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The northeastern part of the Indian Ocean, i.e. the
Bay of Bengal (BoB) is located near some of the most
complicated tectonic zones on the Earth. An earth-
quake of magnitude ~6.0 occurred on 21 May 2014
near the coast of Odisha. Occasional moderate to
large earthquakes in BoB highlight the need to study
precise hypocentre locations, and focal mechanisms to
understand the cause of intraplate seismicity in BoB.
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It is also important for seismic hazard and tsunami
risk evaluation along the eastern coast of India. We
present an analysis of the digital data of this earth-
quake recorded by regional and global networks of
seismic stations. Qur analysis of travel-times of P- and
S-waves indicates that the epicentre of the earthquake
is located between the Eighty Five East and Ninety
East ridges. The focus of this earthquake was at a
depth of ~61 km, well below the lower boundary of the
oceanic crust. The focal mechanism determined by
modelling long period P- and SH-waveforms suggest
an strike—slip motion along a NW-SE or NEE-SWW-
directed fault or fracture. We interpret that the upper
part of the BoB lithosphere is abnormally strong and
brittle.

focal

Keywords: Earthquake location, mechanism,

intraplate seismicity, tectonic zones.

THE Indian Ocean is one of the most seismically active
oceanic regions where intraplate seismicity is observed
frequently' (Figure 1). The northeastern part of Indian
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Figure 1. The location map and regional seismicity of the Bay of
Bengal. The coloured circles represent earthquakes, where colour and
size of a circles correspond to the depth, and magnitude of the earth-
quakes. Location of the 21 May 2014 earthquake is shown by
beachball. Arrows show GPS velocity vectors®>.
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Figure 2. (a) The thickness of sediments” and (b) free-air gravity anomaly® maps of the Bay of Bengal.

Ocean, i.e. the Bay of Bengal (BoB) is unique among the
world’s oceanic basins, having ~8—16 km thick young
sedimentary deposits® derived from rapid erosion of the
Himalayan mountains by large rivers such as the Ganga
and Brahmaputra®*. The sedimentary thickness increases
up to 16 km near the delta of the two rivers (Figure 2 a).
Furthermore, BoB is located near the junction of some of
the most complex tectonic features on the earth*®. It is
surrounded by the Shillong Plateau in the north, the Indo-
Burmese arc in the NE, the Andaman—Sumatra subduc-
tion zone in the SE” "' and the Eastern Ghats Mobile Belt
(EGMB) in the west'' . Besides these, the seafloor of
BoB is traversed by numerous faults, fracture zones and
ridges of volcanic origin predominantly aligned in the NS
and NNE-SSW directions'*.

The lithosphere of the BoB evolved during the early
Cretaceous break-up of eastern Gondwanaland and ex-
perienced three major phases of seafloor spreading. Most
of the BoB crust was formed during long normal mag-
netic polarity period®'*'>. The major morphological fea-
tures such as the Eighty Five East, and Ninety East ridge
(NER) bathymetric high are visibly traceable up to 10°N
latitude, but disappear beneath the thick sediments at
northern latitudes. However, traces of these ridges are
clearly evident on the gravity anomaly map up to 20°N
latitudes (Figure 2b). Efforts are continuously being
made by various national and international research
groups to determine the high-resolution crustal structure
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of BoB*®'%. On the basis of earthquake data, Brune and
Priestley'®, and Brune and Singh'” estimated a continent-
like thick crust in BoB, whereas recent analysis of gravity
data predicted relatively thin crust for few regions'.
Detailed knowledge of the deep seismic structure of BoB
by active seismic methods is primarily hindered by thick
sedimentary cover.

Historically only few large earthquakes have been
noted in various parts of BoB'*'®. The cause of intraplate
seismicity in BoB is poorly understood, primarily
because of sparse distribution of regional earthquake
recording stations, and unknown crustal structure. Most
parts of the two volcanic ridges are considered aseismic;
however, focal mechanism of few earthquakes near NER
shows a NE-SW compression, where a combination of
thrust and strike—slip motion occurs™'**’. GPS observa-
tions indicate differential motion between various tec-
tonic boundaries in NE India*'. Part of this differential
motion is likely to be accommodated at fractures zones in
BoB.

