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We measure source parameters for the 21 May, 2014 Bay of Bengal earthquake through inversion
modeling of S-wave displacement spectra from radial–transverse–vertical (RTZ) components recorded
at ten broadband stations in the eastern Indian shield. The average source parameters are estimated
using estimates from seven near stations (within epicentral distances ≤500 km). The average seismic
moment and source radius are determined to be 1.0×1018 N-m and 829 m, respectively, while average
stress drop is found to be 76.5 MPa. The mean corner frequency and moment magnitude are calculated
to be 1.6 ± 0.1 and 5.9 ± 0.2 Hz, respectively. We also estimated mean radiated energy and apparent
stress, which are found to be 6.1×1013 joules and 1.8 MPa, respectively. We observe that mean Es /Mo
estimate of 5.5×10−5 is found to be larger than the global average for oceanic strike-slip events. This
observation along with large stress drop and apparent stress estimates explains the observed remarkably
felt intensity data of the 2014 event. The full waveform moment tensor inversion of the band-passed
(0.03–0.12 Hz) broadband displacement data suggests the best ﬁt for the multiple point sources on a
plane located at 65 km depth, with a moment magnitude 6.4, and a focal mechanism with strike 318o ,
dip 87o , and rake 34o .
Keywords. Bay of Bengal; strike-slip; moment tensor; source parameters; apparent stress; stress drops.

1. Introduction
Estimation of earthquake source parameters (viz.,
seismic moment, corner frequency, source radii
and stress drop) provide key information regarding
ongoing tectonics and source processes responsible
for generating earthquakes, which, in turn, help in
predicting ground motions, thereby, seismic hazard
assessment of a region. In general, the earthquake
source parameters are estimated using two methods, viz., frequency and time domain methods.
In the frequency domain method, seismic moment
and corner frequency are estimated through spectral analysis of body and surface waves (Aki 1965;
0123456789().,--: vol V

Brune 1970; Hanks and Kanamori 1979; Fletcher
1980), while in the time domain waveform matching method, seismic moment and corner frequency
are calculated from synthetic waveform amplitudes and the source time function, respectively
(Langston and Helmberger 1975; Cohn et al. 1982).
Another key source parameter is stress drop (i.e.,
the diﬀerence between initial and ﬁnal stress level
on the fault plane after the occurrence of an earthquake), which is calculated using seismic moment
and corner frequency estimates (Brune 1970). The
frequency domain method is widely used to study
earthquake source parameters because it is easy to
apply on the digital waveform data of earthquakes,
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thus, in the present study we have used spectral
analysis of SH-wave spectra from the transverse
component of seismogram, for computing source
parameters of the 21 May, 2014 Bay of Bengal
earthquake.
A high-stress drop Mw 6.0 earthquake occurred in
the upper mantle (at 60–90 km depth) on 21 May,
2014 at 16:21:54 GMT (Singh et al. 2015). The epicenter of this earthquake (18.2046o N, 88.0298o E)
was in the Bay of Bengal, which is known for its
moderate seismic activity. This region is delimited by the Indian subcontinent on the western
and northern sides, while the tectonically active
Burmese and Andaman arcs bound it to the east.
The Indian Ocean deformation zone lies to the
south of it (Neprechnov et al. 1988). Available
focal mechanism data suggests strike-slip deformation dominates in this region (Neprechnov et al.
1988), which is further supported by the results
of a moment tensor inversion of the 2014 earthquake that has also shown strike-slip behaviour
(Rao et al. 2015a, b). This earthquake was perceived at distances up to 2000 km as evidenced
by macro-seismic data but only resulted in minor
damage due to its location and depth (Martin and
Hough 2015). This earthquake was recorded at 10
out of 15 three-component broadband stations in
a seismic network operated by the National Geophysical Research Institute, Hyderabad, India, in
the eastern Indian shield (ﬁgure 1). This dataset
enables us to study the source characteristics
of this earthquake through inversion modeling
for source parameters and moment tensors, the
results of which are presented in this paper. An
attempt has also been made to infer about the
causative source process involved in generating this
intraplate oceanic upper mantle event.

2. Seismic network and earthquake data
With an objective to delineate the crust–mantle
structure, CSIR–NGRI (Council of Scientiﬁc
and Industrial Research–National Geophysical
Research Institute), Hyderabad, India, has established a semi-permanent seismic network of 15
three-component broadband seismographs in the
eastern Indian shield, in 2013 (ﬁgure 1; table 1).
This network has been established under the 12th
ﬁve-year research project scheme of the CSIR–
NGRI. Each seismograph station consists of a
24-bit Reftek recorder and a 120 s Reftek sensor,
equipped with GPS time tagging. The seismograph
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record at 50 samples/s at a high gain. The stations
are installed on the hard rock site resulting in a
high signal to noise ratio (ﬁgure 2). Ten out of
ﬁfteen seismographs of the above network have
recorded the 21 May, 2014 Bay of Bengal earthquake (ﬁgure 1).
3. Methodology
3.1 Estimation of earthquake source parameters
We apply an instrumental correction to the
broadband waveform data of the 21 May, 2014
Bay of Bengal earthquake, using pole-zero ﬁles
of the sensor through the in-built ‘transfer’ facility of SAC (Seismic Analysis Code), followed by
the application of the functions ‘mean’ and ‘trend
removal’ to our data, through SAC. A time window of 5.12 s was then selected beginning at the
S-arrival from RTZ components. After obtaining
the windowed S-wave data, we applied a 5% cosine
tapering on the both sides. Finally, we compute the
S-wave spectra for the R, T and Z components,
using the inbuilt FFT (fast Fourier transform)
facility of the SAC. These S-wave spectra are used
as the input data for the Levenberg–Marquardt
inversion modeling to obtain the best-ﬁt spectra.
In this inversion scheme, initial guesses for corner frequency (fc ) and long period spectral level
(Πo ) are made from the respective spectra and the
modeled spectra, i.e., the initial corner frequency
is determined by matching the observed spectra
and modeled spectra. After obtaining initial values, we perform inversion modeling based on the
ω-square source spectral model to estimate the
best-ﬁt inverted spectra, by iteratively minimizing the normalized diﬀerence between inverted and
observed spectra that provides the required model
parameters, i.e., corner frequency and long-period
spectral level values. Using these model parameters, we compute other source parameters like
source radius, static stress drop, seismic moment
and moment magnitude, using some well-known
empirical relations.
Now, we can write the spectral amplitude at a
distance R from the earthquake source as given
below
(1)
A(f, R) = (Ao /R−λ ) exp(πRf /Qo Vs ),
where the amplitude at the source is Ao , while
frequency independent S-wave quality factor is Qo
and λ represents the geometrical spreading factor,
while shear wave velocity is denoted by Vs .
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Figure 1. An elevation (in m) map showing distribution of 10 broadband seismograph stations (solid triangles) (table 1) in
the eastern Indian shield. A solid circle marks the location of the 2014 Bay of Bengal event. The three-component broadband
seismograms of the 2014 event recorded at 10 seismograph stations (e.g., KHU, KEN, KNJ, BLS, SAL, BAL, DEN, CHI,
HAZ and DMK) are also shown. Other important tectonic boundaries like the Himalayan collisional zone and Burmese arc
are also shown. SG marks the Singhbhum Granite and CGGT represents the Chotanagpur Granitic Gneissic Terrain.
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Table 1. Location, elevation and tectonic regions of ten broadband seismograph stations in the eastern
Indian shield, which have provided data of the 2014 Bay of Bengal event for present study.
Station
DEN
KNJ
BLS
SAL
BAL
KHU
KEN
CHI
HAZ
DMK

