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Abstract Strong-motion records of recent Gorkha Nepal
earthquake (M,, 7.8), its strong aftershocks and seismic
events of Hindu kush region have been analysed for esti-
mation of source parameters. The M,, 7.8 Gorkha Nepal
earthquake of 25 April 2015 and its six aftershocks of
magnitude range 5.3-7.3 are recorded at Multi-Paramet-
ric Geophysical Observatory, Ghuttu, Garhwal Himalaya
(India) >600 km west from the epicentre of main shock of
Gorkha earthquake. The acceleration data of eight earth-
quakes occurred in the Hindu kush region also recorded at
this observatory which is located >1000 km east from the
epicentre of M, 7.5 Hindu kush earthquake on 26 October
2015. The shear wave spectra of acceleration record are
corrected for the possible effects of anelastic attenuation
at both source and recording site as well as for site ampli-
fication. The strong-motion data of six local earthquakes
are used to estimate the site amplification and the shear
wave quality factor (Qp) at recording site. The frequency-
dependent Qy(f) = 124f 098 is computed at Ghuttu station
by using inversion technique. The corrected spectrum is
compared with theoretical spectrum obtained from Brune’s
circular model for the horizontal components using grid
search algorithm. Computed seismic moment, stress drop
and source radius of the earthquakes used in this work
range 8.20 x 10'-5.72 x 10%° Nm, 7.1-50.6 bars and
3.55-36.70 km, respectively. The results match with the
available values obtained by other agencies.
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Introduction

The Himalayan region is complex on account of tectonic
deformation and geological set-up due to the ongoing
India—Eurasia collision since ~55 Ma (Yin 2006; Muller
2010; Mukherjee 2005, 2013; Jain 2014; Mukherjee et al.
2013, 2015). In the past, the region has witnessed natu-
ral disasters such as devastating earthquakes. Well-docu-
mented and instrumentally recorded events in the Himalaya
include 1887 Shillong, 1905 Kangra, 1934 Bihar, 1950
Assam and 2005 Muzaffarabad earthquake. The recent
shallow focused Gorkha Nepal earthquake (M,, 7.8 of 25
April 2015) and intermediate depth focused Hindu kush
earthquake (M, 7.5 of 26 October 2015) are the events
of same extent occurred in the central and western part
of the Himalaya, respectively (Fig. 1). The 15-km-deep
Gorkha Nepal earthquake has caused a widespread destruc-
tion and casualties of over 8500 in Nepal (Bilham 2015)
and also in nearby regions. The earthquake was followed
by several M > 5.0 large size aftershocks. The aftershock
occurred on 12 May 2015 is the largest event with M, 7.3.
Figure 1 presents the epicentres of main shock and large
size aftershocks. The recent Hindu kush earthquake of
M,, 7.5 occurred on 26 October 2015 is the largest earth-
quake of Hindu kush region (Fig. 1) within the western
edge of the Himalayan belt during last 10 years. The Hindu
kush region is one of the world’s most seismically active
areas where most of the earthquakes occur at 70-300 km
intermediate focal depth (Pavlis 2000). Due to intermedi-
ate focal depth, the recent earthquake in this region was
not so severe; however, it has shattered different parts of
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Fig. 1 Location of recording station, epicentres of local events,
Hindu kush region earthquakes, Gorkha Nepal earthquake and its
aftershocks. Epicentres of major events (M,, > 7.0) are marked with

surrounding countries, i.e. Afghanistan, Pakistan, India and
Tajikistan. The recent Nepal and Hindu kush earthquakes
and their corresponding strong aftershocks with magnitude
range 5.2-7.3 were recorded at Ghuttu accelerograph sta-
tion (30.53°N, 78.74°E and 1868 m altitude) situated in
Garhwal Himalaya, Uttarakhand, India.

