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A B S T R A C T

The Indian Ocean region is one of the challenging areas for seismological research because of its complex
seismotectonic settings and intricate structural heterogeneity prevails beneath the Indian Ocean region. In order
to address the problem we attempted to determine the attenuation structure for the Indian Ocean region using
coda wave generation by single backscattering model. In this study, the central frequency of interest has been
considered between 1.5 and 12.0 Hz with lapse time window (LTW) of 20, 30, 40, 50 and 60 s measured from the
origin time of the earthquake. We obtained the attenuation relation for different seismotectonic zones associated
with varying estimate of attenuation parameters; Spreading Zone [Qc(SPZ) = 171f1.10]; Subduction Zone
[Qc(SZ) = 220f0.961]; Triple Point Junction [Qc(TPJ) = 156f1.15]; Prominent faults of Indian Ocean region
[Qc(PFIOZ)= 197f0.99] and Volcanic and Hotspot [Qc(VZ,HS) = 209f0.97]. We estimated average frequency-depen-
dent attenuation parameters of Q0 that varies as 156 ± 32 ≤ Q0 ≤ 220 ± 33 with corresponding variability in
frequency parameter (θ) as 0.96 ± 0.05 ≤ θ ≤ 1.15 ± 0.09 at 40 s LTW for the entire Indian Ocean region,
suggesting that the entire Indian Ocean is seismo-tectonically highly active and is attributed to the nature and
extent of attenuation due to varying amount of structural heterogeneity in different tectonic zones characterized
by the occurrence of earthquakes of varying strengths in the seismically active tectonic zones of the region. We
found that the triple Junction (RTJ) is associated with low-Qc and high attenuation because of deposition of a
variety of sediments at the RTJ, which is in unison to the geological mapping of the region. We observed that our
estimated attenuation model is comparable that of the Aleutian Islands (the Adak Seismic zone) at low frequency
(≤5 Hz) and to the Philippine Sea Subduction zone (Petukhin) at higher frequency range (≥5 Hz), which is very
much correlative to seismo-tectonic settings. We infer that our assimilated attenuation model has potential to
provide information on intricate seismotectonics and seismogenesis for computing earthquake source para-
meters, and earthquake hazards that may be useful for assimilating detailed seismic velocity structure beneath
the Indian Ocean region.

1. Introduction

The characteristics of seismic wave attenuation are very important
for determining the physical state and condition of the earth’s interior
(Aki, 1980). Usually, these are dependent on crustal properties of the
region related to density and composition of the earth crust, degree of
heterogeneity, amount of asperities and irregularities in formational
histories of sub-surface rock materials (Mishra et al., 2005a,b). It is
useful for the study of the source mechanism, evaluation of seismic
hazard assessment and risk analysis and understanding the regional
geodynamic processes involved in earthquake genesis beneath the
seismically active region. It is observed that seismic wave attenuation

are dictated by numerous factors, such as, geometrical spreading in
which wave-front emanating from point source spread all over the
spherical surface with increasing size; intrinsic attenuation, which is
partly due to absorption of energy by imperfect elastic properties and
partly due to the exchange of potential energy and kinetic energy by
heating up of the medium; scattering attenuation associated with het-
erogeneous medium that lead to a decrease in amplitude with travel
time-distance (Aki, 1980). Seismic wave attenuation property of a
medium is measured by a dimensionless quantity referred to as quality
factor Q = 2π E/ΔE, which is defined as the ratio of total stored energy
to the energy loss per oscillation cycle (Knopoff, 1964; Jackson and
Anderson, 1970; Aki and Chouet, 1975), where E is the total amount of
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energy per cycle and ΔE is the part of total energy E dissipated per
cycle. The characteristics of coda wave, “Qc”, are described as the end
portion of a seismogram when all the seismic wave phases get arrived
(Aki, 1969). The wave-front envelope of the tail portion of seismogram
is known as coda that arrives on different time intervals at the station.
Usually, the nature of decay for these waves in a seismogram with time,
ensemble the average attenuation properties of the material instead of
the feature of a single trajectory from source to receiver (Gupta et al.,
1998; Paul et al., 2003; Mishra et al., 2005a,b).

In order to reveal the crust and upper mantle heterogeneities, the
coda wave attenuation by the single backscattering method given by
Aki and Chouet (1975) has been used to estimate the frequency-de-
pendent attenuation relationships for this region. The superposition of
backscattered coda waves is randomly distributed by numerous het-
erogeneities present in the earth’s crust and upper mantle (Aki, 1969;
Aki and Chouet, 1975; Rautian and Khalturin, 1978). Such scatterings
are produced due to irregular and complex surface topography, faults,
fractures, and the heterogeneity in the elastic rocks. Coda Q helps to
understand the tectonic activities, where stable region is characterized
by high-Q value and seismically active region characterized by low-Q
value (Pujades et al., 1990; Herrmann, 1980). Diverse tectonic regions
of different parts of the world revealed different average attenuation
relationship, such as, South India, Q = 460f0.83 (Rao et al., 1998); New
England, Q = 460f0.40 (Pulli, 1984); Eastern North America,
Q = 680f0.36 (Atkinson and Boore, 1995); North Iberia Q = 600f0.45

(Pujades et al., 1997); Indian Shield, Q = 800f0.42 (Singh et al., 2004);
NE U.S., Q = 900f0.35 (Singh and Herrmann, 1983); Central U.S.,
Q = 1000f0.20 (Singh and Herrmann, 1983); Canadian Shield,
Q = 900f0.20 (Hasegawa, 1985) and Central Mississippi Valley (CENA),
Q = 210f0.78 (Dwyer et al., 1984); Aleutian Islands, Q = 214f1.05

(Scherbaum and Kisslinger, 1985); Koyna, India, Q = 96f1.09 (Gupta

et al., 1998); Bhuj, India, Q = 102f0.98 (Mandal et al., 2004); Western
U.S., Q = 150f0.40 (Singh and Herrmann, 1983); and for NW Himalaya,
Q = 126f1.12 (Vandana et al., submitted for publication). Moreover, the
seismic coda wave attenuation provided significant information and a
great help in understanding of many geophysical mechanisms related to
intrusion and associative processes with rock materials (e.g., Guo et al.,
2009). Several studies have been carried out to investigate the kine-
matics of attenuation properties for different regions of the world to
understand the diverse characteristics of attenuation behaviors of the
media in which seismic wave travels (e.g., Campillo et al., 1985;
Kvamme and Havskov, 1989; Yoshimoto et al., 1993; Aki, 1996; Mak
et al., 2004; Singh et al., 2004; Kumar et al., 2005, 2014, 2015, 2016;
Biescas et al., 2007; Mohamed et al., 2010; Mukhopadhyay and
Sharma, 2010; Dobrynina, 2011; Padhy et al. 2011; Gupta et al., 2012;
Akyol, 2015; Vandana et al., 2016; Naghavi et al., 2017; Das et al.,
2018; Singh et al., 2018; Kumar and Yadav, 2019).

