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ABSTRACT

Fault plane solutions of the September 18, 2011 Sikkim Himalaya
earthquake of Mw 6.9 and its four aftershocks (Mw>4.0) are studied
by waveform inversion using the local broadband network data. The
solutions show pure strike-slip mechanisms; one aftershock show thrust
faulting with strike-slip component. Strike-slip mechanisms indicate
predominant transverse tectonics in Sikkim, in the eastern Himalaya
region, unlike predominant thrust tectonics in the western Himalaya.
The 2011 main shock occurred at a much deeper depth (~47 km) com-
pared to the shallower (<20 km) thrust events in the western Himalaya.
Further, analysis of ground acceleration spectra reveals low stress drop
(14-38 bars) in agreement with the relatively long source duration and
small co-seismic slip of the main shock as well as the aftershocks. We
interpret the low stress drop in terms of lower energy release due to re-
activation of the NNW-SSE trending Tista fault in contrast to that of
the Himalayan thrust tectonics. The low stress drop also indicates a

pre-existing brittle zone or fault zone at deeper depth or mantle depth.

1. Introduction

A powerful destructive earthquake of Mw 6.9 ata
depth of ~47 km (GCMT report), struck on Septem-
ber 18, 2011 in north-west Sikkim, at the border be-
tween India and Nepal (Figure 1). The earthquake was
widely felt in Sikkim, Assam, Meghalaya, northern
parts of West Bengal, Bihar and parts of other eastern
and northern regions of India. The earthquake caused

severe damages to property and also caused 60 casual-
ties. This is the strongest instrumentally recorded earth-
quake in the Sikkim Himalaya during the last two
centuries [Pradhan et al. 2013]. The most significant sig-
natures of the 2011 Sikkim earthquake are landslides
and landslide-induced loss of life as well as damage to
the economy and infrastructure due to which the max-
imum intensity is reached to VII (MM scale) [Mahajan
etal. 2012, Sharma et al. 2013] Poor construction of the
houses and the hilly landslide-prone terrain are believed
to be the main cause of such extensive damage [e.g.,
INTACH 2012, Rai et al. 2012]. Al-together there were
292 aftershocks (Mw>1.0) reported by a local broad-
band close-spaced microearthquake network of the Na-
tional Geophysical Research Institute (NGRI) [Ravi et
al. 2012], but the national network of the India Meteo-
rological Department (IMD) as well as the global net-
work (USGS, NEIC) reported only four aftershocks
Mw2>4.0 (Figure 1). The IMD reported that the main
shock was preceded by a foreshock of Mw 4.9 at 26 km
depth, on June 3, 2011 (Figure 1).

The devastating 2011 Mw 6.9 Sikkim earthquake
highlighted the urgent need to reassess the seismotec-
tonic of the region. Using past global seismological
data, GPS data, and the fault plane solutions of the 2011
Sikkim earthquake, several authors have tried to review
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Figure 1. Tectonic map of the Sikkim Himalaya [after De and Kayal 2003] showing the epicentres of EHB relocated earthquakes (1965-2007).
The 18 September 2011 main shock and four significant aftershocks (M>4.0) are shown by red stars. The foreshock of the earthquake is
shown by filled black star. The open black stars show the two damaging strong earthquakes (M>5.9) with CMT fault-plane solutions. The
solution of the 1988 earthquake is from Banghar (1991)based on first motion plot, and the waveform inversion solutions of two smaller
events of 2002 are from Baruah et al. [2012a,b]. MCT: Main Central Thrust, MBT: Main Boundary Thrust, HFT: Himalayan Frontal Thrust,
and GL: Goalpara lineament. The blue line indicates the river system. The red beach ball indicates the GCMT solution while blue beach ball
indicates the solutions obtained in this study. The fault plane solutions of the four aftershocks (named as 1, 2, 3, 4) are also shown as blue

beach ball.

the seismotectonics of the Sikkim Himalaya [e.g. Ra-
jendran etal. 2011, Kayal et al. 2011, Thakur et al. 2012,
Dasgupta et al. 2013, Chopra et al. 2013, Pradhan et al.
2013, Paul et al. 2015, Baruah et al. 2014 and Mukul et
al. 2014]. The transverse tectonics on the steeply dip-
ping near vertical mantle reaching Tista fault zone was
suggested to generate the main shock. Finite fault
model analysis indicates that the surface level Peak

Ground Acceleration (PGA) values near to source re-
gion might reach more than 0.3g [Raghukanth et al.
2012]. Ravi Kumar et al. [2012] made a detailed study of
the aftershocks recorded by the NGRI local network,
and concluded that the near vertical mantle reaching
Tista fault caused the main shock and aftershocks. A
rupture model using simulation of near-field and far-
field accelerograms was presented by Joshi et al. [2012].
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Chopra et al [2013] determined source parameters of
the main shock by strong ground motion modelling in
terms of PGA.