The strong-motion data are utilized to investigate the
attenuation and site effects of region during the occurrence
of major and higher magnitude earthquakes. The far-field
records are also utilized for calculation of source param-
eters (e.g. seismic moment, rupture source radius and the
stress drop) of large magnitude earthquake (Kanamori
1979; Irikura 1983). These parameters are evaluated based
on the circular source model of Brune (1970) and follow-
ing Aki (1967). Recent advancement of digital recording
system has assisted for the improvement in mathematical
computing and relating the waveform spectra to different
earthquake source parameters (Hanks 1977; Hanks and
Kanamori 1979; Fletcher 1980, 1982). The high-frequency
acceleration spectra generated at the source are modified
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orange star and other earthquakes with red circle. Focal mechanisms
extracted from USGS Harvard CMT solutions of M > 5.3 are shown
with lower hemisphere beach balls

along the propagation path and recording site. The ampli-
tude decays as frequency rises. Therefore, at the recording
site, the acceleration spectra are corrected for the diminu-
tion function to evaluate source parameters. The diminution
function or decaying amplitude accounts to the geometrical
spreading and anelastic attenuation term (Joshi et al. 2014),
which are to be corrected at recording site. The anelastic
attenuation is measured through shear wave quality factor,
which plays an important role for the acceleration spectrum
at large epicentre distance.

In the present work, source parameters of earthquakes
in Nepal and Hindu kush region are estimated based on
variable attenuation and site effects. The strong-motion
data recorded by accelerograph station at Ghuttu, Garhwal
Himalaya, at far-field distance are used, and the record-
ing station situates in the west to the epicentres of earth-
quakes from Nepal region and to the east from Hindu kush
region. In strong motion data, peak ground acceleration is
associated with S-phase (Hadley et al. 1982; Kumar et al.
2013b, 2014b); therefore in this work, S-phase is utilized
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to estimate source parameters of various earthquakes. The
inversion technique proposed by Joshi (2006) and latter
modified by Joshi et al. (2012) and Kumar et al. (2015) is
used to estimate Qg(f) and site effects at recording station,
and these values are further used to correct the observed
spectrum. The spectrum is corrected for anelastic attenua-
tion for both at the site and the source region. The com-
puted Qg(f) value at recording station is used to correct
the spectrum for site region, and Qy(f) values provided by
various other workers for source region, i.e. Nepal region
and Hindu kush region, are utilized to correct the spectrum
for source region. The final corrected spectrum is compared
with theoretical Brune’s spectrum by using grid search
method which provides various source parameters of the
earthquakes used in this work.

Strong-motion data and earthquake source
information

Wadia Institute of Himalayan Geology (WIHG), Dehra-
dun, India, has installed a strong-motion recorder (accel-
erograph) at Ghuttu (India) station (Kumar and Khandel-
wal 2015). The Multi-Parametric Geophysical Observatory
(MPGO) observatory lies over the Garhwal Lesser Hima-
laya, very close to the Vaikrita Thrust, a local tectonic name
of the Main Central Thrust (MCT) (Mukherjee and Koyi
2010). The Garhwal Lesser Himalaya is comprised of fos-
siliferous Riphean sediments and in general covered by vast
low- to medium-grade metamorphic rocks (Valdiya 1980).
The region surrounding to the station belongs to Rautgara
Formation of Lesser Himalaya that consists predominately
quartzite comprising shale, slates and metavolcanic rocks
(Islam and Thakur 1998; Vyshnavi et al. 2014). The accel-
erograph is a part of ten another geophysical instruments
installed at single station under the MPGO for earthquake
precursory studies. The accelerograph is located at a dis-
tance more than 600 km in the west from the rupture zone
of M, 7.8 Gorkha Nepal earthquake (Fig. 1). The Hindu
kush earthquake of 26 October 2015 is located ~1000 km
west of this station (Fig. 1). The station is equipped with
MS20044 force-balance accelerometer of SYSCOM
instruments, Switzerland, which was installed in 2007. It is
force feedback triaxial accelerometer having >500 Hz natu-
ral frequency. Its amplitude frequency response ranges up
to 150 Hz with dynamic range of 110 dB and can meas-
ure £1 g gravity variation. The 16-bit instrument records
the strong-motion data in trigger mode at a sampling rate
of 200 samples per second (Kumar and Khandelwal 2015).

The six local events having hypocentral distance
between 36 and 109 km from MPGO are used to calcu-
late Qy(f) and site effects at this station. The location
and waveform record of these local events are shown in