Latitude
(o N)

Longitude
(o E)

Elevation
(m)

Tectonic region

20.92
21.28
21.34
21.78
22.30
20.20
20.55
22.46
24.07
24.60

85.25
86.30
86.66
86.83
86.83
85.62
86.47
85.79
85.38
87.08

99
67
51
86
101
62
25
293
594
199

Western Singhbhum Craton
Singhbhum Granite
Singhbhum Granite
Singhbhum Granite
Eastern Singhbhum Craton
Eastern Ghat Mobile Belt
Eastern Ghat Mobile Belt
Northern Singhbhum Craton (NSC)
Chotanagpur Gneissic Complex (CGC)
Chotanagpur Gneissic Complex (CGC)

Figure 2. A plot showing the signal-to-noise ratio curves for eight seismograph stations. The data of these stations are used
for the full wave-ﬁeld moment tensor inversion of the 2014 Bay of Bengal event.

Here, we can simplify the exponential term of
the RHS of the equation (1) as:
πRf /Qo Vs = ωt∗ /2,

(2)

⎡
ln A(f, R) = ln ⎣Πo

 

f
1+
fc

4 0.5

⎤
⎦

− ln R − ωt∗ /2.

(4)

∗

where t equals to R/Qo Vs and R is the
hypocentral distance.
We know that Ao , the source term for S-waves
(high frequency fall-oﬀ (γ) = 2) can be written as
(Boatwright 1980):

 
 0.5
 0.5
f 2γ
f 4
= Πo
Ao = Πo
1+
1+
fc
fc
= Πo /B40.5 .

Since, the formula for seismic moment is
corrected from the geometrical spreading eﬀect, the
term ‘R’ can be dropped from equation (2). We now
expand the B4 term following the Taylor series as
a Newton–Raphson’s method to ﬁnd roots of nonlinear equations (Press et al. 1992), which yields
the ﬁnal equation as:

(3)

From equation (1), we can write the spectral
amplitudes at a distance R from the source, with
no attenuation eﬀect as (Fletcher 1995):

ln A(f ) = ln Πo − 0.5 ln B4 +
− ωt∗ /2.

2B4−1 (f /fc )4



Δfc
fc



(5)
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We solve equation (3) using a least-squares
algorithm to obtain the model parameters after 10
iterations. In fact, we minimize the error in least
squares sense by solving
D = GM,

(6)

where, the model parameter matrix M , sensitivity
matrix G and data matrix D are
M = [ln Πo , t∗ , Δfc ]T ,
G = [1, −ω/2, 2B4−1 (f /fc )4 /fc ],
D = [ln A(f ) + 0.5 ln B4 ].

(7)

Using Newton’s method for quasi-linear equation
ΔM = (GT G)−1 GT ΔD,

(8)

where ΔM is the change in model parameters and
ΔD is the diﬀerence between predicted data and
observed data. The solution is found iteratively
according to Mk = Mo + Mk−1 , where Mo is the
initial model. Since the sensitivity matrix tends to
singular, we use the Lavenberg–Marquardt inversion technique to estimate ln Πo and fc with 10
iterations. Using this technique, equation (6) can
be written as:
ΔM = (GT G + λI)−1 GT ΔD,

(9)

where λ is Levenberg–Marquardt adjustable damping parameter and I is the identity matrix.
In this inversion scheme, ﬁrst, we set the initial
guessed value of fc to 0.1 Hz for all events, while
that of long period spectral level (Πo ) is selected
visually from the respective low-frequency spectral
level. And, the initial guessed value of t∗ is calculated using the equation t∗ = R/QV s , where R
is the hypocentral distance (in km). And for the
Singhbhum region, Q(f ) = 508f 0.48 is considered
here (Singh et al. 2004), while Vs assumes to be 3.5
km/s. Next, we estimate the normalized diﬀerence
between the computed spectra obtained from the
theoretical formula and that yielded from equation
(1) at each iteration. The maximum diﬀerence is
selected from the initial guessed values of Πo , t∗
and fc , and the minimum value is set based on
the accuracy of the Πo , t∗ and fc values that one
can expect to obtain from the inversion of noisy
data (Mandal and Dutta 2011). We also assign an
initial value to λ, say 0.001. The change in model

