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The 2011 Sikkim earthquake (M 6.9) of the Himalaya has shown that a moderate size earthquake may
also cause severe damage to the region. Simulated accelerograms using a modiBed hybrid technique have
been generated at spatially distributed 702 points for a moderate size (M 6.9) earthquake in the Sikkim
region of Himalaya to evaluate the seismic hazard in the region. The peak ground acceleration (PGA)
values and response spectra have been derived from the simulated accelerograms. The synthetic PGA
values, corresponding modiBed mercalli (MM) intensity values and response spectral acceleration values
have been contoured to present the scenario hazard maps of the region. A PGA value of 400 cm/s2 has
been estimated in the region near the epicentre of the earthquake. The response spectral acceleration
values for Bve periods corresponding to the natural period (T) of single-storey buildings, double-storey
buildings, 3–4 storey buildings, tall buildings and high-rise buildings have been obtained. The maximum
values of response spectral accelerations estimated in the centre of meizoseismal zone are 1200 cm/s2 (T =
0.1 s), 1800 cm/s2 (T = 0.2 s), 900 cm/s2 (T = 0.5 s), 800 cm/s2 (T = 1.0 s) and 80 cm/s2 (T = 6 s). The
decay curves show that PGA values in the west direction are lower as compared to the values in other
directions at similar distances. Also, it has been observed that the PGA and spectral acceleration values
decay slowly in the west direction compared to other directions. The scenario hazard maps present here
are expected to be useful for mitigating seismic hazards from the region as these maps indicate the
damage potential due to future moderate size earthquakes in the region.
Keywords. Seismic scenario hazard map; Sikkim earthquake; simulated accelerograms; peak ground
acceleration; intensity map.

1. Introduction
Currently, it is neither possible to prevent earthquakes to occur nor to predict them. Techniques
are being developed to mitigate seismic hazards to
a region. The seismic hazards can be mitigated by
Brst evaluating the same. Different types of hazard
analysis, including probabilistic as well as deterministic, can be carried out for a region. In a
probabilistic approach, a given probability of
exceedance in a time interval is assigned to the

strong ground parameters such as peak ground
acceleration (PGA) and response spectral accelerations. The deterministic approach or scenario
ground motions (Anderson 1997) gives the expected scenario in case there is an earthquake. Both
types of available hazard maps need to be updated
continuously by incorporating new information
about the process and type of earthquake in the
region.
For generating such seismic scenario hazard
maps of any region, one needs to estimate hazard
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parameters such as PGA, spectral response
accelerations (Sa) at various time periods by
means of using accelerograms. The site-speciBc
realistic recorded accelerograms play an important role for such analysis. The seismic hazard
may be evaluated based on simulated strong
ground motion time histories in the absence of
recorded accelerograms. A number of techniques
are available for generating strong ground motions
as seen in earthquakes. These techniques include
stochastic approaches (Hanks and McGuire 1981;
Boore 1983, 2003; Boore and Atkinson 1987; Toro
and McGuire 1987; Atkinson and Boore 2006),
empirical/semi-empirical methods (Midorikawa
1993; Joshi et al. 1999; Kumar et al. 1999; Kumar
and Khattri 2002; Joshi and Midorikawa 2004)
and composite source models (Su et al. 1994; Zeng
et al. 1994; Yu et al. 1995; Sriram and Khattri
1999).
Kumar et al. (2011) developed the hybrid technique by combining a semi-empirical envelope
technique (Midorikawa 1993) with composite
source technique (Zeng et al. 1994) to synthesise
the strong ground motions due to earthquakes. The
advantage of the hybrid technique is that neither it
requires the information about the layered velocity–Q structure as required in the methods of
composite source and theoretical Green’s function
nor it requires recorded waveforms as required in
the empirical Green’s function approach. Yadav
(2019) has modiBed the hybrid technique by
incorporating the eAect of empirical transfer functions (site eAects) as well as high-frequency decay
parameter, kappa (j).
The 2011 Sikkim earthquake (M 6.9) in the
Himalaya has shown that a moderate size earthquake may also cause severe damage in the region.
This
earthquake,
involving
predominately
strike–slip motion, is one of the moderate size
earthquakes that occur on the faults transverse to
the Himalayan arc and reCects the heterogeneities
either in the overriding Himalayan wedge or in the
subducting Indian plate (Gahalaut 2011). This
earthquake had caused tremors in many regions of
India as well as in other neighbouring countries,
namely Tibet, Nepal, China, Bhutan and Bangladesh. In India, tremors were felt in West Bengal,
Assam, Meghalaya, Tripura, Jharkhand, Bihar,
Uttar Pradesh, Delhi, Rajasthan and Chandigarh.
We need to be cautious, as argued by Gahalaut
(2011), for similar earthquakes occurring on the
transverse features of the Himalaya. It is, therefore, required to evaluate the seismic hazard of the
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Sikkim region of the Himalaya due to similar
earthquakes in the future.
This study presents the scenario hazard maps of
the Sikkim region of the Himalaya due to a moderate size earthquake. These maps have been prepared by simulating the accelerograms at a large
number of points distributed on a grid in the
region. The modiBed hybrid technique has been
used for this purpose. The parameters of the 2011
Sikkim earthquake (M 6.9) have been adopted for
simulating the accelerograms. The parameters such
as PGA, corresponding MM intensity values and
response spectral acceleration values for different
periods have been determined from the synthetic
accelerograms and contoured ones. The decay
curves of these parameters have been plotted and
discussed. The information provided in these hazard maps may be augmented with the information
available in the probabilistic hazard maps of the
region.