In this study, we have determined fault plane solu-
tions of the 2011 main shock and its four small after-
shocks (Mw 3.9-4.5) by waveform inversion using the
local broadband data of the IMD national network. Al-
though the main shock GCMT was immediately re-
ported, but fault plane solutions of the four small
aftershocks were not reported earlier. We have critically
examined these fault plane solutions of the main shock
and the four selected aftershocks using the IMD per-
manent broadband network data, and we have also es-
timated the source parameters of these events by
spectral analysis. These results, with their tectonic im-
plications are presented here.

2. Tectonic setting

The formation of the Himalaya resulted due to the
continent—continent collision of Indian plate with
Eurasian plate at ~50 Ma [e.g. Allegre et al. 1984, Bac-
cheschi and D’Amico 2014 and reference therein]. In
the Sikkim Himalaya, the major tectonic features are
the Main Boundary Thrust (MBT) and the Main Cen-
tral Thrust (MCT) parallel to the Himalayan trend, and
the NNW-SSE trending Tista and Gangtok lineaments,
the WNW-ESE trending Goalpara lineament and the
SW-NE trending Kanchanjangha lineament transverse
to the Himalayan trend [GSI 2000]. The MCT in the
Sikkim Himalaya has taken a curvilinear loop shape in-
dicating thicker sediments (Figure 1). A conceptual tec-
tonic model of the Himalaya was first suggested by
Seeber et al. [1981] based on the known geology, geo-
physics and teleseismic hypocentral data. In this model,
the two active thrusts, the MBT and MCT, are con-
temporaneous in nature. However, Ni and Barazangi
[1984] has suggested that the MCT is dormant while
the MBT is active. The interface between the subduct-
ing Indian slab and the Himalayan sedimentary wedge
is named the “Plane of Detachment” in the proposed
model [Seeber et al. 1981]. Further north, below the
MCT lies the “ramp”, referred to as “Basement Thrust
Front” (also known as Basal Detachement/Decollement or
Main Himalayan Thrust), that accumulates the tectonic
stress due to northward movement of the Indian plate;
abrupt release is believed to be the main cause of earth-
quakes on the plane of detachment at a shallower
depth (0-20 km).

Based on local temporary network data, Kayal
[2001 and 2010] argued that the Himalayan shallow
thrust faulting earthquakes in the western Himalaya fits
fairly well with the most accepted conceptual tectonic

model, but the deeper (30-60 km) strike-slip faulting
earthquakes in the eastern Himalaya cannot be ex-
plained as plane of detachment earthquakes. The focal
depth of the recent well-recorded 1988 strong earth-
quake (Mw 6.9) at the Bihar-Nepal border foothills re-
gion was given at 50-60 km by different agencies such
as USGS, ISC and ERI. Furthermore, Monsalve et al.
[2006] reported deeper (30-60 km) source zones of
earthquakes in the foothills region; these results were
based on permanent digital network data of Nepal,
central Himalaya. After the 1988 strong foothills earth-
quake in the region, the eastern Himalaya produced the
2011 strong Sikkim earthquake (Mw 6.9) further north
at the surface trace of the MCT (Figure 1). The 1988
event as well as the 2011 strong earthquakes in this re-
gion, have given us the opportunity to understand the
earthquake processes better in the eastern Himalaya re-
gion. Unlike the 1988 foothills earthquake, the 2011
Sikkim Himalaya earthquake provided local broadband
network data that may shed new light to our under-
standing of the eastern Himalaya earthquakes at the
Himalaya Seismic Belt (HSB) zone.

3. Data Analysis

3.1 Hypocenter Locations

In this study, the earthquake data recorded by the
broadband seismic network of IMD in the North-east
India region are used for analysis. Each station is
equipped with tri-axial REFTEK 151B Broadband ve-
locimeters with a sampling rate of 100 Hz. Several lo-
cations have been reported for the main shock of the
2011 Sikkim earthquake by different national and in-
ternational agencies (Table 1). The reported source
depth was the most uncertain parameter, ranging from
10 km to 50 km. We have reanalysed the hypocentral
parameters using nine local broadband station data of
the IMD. We used the HYPOCENTER programme of
Lineart et al. [1986] and a velocity model proposed by
Acton et al. [2011] for the region. The estimated loca-
tion errors are £2.1 km and £5.1 along the horizontal
and depth respectively, and the root mean square error
1.3 sec. The same programme is also used for locations
of the aftershocks.

