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The information about the ongoing tectonic faulting process causing earthquakes in an area having
single or sparse seismological waveform data available remains a mystery for seismologists. The usual
P-wave polarity inversion is unable to Bnd the solution to the earthquake mechanism if the event is
recorded with a lower azimuthal coverage network. Recently some seismologists seek towards the
moment tensor solution and tried to Bnd the focal mechanisms of earthquakes. The present work is a
step in the same direction. Twelve regional earthquakes recorded by a distant seismological network
in the Siang region of Arunachal Himalaya have been analyzed using ISOLA codes developed by
Sokos and Zahradnik (2008). The solutions obtained by CMT Harvard by inversion of a large number
of available waveform data have been considered standards. In the present study, moment tensor
solutions have been estimated using the hypocentre locations given by the CMT catalog. The
obtained solutions are comparable with the CMT solutions reported. High variance reduction has been
obtained for the analyzed earthquakes that agree with the observations by Delouis and Legrand
(1999), Kim and Kraeva (1999), Kim et al. (2000), Dragger (2003), and Maercklin et al. (2011) that
moment tensor solutions can be obtained by using single station waveform data. The present study
infers that the moment tensor inversion would be useful for obtaining information about the ongoing
faulting process for which limited waveform data is available. For most of the Himalayan earthquakes
which occur northern side of the Main Central Thrust (MCT), the seismological networks in those
areas are either very sparse or not instrumented at all. The knowledge of undergone tectonics of this
region was established with various faults visible on the surface by geologists and lacks the knowledge
of the present situation of ongoing tectonics of the region. Hence, the moment tensor solutions
obtained using available data will help in understanding the ongoing tectonic processes of the regions
lacking well coverage of seismological networks.
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1. Introduction

In the last two decades, there is a great evolution in
the understanding of the earthquake source process
as a result of technology development. In an area,
to understand the tectonic processes and the
assessment of expected deformation and damage
patterns, the determination of the focal mechanism
is very important (Delouis and Legrand 1999). The
inversion of Brst motion polarity is well known for
focal mechanism determination. This method pro-
vides a very good solution for earthquakes that
occurred within the network and has well coverage
of seismic stations. However, this method is very
much constrained as it requires a good azimuthal
coverage of earthquake records. Hence, does not
work properly when the stations recording data are
unevenly distributed or the source lies outside the
network. For most of the Higher Himalayan
earthquakes, the seismological networks are either
very sparse or not instrumented at all. Hence, it is
almost impossible to estimate the focal mechanism
solution for these earthquakes using earlier meth-
ods. Furthermore, there is almost no seismological
data exchange between India and China so the
estimation of the focal mechanism for these earth-
quakes is not possible either by Chinese or Indian
data. In such cases, the researchers are left only
with the alternatives to obtain the solutions with
limited recorded waveform data.
The waveform inversion technique is very

popular to estimate source mechanism using
multi-station data (Zahradnik et al. 2008) and
some researchers demonstrated that the focal
mechanism solution can also be obtained even with
a single station waveform data (Langston 1981;
Dreger and Helmberger 1991; Kim and Kraeva
1999). The single station waveform inversion has
been theoretically well explained by Dreger and
Helmberger (1993) and Pinar et al. (2003). The
various sensitivity test carried out by Dreger and
Helmberger (1993) suggest that 3-component sin-
gle station waveform data is adequate for wave-
form inversion. However, more conBdence in
obtained results is obtained by multi-station data.
The waveform data recorded at regional distances
(1�– 12�) are relatively more complicated, however,
the long-period Pn waves are relatively stable
(Helmberger and Engen 1980) and have proven to
be quite successful in source inversions (Wallace
et al. 1981). The surface waves are more sensitive
to lateral heterogeneity and shallow crustal struc-
ture (Ho-Liu et al. 1988; Stead 1990), so accurate