8

parameter vector (ΔM ) is derived by substituting
the initial guessed values into equation (7). In
the next iterations, a new model parameter is
computed according to Mr+1 = Mr + ΔMr , where
Mr and ΔMr are the model parameters and change
in parameter values at the r th iteration. Thus, after
ten integrations, we obtain the best ﬁt model which
provides the model parameters, i.e., fc , t∗ and Πo .
In this study, the ﬁnal λ values, which provide the
best ﬁt inverted spectra, vary from 10 to 100.
After obtaining model parameters from the
above inversion technique, source parameters such
as seismic moment, source radius and stress drop
are estimated using following empirical equations
Seismic moment (Mo )
=

4πρβ

(ΠZ2 + ΠR2 + ΠT2
F ∗ RθΦ

(Brune 1970).
(10)

Source radius (r)
2.34 ∗ 3 ∗ β
=
(2Π (fc Z + fc R + fc T )

(Madariaga 1976).
(11)

Stress drop (Δσ)
16Mo
(Keilis-Borok 1959),
=
7r3

(12)

where Πi and fi mark the long-period spectral
level (in m-s) and corner frequency (in Hz) for corresponding three component digital seismograms,
respectively, and, β and ρ are the S-wave velocity
in m/s and rock density in kg/m3 at the source,
respectively. Since our source depth is 65 km,
we use a P-wave velocity (α) of 8042.9 m/s, Swave velocity (β) of 4478.8 m/s and density (ρ)
of 3344 kg/m3 , for the estimation of source parameters. Here, the β value is taken from the IASP91
model (Kennett and Engdahl 1991). We calculated ρ from the P-wave velocity using the relation
ρ in gm/cm3 = 0.32α(km/s) + 0.77 (Berteusen
1977). RθΦ is the mean radiation pattern, which
is assumed to be 0.63 here for S-waves (Aki
and Richards 1980). F is the free surface correction factor (= 2). To correct for attenuation, we
consider a frequency dependent Q relation, i.e.,
Q(f ) = 508f 0.48 (Singh et al. 2004), which is valid
for the Indian shield. The estimated Mo , r and
stress drop are in N-m, m, and Pa, respectively
(1 MPa = 106 Pa) and G(R), the geometrical
factor term, is considered to be as follows:

8

Page 6 of 18

J. Earth Syst. Sci. (2019) 128:8


G(R) =

√

R

for R ≤ R0



RR0 for R > R0

,

(13)

where R0 = 100 km. This form of G(R) implies
predominance of body waves for R < 100 km and
surface waves beyond this distance and G(R)√is the
geometrical spreading factor. Here, G(R) = RR0
according to equation (11), since epicentral distances for our stations vary from 317 to 724 km
(i.e., >100 km, table 1). And, R is the hypocentral
distance in m.
Following Singh and Pacheco (1994), we estimated the S-wave energy (Es ) associated with each
earthquake in the frequency range of 0.2–25 Hz
using the following formula
 2  ⎤
⎡
ρβ   ∞
4πR2 GR(R)
2
⎦ 2
⎣
[(VN (f ))2
Es =
(Fs )2
0
2

2

+ (VE (f )) + (VZ (f )) ]e

2πf R
βQ(f )


df

(14)

where VZ (f ), VN (f ), and VE (f ) are the velocity
spectra of 10.24 s windows beginning at S-arrivals
on the Z, N , and E components, respectively, computed using SAC (Seismic Analysis Code). Fs is the
free-surface ampliﬁcation (= 2). R is the hypocen2
is the geometrical
tral distance in m and GR(R)
2
spreading term as deﬁned by equation (11).
The moment magnitude is computed using the
following equation
 
2
Mw =
log10 (Mo ) − 6.06
3
(Hanks and Kanamori 1979),

(15)

where Mo is in N-m.
Apparent stress: We estimate the model
independent apparent stress using the following
relation
σa = μEs /Mo ,

(16)

where Es is estimated from equation (12). Mo is
in N-m, and μ is the rigidity modulus in MPa. We
calculated μ from the P-wave and S-wave velocities
at 65 km depth according to the IASP91 model
(Kennett and Engdahl 1991).
Zuniga parameter (εz ): Zuniga (1993) proposed
a parameter called εz to describe three simple models for earthquake rupture processes (viz., Orowan
1960’s model, overshoot model and partial stress

drop model, Singh and Pacheco 1994). This Zuniga
parameter can be written as:



Δσ
,
(17)
σa +
εz = Δσ
2
where Δσ and σa represent the static stress drop
and apparent stress value, respectively. When
εz = 1, then it represents the simple Orowan
(1960)’s model. The case εz < 1 suggests the
partial stress drop model while εz > 1 represents the overshoot model. Here, we estimated
Zuniga parameter for the 2014 Bay of Bengal
earthquake.
3.1.1 Estimation of long-period magnitude (MA )
We have estimated the Mw (=MA ) for the
mainshock using the long-period magnitude estimation procedure given by Singh and Pacheco
(1994), which is described below.
The broadband seismograms were ﬁltered
between 12.5–30 s (0.03–0.08 Hz) (ﬁgure 2) and
the maximum amplitude in cm/sec was measured on the vertical (AZ ), north–south (AN ) and
east–west (AE ) components, respectively. Finally,
the resultant velocity amplitude was estimated
using
Vr = (AE 2 + AN 2 + AZ 2)1/2 .