Fig. 2. The raw data collected from the accelerograph are
corrected for baseline correction and instrument response
based on the procedure described by Boore and Bommer
(2005). In order to record strong and bigger size (M > 6.0)
earthquake from any part of the Himalaya, the trigger
threshold of the accelerometer is kept at very low level of
0.245 mg. It has nicely recorded the temporal variation of
acceleration during the occurrence of this recent Gorkha
Nepal earthquake of 25 April 2015 and its large size after-
shocks and bigger size (M > 5.2) earthquakes from Hindu
kush region. Detailed information of these events is given
in Table 1, and the horizontal components of waveform
records of five seismic events from the Nepal region and
four events from the Hindu kush region are plotted in
Fig. 3. The focal mechanisms of thirteen events of these
earthquakes are extracted from USGS Centroid Moment
Tensor (CMT) solutions and plotted in Fig. 1. Except one,
all these events have caused thrust/reverse displacement on
the rupture fault; however, none has extended up to earth’s
surface. Among these, the largest and shallow focused M,
7.8 Gorkha Nepal earthquake has ruptured an upper crus-
tal section between 5 and 15 km depth (Elliott et al. 2016;
Whipple et al. 2016). A shallow focused major event (M,,
7.2) has pure strike slip motion of the rupture fault which is
located in the northeast of Hindu kush within Tibetan pla-
teau and to the north of western Himalayan syntaxes. Shal-
low focused seismic events of eastern Nepal region show
thrust mechanism located on the Main Himalayan Thrust
(MHT) causing thrusting of Indian plate under the Himala-
yan wedge and Eurasian plate. Seven events of intermedi-
ate focal depth of the Hindu kush region have thrust/reverse
focal mechanisms with variable strike directions. The focal
depth of these events is also variable, and it is supposed
that the seimogenesis of this part is related to the subducted
slab of the mantle of the Indian tectonic plate. The past and
recent seismic activity reports intermediate depth earth-
quakes occurring in a slab of lithosphere hanging in the
mantle (Chatelain et al. 1980; Roecker et al. 1980; Yadav
et al. 2013; Ali and Shanker 2016).

Methodology

The acceleration spectra of the shear wave are analysed to
calculate the earthquake source parameters. In the present
work, acceleration spectra ‘A(f)’ at a hypocentral distance
R can be computed by the following formula (Boore 1983;
Atkinson and Boore 1998):

A(f) = D(f)SA() (D

where the terms D(f) and S,(f) represent diminution func-
tion and source acceleration spectra, respectively. The dim-
inution function is the resultant of geometrical spreading

@ Springer



2374 Int J Earth Sci (Geol Rundsch) (2017) 106:2371-2386
(S)M4.3 (2)M 4.6
Epi distance = 34 km Epi distance = 63 km
EW l EwW
|
NS NS
(4)Mm43 (6) M 5.1
Epi distance = 61 km % A Epi distance =73 km
31.50 -
EW ﬁ ' EW
4
|
J
>
NS NS
I~ - /
\ -~ _ !
\ A
PN dVI\EGO Ghuttu ! ()M 4.1
(3) M 5.0 <\ NS - Epi dist: =108 ki
Epi distance = 65 km TN N T N pi distance = m
N 4'0
7.
EW N \ EwW
\
\
RS | | -
\ A
L7 = \
NS *r ~ NS
29.50 >
77.5° 80°
(a)
Longitude
77.5 78 78.5 79 79.5 80
. | | | | |
3 —
—~ 6 —] 4
IS
=3
5 —
Q.
[}
[a)
1 97
® e @ &
(3) (6)
12 — o
(2
15 —
(b)

Fig. 2 a NS and EW component of acceleration records of six local
seismic events recorded at MPGO Ghuttu station, b depth of the
events corresponding to their epicentres. Marked event number is

@ Springer

based on Table 1 of local events near recording station. Circle and tri-
angle represent location of event and recording station, respectively.
The tectonic features of the region are marked after Valdiya (1980)
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Table 1 Origin time and information of the events used in the present study

SN. Date Origin time Lat. Long. Depth Magnitude Source
(dd-mm-yyyy) (hh:mm:s) (@) ® (km)
Local events located close to recording station
1 10-07-2010 03:16:20 29.9 79.6 10 4.1 India Meteorological
2 20-06-2011 06:27:18 30.5 79.4 12 4.6 Department (IMD)
3 09-02-2012 19:17:29 30.9 78.2 10 5.0
4 11-02-2013 10:48:55 31.0 78.4 05 43
5 06-04-2013 22:29:31 30.5 79.1 10 43
6 01-04-2015 21:23:54 30.2 79.4 10 5.1
Earthquakes occurred in Nepal and Hindu kush (Afghanistan) region
1 25-04-2015 06:11:26 28.1 84.7 15 7.8 United States Geological
2 25-04-2015 06:45:21 28.1 84.8 14.6 6.6 Survey (USGS)
3 25-04-2015 06:56:05 27.9 85.6 10 5.5
4 25-04-2015 08:55:56 27.6 85.5 10 5.3
5 26-04-2015 07:09:10 277 86.0 17.3 6.7
6 12-05-2015 07:05:19 27.8 86.0 15 7.3
7 12-05-2015 07:36:53 27.6 86.1 15 6.3
8 26-10-2015 09:09:42 36.5 70.3 231 7.5
9 22-11-2015 18:16:04 36.4 71.4 102 5.7
10 07-12-2015 07:50:05 38.2 72.7 22 7.2
11 25-12-2015 19:14:47 36.4 71.1 206 6.3
12 02-01-2016 08:37:22 36.5 70.9 189 52
13 12-01-2016 20:04:59 36.5 70.9 239 5.7
14 21-02-2016 09:12:08 36.4 70.8 174 52
15 10-04-2016 10:28:58 36.4 71.1 212 6.6