knowledge of velocity and Q is needed, especially
when inverted using only single station data
(Walter 1993). The surface and body waves are
important in the modal calibration (Pasyanos et al.
1996). The inversion results did not degrade
by the horizontal mislocation of up to 15 km
for the Baja event (Dreger 1993) and also found
that good azimuthal coverage is not required when
the data used is recorded on a three-component
seismogram.
In the present study, an attempt has been made

with a fair degree of precision, to estimate the MT
solutions for 12 regional earthquakes recorded by a
distant seismological network in the Siang region of
Arunachal Lesser Himalaya (table 1) by waveform
inversion using a 3-component single station data
and ISOLA software. The solutions given by CMT
Harvard are compared with obtained solutions to
check their reliability.

2. Seismotectonics of the study region

The Himalaya is the highest surface feature on the
planet Earth which is evolved by the collision of
the Indian plate with the Eurasian plate about
50 m.y. ago. It extended between Kashmir (India)
in the west and Arunachal Pradesh in the north-
east and the border between India and Tibet.
Himalaya structurally (tectonically) from north to
south can be divided into Tibetan Himalaya
(Northwest part of Arunachal Himalaya bordering
Bhutan and Tibet, NE–SW trending), Higher
Himalaya (limits between Tibetan Himalaya and
MCT, ENE–WSW trend adjacent to Bhutan and
changes to NE–SW eastward), Lesser Himalaya
(limits between Higher Himalaya and Sub Hima-
laya, trending E–W in the western part, swing
NNE–SSE till the syntaxial then NW–SE), Sub
Himalaya (trending E–W near Bhutan, swings
ENE–WSW towards east) and the division from east
to west: The Eastern Himalaya, Central Himalaya
and Western Himalaya (e.g., Gansser 1964; Le Fort
1975). The Main Himalayan Seismic belt (MHSB) is
deBned between MCT and MBT (Kayal 2007). Most
of the highest magnitude earthquakes occurred in
this belt (Kayal 2001). The Himalayan arc in the
southeast joints the Burma–Andaman–Suma-
tra–Sunda. So the total length of the Himalayan arc
is *5500 km which deBnes the boundary between
Indo-Australian and Eurasian plates from Myanmar
(Burma) to Sumatra and Java to Australia (Curray
et al. 1979). Figure 1 depicts the topographic map

  239 Page 2 of 11 J. Earth Syst. Sci.         (2022) 131:239 



and the major tectonic fronts of the Indian plate on
the north edge along the Himalaya, i.e., Hazara Arc,
Himalayan Arc, and Burmese Arc (Kumar et al.
2014).
The northern part of the Himalaya consists of a

tectonic belt of plate boundary and active tectonic
characteristics such as the intraplate fault block
regions. The tectonic belt at the plate boundary
mainly consists of Himalayan tectonic features. In
the northern dipping side of the Himalaya, F2
faults are also developed along with the main fea-
tures. The southern boundary of the central Xizang
extension region is a normal fault that represents a
boundary between the Himalayan Mountains and
South Xizang Plateau. The tectonic boundary is
between Philippine Sea plate and Eurasian plate

called Taiwan active tectonic belt. In this belt, a
series of east-dipping imbricate active thrust faults
and active folds were formed on the western slope
and western piedmont of the central mountain
range. The intraplate deformation is caused by the
continuous movement of the Indian plate which is
colliding with the Eurasian plate and forms the
Qinghai–Xizang fault block region. There is a dis-
persed distribution of strong earthquakes which are
running through the Qinling Range along the
eastern boundary of the Qinghai–Xizang fault
block region. This zone consists of some discon-
tinuous NE- and NW-trending faults. A strongly
active zone lies in the southern part of the Qinghai–
Xizang fault block region called the Sichuan–
Yunnan fault block. In the far north of the Tibetan

Table 1. Site characteristics and geographical locations of the recording stations.

Sl.

no.

Name of

station

Station

code

Lat.

(�N)
Long.

(�E)
Elev.

(mts.)