The Indian Ocean province is regarded as a unique and the most
seismotectonically active by its complex geological setting structure
region, where several geophysical studies have been attempted (Fig. 1).
In this study, we estimated the coda wave attenuation property to re-
veal the physical state at different parts to map the subsurface tectonics
structure of region by studying regional variation which may provide
valuable evidence for understanding the seismic structure of the Indian
Ocean region and its seismogenic potential associated with the struc-
tural heterogeneity. Our study evaluates the spatial distribution of coda
wave attenuation using the best located 300-earthquakes (Mw ≥ 5)
(Table 1) beneath the Indian Ocean, which provides possible reason of
varying distribution of attenuation characteristics in and around his-
torically large to great earthquakes occurred in the region (Table 2).
The study region has been demarcated into a total of five tectonic
blocks (Table 3) having bearing on earthquake hazards in the coastal

Fig. 1. Plate tectonic map of the study region with seismicity recorded in the Indian Ocean from 2013 to 2018 and reported by IRIS Network. The West Andaman
Fault (a), The Sumatran fault (b), The Sagging Fault across the Andaman-Nicobar ridge (c). The red circle marked by magnitude 2 ≤ Mw ≥ 5 and black star marked
by magnitude 6 ≤ Mw ≥ 9. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Hypocentral parameters of 300-earthquakes used in this study after their relocations, where; ERX: error in longitude; ERY: error in latitude; ERZ: error in depth; N:
Number of station recorded the earthquake.

S.No. Date Time Longitude Latitude Depth Magnitude RMS ERX ERY ERZ N
(km) Mw (s) (km) (km) (km)