2. Seismotectonics of the region
The Himalayan mountain range (2500 km long) is
a young, dynamic and seismically active range
(from Kashmir to Arunachal Pradesh) around the
world. This mountain zone is related to continent–continent collision between two lithospheric
plates, i.e., the Indian plate and Eurasian plate
boundary. Due to this convergence, there has been
the development of two convergent zones dipping
in the north direction, i.e., main boundary and
main central thrust. The main boundary thrust
zone separates sub-lesser Himalaya, and the main
central thrust separates lesser-higher Himalaya.
The Indian plate boundary moves towards north
and sub ducts beneath the Eurasian plate
boundary with low-dipped fault–plate boundary
fault (Seeber et al. 1981). All the great earthquakes that occurred in the Himalayan region are
associated with this decollement surface (Seeber
et al. 1981).
The studied region (eastern Nepal and Sikkim
Himalaya) is tectonically very active, as major
earthquakes occurred in the north of the main
boundary thrust (Bgure 1). The Sikkim Himalaya
is part of the northeastern Himalaya with different
tectonic domains separated from one another by
thrust faults (Acharya and Sastry 1979; Sinha-Roy
1982). According to seismic zonation of India (BIS
2002), northeast India comes under seismic zone V,
but the Sikkim Himalaya is in seismic zone IV. The
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Figure 1. Past seismicity of region along with 1934, Bihar–Nepal earthquake (M 8.4), 1988 Bihar–Nepal earthquake, 2011,
Sikkim earthquake and some of the sites Gangtok, Cooch Vihar, Dhankuta, Kathmandu, Bhadrapur, Thimphu, tectonic setting
of the Himalaya HFF (Himalayan frontal fault), MBT (main boundary thrust), MCT (main central thrust) and THF (trans
Himadri fault), and the important lineaments of the region namely Tista fault, Gangtok fault, Goalpara fault, Kanchendzonga
fault and Hari–Gauri Shankar fault (modiBed after Yadav et al. 2009 and Chopra et al. 2014).