and anelastic attenuation along the wave propagation path
which is described by Boore and Atkinson (1987) as given
below:

D(f) = [e RIQDEGR)IP(f, fm) )

The terms P(f, f,,) and G(R) represent high-cut fil-
ter and geometrical spreading, respectively. The function
e~ RIOBUB denotes anelastic attenuation, in which the
terms R, Qy(f) and B denote hypocentral distance, fre-
quency-dependent shear wave quality factor and shear
wave velocity, respectively. Source acceleration spectrum is
computed by using Eq. (1):

Sa(f) = A()/D() 3)

The earthquake source size equivalent to rupture area
can be expressed by seismic moment (M,). In the present
work, corner frequency (f.) and long-term flat level (£2,)
obtained from spectra of recorded data are used to deter-
mine the seismic moment which is expressed as (Brune
1970, 1971):

M, = 47pp>2oR/FS Roy @)

In this equation, the terms p, §, FS and RG(p are den-
sity, velocity of S-wave, free surface effect and radiation

pattern coefficient, respectively. The density and veloc-
ity of S-wave are considered as 2700 kg/m> and 3.5 km/s,
respectively. The ‘R’ is considered as 0.63 for shear
wave (Atkinson and Boore 1995). The source radius (r,) is
defined as the radius of circular crack of rupture and is sig-
nificant to model for obtaining earthquake source param-
eters. The expression relating source radius with the corner
frequency (Brune 1970, 1971) of the recorded spectra is
expressed as:

ro = 2.348/2xf, 5)

Stress drop (Ao) is another important source param-
eter of an earthquake. Stress drop is defined as difference
of shear stress on fault rupture zone before and after the
occurrence of earthquake event (Ruff 1999). To evalu-
ate a complete stress release from earthquake event, the
stress drop can be calculated from seismic moment and the
source radius using the expression given below (Papageor-
giou and Aki 1983):

Ao =TM, /1673 (6)

As stated above, the recording station lies far away from

the source region, and therefore, source and site region may
have different attenuation characteristics. Therefore, in the
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Fig. 3 Acceleration records of NS and EW components of strong
and higher magnitude earthquakes of five events from the Nepal
region (M, 7.8 Gorkha Nepal earthquake and its aftershocks) and

present work, variable attenuation relations are used to cor-
rect the spectra. Separate values of quality factors are used
for source and site regions. Hence, the following relation is
used to compute the diminution function (Joshi et al. 2014):

R—100+ 100 )}
Op2.82 Qg -Bi

Qg and Oy, are the quality factors of source and record-
ing site regions, respectively where B, and §, are the s-wave

D(f) = exp [_nf< %)
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four events from the Hindu kush region. Marked event number is
based on Table 1 which has detailed information of earthquake
sources

velocities of these two regions, respectively. Therefore, in
the present work, the region less than 100 km of hypocentral
distance is considered as source region and that with hypo-
central distance greater than 100 km is considered as site
region. The quality factor value Qy(f) = 167f 047 is used
for the source region of eastern Nepal considered for the
earthquakes occurred in Nepal region, which is taken from
Nath et al. (2005) and Nath and Thingbaijam (2009). The
0y(f) = 130> and Qy(f) = 500 are used for the source
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Fig. 4 Projection of ray path from source to recording station. Different Qg(f) value used for site region, source region of Hindu kush and source

