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Abstract

The Himalayan arc occurring at the northern most part of the Indian continent is a part of an extensive
Alpine-Himalayan convergent tectonic belt and remains very active seismically. Very strong to moderately
strong earthquakes have already occurred in this mountainous belt. In view of its active seismic status and
continued developmental activities in mountainous states it is imperative to update knowledge of seismic
hazard incorporating latest knowledge on earthquake occurrence and attenuation process. This work is
presented with the aim to deliver PSHA information for northwest and central Himalayan region employing
different approaches. Adopted procedures include improved magnitude conversion techniques, updated
attenuation relations and implementation of different hazard computation approaches. Out of three methods
applied, the first one is known as Cornell’s (1968) zoning, the second is Woo’s (1996) zone free and the third
is Bungum’s (2007) moment slip method. The seismic activity rate was estimated employing different
techniques as suggested by Cornell (1968), Bungum (2007) and Woo (1996). Standard probabilistic
empirical relations are employed for seismic hazard assessment. Peak ground accelerations have been
computed at the center of all the grid points for return periods of 475 and 2475 years (i.e., 10% and 2%
probability of exceedance in 50 years) employing new generation ground motion equations.

In zoning method, seismogenic zones were delineated on the basis of earthquake clusters and nature of
tectonic features combined and the boundary of zones are drawn following the natural break in seismicity and
tectonic features. In case of zone free method kernel density estimation of seismic activity rate has been
adopted. In the third method the mean annual rate of earthquake occurrence calculated from the moment slip
rate. It is understood that the zoning approach is considerably governed by the annual rate of exceedance for
the seismogenic zones and the estimated maximum ground motions occurred in the westernmost part of
Nepal, in the north-eastern part of Himachal Pradesh and a small part of Tibet and Kashmir valley region
(0.545g to 0.597g) for 2475 return period. Zone free method predicted maximum ground motion in two areas
falling in Kashmir valley and eastern part of Uttarakhand and westernmost part of Nepal. Ground motion
ranges from 0.547g to 0.609¢g for 2475 return period. Anisotropic parameter of the kernel used in this study
controls shape of predicted hazard zones as the hazard zone took an elongated shape following the Himalayan
structural features and geometrical structure of seismicity. The adopted moment slip approach predicted
higher order of ground motion ranging from 0.687g to 0.749g for 2475 years return period in the westernmost
part of Nepal. Higher ground motion estimated because there are uncertainties in calculation of fault length
which tend to increase the maximum magnitude.

The bed rock level ground motion for MCE and DBE conditions as predicted in this work appears to be
meaningful in view of expected earthquake potential of the Himalayan tectonic belt.
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1. Introduction

The Himalayan region remains to be one of the most seismically active regions of the world owing to
continued collision of the India with the Eurasian plate. In view of ongoing seismic activities the region has
been assigned as seismic zones IV and V in the seismic hazard zonation map of India (BIS, 2016). In the last
two centuries, the Himalayan region has experienced many great earthquakes (M>8), notably among these
are the Shillong Earthquake of 1897 (M=8.7), the Kangra earthquake of 1905 (M=8.0), the Bihar-Nepal
earthquake of 1934 (M=8.3) and the Assam earthquake of 1950 (M=8.5). It is important to carry out seismic
hazard analysis of the region because of its high level of natural seismicity and the presence of tectonically
significant tectonic features. This study involves probabilistic seismic hazard assessment of NW and central
Himalaya using the zoning, zone free and momento slip approaches.