(18)

After calculating Vr and epicentral distance from
the waveform information, the Vref for an earthquake can be estimated from a standard curve for
M5 Indian earthquakes (Mandal et al. 2007), which
gives the relation to determine Vref as mentioned
below
Vref (cm/s) = −2.2 × 10−6 R (km) + 0.00564.
(19)
The above equation is obtained using threecomponent velocity data from 10 broadband stations of IMD and Hyderabad Geoscope station in
the peninsula India, for 25 regional events including
the 1997 Jabalpur, Koyna (1993–1996), Pakistan
(1990–1996), Hindukush (1992–1995), and XNG
province of China. Thus, equation (17) is valid for
the whole peninsular India. The following equation
to estimate Mo was obtained by considering an M6
earthquake as the reference earthquake
Mo = (Vr /Vref ) ∗ 1.0E + 25 dyne-cm.

(20)

σa in
MPa

Mw

Vr values are obtained from the band-pass ﬁltered broadband seismograms of the 21 May, 2014
Bay of Bengal earthquake at diﬀerent stations.
All estimated source parameters including the long
period magnitude (MA = Mw ) values are listed in
table 2 (1 N-m = 107 dyne-cm).

NC
NC
5.7
NC
5.9
5.5
5.6
6.0
6.0
5.8
6.2
5.8
5.9
5.8

(21)

2.83
2.04
1.02
1.89
2.53
1.00
1.37

Mw = (log10 (Mo ) − 16.1)/1.5.

MA

Finally, we assume that the long-period
magnitude (MA ) is approximately equal to Mw .
Thus, we can estimate the Mw after determining
Mo from equation (3), using the following relation
(Hanks and Kanamori 1979)

1922
2186
4980
3338
2621
1163
1931
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Following Fletcher (1995), we calculate the standard deviations of stress drop estimates using
following equation
σstd = Δσ{((σm /Mo )2 + 9(σr /r)2 )}0.5 .

(26)

The mean standard deviations in log moment,
source radius and stress drops are estimated to be
0.55 N-m, 281 m and 0.0056 MPa, respectively,
while the multiplicative error factor is calculated
to be 3.56.

1.2e+14
6.8e+13
1.6e+13
1.2e+14
4.9e+13
3.0e+13
2.2e+13
86.1
77.8
42.9
146
66.6
67.3
48.8
×1018
×1018
×1017
×1018
×1017
×1017
×1017
1.4
1.1
5.2
2.1
6.4
9.9
5.3

Es in
Joules
Δσ in
MPa
Mo
(N-m)

Note. NC: Surface wave part saturated on the vertical component; thus MA could not be calculated.

(25)

893
852
810
858
749
863
781

Emo = antilog{s.d. (log<Mo >)}.

and

1.46
1.53
1.61
1.52
1.74
1.51
1.67

(24)

317
345
385
395
400
425
480

− log <Moi >]2 }0.5

KEN
KHU
BLS
KNJ
DEN
SAL
BAL

s.d.(log <Mo >) = {[1/(N S − 1)]Σ[log Moi

Radii
(m)

Also, we estimate the standard deviation of the
log moment and multiplicative error factor using
following relations

fc
(Hz)

(23)

Epi. dist.
(km)

<r> = (1/N S)Σri .

and

Stn.

(22)

Table 2. List of estimated source parameters for the 21 May, 2014 Bay of Bengal event.

<Mo > = antilog[(1/N S)Σ log Moi ]

Es /Mo

The uncertainty in the source parameter estimates
has been investigated by computing mean and
standard deviations of the seismic moment (Mo ),
corner frequency (fc ), source radius (r) and stress
drops (Δσ). Following the procedure of Archuleta
et al. (1982), the average seismic moment and
source radius are estimated using formulas as
mentioned below

8.6e−5
6.2e−5
3.1e−5
5.7e−5
7.7e−5
3.0e−5
4.2e−5

3.2 Error analysis

8
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3.3 Moment tensor inversion
In this paper, we perform a full waveform moment
tensor (MT) inversion using broadband data from
the 21 May, 2014 Bay of Bengal event. This
MT inversion is performed using the ISOLA software (Sokos and Zahradnı́k 2008), which allows
for multiple point source iterative deconvolution
(Kikuchi and Kanamori 1991) inversions of complete regional and local waveforms (Sokos and
Zahradnı́k 2013). In this method, the discrete wave
number method (Bouchon 1981; Coutant 1989) is
used to compute the full waveform synthetics by
calculating Green’s functions at local and regional
distances. Initially, a set of predeﬁned point-source
positions along a line or grid is considered. After
obtaining a major point-source contribution or
sub-event, the corresponding synthetics are ﬁrst
subtracted from data, and then the residual waveform is inverted for another point source, and so
on (Zahradnik et al. 2005). Here, the point sources
are removed consecutively, one after another, thus
each step has only two parameters (source position
and onset time), which contribute to the stability
of the inversion (Zahradnik et al. 2005). To get the
best position and onset time, a grid search method
is used, which provides the best position and time
in terms of the absolute value of the correlation
coeﬃcient between the observed and synthetics.
The correlation coeﬃcients are calculated automatically during a least square inversion (Dimri 1992;
Zahradnik et al. 2005). All correlation values are
saved for a detailed post-evaluation of the inversion. At the best-ﬁtting spatiotemporal position,
the match between the observed and synthetics
data is characterized by the overall variance reduction over all stations and components (Zahradnik
et al. 2005). Since the remaining part (i.e., the deviatoric moment tensor inversion) is linear, an L2
norm least squares inversion (Dimri 1992) is used
to obtain the moment tensors of the sub-events
by minimizing the diﬀerence between observed and
synthetic displacements. In this paper, we used a
delta function, whose moment rate has a predeﬁned
shape and duration. The details of the technique
can be found in Zahradnik et al. (2005) and Sokos
and Zahradnı́k (2008).
3.3.1 Initial data processing
Using the Seismic Analysis Code (SAC)
software, the instrumental correction is ﬁrst applied
to the selected broadband seismograms after the
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trend and mean were removed from the traces
(SAC 2000). The corrected velocity traces are
cut from the origin time to 250 s, using SAC.
The inputs of ISOLA (Isolated Asperity) code are
the velocity records, which are later, integrated
to the band-passed displacement through ISOLA.
Finally, these displacement traces are used as input
data for the full waveform moment tensor inversion inbuilt in the ISOLA software. Four diﬀerent
velocity models for ESC, WSC, NSC and SG
(tables 1 and 3), which are obtained from a Preceiver function study of the Singhbhum craton
(Mandal and Biswas 2015), were used for the full
waveform moment tensor inversion modelling using
the ISOLA software.
3.3.2 Application of ISOLA on the broadband data
of the 2014 Bay of Bengal earthquake
We use the SAC data format of instrumentally
corrected velocity records as input data for moment
tensor inversion. First, the raw data is prepared
for diﬀerent stations using these velocity traces,
through the inbuilt origin alignment facility of
ISOLA. The ISOLA integrates the input velocity
data to the band-passed displacement traces, which
are then used as input for the moment tensor inversion. ISOLA applies a four band pass ﬁlter (f1 , f2 ,
f3 , f4 ) to real and synthetic waveforms, in our case,
a four band passed ﬁlter (0.03, 0.05, 0.09, 0.12)
is used. Here, we deﬁne f1 as 0.03 Hz from the
SNR curves of our stations (ﬁgure 2). Following
Sokos and Zahradnı́k (2013), we select f4 to be 0.12
since our stations are located at regional distances
(316–724 km). We know that above band pass ﬁlter
should be ﬂat (= 1) between f2 and f3 , and cosinetapered between f1 and f2 , and again between f3
and f4 . Therefore, we select f2 to be 0.05 and f3 to
be 0.09 for our study.
4. Results and discussions
The estimated source parameters of the 21 May,
2014 Bay of Bengal event at seven broadband stations are listed in table 2, which are estimated
by inverting the S-wave displacement spectra from
the three-component recordings, wherein, an iterative Levenberg–Marquardt inversion technique is
used. The estimated seismic moment (Mo ) and
source radius (r) vary from 5.2×1017 (at BLS) to
2.1×1018 N-m (at KNJ) and 749 (at DEN) to 893
m (at KEN), respectively, while estimated stress
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Table 3. Four diﬀerent velocity models used for moment tensor inversion
through ISOLA at diﬀerent stations.
Depth of layer top
(km)