region of Nepal

region of Hindu kush to evaluate source parameters for the
earthquakes occurred in Hindu kush region (Wu and Aki
1988; Yu et al. 1995). The wave propagation path and the char-
acterization of regional attenuation properties are shown in
Fig. 4 with a schematic diagram. In the data set of Hindu kush
region, only one earthquake is shallow focused located in the
upper most crust while the remaining events are of deeper ori-
gin with intermediate focal depth. Therefore, two separate O
values are considered for the Hindu kush source region. The
quality factor and site effect used for the site region are com-
puted by using the inversion technique. In the present work,
time window covering complete S-phase is used to generate
the spectrum and this spectrum is further used to estimate
various source parameters. The window is cosine tapered
and taken as 10% tapering for both ends (Sharma and Wason
1994). The FFT algorithm is used to obtain spectrum of accel-
eration time series, and the resultant spectrum is corrected for
variable attenuation factors and site effect.

The obtained corrected spectra are finally used to esti-
mate various source parameters. For this estimation, a com-
parison is made between the obtained corrected spectra and
theoretical spectra (Brune 1970) by using the grid search
method. Grid Search algorithm is used to minimize the
misfit error functions between the observed and theoretical
spectra. In this method, a number of possibilities of §2, and
[ are considered for estimation of Brune’s theoretical spec-
trum. The best match of Brune’s theoretical spectrum with
the obtained spectrum of recorded data is selected based on
minimum error, which provides the required values of §2,
and f,. The comparison is used to estimate seismic moment,
stress drop and source radius by using the above-mentioned
relations proposed by Brune (1970, 1971) and Papageor-
giou and Aki (1983). In grid search method, a number of

possibilities of §2, and f, are tested to get best-fit theoreti-
cal spectrum with observed spectrum. Several iterations are
performed, and root mean square error (RMSE) is com-
puted for each iteration. The final values are selected corre-
sponding to the iteration, which gives minimum RMSE as
shown in Fig. 5. In this method, computation is started with
the initial value of £2, and f;, considered from the visual
inspection of the obtained spectrum. For each additional
iteration, the §2, and f, are changed with an increment of
0.001. The best-fit spectrum is selected on the basis of min-
imum RMSE value.

Determination of shear wave quality factor
and site effect

The local events recorded in Ghuttu region of Garhwal
Himalaya, India, are utilized to estimate the Qg(f) and site
effect at recording station. To determine these two param-
eters, strong-motion data of six local events (Table 1) are
used, which have magnitude range 4.1-5.1. The inversion
technique proposed by Joshi (2006) and later modified by
Joshi et al. (2012) and Kumar et al. (2015) is used to obtain
site effect and Qg(f). In this technique, the acceleration
spectra A(f) can be computed as (Boore 1983 and Atkinson
and Boore 1998):

A(f) = CS(f) D(f) ®)

where ‘C’ is the constant term, and ‘S(f)’ and ‘D(f)” are
the source spectra and diminution function, respectively.
The diminution function is described by Eq. (2) in which
the term C is constant for a particular station for an earth-
quake and is represented as:
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Fig. 5 Computed root mean square error (RMSE) at each iteration for different events recorded at Ghuttu station. Arrow indicates the number of

iterations corresponding to minimum RMSE for each event

C = MyRoy.PRTITN . FS /(47 pp*) )

M,, Ry, FS and PRTITN are the seismic moment,

radiation pattern, amplification caused by free surface and
reduction factor, which accounts for partition of energy into
two horizontal components, respectively. The term p and
B are the density of the medium and the velocity of shear
wave, respectively. The source spectrum of earthquake is
represented by S(f, f.) which can be calculated as (Aki 1967
and Brune 1970):
S¢.f0) = @/ (1+ ¢ 1£°) (10)
where the term f, represents the corner frequency of the
spectrum. Equation (8) serves as a foundation of the pre-
sent inversion algorithm which should be linearized to
determine the unknown parameter. The natural logarithm of
Eq. (8) linearizes it:

InA(f) =InC+1In(S(f, fo)) — 7fR/Qp(F)B —In(R) (11)

Now, above equation is in linearized form where Qy(f)
and f, are unknown. The value of source spectra S(f, f.)
can be replaced by Eq. (10). A number of possibilities of
f. are considered in this approach, and by taking differ-
ent values of corner frequency, unknown parameter, i.e.