For seismic hazard assessment under zoning approach, the first step is to identify the seismogenic zones
and then the seismicity parameters for all seismogenic zones Cornell (1968) and Reiter (1990). We delineate
22 seismogenic zones considering the tectonics, seismicity and focal mechanism. The zone free kernel
estimation computes activity rate density method developed by Woo (1996). Under this method no
delineation of seismogenic zones are required and hence it is zone free technique. This approach is a
smoothing method and uses the concept on fractal distribution of earthquakes in space and this method is an
alternative to the classical zoning method proposed by Cornell (1968). The alternative approach aimed at
circumventing the drawbacks associated to Cornell’s approach, smoothingof historical seismicity is done to
avoid the judgment involved in drawing seismogenic zones (Frankel, 1995; Woo, 1996). Woo (1996)
proposed a zone-free method solely based on the use of the earthquake catalog which includes historical,
instrumental, foreshocks and aftershocks data. No declustering of earthquake catalog is required in this case.
Proxy seismogenic sources are created from the epicentral locations of the events are smoothed following the
fractal distribution in space (Kagan and Jackson, 2000). Woo’s kernel estimation method can be considered
an alternative approach to outwit the ambiguities associated with the definition of seismogenic zones. Under
moment slip rate method by Bungum (2007), seismicity is derived from the slip rate based on the model. If
slip rates of individual faults are available from different sources, it is possible to calculate the seismicity for
an area sources from the moment slip rate. Once seismic activity rate is obtained from the two approaches,
the ground motion prediction equations (GMPE) are to be employed and different GMPEs have been used to
calculate the probabilistic seismic hazard map of NW and Central Himalayan region.

Several authors have attempted to estimate PSHA for Indian subcontinent and for different parts of the
country (e.g., Khattri et al., 1984; Bhatia et al., 1999; Mahajan et al., 2010; Nath and Thingbaizam 2012; Patil
et al., 2014). Bhatia et al. (1999) estimated expected PGA for the Himalayan region between 0.10g and 0.30g
with 10% probability of exceedance in 50 years. These values were obtained under Global Seismic Hazard
Assessment Programme (GSHAP). Recently National Disaster Management Authority (NDMA),
Government of India presented various probabilistic seismic hazard maps showing the ground motion
parameters for different return periods for the whole country. PSHA base on zone free approach may be
found in the work of Menon et al. (2010) for the Indian State of Tamil Nadu, Bozzoni et al. (2011) for the
Eastern Caribbean region and Zuccolo et al. (2013) for Italy.

2. Seismotectonics of the NW and Central Himalaya

The NW and central Himalayas and its adjoining region are associated with the up-thrusted rock blocks
resting on the Indian plate resulting into development of two regionally northerly dipping convergent zones;
the MCT and MBT. The MBT is a series of thrusts that separates the lesser Himalaya from the sub-Himalaya
belt (Valdiya, 1980). The MCT at the base of the central crystalline zone dips northward separating the
Higher Himalaya from the Lesser Himalayas (Gansser, 1977). On the north side of the MCT, three prominent
tectonic features viz. Bangong-Nujiang Suture (BNS), Indus suture Zone (ISZ) and Karakoram Fault (KKF)
cut across the region. The Indus Suture Zone marks the boundary between the Indian and Tibetian plates. The
very extensive Karakoram fault (KKF) is the most prominent tectonic feature present in the region. One of
the most important transverse faults in the Western Himalaya is the Sundernagar fault (SNF) also called as
Manali Fault which is dextral in nature and traverses extending from Higher Himalaya to Frontal Belt. To the
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east of SNF another important transverse feature Kaurik Fault System (KFS). The KFS of higher Himalaya is
characterised by normal faulting exhibiting splays and might have ruptured recently during Kinnaur
earthquake of 1975 (GSI, 2000). Among longitudinal faults, the E-W trending Alaknanda Fault (AF) is one
of the most conspicuous one. The cause of high seismicity in the Himalaya, convergence tectonics and
upthrusting of the Himalayan rocks along the detachment surface was explained by Seeber and Armbruster
(1981) based on the information of large earthquakes in terms of a steady state model. This model suggests
that the detachment surface under thrusting Himalayan front is the locale of the recent seismicity. Figure 1
shows the tectonics features of the NW and central Himalayan region.
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Figure-1 Tectonics features present in and around NW and central Himalayas. MMT-Main Mantle Thrust,
MCT- Main Central Thrust, MBT- Main Boundary Thrust, KKF- Karakoram Fault, ISZ- Indus Suture Zone,
KFS- Kaurik Fault System, NAT- North Almora Thrust, KF- Kishtwar Fault, SNF- Sunder Nagar Fault,
MDF- Mahendragarh-Dehradun fault, MF- Moradabad Fault, GBF- Great Boundary Fault. MFT-Main
Frontal Thrust. (Tectonic features are adopted from GSI, 2000).