To better understand tectonics and the prime cause of
earthquakes in a region, it is important to locate them
with high accuracy, besides correctly modelling focal
mechanisms. The precision of hypocentre determination
depends on good azimuthal and epicentral distribution of
seismological stations around the source region, and
accurate velocity model. Accurate estimates of source
parameters are also important for understanding seismic
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and tsunami hazard risks, and assessment of peak ground
motion which critically depends on the depth of the earth-
quakes. Furthermore, in the absence of any other indica-
tor of stress, the earthquake focal mechanisms provide an
indirect estimate of state of stress in the lithosphere.
Earthquake bulletins that are routinely published by the
International Seismic Center (ISC), the National Earth-
quake Information Center (NEIC), and the United States
Geological Survey (USGS) are mostly determined by
automatic processing of a large set of data, and occasion-
ally verified manually. However, automatic estimates of
source parameters may be affected by inherent trade-off
between origin time and focal depth, and may have sig-
nificant errors in hypocentre parameters.

The recent earthquake of magnitude ~6.0 that occurred
on 21 May 2014 in BoB was recorded by the Global
Digital Seismograph Network (GDSN; Figure 3). This
provides an opportunity to determine the hypocentre and
source parameters of this moderate to large magnitude
earthquake, and understand the cause of intraplate seis-
micity in BoB. We present analysis of seismograms
recorded by a network of international broadband seis-
mometers distributed at local, regional and teleseismic
distances, and determine the hypocentre parameters and
fault plane solution.

The 21 May 2014 earthquake was large enough
(M ~ 6.0) to be recorded by the seismological observato-
ries located around the source region. The digital wave-
form data were obtained from the Data Management
Center (DMC) of Incorporated Research Institutions for
Seismology (IRIS), and International Federation of Digi-
tal Seismograph Network (FDSN; Figure 3). Besides we
also used data from the nearest stations of India Meteoro-
logical Department (IMD) located ~300 km from the

Figure 3. Locations of the seismic stations whose data were used.
The epicentre of the 21 May 2014 earthquake is shown by a red star.
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epicentre of the earthquake (Figure 4). The data were
converted to standard seismological processing
formats®>**. The data analysis technique is described in
detail below.

We use the preliminary hypocentre locations reported
by various reporting agencies (Table 1) to identify the
seismic phases on the data. Travel-times of P- and S-
phases were manually picked on vertical and horizontal
components of the seismograms. The uncertainties of the
travel-time picks are of the order of sampling interval
(0.02 sec) of the data. The hypocentre determination of
earthquake requires an accurate prediction of travel-times
through the model. Therefore, a realistic velocity model
is needed for the source region. Crustal-scale high-
resolution seismic velocity models for BoB are unavail-
able in the public domain. Therefore, in this study we use
the velocity model (Figure 5) that is extracted from a
recent global compilation of lithospheric structure
(LITHO-1.0) of the earth®. The velocity model was
slightly modified for variations in the thickness of sedi-
ments in the source region. A recent compilation of
global sediment thickness dataset was used for this pur-
pose’. The P- and S-wave travel-time data (Figure 6 @ and
b) were transformed into appropriate format required to
determine the hypocentre parameters®2®. The travel-
times of seismic waves to any point in the model can be
easily calculated. The misfit between the observed and
computed travel-times can be minimized over a grid-
search to find the best possible values of hypocentre
parameters in space (minimum misfit solution). For
example, by minimizing the least squared misfit for »
observations given by r; = (° — t,) — ¢, it is possible
to estimate best value of #, in an average sense for
several observations. The least square approach is a com-
monly used method where we minimize the sum of
the squared residuals e for n observations, where
e=Y" (ri)%.

Then, the root mean squared (RMS) residual®* can be
written as V(e/n). A similar approach provides an esti-
mate of latitude, longitude and depth of the earthquake
for the minimum value of e. The travel-time picks of P-
and S-phases were categorized into best, good and poor
quality. Full weights were assigned to best available data,
whereas good and poor quality data were assigned a
weight of 0.7 and 0.3 respectively, while determining
locations. Travel-time data were randomly selected from
the database, and hypocentre parameters were determined
for several sets. This bootstrap methodology provides a
better estimate of uncertainty in parameters and their
dependence on data quality. The grid-search estimates for
latitude and longitude of the earthquake (Figure 6 ¢) indi-
cate that the solutions are robust within the error bounds,
whereas a search for depth of the earthquake indicates a
minimum misfit solution of ~61 km (Figure 6d). The
depth was further constrained by comparing travel-times
of depth-reflected phases’’ such as pP.
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Fi%ure 5. Source side velocity model (modified from Pasyanos et
al.**) used for locating and computing focal mechanism of the 21 May
2014 Bay of Bengal earthquake.