@ Springer

Qy(f), is determined from inversion algorithm in least
square sense:

2= (AN -S¢. )] (12)

S(f, f.) and A(f) are the theoretical source acceleration
spectrum and source spectrum, respectively, and obtained
from the inversion of Eq. (11). The final attenuation rela-
tion Qg(f) = 124f 098 is obtained using the strong-motion
data of NS and EW components of local earthquakes. The
Qp(f) value obtained at different frequency is shown in
Fig. 6a. The obtained Qg(f) relation suggests low values
of ‘Q,’ (<200) and high value of ‘n’ (>0.8) which revealed
that the region is seismically active and characterized by
local heterogeneities (Kumar et al. 2005b; Joshi 2006). The
Qp(f) value obtained by using six earthquakes is quite rea-
sonable as in the adjoining northern part of Kinnaur Hima-
laya region as the Qy(f) = 86 £ 4f 0.96+3 i5 obtained from
local earthquake (Kumar et al. 2014a). Site amplification
is obtained by residual of observed and theoretical source
spectra as per Joshi (2006). To compute site amplification
directly from the inversion scheme, the present algorithm is
divided into two subinversion steps. The acceleration spec-
tra without correction of site effect are considered as input
of the first part of inversion scheme and outputs of this part
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Fig. 6 a Qy(f) relationship obtained for site region. b Site effect
at the recording station by using six local events. The black and red
lines represent the site effects obtained by inversion for NS and EW

of inversion, i.e. M, f. and Qg(f) are utilized to obtain
residual of theoretical and observed source spectra, which
is considered as site amplification. The obtained site ampli-
fication is utilized to correct acceleration spectrum, and this
corrected spectrum is employed as input to the second part
of inversion, and the final Qﬁ( f) relation is obtained from
the output of this second part of inversion algorithm. From
local earthquakes, the site effects are obtained by using
both the NS and EW components for the present study
region and are shown in Fig. 6b.

Results and discussion

The source parameters of the devastating Gorkha Nepal
earthquake of 25 April 2015, its large size aftershocks and
recent earthquakes in Hindu kush region are obtained using
the horizontal components of accelerograms recorded at
MPGO, Ghuttu station. The epicentres of these events are
at regional distance located between 600 and 1050 km
(Fig. 1). The shear wave acceleration spectrum of entire
S-phase is used, which is identified based on the earth-
quake origin time and preliminary locations extracted from
USGS (Table 1). As the magnitude of the events is higher
(>5.2), the signal-to-noise ratio too is high resulting clear
record of S-phase. Visual inspection is used to identify the
S-phase onset, and a time window of appropriate length of
entire S-phase is selected for processing. The acceleration
spectrum of the selected shear wave time window is pro-
cessed as per Sharma and Wason (1994) to estimate earth-
quake source parameters. The anelastic attenuation factors

Frequency(Hz)

(b)

component, respectively. The shaded area denotes the region between
mean =+ standard deviation

and site effects estimated in the previous sections correct
the spectrum. The corner frequency and the long-term flat
level for spectrum of each earthquake are obtained using
already mentioned grid search technique to evaluate source
parameters.

Based on strong-motion data, no previous information
of the attenuation characteristic is available for recording
station. Therefore, the strong-motion data of local earth-
quakes recorded at Ghuttu station deduce Qg(f) = 124f 0.98
by using inversion of data. In Fig. 6a, value of Qg(f) at
each frequency is obtained by using average value of Qy(f)
of NS and EW component, and this value is further used
to correct the spectra for site region. The obtained Qg(f)
value resembles the available attenuation characteristic of
the surrounding Kinnaur region (Kumar et al. 2014a). The
attenuation factor (Qg(f)) is not available for source area
of Nepal region, and therefore, the value of adjoining east-
ern region of Sikkim Himalaya is utilized. An extensive
work has been performed based on strong-motion data by
Nath et al. (2005) and Nath and Thingbaijam (2009) for
the Sikkim Himalaya. They obtained Qy(f) = 167f%*" for
the Sikkim Himalaya region, which seems to be reasonable
value for the source region of Nepal Himalaya. Similarly,
the Qu(f) = 130f*7 and Qy(f) = 500 are used for the
source region of Hindu kush which is proposed by Wu and
Aki (1988) and Yu et al. (1995), respectively. The use of
two different values of attenuation for source and receiver
regions has been suggested by Joshi et al. (2014) while
performing the similar work during the occurrence of M,,
6.9 Sikkim earthquake of 2011. Joshi et al. (2014) divided
the wave propagation path between source and receiver
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into two parts. The region close to the source is taken as
hypocentral region (distance <100 km) and treated as the
source zone, whereas the remaining part (hypocentral dis-
tance >100 km) is considered as site region as described
in Eq. (7). This course of line is adopted to process whole
data set, and the acceleration spectra are corrected for two
different attenuation quality factors for source and site.