Type of

soil/rock

1 Adi-Pasi ADI 28.36� 95.26� 997 Reddish sandstone with shale

2 Ahali-Suru AHO 28.24� 95.54� 571 Quartzite

3 Ayeng AYE 28.15� 95.36� 272 Boulder bed

4 Ledum LED 27.96� 95.13� 385 Boulder bed

5 Rotung ROT 28.14� 95.16� 410 Quartzite

6 Yeksi YEK 28.24� 94.98� 401 Conglomerate

Figure 1. Map showing the hypocentral locations of earthquakes. The square box shows the location of the seismological
network. (Tectonics after GSI 2010).
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plateau, the relatively less active zone called the
Xinjiang fault block region is located in the
region of Cenozoic rejuvenated orogenic belt
compression–depression basins, thrust faults,
and active folds in the continental interior of the
compressional environment (Qidong and Jianwei
2003). Nearby this zone there is the North China
fault block region which is characterized mainly
by graben and semi-graben basins controlled by
normal faults or normal strike–slip faults. Along
with all these features, China consists of small-
scale features.
The Burma plate is a small tectonic or micro-

plate located in Southeast Asia and is often con-
sidered a part of the Eurasian plate. It is one of the
most active plates in the world as earthquakes
cause a significant hazard. There is a right-lateral
convergent plate boundary between Myanmar
(Burma) and the Indian Ocean. The Sunda Megha
thrust causes the eastward subduction along the
entire plate boundary. Sumatra in the south to
Myanmar in the north, the plate is occupied by
various strike–slip faults. Along the 2000-km
length of Sumatra, the Sumatran fault accommo-
dates most of the right-lateral component of obli-
que convergence (Fitch 1972; Sieh and Natawidjaja
2000; Chlieh et al. 2007; McCaffrey 2009; Wang
et al. 2014). A large component of strike slips
causes the deformation beneath the Andaman Sea
and is carried by an en-echelon spreading centre
(Curray 2005). Another important tectonic feature
is the Sagaing fault which broadly divides the
country into a western half moving north with the
Indian plate and an eastern half attached to the
Eurasian plate. The Burma plate is lying between
the Indian plate and the Sagaing fault (Curray
et al. 1979). A terrene which includes the Shan
Plateau is between the Sagaing fault and Sunda
blocks.

3. Methodology

The moment tensor can be estimated by the
inversion of the regional seismogram and assuming
the spatial and temporal point source (Dreger
2003) as in equation (1);

Uk x; tð Þ ¼ Mij n; t�sð Þ �Gki;j x; z; tð Þ; ð1Þ

Here, at spatial coordinate location x, Uk(x, t) is the
recorded seismogram of the kth component of
ground velocity; Gki,j(x, z, t) is the spatial
derivative of Green’s function and Green’s

function is the impulse response of the ground at
location c and time t. the Double couple force
strength is described by the seismic moment tensor
Mij(n, t–s); i and j are the indices of geographical
direction and n is the position vector of a point
source with coordinates n1, n2, n3 for the north, east
and down, respectively.
Herrmann and Wang (1985) showed that at a free

surface, the Fourier transformed displacement of the
three components of recorded seismogram due to
arbitrary oriented double couple without moment
can be represented as after Chang et al. (2011):

Uz ¼ A1 � ZSSþ A2 � ZDSþ A3 � ZDD; ð2Þ

UR ¼ A1 � RSSþA2 � RDSþ A3 �RDD; ð3Þ

UT ¼ A4 � TSSþ A5 � TDS: ð4Þ

Here, Uz, UR, UT are the vertical displacement,
radial replacement and transverse displacement,
respectively. In horizontal layer earth, the ten
Green functions required to calculate the wave Beld
at an arbitrary point due to buried explosive source
are denoted as ZSS, ZDS, ZDD, RSS, RDS, RDD,
TSS and TDS along with ZEP and REP. For a
deviatoric source the function Ai can be estimated as:

A1 ¼
1

2
Mxx �Myy

� �
cos 2azð Þ þMxy sin 2azð Þ; ð5Þ

A2 ¼ Mxz cos azð Þ þMyz sin azð Þ; ð6Þ

A3 ¼ � 1

2
Mxx þMyy

� �
; ð7Þ

A4 ¼
1

2
Mxx �Myy

� �
sin 2azð Þ �Mxy cos 2azð Þ; ð8Þ

A5 ¼ �Myz cos azð Þ þMxz sin azð Þ: ð9Þ

Table 2. Velocity model for the Lower Siang Region (Khattri
et al. 1983).