1 01-01-14 0:01:21 120.22 19.1 34.1 5 0.03 0.9 1 3.8 6
2 02-01-14 19:30:56 120.24 19.19 28.2 5 0.03 1.4 2.6 9.1 6
3 23-01-14 0:52:16 120.29 −7.13 590 5.3 0.03 1 1.4 3.6 7
4 25-01-14 5:14:21 109.22 −8.04 87.8 6.2 0.06 1.3 1 3.3 5
5 26-01-14 12:38:40 95.8 22.93 32 5.4 0.02 1.5 6.5 6.4 5
6 26-01-14 17:57:46 121.93 13.49 30.2 5.1 0.03 1.4 1.7 7 5
7 27-01-14 16:14:00 109.25 −8.15 83 5 0.01 1.5 2.3 14 5
8 01-02-14 20:13:33 68.58 −5.12 13 5.2 0.38 1.9 1.9 2.3 6
9 02-02-14 18:51:11 120.29 20.2 18.5 5.1 0.32 4.9 3.6 3.5 3
10 10-02-14 18:06:20 124.58 −8.23 33.1 5.5 0.34 7.4 6.4 10.8 4
11 13-02-14 18:57:38 58.17 9.26 21 5.4 0.23 4.9 2.7 3.9 3
12 17-02-14 5:56:01 120.46 18.48 28.6 5.5 0.03 5.6 1.4 3.2 6
13 18-02-14 3:34:13 122.94 1.67 45.5 5.3 0.01 4.7 3.4 17.1 3
14 22-02-14 17:29:51 97.28 1.18 28.8 5.3 0.46 1.2 2.3 5.7 12
15 23-02-14 21:21:17 117.94 −9.91 45.3 5 0.02 1.3 1.3 8.2 6
16 24-02-14 23:32:48 62.71 4.1 12.7 5.6 0.43 2.9 2.5 1.2 3
17 25-02-14 2:01:26 62.52 4.31 19.4 5.4 0.91 3.4 3.9 3.5 10
18 28-02-14 2:28:38 120.31 20.21 16.3 5.1 0.8 1.8 3.9 3.1 4
19 28-02-14 5:50:37 94.23 7.27 88.9 5.2 0.2 2.2 2.8 1.8 4
20 06-03-14 10:24:00 117.07 −7.69 299 5.1 0.2 3.3 2.9 2 3
21 07-03-14 16:14:54 103.76 −4.54 119.2 5.3 0.02 3.8 5 1.5 3
22 09-03-14 13:42:20 113.01 −8.98 85.7 5.2 0.5 3.8 3 2 3
23 14-03-14 13:38:09 94.23 7.69 29.7 5.4 0.44 4.2 5.7 2.9 10
24 15-03-14 2:59:31 57.17 13.84 21 5 0.32 3.4 3.6 2.5 4
25 15-03-14 10:58:46 99.02 2.81 171.4 5.4 0.03 3.9 2.3 7.9 4
26 19-03-14 20:51:34 108.28 −8.6 90.1 5.5 0.61 1.9 1.3 1.2 3
27 20-03-14 21:33:02 114.22 −9.63 65.6 5.1 0.25 1.8 2.4 1.4 3
28 21-03-14 13:41:10 94.23 7.68 19.3 6.4 0.03 0.2 0.3 0.5 13
29 21-03-14 14:11:15 94.26 7.56 17.7 5.6 0 1.2 3.9 1.5 3
30 21-03-14 14:25:10 94.21 7.46 16.6 5.5 0.01 1.4 1.6 2.5 4
31 21-03-14 21:03:43 94.2 7.41 17 5.2 0.44 3 5.2 1.1 10
32 27-03-14 4:00:18 86.69 4.32 28.6 5.3 0.01 1.4 2.2 3.2 4
33 03-04-14 9:30:23 102.17 −5.32 29 5.5 0.03 0.2 0.4 0.7 10
34 17-04-14 4:38:18 122.99 4.51 578.9 5.8 0.01 2.1 1.3 3.8 3
35 17-04-14 13:03:04 117.48 −7.85 282.2 5.4 0.02 1.5 1.2 5.4 3
36 18-04-14 13:33:38 110.44 −9.08 31.4 5.2 0.02 1.1 0.8 2.1 5
37 20-04-14 8:43:51 98.32 0.57 37.3 5.2 0.5 1.5 2.2 1.9 4
38 21-04-14 20:45:24 120.03 17.35 30.2 5.4 0.59 6.3 4.9 14.8 7
39 28-04-14 0:43:53 120.09 19.68 18.7 5.4 0.02 1.8 1 4.3 3
40 01-05-14 14:35:39 97.95 1.97 50.3 5.8 0.49 3.1 4.4 4 8
41 03-05-14 14:47:07 97.9 1.96 60.1 5.3 0.5 1 1.7 1.1 8
42 05-05-14 11:08:46 99.7 19.62 15.2 6.1 0.47 3.3 5 4.4 10
43 06-05-14 0:50:17 99.63 19.6 14.7 5.2 0.33 2.7 4.9 4.6 5
44 06-05-14 0:58:21 99.44 19.61 10.1 5.3 0.18 4.9 4.8 4.1 5
45 10-05-14 2:42:12 117.53 −8.17 232.8 5.5 0.14 2.5 2.8 1.9 4
46 12-05-14 3:36:04 68.54 −4.86 13 5.2 0.49 1.7 1.9 1.7 7
47 15-05-14 10:16:44 122.04 9.35 30.1 6.1 0.02 1.2 0.8 2.9 5
48 18-05-14 1:02:32 92.74 4.24 32.9 6 0.59 1.3 2.2 5.2 12
49 18-05-14 10:59:24 93.85 3.17 18 5.5 0.49 1.6 3.3 2.4 8
50 21-05-14 16:21:54 88.06 18.24 45.1 6 0.34 1 3.7 2.1 11
51 23-05-14 9:06:56 102.63 −6.98 16.8 5.1 0.47 5.1 4.8 4.1 11
52 27-05-14 4:25:20 67.06 −15.16 16 5.3 0.57 1.5 2.4 4.8 13
53 30-05-14 0:56:20 119.59 −8.4 180.2 5.1 0.14 4.2 3.3 4.5 3
54 01-06-14 10:07:13 89.77 1.98 23.6 5.8 0.27 2 3.8 3.4 13
55 09-06-14 21:45:15 122.16 10.04 22.3 5.3 0.51 2.9 2.8 2.1 3
56 14-06-14 11:11:03 91.04 −10.11 23.1 6.5 0.03 0.2 0.3 0.2 15
57 19-06-14 0:51:18 102.37 −2.78 170.9 5 0.02 1.8 4.1 9.1 3
58 21-06-14 21:51:52 122.95 −0.07 125.9 5.4 0.02 4.4 4.6 3.9 4
59 22-06-14 6:38:51 108.02 −7.79 76.9 5.1 0.02 2.6 2.7 2.2 3
60 25-06-14 11:52:03 120.58 13.57 71.3 5.5 0.06 1.4 2 1.2 4
61 26-06-14 0:12:26 118.26 −9.65 100 5 0.48 1.9 1.5 0.8 3
62 26-06-14 11:28:23 123.39 −0.01 155.6 5.2 0.01 2.2 2.1 6.8 5
63 02-07-14 7:24:29 124.65 0 71.4 5.2 0.1 3.4 3.9 2.8 9
64 05-07-14 9:39:28 96.94 1.93 20 6 0.41 1.9 1.5 1.4 11
65 07-07-14 9:15:28 123.72 −7.29 547 5.4 0.01 1.6 2.1 1.1 3
66 14-07-14 5:05:03 111.25 −8.82 52.5 5.4 0.01 3.4 1.8 10.1 4
67 17-07-14 6:11:51 121.47 22.14 10 5 0.42 2.8 4.5 4.1 13
68 19-07-14 14:14:02 57.96 11.71 10 6.3 0.19 1.9 3.7 9.1 12
69 24-07-14 8:41:08 111.58 −9.13 35 5.4 0.22 1.2 2.6 1.1 6
70 28-07-14 8:03:08 66.85 −17.23 0 5.5 0.18 3.5 4.8 3.3 4
71 29-07-14 7:07:07 93.09 14.36 12 5.4 0.91 4.4 4.9 3.1 11
72 29-07-14 7:16:41 87.7 −10.21 10 5.1 0.08 1 1.4 1.1 12

(continued on next page)
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Table 1 (continued)

S.No. Date Time Longitude Latitude Depth Magnitude RMS ERX ERY ERZ N
(km) Mw (s) (km) (km) (km)