A numerical experiment is performed to check the effect
of variable attenuation factors along with site effects on the
source acceleration spectrum. This experiment is executed
on NS component of Gorkha (M,, 7.8) earthquake. First,
source acceleration spectrum is obtained by using the cor-
rection of anelastic attenuation for source region only and
comparison is made with the theoretical Brune’s spectrum.
This spectrum is not correctly modelled with theoretical
spectrum as shown in Fig. 7a. In the second step, spec-
trum is corrected for anelastic attenuation of site region
only and again it is seen that it does not provide best match
with theoretical spectrum as shown in Fig. 7b. In the next
step, spectrum is corrected for both anelastic attenuation of
source and site region and now it shows better match with
theoretical spectrum (Fig. 7c) than the previous cases. In
the last step, along with variable anelastic attenuation for
source and site region, site effect also included for correct-
ing the spectrum and it gives best match with the theoreti-
cal spectrum (Fig. 7d).

Similarly, another experiment is performed to vali-
date the use of two separate Qg values for the Hindu kush
source region. A total of eight earthquakes of Hindu kush
region are evaluated out of which seven events originated
from intermediate focal depth (102-239 km) and one shal-
low focused event is located at 22 km focal depth. This
shallow focused event is mainly located northeast of the
Hindu kush region which is occurred within western part
of the Tibetan plateau. The value Qg = 500 is proposed
by Yu et al. (1995) for seismic events deeper than 30 km

for the Himalaya region, and this value is used for deep
focused earthquakes of Hindu kush region. However,
in case of single shallow focused event of this region the
Qy(f) = 1307 given by Wu and Aki (1988) is used.
The acceleration spectrum is corrected by using two dif-
ferent Qy values as Qy(f) = 130f 079 for shallow focused
earthquakes and Qg = 500 for deeper earthquakes. Analy-
sis performed for two events, M,, 7.5 intermediate focal
depth of 231 km and M, 7.2 shallow focused of 22 km
depth, has been assessed, and results are plotted in Fig. 8.
First, the spectrum of the event with M, 7.5 is corrected
for anelastic attenuation by using Qy(f) = 130£%7°, and
in the second step it is evaluated using Qg = 500. In both
cases, the results are compared with theoretical Brune’s
spectrum, which are plotted in Fig. 8a, b, respectively. It
clearly indicates that better match is attained between
observed and theoretical spectrum for Qg = 500. Similarly,
both values, i.e. Qg(f) = 130f*7 and Qg = 500, are used
to correct the spectrum of M, 7.2 event and comparison
is made with theoretical spectrum as shown in Fig. 8c, d,
respectively. In this case, the spectrum gives better match
for Qp(f) = 130f*" (Fig. 8c). Therefore, utilization of two
separate Oy values for shallow focused and intermediate
focused earthquakes is required for the Hindu kush region.
The evaluated corrected source acceleration spectra of the
NS component of all events are plotted in Fig. 9 along
with Brune’s theoretical spectra. The similar estimations
for the EW component for all these events are shown in
Fig. 10. Overall comparison of theoretical spectra matches
well with the estimated values; however, results are more
favourable for high-frequency record which is also earlier
reported by Joshi et al. (2014).

The seismic moment is equivalent to the size of the rup-
ture zone, and it is calculated using Eq. 4 (Brune 1970,
1971). In this relation, the values of density (p) and shear
wave velocity () are taken as 2700 kg/m3 and 3.5 km/s

100 100

Gorkha (M,=7.8)

Gorkha (M,=7.8)

g Earthquake Earthquake

2 10 10

Q.