The region has experienced several earthquakes of moderate-to-large magnitudes in last two centuries.
Among these, Kangra Earthquake of 1905 (M=8.0), Bihar-Nepal earthquake in 1934 (M~8.3), Kashmir
Earthquake of 2005 (Mw=7.6) and Nepal earthquake in 2015 (Mw=7.9) are large ones. However, quite a few
significant earthquakes have also occurred in the Himalayan belt before 19" century. These are the 1555
(M~7.6) earthquake of Srinagar (J & K), 1720 and 1803 (M~=7.5, 8.1) earthquakes of Uttarakhand, 1833
(M=~7.7) earthquake of Nepal, 1916 (M=7.3) earthquake of Uttarakhand, 1936 (M~7.0) earthquake of west
Nepal (Bilham and Ambraseys, 2005). The other important strong to moderate earthquakes are 1945 Chamba
Earthquake (M=~6.5), 1975 Kinnaur Earthquake (M=6.5), 1980 Dharchula Earthquake (m»=6.0), 1980
Jammu-Kathua earthquake (m,=5.5), 1986 Dharamshala Earthquake (m,=5.5), 1988 Bihar-Nepal earthquake
(my=6.6), 1991 Uttarkashi Earthquake (my=6.4), 1999 Chamoli Earthquake (m,=6.8), 2005Kashmir
Earthquake (Mw=7.6) and 2011 Sikkim Earthquake (Mw=6.9). Most of the earthquakes in this region are of
shallow focus (0-40 km depth) and few having depth in the range between 41 km to 255 km.

3. Zoning approach
3.1 Delineation of seismogenic zones

For the purpose of delineation of seismogenic zones, spatial occurrences of earthquakes and various
tectonic features have been carefully scrutinized. The adjoining parts occurring south of Himalayan mountain
belt as well as areas of trans-Himalayas and southern Tibet also assume tectonic significance having
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earthquake potentials in view of its vicinity to the main Himalayan orogenic belt. Considering above facts
adjoining regions of the main Himalayan belt has also been considered to include as seismic zones in this
study. Based upon the seismicity, tectonics and earthquake dynamic processes, the region has been divided
into 22 seismogenic zones. The delineated siesmogenic zones along with seismicity and tectonic features are
shown in figure 2. The earthquake data set are obtained from various agencies viz., International
Seismological Center (ISC), U.K catalog of seismic events from 1720-1972, National Earthquake
Information Center (NEIC), USGS, USA catalog of seismic events from 1973-2011 and India Meteorological
Department (IMD) catalog of seismic events from 1552-2011. In addition to global catalogs, some local
catalogs prepared by Oldham (1883) and lyengar et al. (1999) are also considered. The preparation of a
homogenous earthquake catalog for a seismic region needs regressed relations for conversion of different
magnitudes types, e.g. mb, Ms, to the unified moment magnitude Mw. In particular, the regional relations
suggested by Das et al., 2012 and 2013 for Himalayan region for conversion of intensity and body wave
magnitude to moment magnitude has been employed. Declustering i.e. removal of dependant events
represented by foreshocks and aftershocks from the earthquake catalogue has been done following Gardner
and Knopoff (1974) approach considering a specified time-space windows. Declustering eliminated 25%
events from the catalog.
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Figure-2 Demarcation of seismogenic zones based on geology, tectonics and seismicity.