Vp
(km/s)

Vs
(km/s)

Density
(g/cm3 )

Model-1 (used for KEN and KHU stations, EGMB)
0.0
5.72
3.306
2.600
4.8
6.36
3.676
2.805
19.6
6.85
3.960
2.962
39.0
8.00
4.624
3.330
Model-2 (used for HAZ, DMK stations, Eastern
0.0
5.38
3.109
4.8
6.07
3.509
25.0
6.62
3.830
40.0
8.00
4.624

Qp

Qs

300
300
300
1000

300
300
300
1000

SC and CGGC)
2.492
300
2.712
300
2.888
300
3.330
1000

Model-3 (used for SAL, and BLS stations, Singhbhum Granite)
0.0
5.87
3.393
2.684
300
5.1
6.55
3.786
2.866
300
25.1
6.93
4.010
2.988
300
46.0
8.04
4.650
3.343
1000
Model-4 (used for BAL, KNJ, CHI,
0.0
5.91
5.25
6.27
15.20
6.60
25.4
6.87
42.8
8.00

300
300
300
1000
300
300
300
1000

and DEN stations, WSC, ESC and NSC)
3.416
2.661
300
300
3.624
2.776
300
300
3.815
2.882
300
300
3.971
2.968
300
300
4.624
3.330
1000
1000

drops (Δσ) and apparent stress values range from
42.9 (at BLS) to 146 MPa (at KNJ) and 1.0 (at
SAL) to 2.83 (at KEN), respectively (table 2). The
corner frequencies (fc ) are found to range from 1.46
(at KEN) to 1.74 Hz (at DEN), while moment magnitudes vary from 5.8 (at BLS, BAL and DEN) to
6.0 (at KEN and KHU) (table 2). The radiated seismic energy values range from 1.6×1013 (at BLS)
to 1.2×1014 joules (at KNJ and KEN) (table 2).
Our estimated Es /Mo and Q values range from
3.0e−5 (at SAL) to 8.6e−5 (at KEN) and 1163 (at
SAL) to 4980 (at BLS), respectively. In this paper,
the average source parameters are estimated using
estimates from seven good closer stations (within
epicentral distances ≤500 km, table 2). The mean
fc , r, Mo , Δσ, Mw , Es , σa and Es /Mo for the 21
May, 2014 event were found to be 1.58 Hz, 829 m,
1.0 × 1018 N-m, 76.5 MPa, 5.93, 6.1 × 1013 joules,
1.81 MPa and 5.5 × 10−05 , respectively. The average crustal Q value is estimated to be 2874 for the
study region. We also estimated long period magnitudes (MA ), which show a good correlation with
our Mw estimates (table 2). Using mean apparent stress and stress drop estimates, we estimate
the Zuniga parameter for the 2014 Bay of Bengal
earthquake from equation (15), which is found to
be 1.69. Thus, the estimated εz is found to be >1.0,