To determine the fault plane solution (strike, dip and
rake) and relative amplitude of the triangular source
time function, we used long-period teleseismic body-

CURRENT SCIENCE, VOL. 108, NO. 9, 10 MAY 2015

Vertical, radial and transverse component seismograms recorded at the nearest (~300 km) station, Bhubaneswar.

waveform modelling technique”?. The digital waveform
data of P-phases from stations located at a distance range
30°-90°, and SH-waveform from stations located at an
epicentral distance of 30°-70° were used for modelling.
The method assumes that the earthquake source can be
approximated as a point source (the centroid) in space.
The time history of the displacement on the fault is repre-
sented by a source-time function made up of a series of
overlapping isosceles triangles whose number and dura-
tion can be determined by waveform fits. The teleseismic
data were obtained from GDSN. The instrument response
was deconvolved from the seismograms and converted to
WWLLN form.

An attenuation correction was employed using Futter-
man’s operator’’ with ¢* = Is for P- and r* = 4s for SH-
waves. Before inversion, records were bandpass-filtered
with corner frequencies at 0.01 and 0.12 Hz to remove
the high-frequency components and were integrated to
displacement. To compute synthetic seismograms we
used a two-layer model with a half-space with velocities
6.5 and 3.7 km/s for P- and S-waves respectively, and
density of 2.8 gm/cc, under lying a water layer depth of
2.07 km. This model is adequate to explain the low fre-
quency content of the teleseismic waveforms at distances
between 30° and 90° due to the simplicity of the earth
layer structure at the same distance range.

The inversion slowly adjusts the relative amplitude of
the source-time function elements, centroid depth, seis-
mic moment and source orientation (strike, dip and rake)
by minimizing the misfit between observed and synthetic
seismograms. We prefer the visually optimum solution as
minimum misfit solution. The optimum focal mechanism
derived from waveform fit is based on ~30 P- and SH-
waveforms with good azimuthal and epicentral distribu-
tion around the source. The covariance matrix associated
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Travel-time data and earthquake location. @, P- and S-wave travel-time data; b, Plot of P- versus S—P travel-

times; ¢, Contour map of minimum misfit latitude—longitude of earthquake; d, Minimum misfit depth of earthquake.

Table 1. Source parameter reported by various agencies

Agency Origin time (GMT) M Latitude (°N) Longitude (°E)  Depth (km) Strike Dip Rake
IMD 21 May 2014. 16:21:50.0 6.0 18.3 87.90 10 - - -
INCOIS 21 May 2014, 16:21:51.0 5.8 18.24 87.95 5 - - -
USGS 21 May 2014, 16:21:54.0 5.9 (Mw) 18.20 88.02 443 - - -
GCMT 21 May 2014, 16.21.57.8 6.1 (Mw) 18.08 88.07 59.7 323/53 83/88 178/7
Geoscope 21 May 2014, 16:21:54.0 6.09 (Mw) 18.254 88.08 48 321/231 82/90 —180/~8
This study 21 May 2014, 16:21:55.4 5.7(Mb)+3 1826 +0.5 88.10£0.5 61+6 695 83+5 75

with the minimum misfit solution often underestimates
the true uncertainties associated with the source parame-
ters. In order to determine realistic uncertainties, we fixed
some of the source parameter values close to, but slightly
different from those of the minimum misfit values and
allowed other parameters to change in the inversion. The
visual examination of the fits of the observed and syn-
thetic seismograms is an important criterion for an opti-
mal solution. The minimum misfit model that was
obtained by inversion of teleseismic long-period wave-
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form data suggests that the earthquake took place due to
strike—slip motion along either a NW-SE or a NEE-
SWW directed fault. The detailed modelling results are
shown in Figure 7.