eastern Himalayan zone has witnessed a number of
earthquakes in the past, i.e., 1950 Assam earthquake (M 8.7), 1988 Gangtok earthquake (M 6.6),
2006 Phodong earthquake (M 5.3) and the 2011
Sikkim earthquake (M 6.9) (Ravi Kumar et al.
2012). However, the 2011 Sikkim earthquake
(M 6.9) was the most devastating and largest ever
earthquake in the locality of the region. The most
quaking eAects were severely felt in eastern Nepal
because of the proximity to the epicentre. The
earthquake also strongly shook northern Bangladesh (Joshi et al. 2012). In the eastern Nepal
Himalaya, the seismic activity is conBned within
the main Himalayan seismic belt (Kayal 2008).
The epicentre of the great earthquake (1934) is at
Himalayan foredeep in the southern side of the
main Himalayan seismic belt (Seeber et al. 1981).
The earthquakes that occurred in the eastern
India–Nepal Himalaya are of shallow focus and the
focal mechanism of the earthquakes is of thrust and
strike–slip faulting. In addition, the transverse
tectonics is observed in the foothills and main

Himalayan seismic belt (Mukhopadhyay 1984;
Pandey and Molnar 1988; Kayal 2001, 2008).
The Sikkim Himalaya is a part of the fold thrust
belt. It includes sub-Himalaya, lesser Himalaya,
higher Himalaya and parts of Tibetan Himalaya,
which are separated by the main boundary, main
central thrust and south Tibetan detachment system, respectively. The main tectonic lineaments of
the Sikkim Himalaya are Tista and Gangtok lineaments trending in NW–SE direction (GSI 2000),
Goalpara lineament trending in WNW–ESE
direction (De and Kayal 2004) and Kanchendzonga
lineament trending in NE direction (Bgure 1).
Although in the Sikkim region, there are several
thrusts and faults and lineaments, the focal mechanism of most of the major earthquakes is dominantly reCected via transverse tectonics (Pradhan
et al. 2013). Most of the earthquakes have occurred
along Tista and Gangtok lineaments (Hazarika
et al. 2010). The region has not witnessed large
earthquakes (M [ 7) in its recorded history. About
80 earthquakes with magnitude [4.0 have been
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reported by the International Seismological Centre
(Chopra et al. 2014). The seismicity of the region
has been shown in Bgure 1.
3. Technique used for synthesising
the strong ground motion

and

The hybrid technique (Kumar et al. 2011) is based
on a combination of envelope function (Irikura
1986; Midorikawa 1993) and composite source
model (Frankel 1991; Zeng et al. 1994). In this
technique, at Brst, the envelope function of the
target earthquake is computed by summation of
envelope functions that are generated from smallsize earthquakes. In the fault plane, the small-size
earthquakes with different sizes (magnitude) are
distributed in a random manner. Then the
accelerograms of the target event (large earthquake) are computed by multiplying the envelope
function of the target event with band-limited
white noise. Yadav (2019) has modiBed this hybrid
technique further by incorporating the high-frequency decay parameter kappa (j) factor (Anderson and Hough 1984) and site ampliBcation
functions.
The envelope, e(t), determined empirically from
each of the subevent on the fault is deBned as
(Kameda and Sugito 1978):
 


at
t
exp 1 
;
ð1Þ
eðt Þ ¼
d
d
where a is the PGA value and d is deBned as the
duration parameter of the envelope waveform.
The envelope function of target earthquake, E(t)
is determined by the expression (Midorikawa
1993):
hX X
i1=2
:
ð2Þ
EðtÞ ¼
eij2 ðt  tij Þ
The envelope function, eij, corresponds to (i,j)th
sub-element of the fault plane and is estimated
from equation (1), tij is the delay in time due to
rupturing movement and travelling of the seismic
waves.
According to the composite source model, the
numbers of subevents are given by the expression
(Zeng et al. 1994):


N ðRÞ ¼ p=D RD  RD
max ;

of the largest sub-event and p is a parameter given
by Zeng et al. (1994):


p ¼ 7M0E ð3  D Þ =½16DrðRmax  Rmin Þ
ð4Þ
when D 6¼ 3;