(7]

g 1 1

<

[0]

% . Q,=350, fc=0.036 0.1 Qy=180, fc=0.036

3 Mo=4.09X1021 Nm Mg=2.10x1021 Nm
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0.001 0.01 0.1 1 10 0.001 0.01 041 1

C)) (b)

Fig. 7 Comparison of observed and theoretical spectra of NS com-
ponent of Gorkha (M,, 7.8) earthquake using correction of a anelas-
tic attenuation (Q( f)) for source region only, b Op( f) for site region
only, ¢ both QB( f) for source and site regions and d using both Qﬁ( )
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for source and site regions along with the site amplification term. The
blue and black colours denote theoretical and observed spectrum,
respectively
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(Joshi et al. 2014). The radius of the circular source is esti-
mated using Eq. (5) where f, is the corner frequency of the
spectrum. A decrease in stress level over the fault plane as
an average difference of stress level before and after the
occurrence of earthquake is described as the stress drop.
The evaluated seismic moment and the source radius are
related to the stress drop as proposed by Papageorgiou
and Aki (1983). The calculated parameters of the pre-
sent data set are given in Table 2. Using the above-men-
tioned method, the average value of the seismic moment
obtained by using NS and EW components of M, 7.8
Nepal earthquake is 5.72 x 10°° Nm while its value given
by USGS and Harvard CMT solution is 6.62 x 10% and
8.39 x 10?° Nm, respectively. In Fig. 11, a comparison is
made between obtained values of seismic moment for dif-
ferent earthquakes and the seismic moment given by USGS
and CMT Harvard. Comparison reveals a close resem-
blance of each evaluated value with previous estimates by
other agencies.

The stress drop values computed for various earth-
quakes in this work lie within the range of stress drop

value computed for Himalaya region by different workers.
The average stress drop obtained for Gorkha earthquake
is 50.6 bar, and its value given by Mitra et al. (2015) is
34 £ 3.79 bar. The stress drop measured during the occur-
rence of M, 6.9 Sikkim earthquake of 2011 by Joshi et al.
(2014) is 59.2 £ 8.8 bar, and the epicentre of this event is in
the Sikkim Himalaya located towards east from the recent
Gorkha earthquake. In the western part of Garhwal Hima-
laya, the stress drop measured during M; 7.0 Uttarkashi
earthquake of 1991 and M, 6.6 Chamoli earthquake of 1999
is 53 and 65 bars, respectively (Kumar et al. 2005a). The
average stress drop estimated for various earthquakes in the
present study varies between 7.1 and 50.6 bar. These low
values of stress drop are well quantified for interplate zones
such as Himalaya which are already verified earlier for dif-
ferent parts of the India—Eurasia collision (Kumar et al.
2005a, 2013a; Joshi et al. 2014; Mitra et al. 2015). Physi-
cal hypothesis of Brune’s circular model suggests that the
stress drop for one particular geotectonic regime is required
to be constant irrespective of its release during the occur-
rence of any magnitude size or rupture dimension of the
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Fig. 9 Source acceleration spectra of NS component of all events used in this work along with theoretical Brune’s (1970) spectra. The black and

blue lines denote the observed spectra and theoretical spectra, respectively

have explained that this type of variation in stress drop
within one particular seismic regime is governed by self-
similar behaviour of earthquake sources.

earthquake. The obtained stress drop for the present data
set is variable, and its value increases with the increase in
event size. Lorenzo et al. (2010) and Kumar et al. (2013a)
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Fig. 10 Source acceleration spectra of EW component of all events used in this work along with theoretical Brune’s (1970) spectra. The black
and blue lines denote the observed spectra and theoretical spectra, respectively

Conclusions

In the present work, the source parameters of M, 7.8
Gorkha Nepal earthquake of 25 April 2015, its six large
aftershocks and earthquakes originate in Hindu kush region
including M, 7.5 major earthquake of 26 October 2015 are
reported. Estimation is performed using strong-motion data

recorded at the epicentre distance range of 600-1050 km.
Numerical methodology is carried out to evaluate source
parameters for the recent major and higher magnitude
events of Nepal Himalaya and Hindu kush regions, in
which the effects of variable anelastic attenuation and site
effects are isolated from shear wave spectra. The evaluated
seismic moment of the Gorkha (M, 7.8) and Hindu kush
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Fig. 11 Comparison of obtained seismic moment of all evaluated seismic events along with the available seismic moment given by different

agencies

(M, 7.5) earthquakes is 5.72 x 10%° and 2.30 x 10?° Nm,
respectively, and it varies between 820 x 10'® and
9.01 x 10" Nm for other earthquakes of M, magnitude
range between 5.2 and 7.3 in this work. These values are
in agreement with USGS and others reports which suggest
that variable anelastic attenuation should be used for differ-
ent zones of wave propagation path. The source radius for
these events based on the Brune’s circular model is in the
range of 3.55-36.70 km. The average stress drop evaluated
for these events is in the range of 7.1-50.6 bars which is
within the well-established range of the interplate region.
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