3.2 Estimation of seismic hazard parameters and maximum magnitude (11,,,4x)

Magnitudes of completeness (M), Gutenberg-Richter (G-R) recurrence parameters (‘b”> and ‘a’) values
have been estimated for each seismogenic zone from the homogenized earthquake catalog. The seismic
hazard parameters are computed using Entire Magnitude Range Method (EMR) and Maximum Curvature
method, though it slightly underestimate the magnitude of completeness (Woessner and Wiemer, 2005).
Maximum magnitude is defined as the upper limit of magnitude for a given seismogenic zone or entire
region. As m,, ., reflects maximum potential of strain released in the scenario earthquake hence it plays vital
role in probabilistic seismic hazard assessment. For m,,, ., estimation empirical formula suggested by Kijko
(2004) is used. Both historical and instrumental seismicity data has been incorporated to determine m,,,,, -
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4. Zone Free Approach

4.1 Kernel estimation for seismicity

Kernel estimation method in seismic activity rate estimation is also known as zone-free method since they
implement a kernel function for spatial smoothing of seismicity data. Kernel Density Estimation (KDE) is an
important smoothing technique which estimates the probability density function of a random variable with a
non-parametric approach. For this discriminant analysis, goodness-of-fit testing, hazard rate estimation,
intensity function estimation and regression methods are used. In zone-free method, a grid of point sources
(nodes) is considered around the site of interest. The activity rates for each magnitude interval are
determined according to a magnitude-dependent smoothing procedure and this smoothing procedure is
applied to the epicenters of earthquake catalog. These activity rates are calculated from the density and
proximity of earthquake events spreading within that magnitude range. Woo’s (1996) method uses concepts
from fractal geometry, and it describes a seismicity is spatially non-uniformly distributed. In kernel methods,
contribution of each earthquake to the seismicity of the regionis smeared over a distance through a
magnitude dependent relation described by a kernel function K. In Woo’s (1996) approach, the kernel
function is described by a multivariate probability density function expressed by the following equation

(Vere-Jones 1992):
_ n-1 r\2
K= e [1 +(3) ]

where ‘r’ is known as the epicentral distance and ‘n’ is called as “kernel fractal scaling index,” which
increases with the proximity of epicenters. Its value lies in the range 1.5 and 2; ‘H’ is the bandwidth for
normalizing epicentral distances and is also a function of magnitude.

By summing over all events of the earthquake catalog, the cumulative activity rate density, ‘A’, is
computed for each magnitude bin, from the minimum magnitude of engineering interest to the maximum
magnitude of the catalog, and for each point source of the mesh. Once the activity rate of each magnitude
class has been calculated for each point source in the mesh, a GMPE is employed and the hazard is computed
by summing over each point source as in the standard Cornell’s method.

Kernel bandwidth for every magnitude bin is determined using nearest neighborhood method by force
fitting power law (Woo, 1996) and is given by equation, H = ce®™ where ‘c’ and ‘d’ are two constants to
be determined on the basis of the location of the epicenters of the earthquake catalog and M is the moment
magnitude. Using the earthquake epicenters within the study area, the kernel parameters are estimated
according to the procedure proposed by Molina et al. (2001). Estimated bandwidth parameters are, ¢=0.45
and d=0.83. In this study, we used Visual Cumulative (VC) method (Tinti and Mulargia, 1985) to check the
completeness period (effective observational time period).

—-n

5. Moment slip rate method

The earthquake process can be measured in the form of rock deformation or rate of developed strain. The
strain rate varies from about 10 per year in the seismically active areas and low up to 10™® per year in
continental regions which is relatively stable. The fault activity rate is derived through recoding the
earthquake occurrence over a period of time using frequency-magnitude relations. This becomes difficult
especially if the frequency of earthquake occurrence is considerably low but if the region has potential threat,
then in such cases the seismicity can be derived from the slip rate based on the model by Bungum (2007).

The geological slip rate is related to the occurrence rate of the earthquake (N), which can be derived from
the geomorphologic, paleoseismic study and GPS measurements. It has been found by GPS measurements
that Indian and Tibetan (part of Eurasian plate) tectonic plates are undergoing convergence with the rate of
about 203 mm/yr (Bilham, 2001) in Nepal, in the western Himalaya the rate is of 141 mm/yr (Banerjee
and Burgmann, 2002), in eastern Nepal the slip rate is 17+1.5 mm/yr (Lave et al., 2005). England and
Molnar (1997) suggested that there is an increase in rate of convergence from 10 £ 2 mm/yr in the western
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Himalaya in the region west of 74°, to 17 £ 8 mm/yr in northwest part of India between 74°—78°E and as
high as 2510 mm/yr east of 88° E.