73 31-07-14 13:41:00 95.19 12.39 12 5.8 0.37 2.7 2.1 1.6 11
74 02-08-14 10:33:24 67.3 −9.08 10 5.6 0.3 2.6 3.9 1.5 9
75 04-08-14 10:36:10 94.65 5.4 57 5 0.21 1.5 4.1 3.3 3
76 08-08-14 16:57:01 99.07 2.43 151.7 5.9 0.31 1.2 1.1 0.9 3
77 17-08-14 16:04:49 68.43 −20.78 10 5.1 0.45 2.6 2.7 2.5 10
78 03-09-14 13:43:58 122.43 15.17 10 5.1 0.4 1.6 1.7 1.2 3
79 09-09-14 9:28:22 93.24 22.2 10 5.4 0.02 0.8 1.5 2.4 11
80 11-09-14 4:32:43 90.38 2.61 15.4 5 0.02 1.1 1.6 8.3 7
81 14-09-14 4:52:27 97.26 1.15 36.6 5.5 0.57 4.9 3.8 1.5 12
82 14-09-14 16:34:23 97.24 1.13 38.6 5.1 0.3 3.6 3.9 2.8 5
83 20-09-14 4:26:12 125.23 6.86 25.7 5.2 0.01 1.6 2.7 3.8 5
84 23-09-14 10:22:20 119.98 0.11 69.2 5.3 0.01 1.7 1.5 1.4 3
85 25-09-14 8:29:58 95.56 6 194.7 5.2 0.38 4.5 4.9 4.4 4
86 25-09-14 10:35:03 121.37 22.77 15.4 5 0.02 2.7 3.5 2.8 4
87 26-09-14 4:21:24 95.23 12.52 20.2 5.5 0.04 1.2 1.2 1.1 7
88 26-09-14 16:16:00 124.44 13.7 38 5 0.1 1.8 0.9 1.1 4
89 27-09-14 15:15:43 94.2 5.05 50.2 5.2 0.01 1.9 1.1 2.8 5
90 30-09-14 16:45:56 67.74 1.6 10 5.5 0.6 3.9 6.3 1.9 13
91 03-10-14 8:05:44 122.12 11.33 19.4 5.5 0.02 1.2 2.2 3.9 8
92 07-10-14 13:49:40 100.47 23.38 8.5 6 0.12 6.1 2.9 2.2 14
93 12-10-14 3:32:46 93.87 12.87 136.3 5.2 0.15 1.4 1.3 3.7 10
94 14-10-14 18:36:06 94.24 7.56 10 5.1 0 2.9 1.2 0.8 3
95 16-10-14 0:56:31 97.22 1.05 26.8 5.3 0.01 4.9 2.7 5.2 6
96 16-10-14 8:34:50 93.49 3.99 34 5.4 0.54 5.9 8.1 6.2 11
97 17-10-14 9:26:00 107.17 −6.5 151.6 5.2 0.02 2.3 3 5.1 5
98 17-10-14 23:32:49 94.6 7.55 43 5.1 0.02 1.2 2.8 10 4
99 26-10-14 2:58:44 94.41 7.53 10 5 0.14 1.5 1.6 4.8 9
100 26-10-14 8:56:42 112.8 −10.24 36.1 5 0.02 1.4 2.7 1.2 3
101 30-10-14 12:11:37 117.55 −6.92 559.1 5.4 0.03 2.4 2.5 8.2 5
102 31-10-14 17:04:58 35.9 −5.42 10 5.3 0.01 3.3 5.4 2.2 5
103 02-11-14 0:58:11 94.3 7.39 30.3 5.4 0.59 12.4 12.2 19.4 10
104 06-11-14 15:46:20 94.33 7.42 28.8 5.1 0.27 1.9 1.5 0.4 8
105 07-11-14 0:20:47 95.07 4.78 39 5.4 0.05 1 0.6 0.4 5
106 10-11-14 2:39:03 69.56 −23.98 10 5 0.5 1.8 1.4 1.2 5
107 10-11-14 10:34:29 94.92 19.47 67.5 5 0.51 2.2 2.8 1.8 10
108 11-11-14 7:48:13 97.54 20.68 51 7 0.49 1 1.6 1.3 7
109 11-11-14 7:50:08 94.3 7.46 8 5.3 0.08 1.4 2.5 9.8 8
110 11-11-14 8:04:36 94.2 7.45 10 5.3 0.05 1 0.6 1 9
111 12-11-14 19:59:43 57.74 11.76 20 5.3 0.01 2.8 5.7 8.9 7
112 15-11-14 9:47:58 126.56 1.79 35 5.4 0.02 1.2 0.9 4.6 7
113 16-11-14 11:06:09 97.92 1.65 36 5.2 0.24 4.8 4.2 4.1 11
114 17-11-14 4:34:12 94.42 20.78 66 5.3 0.14 1.8 3.7 2.6 6
115 17-11-14 5:08:10 94.36 7.61 10 5 0.01 2.6 1.8 4.5 11
116 17-11-14 13:34:12 120.27 19.54 10 5.6 0.17 1.3 1.4 1.1 3
117 17-11-14 14:01:28 120.35 19.57 10 5.4 0.02 1.6 2.4 7.8 8
118 17-11-14 19:06:31 120.36 −7.06 589.4 5.5 0.03 1.4 1.4 6.1 7
119 18-11-14 3:25:37 94.36 7.48 6.6 5.6 0.47 1.5 1.7 1.4 12
120 18-11-14 6:06:25 94.38 7.45 10 5.1 0.28 1.9 1.9 1.3 5
121 18-11-14 9:14:47 120.48 19.53 10 5.3 0.53 4.7 3.8 14.7 12
122 18-11-14 9:15:54 120.42 19.47 10 5.4 0.03 2 1.9 5 6
123 19-11-14 5:03:11 68.13 −2.68 10 5.3 0.42 3.3 5.5 34.3 13
124 19-11-14 5:06:30 68.02 −2.72 10 5.3 0 4.2 2.9 35.1 5
125 20-11-14 9:48:20 120.62 23.31 8.7 5.7 0.02 1.1 1.9 8.7 7
126 21-11-14 3:29:11 120.07 20.65 4 5.7 0.24 4.9 4.6 4.3 4
127 24-11-14 15:30:09 96.16 2.77 46 5 0.48 3.8 5.3 4.8 5
128 25-11-14 5:19:54 61.29 5.74 10 5 0.04 3.1 3.7 4.8 5
129 26-11-14 13:08:39 61.34 5.83 10 5.2 0.03 0.8 1.7 2.6 7
130 27-11-14 0:18:28 61.3 5.81 10 5.7 0.54 1.8 1.4 1.2 6
131 28-11-14 1:18:46 92.8 12.51 43.8 5.5 0.01 1.4 2.7 5.2 3
132 28-11-14 12:42:10 121.37 2.21 44.3 5 0.02 1.8 1.7 7.7 4
133 28-11-14 13:23:16 61.33 5.75 10 5.4 0.17 1.6 2.3 2.6 7
134 29-11-14 13:05:09 61.38 5.73 10 5.3 0.4 1.5 1.4 1.5 8
135 29-11-14 15:36:16 121.47 19.93 30 5.1 0.02 2 1.9 5.5 5
136 29-11-14 19:54:27 61.37 5.82 10 5.1 0.01 1 1.9 2.9 11
137 30-11-14 5:48:22 61.38 5.78 10 5.1 0.03 4.5 2.2 3.7 4
138 30-11-14 18:03:01 90.09 3.41 21 5 0.05 1.6 3 4.5 5
139 01-12-14 3:47:49 61.37 5.91 10 5.2 0.3 2.1 3.6 3 6
140 01-12-14 16:37:21 123.82 2.93 10 6.3 0.45 3.1 5.3 4.4 6
141 01-12-14 22:47:27 67.7 1.6 10 5.4 0.42 3.3 4.5 4.3 13
142 02-12-14 4:53:45 61.3 5.97 13.2 5.4 0.07 1.5 1.6 1.6 8
143 02-12-14 5:11:31 123.13 6.16 614 6.6 0.12 0.8 1 2.5 6
144 03-12-14 0:27:04 122.42 −2.93 10 5.5 0.51 1.9 1.2 1.8 11
145 03-12-14 2:33:25 122.43 −2.87 48.5 5 0.02 2.4 3.9 22.2 11
146 03-12-14 14:19:10 122.48 9.63 10 7.4 0.02 21 10.8 5.8 12