The seismicity of BoB is still not well understood, pri-
marily due to lack of adequate instrumentation at local
and regional scales. A moderate to large earthquake of
magnitude M ~ 6.0 that occurred in BoB on 21 May 2014
was felt across Odisha, and was well recorded by the
global network of seismological stations. We used the

CURRENT SCIENCE, VOL. 108, NO. 9, 10 MAY 2015
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Figure 7. P- and SH-waveform modelling of the 21 May 2014 Bay of
Bengal earthquake. Minimum misfit solution is shown (strike—69, dip—
83, rake—7, depth—61 km). Individual waveforms are shown at their ap-
proximate azimuths around the focal sphere appropriate to their phase
(P — at the top, SH — at the bottom showing lower hemispherical projec-
tions), designated by station abbreviation. The observed and synthetic
data are shown by solid and dashed lines. The employed source time
function (STF), and the waveform timescale are depicted at the centre
of the figure. On the focal sphere solid dot denotes P-axis and open cir-
cle denotes 7-axis.

digital waveform data recorded by the GDSN network
located at local and regional distances and relocated the
hypocentre of the earthquake, and determined the fault-
plane solution by modelling the teleseismic long-period
P- and SH-waveforms. Our analysis indicates that the
earthquake occurred at a depth of ~61 km, well below the
suggested lower boundary of the crust, i.e. Moho. Fur-
thermore, the waveform inversion indicates that the
earthquake could have occurred along a NW-SE or NEE—
SWW-oriented fault in a near strike—slip motion. Recent
studies suggest that the observed seismicity in the recent
past in the high-grade EGMB may be due to reactivation
of ancient faults’’. There is good possibility that these
ancient faults may be extending towards BoB and are ex-
periencing stress build-up due to intraplate differential
motion as indicated by GPS studies. We propose that
moderate to large intraplate earthquakes in BoB with a
strike—slip motion may be an indication of rejuvenated
neo-tectonic activity due to differential motion at the

CURRENT SCIENCE, VOL. 108, NO. 9, 10 MAY 2015

eastern and northeastern boundary of the Indian plate that
is being accommodated along palaco-faults and fractures
in BoB related to India—Antarctica—Australia separation.
We interpret the deep intraplate seismicity of BoB due to
abnormal mechanical strength of the upper part of the
lithosphere. On the basis of gravity analysis, modelling
sediment deposition and effective elastic thickness of the
lithosphere, RadhaKrishna et al.'’ suggested that BoB
lithosphere could have gained strength during sedimenta-
tion. The brittle strength of the upper lithosphere may
also increase significantly due to percolation of sea water
to greater depths through numerous faults and fractures
that traverse the bathymetry of the northern Indian
Ocean.
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The admissible tsunamigenic source
region of 24 September 2013
land-based earthquake — application of
backward ray tracing technique
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A minor tsunami of about 50 cm was generated along
the coast of Qurayat near Makran subduction zone in
the Arabian Sea due to the 24 September 2013 Paki-
stan earthquake of magnitude 7.6 M,(mB), although its
source was ~200 km far inland of the Makran trench.
The real-time sea-level observation network in the
Arabian Sea recorded minor tsunami arrivals. In an
attempt to explain the mechanism of this unusual tsu-
nami, we use backward ray tracing technique to map
the admissible region of tsunamigenic source. Basi-
cally, in this technique the ray equations are inte-
grated starting from the specific locations of tsunami
observations, in all possible directions. The known
travel time of the initial waves to the respective tide
gauges and tsunami buoys is used in this method.
Backward wave front is constructed by joining all
end-points of the rays from each of the locations. The
region where the envelope of all backward wave fronts
converges is considered as the source of the tsunami,
which is ~470 km from the earthquake epicentre with
the location at 24.8 N and 61.5 E. The admissible re-
gion identified is an undersea section between Chaba-
har and Gwadar, where a mud island had appeared
subsequent to this earthquake. Convergence of the
tsunami source zone and location of the mud island
suggest that the sudden uplift must have caused the
tsunami.

Keywords: Backward ray tracing, earthquake, tsunami,
subduction zone.

ON 24 September 2013 at 11:29 UTC, an earthquake of
magnitude 7.6 M, (mB) occurred ~200 km away from the
Makran coast of Pakistan. It was located ~280 km NW of
Karachi, 26.99 N and 65.52 E (location obtained by
ITEWS auto-location software) with a hypocentral depth
of 10 km (Figure 1). This earthquake triggered a tsunami
that was recorded by various sea-level tide gauges along
the coastal regions of the Arabian Sea and tsunami buoys
in the Arabian Sea. Based on the global experiences, it is
known that tsunamis are usually generated by undersea
shallow-focus earthquakes. Co-seismic or delayed tsu-
nami generation due to submarine landslides or slumps is
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