which depicts an overshoot stress drop model for
the 2014 Bay of Bengal earthquake.
In this study, we use a range of the adjustable
damping parameter (λ) varying from 10 to 100 to
obtain the best ﬁtting S-wave spectra through the
Levenberg–Marquardt inversion technique. Our
estimated S-wave spectra for the R, T and Z components for ten broadband seismograph stations in
the eastern Indian shield are shown in ﬁgures 3(a–
o) and 4(a–o), which show very stable nature of the
S-wave spectra deﬁning the long-period spectral
level (Πo ) and corner frequency (fc ). The ln(Πo )
and fc obtained from the best-ﬁt spectra, which
is determined through the Levenberg–Marquardt
inversion of the S-wave spectra, are also shown in
ﬁgures 3(a–o) and 4(a–o). In this study, the sampling rate of broadband data is 50 sps. Thus, the
maximum frequency content of spectra is deﬁned
by the Nyquist frequency (sps/2), i.e., 25 Hz. We
also notice that the ﬁt for long period part of
spectra is not very good only for distant stations
(e.g., DMK, HAZ and CHI) (ﬁgure 4g–o), whereas,
the spectral ﬁts are found to be very good for all
other stations (ﬁgures 3a–o and 4a–f). This kind of
behaviour of spectra could be due to the inadequate
attenuation correction. In fact, we have used a frequency dependent Q relation, i.e., Q(f ) = 508f 0.48
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Figure 3. S-wave spectra for three component RTZ data for ﬁve seismograph stations (a–c) BAL, (d–f) BLS, (g–i) KHU,
(j–l) KEN and (m–o) KNJ. Estimated fc and ln (long-period spectral level) obtained from inversion modeling of S-wave
spectra for each station are also shown.
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Figure 4. S-wave spectra for three component RTZ data for ﬁve seismograph stations (a–c) DEN, (d–f) SAL, (g–i) CHI,
(j–l) HAZ and (m–o) DMK. Estimated fc and ln (long-period spectral level) obtained from inversion modeling of S-wave
spectra for each station are also shown.
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Figure 5. Spatial distribution of crustal Q, moment magnitude and Es /Mo estimates in the eastern Indian shield.
High crustal Q zone is marked by solid black elliptical area
while low crustal Q zone is shown by dotted black elliptical
area. And, a gray solid elliptical are a marks the intermediate crustal Q zone. Filled red triangles mark the broadband
seismographs while a red ﬁlled star represents the location
of the 2014 BOB mainshock.

(Singh et al. 2004), which is valid for the Indian
shield. But, this kind of relationship may not be
able to account for local variation of attenuation of
the media.
The spatial distribution of crustal Q estimates
enabled us to delineate high-Q, intermediate-Q and
low-Q zones (ﬁgure 5). The high-Q zone covering
KNJ and BLS sites show a large averaged Q value
of 4159. A large mean Es /Mo value of 4.4e−5 and a
relatively large mean Mw value of 5.7 characterize
the ﬁrst high-Q zone, which could be attributed
to the less attenuate crustal structure below the
region between ﬁrst high-Q zone and the epicentre
of the 2014 BOB mainshock. The intermediate-Q
zone (mean Q = 2243) covers DEN, KHU and KEN
sites, which is characterized by a high Es /Mo value
of 7.5e−5 and a high mean Mw of 5.9 that could be
attributed to a combined inﬂuence of low attenuate
media and source directivity. While the low-Q zone
with a mean Q of 1547 covers SAL, and BAL sites,
which is characterized by a relatively high Es /Mo of
3.4e−5 and a smaller mean Mw of 5.5. The smaller
Mw value could be attributed to the relatively high
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attenuation of media while high Es /Mo value might
be explained in terms of the source directivity.
The 21 May, 2014 mainshock occurred at the
location of latitude 18.21o N, longitude 88.03o E. For
this event, three component broadband waveforms
from seven broadband stations (BLS, KEN, KHU,
KNJ, CHI, and DEN) are used (ﬁgure 6a). The
epicentral distances for BLS, KEN, KHU, KNJ,
CHI, and DEN are 385, 317, 345, 395, 535, and
400 km, respectively. The displacement traces for
the remaining three far stations (BAL, DMK and
HAZ) are found to be oscillatory and noisy. Therefore, the data from these stations are not used in
the MT inversion. A four band-passed ﬁlter (0.03,
0.05, 0.09, 0.12 Hz) is used for the MT inversion.
The full waveform moment tensor inversion for
multiple point-sources (source below epicenter and
distributed in a grid on the rupture plane) are performed, using ISOLA software, on the band-passed
(0.03–0.12 Hz) displacement traces of the 2014
event obtained from the 10 broadband stations
of the seismic network of CSIR–NGRI, Hyderabad (ﬁgure 1). The good agreement between
observed traces and synthetics are shown in ﬁgures
6(a) and 7(a). For the full waveform MT inversion for multiple sources below the epicenter, we
consider a set of predeﬁned 18 point-source positions at every 5 km depth beneath the mainshock
epicenter starting from 5 to 90 km, which provides the maximum spatial correlation at 65 km
depth for the 13th source position (ﬁgure 6b),
suggesting a solution having 18.8 % of volume
(Vol) component, 53.1% of double-couple (DC)
component and 28.2% of compensated linear vector dipole (CLVD) component (ﬁgure 6c). The
mechanism suggests a left-lateral strike-slip mechanism, with a strike, dip and rake of 319o , 88o and
19o , respectively (ﬁgure 6c), which is in agreement
with the NW–SE trending fracture zone previously
mapped in the BOB (Rao et al. 2015a). The seismic moment and moment magnitude are estimated
to be 1.9×1018 N-m and 6.3, respectively. The Paxis orientation is estimated to be 92o for this event
indicating the maximum compression acting in the
E–W direction in the upper mantle, underlying the
Bay of Bengal.
For the full waveform inversion of a grid based
multiple point sources on the rupture plane, ﬁrst we
assume, following Wells and Coppersmith (1994), a
rupture area of 8 × 8 km for the Mw 6.1 Bay of Bengal strike-slip earthquake. We then consider a grid
based predeﬁned set of 64 point sources/sub-events
(eight each in strike and eight in dip directions),
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Figure 6. Solutions of full wave-ﬁeld MT inversion for the 2014 Bay of Bengal event for multiple point sources below the
epicenter (a) a plot showing synthetic and observed traces, (b) a plot showing correlation with source depth, and (c) a plot
showing obtained focal mechanism for the best ﬁt solution showing maximum correlation with source depth.