5.1 Estimation of fault activity rate from slip rates

The earthquake occurrence rate or mean annual rate of exceedance is related to the geological slip rates. If
slip rates of individual faults are available from different sources, it is possible to calculate the seismicity for
an area sources from the moment slip rate. The cumulative occurrence relationship is stated as below
(Chinnery and North, 1975).

N(M) =10@=2Mpg iy — M)

In the above equation H (.) means Heaviside step function. The nature of truncation indicates that the
model is saturated in larger earthquake magnitudes. Considering all of the faults slip is due to the earthquake,
then the total rate of moment release (i.e. moment per year), Mo' is a function of the slip rate (annual
movement) occurred at the fault and expressed as M, = pSA (Brune, 1968). Here S means annual slip or
slip rate. Anderson and Luco (1983) have derived a relationship for the estimation of the number of
earthquakes N above the magnitude of lower bound (usually around 4-5) on a fault.

N (h1) = () (5) om0~ (eine

Where b = b(In(10)),d = d(In(10)),B = \/(aMO(O))/(,uW), o=D/L and M, (0) means seismic
moment for Ms=0

6. Ground motion prediction equations

Generally, region specific attenuation relationships are preferred for estimation of ground motion,
however in absence of these, global relations can be used with similar conditions. As Himalaya is
characterised by shallow crustal earthquakes, the ground motion prediction equations are selected according
to the suitability parameters. Several attenuation relationships have been developed considering worldwide
database for the shallow crustal earthquakes which mainly includes Zhao et al. (2006), Boore and Atkinson
(2008), Campbell and Bozorgnia (2008), Chiou and Youngs (2008), Akkar and Bommer (2010) have been
used to estimate PGA.

7. Seismic hazard estimation

The methodology developed by Cornell (1968) for PSHA is applied for the estimation of seismic hazard
in terms of PGA for 10% and 2% probability of exceedance in 50 years. In this method, the annual rate of
ground motion exceeding a specified value is computed to account for different return periods of the hazard.
The probability of exceeding a particular value of a ground motion parameter z, is calculated for one possible
earthquake at one possible source location and then multiplied by the probability that the particular
magnitude earthquake would occur at that particular location (Kramer, 2003). The process is repeated for all
possible magnitudes and locations. The probability of exccedance is given as

E()=Ya [ [ £ 1) P@)2|m, rydrcm

mgy o

E(2) is the expected number of exceedances of ground motion level z during a specified period of time t, a; is
the mean rate of occurrence of earthquakes between lower and upper bound magnitudes (m, and my) in the i
th source, fi(m) is the probability density distribution of magnitude (recurrence relationship) within source I,
fi (r) is the probability density distribution of site to source distances, P(Z) z | m, r) is the probability that a
given earthquake of magnitude m and distance (epicentral) r will exceed ground motion level z.

© The 17th World Conference on Earthquake Engineering - 1¢c-0009 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

8. Result

The study area is divided into small grids of size 0.2°x0.2° and PGA has been computed at the centre of
all the grid points for return period of 475 years and 2475 years (i.e., 10% and 2% probability of exceedance
in 50 years) and ground motion distribution is shown in the form of zones.

Zoning method: For 10% probability of exceedance in 50 years (return period of 475 years), the PGA
values vary from 0.10g to 0.35g for NW and central Himalayan region. However, for 2% probability of
exceedance in 50 years (return period of 2500 years), the PGA varies from 0.17g to 0.59g (Figures 3a & b).
Highest PGA is observed in the western part of Nepal and varies from 0.52g to 0.59g. PGA value of 0.47g to
0.52g is observed around Kaurik fault system.
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Figure 3a-Mean peak ground acceleration for 10% Figure 3b-Mean peak acceleration for 2%
probability of exceedance in 50 years probability of exceedance in 50 years

Zone free method: For 10% probability of exceedance in 50 years (return period of 475 years), the PGA
values vary from 0.02g to 0.30g for Northwest and Central Himalayan region (Figure 4a). However, for 2%
probability of exceedance in 50 years (return period of 2475 years), the PGA varies from 0.10g to 0.55g
(Figure 4a & b). Westernmost part of Nepal and eastern part of Uttarakhand exhibit higher level of ground
motions.
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Figure 4a-Mean peak ground acceleration for 10% Figure 4b-Mean peak ground acceleration for 2%
probability of exceedance in 50 years probability of exceedance in 50 years.