Depth

(km)

Vp

(km/s)

Vs

(km/s)

q
(g/cm3)

0 3.00 1.734 2.300

1 5.20 3.006 2.740

5 5.20 3.006 2.740

10 5.20 3.006 2.740

16 6.00 3.468 2.900

20 6.00 3.468 2.900

30 6.00 3.468 2.900

45 7.91 4.572 3.282
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Here az represents the source-receiver azimuth.
The moment tensor (Mij) consists of isotropic
(Misotropic) and a deviatoric (Mdeviatoric) part in
which deviatoric (Mdeviatoric) can be further
decomposed into double-couple (MDC) and a

compensated linear vector dipole (MCLVD)
(Bormann 2009). The isotropic component of the
moment (i.e., volume change in the source) can be
explained by the eigenvalues of the moment tensor.
The isotropic component represents an explosion

Figure 2. The correlation between observed and synthetic waveforms and the focal mechanism solutions of Sikkim earthquake
obtained at various trial depths by the vertical grid search method. The colours of the beach balls represent DC%.

Figure 3. The correlation between observed and synthetic waveforms is shown by contours of different colours and focal
mechanism solutions of Sikkim earthquakes obtained at various trials of 49-point sources on a 292 km2 a grid along with NS and
EW directions. The colours of the beach balls represent DC%.
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or the source has an implosive component and can
be explained by the sum of eigenvalues positive or
negative, respectively. If the sum of eigenvalues is
zero then the moment tensor has only deviatoric
components. If one of the eigenvalues is zero, the
deviatoric (Mdeviatoric) is a pure double couple
(MDC). The moment can be decomposed into a
major and minor double couple (Kanamori and
Given 1981), or a double couple and a compensated
linear vector dipole (CLVD) or MCLVD (KnopoA
and Randall 1970; Jost and Herrmann 1989), if the
sum of the eigenvalue is zero. While each

individual eigenvalue is non-zero, a CLVD
represents the seismic sources having no volume
change, net force, or net moment. The reliability of
the obtained solution is estimated by the variance
reduction (VR) given by Dreger (2003);

VR ¼ 1�
X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
di � sið Þ2

di
2

s2

4

3

5: ð10Þ

Here di and si are the observed and synthetic
data, respectively.

Table 3. Data used for the estimation of moment tensor solutions CMT Harvard (Global Centroid Moment Tensor Catalogue).

Location name

Date

yyyy/mm/dd

Time

hh:mm:ss

Data used for inversion

Body-waves Mental-waves Surface-waves

Stations Components Stations Components Stations Components

Xizang 2011/08/01 19:40:55 68 94 0 0 116 212

Myanmar–China

Border

2011/08/09 11:50:20 58 67 0 0 113 119

Southern Xinjiang,

China

2011/09/15 15:27:04 71 106 0 0 100 186

Sikkim, India 2011/09/18 12:40:59 145 338 141 314 151 367

Southern Xinjiang,

China

2011/10/20 20:52:40 24 28 0 0 76 114

Myanmar 2011/11/21 03:15:42 134 252 52 54 150 318

Myanmar–China

Border

2011/11/28 15:06:49 47 55 0 0 110 190

Xizang 2011/12/01 03:50:59 56 73 0 0 101 170

Xizang 2011/12/05 18:55:45 18 19 0 0 71 100

Xizang 2011/12/22 23:42:57 13 13 0 0 66 88

Northeastern India 2012/05/11 12:41:37 87 127 0 0 127 214

Xizang 2012/02/17 15:44:25 91 136 0 0 127 232

Table 4. Hypocentral parameters and moment tensor solutions estimated by CMT Harvard (Global Centroid Moment Tensor
Catalogue).