(continued on next page)
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Table 1 (continued)

S.No. Date Time Longitude Latitude Depth Magnitude RMS ERX ERY ERZ N
(km) Mw (s) (km) (km) (km)

147 04-12-14 10:53:32 65.17 −12 10 5.6 0.07 0.2 0.3 0.5 13
148 05-12-14 18:43:46 100.47 23.34 11 5.5 0.47 1.8 1.6 1.5 10
149 06-12-14 10:20:02 100.53 23.36 10 5.5 0.19 3.3 5.1 4.7 10
150 10-12-14 20:27:55 121.17 19.13 45.6 5.2 0.01 1.3 1.5 6.6 6
151 16-12-14 17:10:35 101.6 18.02 10 9.1 0.15 1.4 1.5 7.5 9
152 17-12-14 6:10:06 100.14 −3.83 10 6 0.35 1.6 2.3 4.5 10
153 17-12-14 15:24:30 95.79 2.75 33 5.2 0.03 0.3 0.5 1 8
154 19-12-14 14:41:45 94.62 6.88 37 5.1 0.03 0.2 0.4 0.8 11
155 21-12-14 16:59:03 100.74 19.73 190 5.7 0.03 0.9 0.7 3.6 9
156 29-12-14 9:29:37 121.52 8.63 8 6 0.02 2.3 1.4 17.6 13
157 29-12-14 12:09:36 125.61 2.75 174.8 5.1 0.19 4.6 4.3 2.6 4
158 31-12-14 9:26:22 120.67 13.75 110 5.5 0.03 1 1.2 6.6 9
159 31-12-14 19:47:36 33.86 −10.03 14.93 5.1 0.01 1.2 1.7 2.2 4
160 02-01-15 8:21:52 59.89 6.28 8 5.5 0.37 3.5 4.9 21.4 9
161 02-01-15 8:21:56 60.37 6.57 10 5.5 0.21 19.1 14 5.7 9
162 02-01-15 8:43:22 122.66 13.09 10 5.3 0.21 1.6 1.8 1.4 8
163 03-01-15 8:03:52 121.37 2.41 10 5 0.02 1.3 1.3 3.7 11
164 09-01-15 22:59:12 96.09 2.59 49.9 5 0.02 1.9 1 3.4 8
165 10-01-15 2:05:46 68.36 −5.66 10 5.6 0.03 0.4 0.6 1.2 13
166 10-01-15 19:32:00 120.25 14.77 59 5.8 0.04 2.5 2.6 1.5 9
167 12-01-15 0:19:57 66.33 −20.04 10 5 0.03 0.7 1 2.9 9
168 15-01-15 0:09:28 119.97 0.14 61.9 5.1 0.02 1.4 1.8 6.5 5
169 15-01-15 14:01:51 102.97 −4.49 58 5.1 0.56 4.2 4.2 13.7 10
170 17-01-15 5:09:18 120.63 13.97 134 5 0.03 0.9 1 7.9 8
171 18-01-15 0:27:22 120.69 13.93 149.8 5.2 0.03 0.8 0.9 5.1 8
172 19-01-15 17:19:46 119.76 4.61 11 5.5 0.02 0.6 0.7 2.6 10
173 23-01-15 20:35:34 60.75 −29.46 15.1 5 0.01 0.7 1 7.1 12
174 26-01-15 7:09:55 122.38 9.61 56.8 5.5 0.02 6.3 2.9 2.6 6
175 27-01-15 0:53:19 97.24 1.34 12.6 5.7 0.04 1.1 1.8 1.1 9
176 02-02-15 15:13:40 124.58 13.98 17 5.4 0.03 10 4.5 4.2 6
177 02-02-15 21:29:40 105.36 −6.12 43.2 5 0.19 1.9 1.7 9.1 9
178 04-02-15 17:41:45 124.99 −0.13 54.3 5.3 0.02 0.8 0.7 2.8 9
179 05-02-15 13:32:55 89.7 −21.81 10 5.1 0.02 0.7 1 1.4 9
180 08-02-15 15:09:08 119.45 −2.43 10 5.5 0.02 3.3 3.7 0.9 10
181 10-02-15 14:47:50 57.38 9.68 12 5.4 0.02 0.9 1.5 3.2 5
182 10-02-15 16:09:24 120.62 14 134.9 5.2 0.03 0.8 0.7 3 7
183 11-02-15 3:30:12 92.35 13.23 20.1 5.1 0.23 2.3 4.3 4.1 8
184 25-02-15 1:31:41 119.84 6.08 9 5.6 0.02 1.9 2.5 1.3 10
185 27-02-15 13:43:55 110.72 0.13 20 7.1 0.02 1.5 1.1 2.8 11
186 27-02-15 13:45:03 122.6 −7.55 572 7.1 0.02 0 3.2 1.6 5
187 28-02-15 10:53:04 118.82 −8.91 117.9 5.2 0.02 0.7 0.8 4.8 9
188 01-03-15 3:32:34 124.31 0.09 84 5.6 0.03 0.8 0.9 2 10
189 02-03-15 1:40:52 124.53 −0.05 71.5 5.7 0.02 0.7 0.6 3.7 10
190 03-03-15 10:37:32 98.84 −0.7 36.2 6.3 0.02 0.7 1 2.6 11
191 05-03-15 0:07:12 96.96 0.21 10 5.1 0.02 1.2 1.8 2.6 10
192 15-03-15 23:17:17 122.31 −0.54 31 5.9 0.02 0.8 0.9 6.1 9
193 15-03-15 23:17:18 122.4 −0.64 43.4 5.9 0.05 5.5 2.2 1.7 11
194 22-03-15 18:12:25 89.7 1.97 12 5 0.02 4.7 5.1 5.9 5
195 23-03-15 15:48:03 124.88 0.65 53.2 5 0.43 3.8 4.2 23.3 9
196 28-03-15 22:28:51 121.99 0.4 118 5.9 0.24 7.9 7.8 13.7 6
197 02-04-15 2:56:09 102.66 −4.46 61.5 5 0.03 0.8 0.7 2.9 9
198 09-04-15 22:49:43 92.85 14.07 27.9 5 0.02 1.6 2.8 3.5 8
199 10-04-15 16:23:04 65.86 −13.79 10 5.6 0.03 0.4 0.6 1 13
200 11-04-15 11:42:53 124.81 4.82 303 5.2 0.02 0.9 1.1 6.6 8
201 11-04-15 12:44:37 104.34 −6.65 35 5 0.02 1 0.9 5 8
202 19-04-15 5:32:15 66.58 −17.11 10 5.1 0.02 0.6 1.2 0.9 9
203 19-04-15 9:11:30 115.42 −3.68 10 7.7 0.01 3.1 22.1 11.9 3
204 19-04-15 18:40:25 98.96 1.9 122.7 5.4 0.02 0.8 1.1 3.7 11
205 20-04-15 9:05:32 102.66 −5.42 17 5.8 0.07 3.6 1.6 3.9 10
206 21-04-15 0:17:29 92.95 14.12 27.1 5.1 0.02 0.7 1.2 5.2 10
207 21-04-15 16:10:37 56.27 14.42 10 5 0.07 0 1.8 1.7 3.7
208 24-04-15 5:28:08 124.25 −0.2 79.4 5.3 0.02 1.1 0.7 3.5 8
209 26-04-15 10:38:00 120.41 −10.59 35 5.3 0.03 0.6 0.6 3.3 10
210 29-04-15 1:27:16 86.59 3.2 10 5.2 0.01 8.5 6.1 4.1 3
211 05-05-15 20:01:13 67.1 −15.41 10 5 0.02 7.3 3.9 1.3 5
212 05-05-15 20:24:26 67.27 −15.42 10 5.2 0.01 7.8 12.8 9.4 4
213 05-05-15 20:53:20 67.25 −15.3 11 5.5 0.03 0.6 1.1 0.9 10
214 08-05-15 3:12:21 97.81 1.54 38 5.7 0.63 5.3 7.3 13.6 10
215 11-05-15 17:42:02 67.83 −7.76 10 5.3 0.71 3.9 5.7 6.1 13
216 12-05-15 7:36:30 94.13 21.95 255 5.3 0.03 3.4 1.4 2.8 9
217 15-05-15 20:26:55 102.27 −2.48 159 6 0.02 0.9 1.4 3.2 9
218 18-05-15 5:49:12 66.77 2.41 10 5.1 0.02 0.7 1.4 5.9 8
219 30-05-15 6:48:29 43.16 11.69 7.3 5 0.46 4.8 4.7 5.1 9
220 01-06-15 14:07:50 95.57 4.65 73.5 5 0 1 1.3 23.8 9
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Table 1 (continued)