ð3Þ

where N is the number of sub-events with radius
[R, D is the fractal dimension, Rmax is the radius

p¼

7M0E





Rmax
16Dr ln
Rmin

when D ¼ 3: ð5Þ

The size of the sub-events is given by

Ri ¼

DNi
þ RD
max
p

1=D
;

ð6Þ

where Ni is the ith random number and Ri is the
radius of ith subevent. The seismic moment has
been realised by the expression (Zeng et al. 1994):
M0R

¼

X

  X
16
M0 ¼
Dr
R3i :
7

ð7Þ

The stress drop may be adjusted to achieve
M0R ¼ M0E .
A number of such models can be possible as
subevents of different sizes have been distributed
on the fault plane randomly. Genetic algorithm is
applied for the accepted location of the sub-events
to model the synthetic accelerograms of an earthquake. Genetic algorithm is a global optimisation
technique that uses the natural standard of the
existence of the Bttest. It starts with a population
of possible solutions (models). The synthetic data
generated from these models are compared with
those of observed data, and a Btness score is
assigned to each model of the population. The main
operators of genetic algorithm are selection, crossover and mutation that are applied to the present
generation to produce the next generation of
models. This process continues as a model till the
maximum possible Btness is obtained.
The different regions of the Himalaya have different attenuation characteristics and relations. In
a recent study, Kusham and Kumar (2019) have
found that the PGA values estimated from relations of McGuire (1978) and Abrahamson and
Litehiser (1989) are reasonably proximate with the
observed PGA values of the Sikkim earthquake
(2011). The computed PGA values using the
regression relation of Abrahamson and Litehiser
(1989) are found to be satisfactory with the
observed ones (Yadav 2019). Therefore, in the
current study, for modelling of synthetic
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Figure 2. Analytical framework of modiBed hybrid technique, distribution of sub-events with different size of the event is shown
in the fault plane, estimation of the envelope of target earthquake, the simulated accelerograms with the introduction of ‘j’ and
site eAects with the resulted Fourier and response spectrum (modiBed after Kumar et al. 2011).
Table 1. Parameters used in the synthesising of the strong ground motions (Yadav 2019).
Sl. no.

Parameter

Value

1
2
3

Causative fault plane
Focal depth (km)
Epicentre

4
5

Seismic moment (dyne-cm)
Fault length and width (km)

Strike: 130°, dip: 90°
19.7 (USGS)
27.73°(N),
88.155°(E) (USGS)
2.734 9 1026 (USGS)
51 and 12.7

6
7
8
9
10
11
12
13

No. of subevents
Radius of smallest subevent (km)
Radius of largest subevent (km)
Fractal dimension
Shear wave velocity (km/s)
Crustal density (g/cm3)
Dynamic stress drop (bar)
Qs

16
2.8
6.0
2
3.6
2.8
115
500f 1.2

accelerograms, the following relation given by
Abrahamson and Litehiser (1989) is used:
logðaÞ ¼  0:62 þ 0:177Ms
 0:982 logðx þ expð0:248Ms ÞÞ
þ 0:132F  0:0008ER:

ð8Þ

In the above equation, a represents the PGA (in
g), Ms represents the magnitude of S-wave (surface

Reference
USGS
USGS
USGS
USGS
Wells and Coppersmith
(1994)
Current study
Current study
Current study

Yadav (2019)

wave) and x represents the hypo-central distance
(in km). The value of F is 1 for reverse fault and 0
otherwise. The value of E is 1 or 0 for interplate
and intraplate events, respectively. The Sikkim
earthquake is due to predominantly strike–slip
motion on steep fault plane transverse to the
Himalayan trend. Therefore, the values of F and
E are taken as 0 and 1, respectively. The standard
error is 0.277 in the given regression relation.
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Figure 3. Best location of sub-events in the fault plane, the red star represents the reported hypocentre. Dotted lines show the
rupture progression in the fault plane.