Moment slip rate method: For 10% probability of exceedance in 50 years (return period of 475 years), the
PGA values vary from 0.1g to 0.41g (Figure 5a). However, for 2% probability of exceedance in 50 years
(return period of 2475 years), the PGA varies from 0.24g to 0.69g (Figure 5a & b).
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Figure 5a-Mean peak ground acceleration for 10% Figure 5b-Mean peak ground acceleration for 2%
probability of exceedance in 50 years. probability of exceedance in 50 years.

PGA at 10% probability of exceedance in 50 yr from different studies in the northwest and central
Himalaya are shown in Table 1. All the above investigations are either based on inappropriately
homogenized earthquake catalog or heterogeneous catalogs with old attenuation equations. In this study, an
improved homogenization technique for magnitude conversion has been used with updated attenuation
equations for estimation of strong ground motion.

Table-1 Estimated peak ground acceleration for Himalayan region with 10% probability of
exceedance in 50 yrs (return period 475 years) from different studies

Research byAuthor/Agency Min PGA(g) | Max PGA(g)
Khattri et al., (1984) 0.40 0.70
Bhatia et al., (1999) 0.05 0.40
Mahajan et al., (2010) 0.02 0.75
NDMA, Govt. of India, (2011) 0.06 0.20
Nath and Thingbaijam (2011) 0.12 0.60
This study

Zoning method 0.10 0.35
Zone free method 0.06 0.30
Moment slip method 0.12 0.41

PSHA results for similar convergent tectonic belts viz., Iran and Turkey are as follows. Seismic hazard
assessment of Iran by Tavakoli and Ghafory-Ashtiany (1999) estimated an average PGA of 0.45g for a return
period of 475 years. Ground acceleration values in rock varies between 0.20g and 0.40g with an exceedance
probability of 10% in a 50-year return period for the city of Ankara, Turkey (Ozmen and Basbugerkan,
2014). Erdik et al. (1999) calculated the PGA value of 0.2g to 0.7g for Turkey and its surrounding region but
for most part of the study area the ground motion value varies from 0.2g to 0.6g. Ground motion estimated
for northern Italy covering mountainous region range from 0.125g to 0.150g whereas for whole Italy the
ground motion has a range from 0.050g to 0.400g.
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9. Conclusion

The present study aimed to improve the hazard assessment with incorporation of improved magnitude
conversion techniques and updated attenuation relations. For 10% probability of exceedance in 50 years
(return period of 475 years), the PGA values vary from 0.06g to 0.41g and 2% probability of exceedance in
50 years (return period of 2500 years), the PGA varies from 0.10g to 0.69g as estimated using the three
approaches. The present results are higher than the suggested ground motion for Zone-V, which is 0.36g, of
seismic zonation map of India.

Zoning method predicted maximum ground motion in the westernmost part of Nepal, in the north-eastern
part of Himachal Pradesh (0.52g to 0.59g) for 2475 return period. Second maximum predicted ground
motion area falls on the easternmost part of Nepal. The ground motion parameters increases with the increase
in annual rate of exceedance for the seismogenic zones and predicted maximum ground motion is governed
by the size of zones. Zone free method predicted maximum ground motion in two areas falling in Kashmir
valley and eastern part of Uttarakhand and westernmost part of Nepal. Ground motion ranges from 0.10g to
0.55g for 2475 return period. Anisotropic parameter (delta) of the kernel revealed a degree of correlation
between the tectonic feature trend and shape of predicted hazard zones. Whereas, moment slip rate method
estimates higher level of ground motion (0.24g to 0.69g for 2475 years return period) which may be
attributed to the lack in proper data set.

The ground motion conditions as estimated in this work is justifiable in view of expected earthquake
potential of the Himalayan tectonic belt.
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