Location name

Lat.

(�N)

Long.

(�E) Date Time

Depth

(km) Mw

NP1

strike

NP1

dip

NP1

rake

NP2

strike

NP2

dip

NP2

rake

Xizang 33.75 87.77 2011/08/01 19:40:55 21.8 5.3 319 81 –177 229 87 –9

Myanmar–China Border 24.98 98.73 2011/08/09 11:50:20 20.1 5.1 251 86 1 161 89 176

Southern Xinjiang, China 36.45 82.46 2011/09/15 15:27:04 12.0 5.3 335 82 –179 245 89 –8

Sikkim, India 27.44 88.35 2011/09/18 12:40:59 46 6.9 216 72 –16 310 79 –162

Southern Xinjiang, China 35.63 81.57 2011/10/20 20:52:40 24.0 5.0 228 72 –19 324 72 –161

Myanmar 24.82 95.19 2011/11/21 03:15:42 129 5.8 143 48 118 284 49 62

Myanmar–China Border 25.09 97.67 2011/11/28 15:06:50 17.6 5.2 20 81 –177 289 87 –9

Xizang 31.57 83.80 2011/12/01 03:50:59 22.0 5.1 329 84 –176 239 86 –6

Xizang 32.42 92.88 2011/12/05 18:55:45 28.5 4.9 333 82 –177 243 87 –8

Xizang 31.76 86.54 2011/12/22 23:42:57 26.1 4.9 337 75 –169 244 79 –15

Northeastern India 26.18 93.03 2012/05/11 12:41:37 46.1 5.4 67 83 7 336 84 173

Xizang 32.32 82.92 2012/02/17 15:44:25 20.9 5.4 118 70 172 210 83 20
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4. Result and discussion

The moment tensor retrieval technique is most
popular for multi-station data; however, some
researchers earlier tried to obtain the solution
using single-station data. In the present study, an
attempt has been made with a fair degree of pre-
cession, to estimate the MT solutions of some
events with known solutions reported by CMT
Harvard by using single-station data recorded on a
local network (table 1) deployed in the Siang
region of Arunachal Himalaya. The ISOLA soft-
ware developed by Sokos and Zahradnik (2008) has
been used for analysis. It is based on six elementary
MTs and by minimizing the difference between the
observed and synthetic displacement in the least
square sense at a set of predeBned trial source
positions and trial origin times.

The general procedure for hypocentral location
determination using the ISOLA software is a step-
by-step process. The velocity model given by
Khattri et al. (1983) shown in table 2 has been
used for the computation of Green’s function. The
depth of the source can be determined by the
vertical grid search by Bxing the epicentre posi-
tion. The optimum source depth is found by per-
forming the inversion at several depths. The
Green’s function is a function of time hence the
depth. So the observed seismogram is also a func-
tion of depth. A vertical grid search provides a
single depth corresponding to the highest correla-
tion and DC% (Bgure 2). At a particular depth
estimated by the trial method, we seek the centroid
in the horizontal plane, using 49 point stencils,
14 km NS and 14 km EW grids in 292 km steps
(Bgure 3). Grid search provides a new optimum
epicentre location, corresponding to the best cor-
relation and improves the centroid position for a
particular depth (table 3). Also, there is no change
in the results with further reBnement in the grid in
NS and EW directions. The Bnal MTs can be
obtained by performing inversion using the Bnal
position of the source.