which are distributed with a 2 km spacing on the
rupture plane of 8 × 8 km. The best solution of
the MT inversion is obtained at 65 km depth,
which provides a good agreement between observed
traces and synthetics (ﬁgure 7a). We obtain the
maximum spatial correlation for the 25th source
position (ﬁgure 7b), suggesting a solution having 20% Vol component, 46.2% of DC component and 33.7% of CLVD component (ﬁgure 7c).
The mechanism suggests a left-lateral strike-slip
mechanism, with a strike, dip and rake of 318,
87 and 34o , respectively (ﬁgure 7c). The seismic
moment and moment magnitude are estimated to

be 5.1×1018 N-m and 6.4, respectively. The P-axis
orientation is estimated to be 87o for this event
indicating the maximum compression acting in the
E–W direction in the upper mantle, underlying the
Bay of Bengal.
4.1 Interpretation of estimated high radiated
energy estimates
The estimated radiated energy estimates for the
2014 Bay of Bengal event are listed in table 2,
which vary from 7.3×1010 (at DMK) to 1.2×1014
(at KNJ and KEN) joules. Our Es /Mo estimates
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Figure 7. Solutions of full wave-ﬁled MT inversion for the 2014 Bay of Bengal event for multiple point sources distributed
in a grid at 65 km depth (a) a plot showing synthetic and observed traces, (b) a plot showing grid distribution of multiple
point sources and the sub-event location along with mechanism that gives maximum correlation, and (c) a plot showing
obtained focal mechanism for the best ﬁt solution showing maximum correlation with source depth.

range from 1.6e−6 (at DMK) to 8.6e–5 (at KEN).
The average Es /Mo value associated with the 2014
BOB event is calculated to be 5.5×10−5 , which lies
between the expected range of 5×10−4 and 5×10−6
for the earthquakes around the world (Singh and
Pacheco 1994). Choy and Boatwright (1995) ﬁnd
an average of (Es /Mo ) as 6.1×10−5 for seven
selected Indian Ocean earthquakes, which is in
good agreement with our estimate. They also found
an average apparent stress of 6.8 MPa for Indian
Ocean earthquakes, which is 2.7 times higher
than our apparent stress estimate of 1.81 MPa