S.No. Date Time Longitude Latitude Depth Magnitude RMS ERX ERY ERZ N
(km) Mw (s) (km) (km) (km)

221 04-06-15 23:15:42 116.59 6.03 15 6 0.03 2.1 3.1 1.1 10
222 08-06-15 10:47:21 68.01 −2.52 10 5.4 0.25 2.5 3.4 4.5 11
223 10-06-15 22:01:30 120.73 −10.52 35 5.1 0.02 0.7 0.9 5.3 8
224 12-06-15 18:29:16 116.68 6.21 7.2 5.2 0.02 0.8 1.1 3.7 7
225 13-06-15 5:03:44 120.69 13.81 137.2 5 0.02 0.7 0.7 4.1 9
226 25-06-15 1:21:25 40.5 17.46 11.6 5.1 0.02 1.5 1.7 4.3 8
227 02-07-15 7:04:32 120.22 −7.45 413.4 5.2 0.03 1.2 1.3 3 11
228 03-07-15 3:16:35 95 11.41 24 5.5 0.02 0.6 1.1 0.8 10
229 03-07-15 3:57:40 91.58 21.46 10 5.9 0.02 0.6 1.1 0.8 10
230 04-07-15 0:44:38 56.39 14.36 10 5.2 0.03 1.3 2.7 4.1 6
231 08-07-15 0:38:56 94.73 4.99 34.3 5 0.02 1.2 1.5 4.2 7
232 13-07-15 11:14:04 46.37 11.94 14.3 5.3 0.02 0.8 1.3 4.4 7
233 13-07-15 16:52:28 46.21 12.09 10 5.1 0.02 0.8 0.8 4.2 6
234 15-07-15 14:10:04 41.05 −15.61 14.6 5.1 0.02 0.9 1 5.3 6
235 21-07-15 5:49:22 90.23 19.19 10 5.1 0.01 3.6 4.3 3.7 3
236 22-07-15 5:35:22 93.97 3.68 10 5.4 0.02 2 3.8 1.6 5
237 23-07-15 13:17:44 66.79 −14.9 10 5 0.03 1.7 4.6 2.5 8
238 24-07-15 21:44:37 109.03 −7.93 50 5.5 0.02 1.8 2.5 2 4
239 26-07-15 7:05:05 113.07 −8.9 10 5.3 0.05 2.6 2.8 1.6 10
240 31-07-15 22:26:07 118.3 −8.17 10.3 5 0.02 1.2 1.7 2.7 9
241 02-08-15 13:08:46 123.85 8.18 602.9 5 0.02 1.2 2.1 5.8 7
242 06-08-15 5:05:43 116.3 −9.74 10 5.6 0.02 1.6 0.9 4.2 7
243 06-08-15 10:08:55 98.92 1 77.9 5 0.03 1 1.5 5.6 9
244 09-08-15 4:35:11 121.17 19.68 10 6 0.03 3.8 1.8 1.3 8
245 15-08-15 8:19:31 101.92 −3.54 56 6.8 0.02 4.1 1.7 2.9 9
246 17-08-15 16:16:59 51.78 13.71 10 5.6 0.02 1.6 4.4 2.7 4
247 25-08-15 3:29:33 93.32 5.02 14.9 5 0.01 3.5 3.8 10.2 6
248 29-08-15 20:02:27 116.34 −10.84 34.4 5 0.02 0.9 0.8 2.7 6
249 02-09-15 1:13:50 53.49 14.26 12 5.3 0.02 0.8 1 3 8
250 02-09-15 7:20:31 53.78 14.18 29 5.2 0.02 5.7 8 4.1 4
251 04-09-15 20:08:32 107.22 −8.04 37 5.4 0.03 6.5 1.9 2.4 7
252 09-09-15 1:15:55 120.78 13.75 134.4 7.3 0.02 0.9 1 3.9 7
253 12-09-15 23:39:19 122.05 −0.74 18.2 5 0.02 0.7 0.8 2.2 8
254 13-09-15 1:12:50 124.96 −0.11 10 5.5 0.02 3.6 3.8 3.3 5
255 17-09-15 4:02:23 86.2 14.34 10 5 0.03 1.1 1 3.3 6
256 23-09-15 16:18:18 105.05 −7.81 10 6.8 0.03 10.4 3.9 3.2 6
257 25-09-15 7:53:46 97.87 20.01 35 5.5 0.05 0.9 0.9 3.4 9
258 26-09-15 3:09:27 105.42 21.95 647 5.4 0.03 0.6 1.1 0.9 11
259 26-09-15 17:23:27 123.8 5.26 516 5.5 0.01 0.7 1 2.6 10