Figure 4. Simulated and observed accelerograms, the corresponding Fourier spectra and response spectrum (with 5% damping)
at the recording stations (a) Gangtok and (b) Cooch Vihar. Figures in bracket represent the PGA values.

Midorikawa (1993) has developed the following
empirical relation to compute the duration
parameter of envelope function:
0

d ¼ 0:015  100:5M þ 0:12x 0:75 ;

ð9Þ

where d (s) is the duration parameter, M is the
earthquake magnitude and x (km) is the source–site

distance. Joshi et al. (2012) modiBed this relation for
Sikkim Himalaya by modifying the distance factors
as follows:
0

d ¼ 0:0015  100:5M þ 1:08x 0:41 :

ð10Þ

Yadav (2019) has further modiBed the above
relation using trial values for the coefBcient of
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Figure 5. Spatial distribution of 702 grid points (modiBed after Yadav et al. 2009 and Chopra et al. 2014).

magnitude for better matching with the duration
of empirical accelerograms of the 2011 Sikkim
earthquake and obtained the following relation
used in the present analysis:
0

d ¼ 0:0015  100:6M þ 1:08x 0:41 :

ð11Þ

The modiBed relation has been found to be
satisfactory for synthesising the accelerograms of
the studied region. The required site ampliBcation
functions and spectral decay parameter have been
estimated by Yadav (2019) used in the current
study. Figure 2 shows the analytic framework of
the technique used in the simulation. All the
relations, i.e., regression relation for PGA,
duration, Q-relation, kappa and site ampliBcation
function, etc., used in the current study have been
veriBed for the Sikkim region (Yadav 2019). The
site ampliBcation along with kappa and Q-relation
have been incorporated in the technique by
multiplying the ampliBcation functions with the
Fourier spectra of synthetic accelerogram and then
transformed back into the time domain using
inverse Fourier transform.

4. Results and discussion
The modiBed hybrid technique used in this
research study required parameters such as fault
dimensions, the orientation of the fault (strike and
dip), number of sub-events, size and location of
sub-events on the fault plane, rupture velocity,
dynamic stress drop, shear wave velocity, regression relation for PGA, duration, Q-relation for the
region, j-values and site ampliBcation functions for
synthesising the accelerograms. The important
parameters used in the simulation of strong ground
motions are given in table 1. The length and width
of the fault plane have been estimated using the
following relation given by Wells and Coppersmith
(1994):
logðRAÞ ¼ a1 þ b1  M ;

ð12Þ

where RA is the rupture area (km2), a1 and b1 are
the coefBcients and standard errors and M is the
magnitude of the earthquake.
logðRWÞ ¼ a2 þ b2  M ;

ð13Þ
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Figure 6. (a) Spatial distribution of PGA values (cm/s2), epicentre and causative fault plane of the Sikkim earthquake and some
of the sites Gangtok, Cooch Vihar, Dhankuta, Kathmandu, Bhadrapur, Thimphu, tectonic setting of the Himalaya
HFF – Himalayan frontal fault, MBT – main boundary thrust, MCT – main central thrust and THF trans Himadri fault,
and the important lineaments of the studied region, namely, Tista fault, Gangtok fault, Goalpara fault, Kanchendzonga fault,
Hari–Gauri Shankar fault. (b) Map of the inner high value contours. (c) Decay curves for PGA values in four directions.

where RW is the downdip rupture width (km) and
a2 and b2 are the coefBcients and standard errors.
Figure 3 shows the best locations of sub-events
obtained from the genetic algorithm method. The
numbers written in circles (sub-events) represent
the magnitude of the respective sub-events. The
focal depth of the earthquake is 19.7 km (USGS).

The high-frequency radiations observed in
accelerograms from earthquakes are due to complicated rupture process and/or heterogeneities
present on the fault surface. The complexities on
the fault surface have been introduced in the
hybrid technique by randomly distributing the
sub-events on the fault plane. The empirical
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Figure 6. (Continued.)