3.2 Spectral Analysis

Source parameters are studied by spectral analy-
sis. For spectral analysis, first we applied a base-line cor-
rection and a cosine taper to the vertical component of
the P-wave seismograms. We then transformed the
seismograms from velocity to displacement. We se-
lected a time window of several seconds beginning just
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Table 1. Hypocentral and Focal parameters of 18% September, 2011 Sikkim earthquake and its foreshock and aftershocks.
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before the first arrival, usually 5 sec before the onset of
the first arrival, and calculated the amplitude spectrum
using Fast Fourier Transformation (FFT). All spectra
presented in this paper have been corrected for instru-
ment response and for attenuation using the results of
Thirunavukarasu et al. [2016] where Q=100. We char-
acterised the spectra at a constant level A, for the lower
frequencies, and with a fall-off above the corner fre-
quency (fc). Earthquake source parameters are esti-
mated following the Brune [1970] model as modified
by Hanks and Wyss [1972].

In agreement with most used theoretical models
of seismic sources, the far-field displacement Q(f) can
be described by a -corner frequency model:

= QO
[+ 711"

Q1) (1)

where, ) is the low-frequency spectral level, f. is the
corner frequency, n is the high-frequency spectral fall-
off, and y is a constant. If y=1, Equation (1) is the spec-
tral shape proposed by Brune [1970].

The average value of corner frequency (f)) is ex-
pressed as follows:

1 N
=antilog|— ) lo 2
() g NEI ef. @)

where f, : is the corner frequency at the i station and N
is the number of stations used in this study. The antilog
defines the inverse of logarithm.

Source parameters (seismic moment, moment
magnitude, stress drop, and source radius) are then cal-
culated for the main shock and aftershocks. The seismic
moment (Mo) is estimated from the low-frequency level
(Q,) using the relation of Keilis-Borok [1959],

M =4npV’R & (3)
0 »" Rup

where, p =2700 kg/m? is the density, Vp is the average P-
wave velocity, R is the source to receiver distance, and
Ry,is the a co-efficient accounted for the combined cor-
rection for radiation pattern, free surface amplification
and site effects. The root mean square average of radia-
tion pattern co-efficient Ry,=0.52 is used for all the

events [Boore and Boatwright 1984].
An average seismic moment (M) from all of the sta-
tions is determined from the average of the logarithmic
values using the following relation [Archuleta et al. 1982]:

<MO>= antilog %ilogMOI )
i=1

where, N is the number of stations used.

The average source radius ( R(P)) is computed
using the modified Brune [1970] formula for P-wave
spectrum [Hanks and Wyss 1972]:

2347,
<R(P)>= o <fC(P)>

Similarly, stress drop is estimated using the fol-

)

lowing equation:

<Aa - M 6)
16(R(P))

We calculated moment magnitude from seismic
moment following the definition of Hanks and
Kanamori [1979]:

MW=§logMO—10.73 (7)

where M, is measured in dyne.cm.

For each seismic event, we determined A0 and fc
and the corresponding source radius r and seismic mo-
ment M, for each seismic station with signal-to-noise
ratio greater than 1. The final M, and R are the average
of these values. Stress drop, average displacement and
moment magnitude are then calculated from these av-
eraged M, and R. The resulting source parameters for
the investigated earthquakes are summarized in Table 2

3.3 Focal Mechanisms and Stress Drop

Focal mechanisms are obtained by the moment ten-
sor inversions. We have used the Fortran-Matlab based
ISOA-GUI package developed by Sokos and Zahradnik
[2008] for moment tensor inversion. In this process, the
complete velocity records are used without selecting any
particular phases. The 3-component digital records are
first converted into displacement waveforms. The dis-
placement waveforms are then filtered between 0.01 and
9 Hz using four pole ban-pass Butterworth filters. The
high frequency components are excluded because it is
difficult to model high frequency components as it re-
quires a precise knowledge of detailed sub-surface
crustal velocity model. Subsequently resampling of
records from a frequency of 100 Hz to 33 Hz is carried
having with transfer function of the seismometer. Nec-
essary DC removal and Trend line removal are per-
formed. Green’s functions are then computed in the
complex spectral domain using the suitable crustal ve-
locity model of Acton et al. [2011] pertinent to the re-
gion at a point source by Discrete Wavenumber (DW)
method [Bouchan 1981]. The Green’s functions are then
convolved with appropriate instrument response and
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Epi 1 TRE. E
ELEVATION p.1centra Mo STRESS SOURC
STATION  LAT (°N)  LONG (°E) (meter) distance MW neseo) fe DROP  RADIUS
(km) yne. (bars) (km)
Dhubri
26.02 89.99 205 219.38 5.66 3.84E+24 0.18 20.06 10.45
(DHU)
Dibrugarh
27.467 94911 90 634.34 6.19 2.44E+25 0.11 22.89 12.19
(DIB)
Guwahati
26.193 91.691 88 348.52 5.87 8.00E+24 0.29 35.39 14.63
(GAU)
Imphal
(IMP) 24.831 93.947 792 619.17 5.65 3.66E+24 0.28 14.55 15.79
Jorhat
26.74 94.25 205 576.74 5.86 7.77E+24 0.3 38.04 14.47
(JOR)
Mokokchung
26.321 94.526 1353 612.92 5.68 4.17E+24 0.13 29.15 13.12
(MOK)
Tadon
27.31 88.602 1348 21.78 6.22 2.64E+25 0.13 19.13 44.71
(TAD)
Tura 25.55 90.33 305 281.58 5.81 639E+24  0.10 20.2 13.41
(TRA) . . ) . . . . .
Ziro
(ZIR) 27.526 93.85 1600 529.42 5.65 3.72E+24 0.26 31.47 13.73