260 01-10-15 0:05:01 103.71 −6.03 34 5.3 0.01 4.5 2.6 3.4 8
261 01-10-15 2:49:53 103.64 −6.08 35 5 0.01 3.1 3.8 1.4 7
262 03-10-15 9:43:59 70.82 −26.24 10 5.4 0.27 3.9 5.5 9.6 10
263 09-10-15 16:28:25 123.89 −0.02 96.3 5 0.28 2.9 3 15.7 8
264 10-10-15 4:04:37 97.65 14.93 10 7.5 0.03 5.5 4 3.5 6
265 10-10-15 9:04:01 107.4 −8.05 35 5.3 0 0 6.5 1.7 0
266 11-10-15 7:27:37 97.03 18.32 341 7.1 0.02 0.9 1 4.3 6
267 19-10-15 13:50:42 120.62 13.87 106 5.8 0.01 4.3 2.2 11.3 5
268 22-10-15 0:32:28 74.06 −27.77 10 5.2 0.03 0.6 1 1.6 10
269 22-10-15 7:50:30 74.03 −27.87 10 5.2 0.04 0.7 1.2 0.9 10
270 26-10-15 10:09:06 97.06 −1.45 21 5 0.03 0.4 0.8 1 10
271 27-10-15 12:15:21 67.07 −16.31 10 5.3 0.21 1.3 2.2 4.4 11
272 31-10-15 4:43:56 124.06 −9.06 53.7 5.1 0.02 1.1 2 2.6 4
273 04-11-15 3:44:30 124.2 −7.34 46 5.9 0.01 1.5 1.6 5.1 5
274 04-11-15 6:14:33 105.05 −6.75 10 5.1 0.01 1.5 1.6 5.1 9
275 04-11-15 8:12:14 98.04 0.58 28.9 5.3 0.02 7.8 6.2 3.4 5
276 05-11-15 16:24:14 124.8 −8.22 20.2 5.7 0.02 4.3 2.7 4.7 4
277 07-11-15 19:40:14 119.85 16.49 37 5.4 0.03 1.2 2.7 3.9 7
278 07-11-15 20:57:52 111.2 −10.18 10 5 0.03 2.9 4.1 3.3 5
279 08-11-15 9:34:38 98.72 −0.62 23 5.4 0.03 3.8 1.4 2.5 8
280 08-11-15 10:42:02 94.55 6.88 8 5.4 0.03 1.2 2 2.3 10
281 08-11-15 11:54:39 94.61 6.79 10.1 5.2 0.03 1.3 4.7 6.4 4
282 08-11-15 11:54:41 94.52 6.92 34 5 0.01 3.9 2.7 17.5 11
283 08-11-15 14:34:05 94.44 6.68 10 5.3 0.03 0.9 1.8 1.1 7
284 08-11-15 16:47:02 94.65 6.84 10 6.4 0.03 0.8 1.3 2.3 10
285 08-11-15 16:59:11 93.4 6.7 10 8 0.02 0.8 1.7 4.4 9
286 08-11-15 19:14:47 94.53 6.98 10 5.6 0.03 2.5 3.7 3.5 7
287 09-11-15 6:12:14 94.88 6.52 11.8 5 0.04 0.8 1.6 1.6 8
288 09-11-15 8:12:46 94.8 6.41 10 5.5 0.38 3.2 6.2 13.7 10
289 14-11-15 16:53:31 94.57 6.88 26 5 0.14 2.5 2.9 2.9 6
290 16-11-15 5:04:47 87.41 13.38 10 6.1 0.02 3.8 6.3 40 5
291 17-11-15 19:07:43 119.13 −8.31 25.1 5.5 0.02 1.4 2.3 5.8 3
292 18-11-15 16:46:55 104.11 −7.31 10 5 0.03 2.5 3.3 9.4 3
293 27-11-15 8:33:58 94.84 22.5 11.4 5.3 0.02 0.5 0.9 1.6 10
294 27-11-15 15:46:26 95.99 1.82 16 5.1 0.02 1.7 1.1 3.6 8
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areas (Mishra et al., 2011), impacting both urban and rural population.
The outcome of this study may be benefitted to the latest research in the
field of seismology to address its societal impacts, because it provides
essential information for the seismic hazard evaluation of the region.