Table 2. Maximum estimated PGA values for the different regions of India and surrounding.
Sl.
no.
1

Region

Earthquake
magnitude
(Mw)

6.1

Semi-empirical
approach
GMPEs

3

Brahmaputra valley,
northeast India
Sichuan–Yunnan
border, China
Kolkata, India

6.2

ANN model

4

Chamoli, India

6.4

5

Delhi, India

6.0

6
7

Sikkim, India
Sikkim, India

8.3
6.9

Semi-empirical
approach
Semi-empirical
210–300
approach
Microzonation approach 1020
ModiBed hybrid
400
technique

2

6.0

Technique used

Maximum estimated
PGA values
(cm/s2)

relations used in the hybrid technique for determining the peak and duration of the envelope
functions as well as Q-relation are developed from
the observations. Therefore, these relations address
the media heterogeneity in a broad sense.
The hybrid technique used for simulation
involves the random distribution of sub-events of
different magnitudes on the fault plane as shown in
Bgure 3. The position of nucleation point has been
chosen in congruity with the reported hypocentre

Reference

250

Joshi et al. (2007)

907

Hu et al. (2016)

184 (bedrock level),
220–370 (surface
level)
300

Shiuly et al. (2017)

Kumar and Khattri
(2002)
Sandhu et al. (2011)
Nath et al. (2008)
Current study

location of the earthquake. A small subevent of
magnitude 2 has been Bxed at the nucleation point
to start the rupture. However, its presence does not
aAect the simulation of the accelerograms as for
such a small magnitude, the corresponding contribution to the waveform will be quite insignificant.
The dashed lines on the fault plane show the rupture propagation that triggers the centre of subevents. In an actual rupture process, the entire
fault plane will have a fault slip distribution. There
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Figure 7. Contour maps of synthetic MMI values.

will be zones with larger slips and others with
smaller slips on the fault plane. These may be
modelled by distributing subevents of varying sizes
Blling up the entire fault plane while conserving the
magnitude constraint. In the current analysis, the
subevents of magnitudes in the range of 5–6 have
been distributed due to limitation of empirical
relations used for determining peak and duration of
envelope functions. Therefore, in the simulation
fewer sub-events are present, leaving zones of the
fault surface without any sub-event. However, it is
noted that very small events, which essentially will
Bll the fault surface, do not contribute significantly
to the accelerograms.
The direction of rupture propagation that starts
from the nucleation point aAects the PGA values.
The estimated PGA values, as discussed subsequently, are higher for the sites lying in the forward
direction of rupture propagation as compared to
the sites lying in the direction away from rupture
propagation.
Yadav and Kumar (2021) have shown the Bdelity of the hybrid technique by successfully modelling the empirical accelerograms of the 2011
Sikkim earthquake at all the recording stations.
The results of their study for two stations have
been shown here for illustration purposes. The
observed accelerograms for stations Gangtok and
Cooch Vihar have been downloaded from http://

www.pesmos.in. Figure 4 shows the comparison of
simulated accelerograms, corresponding Fourier
spectra and response spectra with those of
observed ones at the sites Gangtok and Cooch
Vihar. It has been noted that the simulated PGA
value of 157 cm/s2 at Gangtok is close to the
observed values (149 cm/s2 for L-component and
158 cm/s2 for T-component) at the same site.
Similarly, the matching between the observed
PGA values (58 cm/s2 (L) and 44 cm/s2 (T)) and
simulated PGA value (42 cm/s2) at Cooch Vihar is
good. Overall the simulated PGA values, the
Fourier and response spectra are in agreement with
those of observed ones at both sites. This shows the
Bdelity of the technique for the Sikkim region.
The accelerograms have been synthesised at 702
spatial distributed points on a grid of 0.5° 9 0.5°
for the Sikkim region. The spatial distribution of
the grid points is shown in Bgure 5.