The CMT Harvard estimates the MTs of most of
the earthquakes that occurred worldwide using
data from multiple stations. So the solution given
by CMT Harvard has been considered standard
and used for comparing the results obtained. The
three basic parameters are required as priory
information for moment tensor inversion; struc-
tural velocity model, hypocentre location and the
frequency band used for inversion. The earth-
quakes analyzed in the present study are distantT
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from the seismological network, so the estimation
of good hypocentre parameters is not possible and
the hypocentral locations reported by CMT

Harvard (table 3) have been adopted for analysis.
Table 4 represents the solution obtained by CMT
Harvard. The frequency bands to be used in

Figure 4. Plot showing comparisons between observed (black) and synthetic waveforms (red) (a) Xizang (2011/08/01),
(b) Myanmar–China Border (2011/08/09), (c) Sikkim, India (2011/09/18), (d) Southern Xinjiang, China (2011/10/20),
(e) Myanmar (2011/11/21), (f) Myanmar–China Border (2011/11/28), (g) Xizang (2011/12/01). The Black waveform and red
waveform represent observed and synthetic waveforms, respectively, while the blue colour number represents the variance
reduction (VR) between the waveforms.
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inversion are obtained by using the utilities of
ISOLA. The frequency bands with good S/N ratios
have been used. So different frequency band has
been used for different earthquake. The Bnal
results obtained from moment tensor inversion are
given in table 5.
The basic parameters to explain any fault are

strike, dip and rake. The estimation of the focal
mechanism by any method gives two nodal planes;
one (NP1) is parallel to the fault plane and another
(NP2) is perpendicular to the Brst. Unfortunately,
there is no method to discriminate between the two
except the help of other geophysical methods. The
nodal plane (NP1) reported by one agency may be
corresponding to the nodal plane (NP2) reported
by another agency. Another one is the strike of
any fault which can be represented as strike =

strike±180�. It means strikes 270� and 90� are

representing the strike of the same fault plane.
Hence the MTs estimated in the present study and
reported by CMT Harvard are comparable.
Figure 4(a–g) shows the correlation between
observed (black coloured) and synthetic seismo-
grams (red coloured). The variance reduction for
analyzed earthquakes (VR) is quite high.

5. Conclusion

Moment tensor inversion has been performed to
Bnd the focal mechanism of 12 earthquakes recor-
ded at regional distances by a local seismological
network in the Siang region of Arunachal Hima-
laya. The solutions reported by CMT Harvard
have been treated as standard and obtained solu-
tions have been found comparable. Also, the

Figure 4. (Continued.)
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variance reduction for the analyzed earthquakes is
found high. This indicates the ability of the
moment tensor inversion method to get the solu-
tion even if less azimuthal data is available. This
agreement with the observations by Delouis and
Legrand (1999), Kim and Kraeva (1999), Dragger
(2003), Kim et al. (2002) and Maercklin et al.
(2011) that the focal mechanism can be obtained
using single-station data.
Dreger and Helmberger (1993) and Walter (1993)

show that an exact Earth’s crustal model can be
compensated by varying the depth or distance of the
source. They also found that the best Bt solution is not
much aAected by the small changes in the epicentre of
the earthquake. The significant variation in the solu-
tion can be observed due to the oversimpliBcation in
the crustal velocitymodel. Hence, themost important
priory information is the crustal velocity model which
should be conBrmed by the data as much as possible.
Another important parameter is the frequency band
used for inversion which can be decided by estimating
the signal-to-noise ratio.
Hence, the present study concludes that waveform

inversion can be applied to the near Beld single station
data provided several parameters are carefully used.
But authors are not assuring that such good solutions
canbeobtained inall casesas the solution is aAectedby
three basic parameters; structural velocity model,
hypocentre location and the frequency band used for
inversion. Yet this method would be very useful to
obtain the information about the earthquake having
limited data availability, with the help of a simple
Bnite-dimension source model. Also in a region like
India where most of our stations are below the Main
Central Thrust (MCT) as in this situation the azi-
muthal coveragemaynotbe good.Themoment tensor
solutions obtained by careful waveform inversion from
a few stations will help in understanding the ongoing
seismo-tectonic processes in the region.
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