Table 2. Spectral parameters of 18 September, 2011 Sikkim earthquake.

source time function. While calculating the Green’s
functions, the position of the epicentre are kept fixed.
The inversion scheme uses a frequency band of 0.02 to
0.11. A fine grid search of the strike, dip and rake is per-
formed for the best depth and moment. The final vali-
dation of the best fit solutions is accomplished by
comparing the observed and synthetic seismograms.
The 1D velocity model that is used may not be perfect
and a small time shift is required for maximum correla-
tion between the observed and synthetics [Marzoogqi et
al. 2008]. In the inversion technique, the shift is not
known and it becomes a non-linear model parameter
which has to be inverted along with the moment tensor
and optimal source depth. To account for the horizontal
mislocation, the synthetics are shifted relative to the ob-
served by changing the origin time a few seconds be-
fore/after the origin time during the inversion. In this
study, the inversion is carried out for full moment ten-
sor. The preferred solution is obtained by a simple grid
search over the focal depth with certain steps and also
over the origin time between 1-2 sec. before/after the lo-
cation origin time, since the origin time trades off with
focal depth. The solution that has a large percentage of
variance and double couple component is selected.
There is no doubt that the usage of large station
data with good azimuthal coverage yield a reliable focal
mechanism solution. But in wave-form inversion tech-
nique, single station data or stations with less azimuthal
coverage are sufficient to get an accurate solution. Sev-
eral authors have undertaken comprehensive studies on
the focal mechanism solutions derived from single or

double station data e.g.: Rao [2009], Delouis and
Legrand [1999], Fojtikova and Zahradnik [2014],
Zahradnik et al. [2015] etc. In this study, we have used
three components broad-band seismograms of nine
stations e.g., TAD, DHU, TRA, GAU, ZIR, JOR, MOK,
IMP, and DIB operated by IMD in the eight North-east-
ern states of India (Figure 2). The epicentral distances
of the stations are 21.78 km, 219.38km, 281.58km,
348.52km, 529.42km, 576.74km, 612.92km, 619.17km,
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Figure 2. Distribution of seismic stations of IMD that were used
in the waveform inversion of the 2011 Sikkim Himalaya earth-
quake (red star).

and 634.34km respectively. The distances are compati-
ble with the ISOLA software for local data (epicentral
distances <1000km). A best waveform match between
observed and synthetic seismograms of 18th September,
2011 Sikkim earthquake are shown in Figure 3. Seismic
moment 1.2e+026 dyne-cm (Mw 6.7) is obtained
through averaging the seismic moments from all the
components of the recording stations. Finally a preferred
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Figure 3. Matching of observed and synthetic seismograms for the Darjeeling-Sikkim Himalaya earthquake of 18 September, 2011.
The red colour indicates the synthetic and the black color indicates observed seismograms. Respective amplitudes are also shown on the
left hand side of each station, along with the variance reduction between the waveforms on right hand side.

solution is obtained (red beach ball) based on maximum
correlation between source position and time-shift (Fig-
ure 4). It can be seen that the preferred solution (red
beach ball) differs from the nearby solutions in terms
of DC percentage and correlation value (Figures 4, 5).
As illustrated in Figures 4 and 5, it is ascertained from
the correlation value that the preferred solution is well
correlated at a depth of 47 km for a time-shift of 0.6 sec

having a DC% of 90. This result is in conformity with
the results of GCMT data. Similarly, we have deter-
mined the focal mechanism solutions of the four after-
shocks using the same technique. The final results are
illustrated in Table 1.

In order to check the stability of our solutions we
also applied the CAP waveform inversion technique
[Zhu and Helmberger 1996, D’ Amico et al. 2010]. Using