4.1 Contours of PGA and synthetic modiBed
Mercalli intensity (MMI) map
The contour map of PGA has been prepared by
using synthesised accelerograms for the region.
From the computed PGA values, the synthetic
MMI map has been prepared. The PGA values
estimated from the synthetic accelerograms have

J. Earth Syst. Sci. (2022)131:84

Page 11 of 18 84

Figure 8. (a) Spatial distribution of the spectral acceleration (Sa) values for the period T = 0.1 s (single-storey buildings) in the
region. (b) Decay curves of spectral acceleration (Sa) values (T = 0.1 s) with distance from earthquake source in four directions.

been contoured for the region and are shown in
Bgure 6(a). The inner high-value contours are
comparatively elongated, and lower value outer
contours become circular as we move away from
the fault (Bgure 6b). This is due to the direction of
rupture propagation from the nucleation point on
the fault plane. Accordingly, the sites that lie in
line with the forward direction of rupture propagation will be having higher PGA values as

compared to the sites that lie towards a direction
away from the rupture propagation.
In the region near the epicentre, the computed
value of PGA is about 400 cm/s2. The PGA values
for some of the cities are picked from the map, i.e.,
Dhankuta – 87 cm/s2, Bhadrapur – 75 cm/s2,
Thimphu – 72 cm/s2 and Kathmandu – 20 cm/s2.
The scenario hazard map of PGA for the Sikkim
region is also presented by Nath et al. (2008), but
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Figure 9. (a) Spatial distribution of the spectral acceleration (Sa) values for the period T = 0.2 s (double-storey buildings) in the
region. (b) Decay curves of spectral acceleration (Sa) values (T = 0.2 s) with distance from earthquake source in four directions.

the epicentre of the scenario earthquake is at the
Jorethang site with a magnitude of 8.3. Due to this
reason, the spatial distribution of PGA values is
different from the current study. The maximum
value of PGA at the Jorethang is about 1020 cm/
s2. Similar studies of the seismic hazard maps of the
different regions have been presented by many
researchers (Kumar and Khattri 2002; Joshi et al.

2007; Sandhu et al. 2011; Hu et al. 2016; Shiuly
et al. 2017). The estimated maximum PGA values
for the different regions of the world and used
techniques in the estimation of PGA are shown in
table 2.
Figure 6(c) shows the decay of PGA values with
distance from the earthquake source in the four
directions. The PGA values in the west direction are
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Figure 10. (a) Spatial distribution of the spectral acceleration (Sa) values for the period T = 0.5 s (3–4 storey buildings) in the
region. (b) Decay curves of spectral acceleration (Sa) values (T = 0.5 s) with distance from earthquake source in four directions.

lower as compared to the values in other directions
at similar distances. This is supported by the damage pattern during the 2011 Sikkim earthquake. The
region of eastern Nepal situated in the west direction
experienced less damage as compared to the Sikkim
region (Mahajan et al. 2012; Chopra et al. 2014). The
difference in PGA values shows the eAect of the
direction of rupture propagation. It gives an idea

about the level of damage in different directions for a
similar future earthquake.
The simulated values of PGA are transformed
into MMI values. The PGA–MMI relation derived
for the Himalayan region by Panjamani et al.
(2016) has been used for converting simulated
PGA values into MM intensity values. Figure 7
shows the synthetic intensity contours drawn on
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Figure 11. (a) Spatial distribution of the spectral acceleration values (Sa) for the period T = 1.0 s (tall buildings) in the region.
(b) Decay curves of spectral acceleration (Sa) values (T = 1 s) with distance from earthquake source in four directions.

the basis of the relation given by Panjamani et al.
(2016):
MMI ¼ 0:1417 þ 3:2335ðlogðPGAÞÞ:

ð14Þ

The maximum synthetic intensity VIII found in
the current study is consistent with the reported
intensity map by Prajapati et al. (2013). The
maximum intensity reported by USGS is VII.