for the 2014 BOB event. However, we ﬁnd large
Es /Mo , stress drop and apparent stress estimates
for the 2014 BOB event in comparison to those of
normal strike-slip events in the world (Choy and
Boatwright 1995). This observation gets further
support macro-seismic intensity data for the 2014
Bay of Bengal earthquake from locations at distances greater than 1000 km, which suggests an
eﬀective intensity magnitude (MIE ) of 6.4 (Martin
and Hough 2015) using an intensity attenuation
function determined speciﬁcally for the Indian
subcontinent (Szeliga et al. 2010).
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Our model of high Es /Mo (∼5.61e−05) and
apparent stress estimates can be compared to the
results of Singh et al. (2015), wherein they showed
that PGA values of the 2014 Bay of Bengal earthquake are comparable to those from the 1999
Chamoli earthquake of Mw 6.5. Singh et al. (2015)
also pointed out the fact that the velocity spectrum
for the 2014 Bay of Bengal event exceeds that of
the 1999 Chamoli earthquake for frequencies above
1 Hz, which will inﬂuence the PGA data (Trifunac
and Brady 1975). It would be worth mentioning
here that our spectral analysis of SH spectra of
the 2014 Bay of Bengal event suggests a moment
magnitude of Mw 5.92.
4.2 Implications toward high stress drop and large
apparent stress
The observation related to the reduction of low
frequency energy and enrichment of high-frequency
energy associated with the 2014 Bay of Bengal
event in comparison to the 1999 Mw 6.5 Chamoli
earthquake (focal depth 21 km) has been partially attributed to the source depth of 60–85 km
for the 2014 event (Singh et al. 2015). However,
the high-frequency enrichment of the 2014 event
could also be partially attributed to the highstress drop of this event (Rao et al. 2015b; Singh
et al. 2015). Note that the 2011 Dalbandin earthquake of Me 7.3 (inferred to have high apparent
stress), an intraplate event similar to the 2014
Bay of Bengal event, also showed signiﬁcantly high
intensities at regional distances (Martin and Kakar
2012).
High apparent stress values associated with
strike-slip oceanic events at 0–60 km depths depend
on the lithospheric strength proﬁle (Choy and
McGaar 2002). Thus, high apparent stress associated with the 2014 event could also be attributed to
the strong upper mantle below the Bay of Bengal
(Kohlstedt et al. 1995). Note that earthquakes in
the oceanic region can occur in the upper mantle,
which is mainly controlled by lower temperature
(< 600◦ C) rather than rheological changes (McKenzie et al. 2005). Thus, the Bay of Bengal earthquake
might have occurred at 65 km depth, due to sudden movement along a deep seated vertical fault
at the mantle level that resulted from the regional
plate tectonic forces. This model gets further support from the fact that seismogenic depth/elastic
thickness is shown to extend upto 50–70 km depth
below the region of thickest sediments (∼16 km) of
Bay of Bengal (Tesauro et al. 2012). Our moment
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tensor solution of the 2014 mainshock suggests a
left lateral strike-slip motion at 65 km depth. This
is in agreement with the observation of Neprechnov
et al. (1988), who suggested extensive left lateral
strike-slip motion in this region related to India–
Australia plate kinematics.
Our results for the 2014 Bay of Bengal
earthquake reveal that apparent stress estimates
range from 1.0 to 5.8 MPa, with a mean apparent stress of 1.81 MPa (for seven closer stations (epicenter distance ≤500 km) from table 2).
Our apparent stress estimates fall well within the
reported range of global strike-slip events (0.61–
20.69 MPa) (Choy and Boatwright 1995). However,
our averaged apparent stress of 1.81 MPa is found
to be less than the global average of 6.95 MPa
for the oceanic intraplate strike-slip events (Choy
and Boatwright 1995). The high apparent stress
associated with the Gulf of Alaska and the Ryuku
Trench-Nankai earthquakes has been attributed to
large lateral compressive stresses resulted from the
non-linear concavity of these island arcs (Lahr et al.
1988; Chamot-Rooke and LePichon 1989; Choy
and Boatwright 1995). It is also established that
there would be strong oblique component due to
the direction of convergence between the oceanic
plate and the island arc, which can lead to large
lateral compressive stress regime favoring strikeslip failure (Lahr et al. 1988; Chamot-Rooke and
LePichon 1989; Choy and Boatwright 1995). We
feel that similar tectonic situation is prevailing
in the epicentral zone of the 2014 BOB event
that might have resulted in a high apparent stress
estimate.
Our static stress drop estimates vary from 1.8 to
76.5 MPa, with a mean stress drop of 27.1 MPa
(table 2). Similar high-stress drop value for the
2014 event have also been inferred based on intensity data by Martin and Hough (2015) and based
on spectral analysis of broadband waveform data
(Rao et al. 2015b). However, our mean stress drop
estimate of 27.1 MPa is noticed to be smaller in
comparison to 94 MPa as suggested by Rao et al.
(2015b). This discrepancy in stress drop estimate
could be attributed to the fact that we used data
from relatively closer regional stations (epicentral
distances of 300–700 km). It is a well established
fact that in general oceanic strike-slip events associated with high-stress drops and large apparent
stress values (Choy and McGaar 2002; Choy et al.
2006). Wiens (2001) drew stress on the fact that
deep focus earthquakes are generally characterized
by high-stress drops and lack of aftershocks. Note
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that no aftershocks were reported for the 2014
event.
Recent GPS data revealed that presently the
Burmese arc is behaving as a strike-slip transform fault, which is characterized by a recent
cessation of subduction (Kundu and Gahalaut
2013). The P-axes obtained from our full waveform moment tensor inversion reveals an E–W
orientation (∼80−90o ) with a shallow plunge of
10−12o , which is perpendicular to the nearest
transform fault, i.e., Burmese arc. While T-axis oriented normal to the nearest subduction zone, i.e.,
Himalaya. This observation along with the large
estimated apparent stress of 2.51 MPa agrees well
with the ﬁndings of a global review of strike-slip
high apparent stress oceanic intraplate events by
Choy and McGaar (2002). Note that the average
apparent stress for oceanic strike-slip earthquakes
is observed to be about 18 times higher than
the global average (Choy and McGaar 2002). The
occurrence of a high apparent stress strike-slip
event suggests that the fault zone is stronger, even
though it is lying in the upper mantle. Thus, very
high stresses are required to break this vertical
S–S fault, to cause an earthquake of Mw 6.4. We
feel that high lateral compressive stresses in the
epicentral zone might have been associated with
the strong oblique component resulting from the
direction of convergence between the oceanic plate
and the Sumatra arc. This might have provided
the required stresses to generate the high apparent
stress 2014 upper mantle event (Wang et al. 1997).
Our apparent stresses are found to be lower
than static stress drops while the estimated Zuniga
parameter of 1.69 suggests an overshoot stress drop
model for the 2014 Bay of Bengal event. Thus, we
propose that the rupture process associated with
the 2014 mainshock could be inferred to be the
high compressive stresses related to the strike-slip
fault zone in the upper mantle below the Bay of
Bengal, resulting from the regional plate tectonic
forces. Thus, it is possible that this 2014 earthquake could be a consequence of fracture on a new
fault that resulted from the intense deformation
zone caused by regional plate tectonic forces, as
also suggested by Choy (2011) for oceanic strikeslip earthquakes that radiated exceptionally high
energy.
5. Conclusions
In this paper, we estimated source parameters
and moment tensor solutions of the 2014 Bay
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of Bengal event through inversion modelling of
broadband data from the seismograph network of
CSIR–NGRI, Hyderabad, India, in the eastern
Indian Shield. Our ﬁndings are listed below:
(1) The average seismic moment and source radius
for the 21 May, 2014 event were estimated to
be 1.0 × 1018 N-m and 829 m, respectively,
while average stress drop and corner frequency
are found to be 76.5 MPa and 1.6 Hz, respectively. This event is also found to be associated
with a mean high apparent stress of 1.8 MPa
and a mean large radiated energy of 6.1 × 1013
joules.
(2) The full waveform moment tensor inversion for
multiple point sources suggests a left-lateral
strike-slip mechanism at 65 km depth, with
a strike, dip and rake of 318, 87, and 34o ,
respectively.
(3) The moment magnitude for the 2014 event
is estimated to be 5.9 through the spectral
analysis of SH spectra at seven near stations
(within epicentral distances ≤500 km).
(4) The mean large Es /Mo estimate suggests a
good agreement with the normal expected
Es /Mo value of the Indian Ocean earthquakes.
This along with a large apparent stress estimate of 1.81 MPa explains for the observed
anomalously large area of perceptibility of the
2014 event.
(5) In good agreement with global observations
of oceanic transform fault earthquakes, the
P-axis orients toward E–W normal to the
nearest Burmese arc transform fault while
T-axis orients normal to the nearest
Himalayan collisional zone.
(6) The high apparent stress and stress drop
values associated with the 2014 event are
attributed to the large compressive stresses
associated with a strong oceanic upper mantle fault zone resulting from the Burmese arc
transform push.
(7) The Zuniga parameter based on apparent
stress and stress drop of the 2014 event is estimated to be 1.69, which suggests an overshoot
stress drop model for the 2014 Bay of Bengal
event.
(8) We observe a variation in the Mw estimates
across the study area, with a maximum of 6.2
at KNJ (epicenter distance = 395 km) and a
minimum of 5.8 at BAL (epicenter distance =
480 km) and DEN (epicenter distance = 400
km). We also estimated long period magnitude
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(MA ) estimates using band-passed (0.03–0.08)
ﬁltered broadband seismograms, which show a
good correlation with our Mw estimates.
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