysis of Bhuj earthquake, Cramer and
Kumar (2003) suggests that the ground motion attenuation in eastern North America
(ENA) and Peninsular India is comparable. Hence, in addition to the relation suggested by
RaghuKanth and Iyengar (2007), two more attenuation relations, which were developed for
eastern North America (ENA), were also used in the present study. The attenuation rela-
tions developed for ENA by Campbell (2003) and Atkinson and Boore (2006) were used in
the present seismic hazard analysis.
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6 Logic tree approach

The uncertainties involved in different models may make the selection of appropriate
seismic hazard methods difficult. In these cases, the logic tree approach allows a formal
characterization of epistemic uncertainty by including alternative models in the analysis
(Budnitz et al. 1997; Stepp et al. 2001; Bommer et al. 2005). Logic tree consists of a series
of nodes, and several models (hypothesis) can be assigned to each node as different
branches. Appropriate weightage can be given to each of these branches depending on the
likelihood of being accurate, and the weightage for all the branches at a particular node
should be equal to unity. The weightage of the terminal branch can be obtained by mul-
tiplying the weightage of all the branches leading to it. Even though it is possible to include
as many branches as possible in the logic tree, this will increase the computational effort.

The logic tree adopted for the present study is shown in Fig. 8. Two types of seismic
sources, linear and areal sources, were considered in the analysis. Since both of them were
having equal importance, they were given equal weightage. The attenuation relation by
RaghuKanth and Iyengar (2007) was developed for Peninsular India, and it was given the
highest weightage of 0.5. The other two relations developed for ENA were given equal
weightage of 0.25 each.

7 Results and discussions

The evaluation of spatial variation of PHA and SA was done by dividing the study area into
grids of size 0.1° x 0.1° (11 km x 11 km), and the values were calculated for the centre
of the grid by considering all the seismic sources within a radius of 300 km. The entire
analysis was done using a set of newly developed programs in MATLAB. The variation of
PHA values with mean annual rate of exceedance for important cities is shown in Fig. 9.
From these curves, the return period of different acceleration values at these cities can be
obtained. It clearly indicates that the seismic hazard is high at Koyna and is relatively low
for Panaji. Uniform hazard response spectrum (UHRS) at rock level with 10% probability
of exceedance in 50 years (which corresponds to return periods of 475) was also calculated
for all the grids cells. UHRS at rock level with 10% probability of exceedance in 50 years
for important cities in south India is shown in Fig. 10. The variation of SA for different
cities is similar to that obtained in Fig. 9. The frequency at which the value of SA is

Fig. 9 PHA (g) at rock level 1.0E+01 \
versus mean annual rate of E o gg{‘”im
. ——
exceedance (MARE) for 1.0E-01 s +Murr?bai b
important cities in south India o = Chennai
R
1.0E-03 . —+— Hyderabad _|
\S\i\ ~ Syl N —o— Trivandrum
L = el —s— Panaji
% 10E05 \\f\
= \ —— S .
1.0E-07
1.0E-09
1.0E-11
0.0 0.2 0.4 0.6 0.8 1.0

PHA (9)
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Fig. 10 UHRS at rock level with 0.60 " T
10% probability of exceedance in ° i :Zinzlore
50 years for important cities in 0.50 T+ . Che?mai :
south India D —%— Mumbai
0.40 3 —+— Hyderabad _|
. —o— Trivandrum
—e— Panaji
0.30

Spectral Acceleration (g)

0.20 - \*@
0.10
X
s

t&; R

0.00

000 025 050 075 100 125 150 175 200
Time Period (sec)

Fig. 11 Rock level PHA
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Fig. 12 Rock level spectral
acceleration (g) for 1 s with 10%
probability of exceedance in
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Longitude (E)

maximum is around 20 Hz for all the cities. The rock level PHA values for 10% proba-
bility of exceedance in 50 years (return period of 475 years) are shown in Fig. 11. The
maximum PHA value, about 0.25 g, is obtained at the Koyna region (73.75°E and 17.5°N).
As per the Indian standard code, BIS-1893(2002), the Koyna region is in zone—IV, where
the maximum expected acceleration is 0.24 g. However, the value obtained in the present
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Fig. 13 Rock level spectral
acceleration (g) for 0.1 s with
10% probability of exceedance in
50 years

Latitude (N)

8 T T T T T
74 76 78 80 82 84 86

Longitude (E)

study is slightly higher than what is specified in BIS-1893 (2002). The PHA value obtained
for regions near Bangalore (77.7°E and 13.0°N) was in the range of 0.1 g-0.15 g. As per
BIS-1893 (2002), majority of this region falls in zone II, where the maximum expected
acceleration is 0.1 g. This result matches well with the PHA values obtained for this region
by Anbazhagan et al. (2009). The PHA values obtained for Latur (76.6°E and 18.24°N) and
Ongole (80.04°E and 15.52°N) regions are also having higher PHA values that what is
specified in BIS-1893 (2002). Whereas south-western parts of study area are showing
lower PHA values than what is specified in BIS-1893 (2002). This points towards the
inadequacy in the Indian seismic zonation code (BIS-1893, 2002). The variation of spectral
acceleration for 1 and 0.1 s with 10% probability of exceedance in 50 years is shown in
Figs. 12 and 13, respectively. The variation of SA values is similar to that observed in PHA
values. The surface level acceleration values can be calculated by multiplying the rock
level PHA values with the amplification factors.

The spatial variation pattern of PHA and SA values obtained in the present study
matches well with the results obtained by Vipin et al. (2009). However, both PHA and SA
values obtained in this study are less than that obtained by Vipin et al. (2009). This is
mainly because Vipin et al. (2009) had used a single attenuation relation (by RaghuKanth
and Iyengar 2007); a single source model (linear sources) and considered the entire study
area as a single zone while evaluating the seismic hazard. These factors combined together
produced a slightly higher PHA and SA values than the present study.

8 Concluding remarks

In the present work, a new seismotectonic map showing seismic sources which are asso-
ciated with earthquake events of magnitude four and above has been prepared, and this can
be used for similar works in this region. The spatial variation of PHA and SA values for
south India was evaluated using probabilistic approach after incorporating the uncertainties
in magnitude, hypocentral distance and attenuation of seismic waves. The multiple models
used in the hazard evaluation were combined together using a logic tree approach. The
PHA values obtained for some of the regions in the study area are higher than what is
specified in the BIS-1893 (2002), and this needs further detailed investigation. The surface
level acceleration values can be obtained by multiplying the rock level PHA values
obtained in this study with the amplification factors, depending on different site conditions.
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