4.2 Seismic scenario hazard map
The seismic scenario hazard maps have been
analysed for the aim of better understanding of
distribution characteristics of strong ground
motions. The spectral acceleration (Sa) values at
different periods have been estimated from the
corresponding response spectra obtained from the
simulated accelerograms. These periods are
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Figure 12. (a) Spatial distribution of the spectral acceleration (Sa) values for the period T = 6.0 s (high-rise buildings) in the
region. (b) Decay curves of spectral acceleration (Sa) values (T = 6 s) with distance from earthquake source in four directions.

corresponding to single-storey buildings (T = 0.1
s), double-storey buildings (T = 0.2 s), 3–4 storey
buildings (T = 0.5 s), tall (9–10 storey) buildings
(T = 1 s) and high rise (more than 10 storey)
buildings (T = 6.0 s). The contour map of response
spectral accelerations (Sa) for the period T = 0.1 s
and their decay curves with distance in four
directions are shown in Bgure 8(a and b),

respectively. Similar maps showing the spatial
distribution of response spectral acceleration (Sa)
values for the other periods and decay curves have
been shown in Bgure 9(a and b) (T = 0.2 s),
Bgure 10(a, b) (T = 0.5 s), Bgure 11(a and b) (T =
1 s) and Bgure 12(a and b) (T = 6 s).
The sinuous behaviour of the contours in these
Bgures is the manifestation of the algorithm used in
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contouring and may not represent the true picture
of the ground. The average values may be used
where the contours are wandering in this way. The
maximum values of response spectral accelerations
estimated in the regions near the earthquake
source are 1200 cm/s2 (T = 0.1 s), 1800 cm/s2 (T =
0.2 s), 900 cm/s2 (T = 0.5 s), 800 cm/s2 (T = 1.0 s)
and 80 cm/s2 (T = 6 s). It has been observed, as in
the case of PGA also, from the decay curves that
the absolute values are lower in the west direction
as compared to the other directions. The locations
of the buildings in the region may be superimposed
on the contour maps to evaluate the seismic hazard
of different types of buildings.

J. Earth Syst. Sci. (2022)131:84
of the earthquake hazard in the region. The scenario hazard maps present in this research indicates the possible scenario in case a future
earthquake of similar magnitude occurs in the
region. The maps presented here are useful to
mitigate the seismic hazard from the region.
Acknowledgements
The authors acknowledge Kurukshetra University
for its support. The authors are grateful to the
editor and anonymous reviewers for their constructive comments that have helped to improve
the manuscript.

5. Conclusions
Author statement
The scenario seismic hazard maps in the form of
the spatial distribution of PGA values, MM
intensities and response spectral acceleration values due to moderate-size earthquake have been
presented for the Sikkim region of the Himalayas.
In the region near the epicentre, the computed
value of the PGA is about 400 cm/s2. The PGA
values at the city Dhankuta are about 87 cm/s2,
and it is 75 cm/s2 and about 72 cm/s2 at Bhadrapur and Thimphu, respectively.
In the centre of the meizoseismal zone the maximum values of response spectral accelerations
have been found to be 1200 cm/s2 for T = 0.1 s,
1800 cm/s2 for T = 0.2 s, 900 cm/s2 for T = 0.5 s,
800 cm/s2 for T = 1.0 s and 80 cm/s2 for T = 6 s.
The decay of PGA and spectral acceleration values
for the above-described periods with distance from
the reported epicentre (USGS) of the earthquake
have been obtained. The PGA values in the west
direction have been found to be lower as compared
to the values in other directions at similar distances. This may be due to the eAect of the direction of rupture propagation that start from the
nucleation point on the fault plane. Also, it has
been observed from the decay curves that, along
with the PGA values the spectral acceleration
values decay slowly in the west direction as compared to other directions. Westward energy decay
is due to local site condition of lithology (effect of
media) of the region.
Also, the source used in the current technique is
close to the realistic scenario as the distribution of
sub-events is random. Therefore, these scenario
hazard maps may be considered as informative and
useful to the local administrators for the mitigation
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