2. Geology and tectonics of the study area

The Indian Ocean region (Fig. 1) is geologically the youngest and
physically complex in its tectonic setting. The complex tectonic pro-
vince attributed to several factors such as subduction, arc (parallel,
transformed, reverse) faults, fracture, arc volcanism, and the spreading
ridge, back-arc rift zone (Demopoulos et al., 2014). The formation and
origin of the Indian Ocean are due to the motion of the tectonic plates
formed about 140 million years ago (https://www.basicplant.com/
indian-ocean) and (https://www.pubs.usgs.gov/imap/0380/report.
pdf). The Indian Ocean region is constrained by Iran, Pakistan, the
Malay Peninsula, the Sunda Island of Indonesia, on its north, east, south
and west it is bounded respectively by India and Bangladesh; Australia;
Antarctica; Africa and the Arabian Peninsula (https://www.britannica.
com/place/Indian-Ocean). The Indian Ocean mingles with the Atlantic
Ocean in the south of Africa and to the east and the Pacific Ocean in the
southeast. The study region comprises of marginal sea (Arabian Sea to
the northwest, and the Andaman Sea to the northeast, Bay of Bengal),
ridges and Fractured Zone (Arabian Plate called the Owen Fracture
Zone, Carlsberg Ridge, Chagos-Laccadive, Mid-Indian (Central Indian)
Ridge, Broken Ridge, Ninetyeast Ridge), the basin (Arabian, Somali,
Madagascar, Mid-Indian basin, Wharton, north Australia basins, Cocos,
Andaman), trenches (Vema, Chagos and Java, Sunda Trench), the north
and the central Indian Ocean, the Bay of Bengal, Arabian Fan across of
Ninetyeast Ridges and Ninetyeast Ridges (Kanayev et al., 2017). The
mid-ocean ridges in the Indian Ocean region comprise of Carlsberg
ridge (CR), Central Indian Ridge (CIR), Southwest Indian Ridge (SWIR),
and Southeast Indian Ridge (SEIR) systems. These CIR, SWIR and SEIR
meet at the Rodriguez Triple Junction (RTJ) forming an inverted Y
shaped ridge system (Fig. 1), which contain a variety of sediments, and
the fracture zones cut by numerous north-north-east’s trending at this
Mid-Indian Ridge (Souriau, 1981). The materials in the Indian Ocean
are (1) elastically hard rocks (volcanic and limestone) on topo-
graphically elevated areas in the Mid-Indian Ridge (2) deep basins is

having abundance of manganese nodules (3) primarily all coastal areas
is predominant of ilmenite placers (4) adjacent to the Indonesian Ar-
chipelago, the eastern Indian Ocean is filled with silicic volcanic ash
(Qasim,1999).

Several studies have been made by different researchers that the
eastern plate of the Indian Ocean shows an oblique convergence across
the Burma-Andaman arc (e.g., Fitch, 1970; Verma et al., 1978; Curray
et al., 1979, Mishra et al., 2011). There is great earthquake rupture
between the boundary of Indo-Australian plate in 2004 and 2005. This
great earthquake moves the Indo-Australian plate towards northward
with speed 40–50 mm/year, and the portion of southeastern of the
Eurasian plate segmented into the Burma and Sunda sub-plates (Fig. 1)
(Lay et al., 2005). The plate boundary extends southward through
Myanmar, remaining offshore as a subduction zone along the Anda-
man–Nicobar Islands south to Sumatra, where it turns eastward along
the Java trench. The nature of convergence contrasts from continental
type in the Burmese arc to oceanic type in the Andaman arc. West of the
Island arc is the Andaman-Nicobar trench; it is linked with the Sunda
Trench in the south. The trench is a dormant feature of Andaman-Ni-
cobar Islands and the sediments filled by Bengal-Nicobar fan. The
Burma sub-plate, often referred to as an overriding silver plate or
subduction fault zone, constitutes the western section of the main
Sunda plate. Oblique convergence of the Indian plate develops arc
parallel strike-slip faults all along the edges of the silver plate, which is
also deformed in strips, as the sub-plate drives over the subducted In-
dian plate (Curray et al., 1982; Curray, 2005, Mishra et al., 2011). The
prominent tectonic structures in the region are: in the north, the north-
south orientation of Indo-Burma ranges; in the south, the Andaman-
Nicobar Islands; in the southeast, the Sumatra fault system. These zones
have series of thrusts/faults; the West Andaman fault is the most con-
spicuous all across the Andaman-Nicobar Islands. Thus, the Andaman
sea basin is considered to be a complex backarc-spreading center. The
western fringe is marked with the Arakan-Yoma accretionary subduc-
tion complex. The western area of Andaman Sea is poised of Anda-
man–Nicobar Trench and accretionary subduction complex ridges
(Curray et al., 1979; Mishra et al., 2011). The West Andaman Fault
(WAF) is the most prominent all along the Andaman-Nicobar Islands,
which seems to be incessant from west-off of northern Sumatra to
where it is disappeared beneath the terrigenous fill of the Irrawaddy-

Table 1 (continued)

S.No. Date Time Longitude Latitude Depth Magnitude RMS ERX ERY ERZ N
(km) Mw (s) (km) (km) (km)

295 28-11-15 13:11:39 59.53 15.23 10 5.4 0.03 0.4 0.7 0.7 13
296 28-11-15 14:47:19 106 −7.05 51.3 5.3 0.03 2.8 1.8 12.4 6
297 30-11-15 20:19:05 67.7 −8.79 10 5.5 0.76 4 6.5 6.4 9
298 11-12-15 3:20:48 102.97 −4.96 48.6 5.1 0.01 1 1.1 3.2 6
299 19-12-15 15:03:36 107.02 −8.37 27 5.7 0.03 2.3 1.2 4.3 9
300 20-12-15 18:47:36 117.64 3.65 14 6.1 0.03 1.3 1.6 3.5 11

Table 2
Historical Tsunamis occurred in The Indian Ocean region.

S. No. Date Place Latitude Longitude Magnitude Mw Depth (Km) References

1 April 11, 2012 Off-West Coast Sumatra, Indonesia 2.327 93.063 8.6 20 Yadav et al. (2013)
2 December 26, 2004 West coast of Sumatra, Indonesia 3.4125 95.9012 9.1 / 9.3 30 McCloskey et al. (2005)
3 13 September 2002 Diglipur, Ariel Bay, North Andaman Island 13.036 93.068 Ms 6.8 21 Rajendran et al. (2003)
4 June 2, 1994 South Coast of Java, Indonesia −10.477 112.835 7.2 18 Abercrombie et al. (2001)
5 August 19,1977 Southwest coast of Sunda Island, Indonesia −11.085 118.464 8.3 33 Kenji and Yoshinobu (1995)
6 November 10, 1942 Southwest Indian Ocean regionRidge −49.92 30.336 8.3 10 Okal and Stein (1987)
7 26 June 1941 Andaman and Nicobar Islands 12.5 92.5 8.1 55 Jhingran (1952)
8 31 December 1881 Nicobar Island 8.520 92.430 7.9 NA Ortiz and Bilham (2003)
9 November 25, 1833 Sumatra Fore Arc, Indonesia −2.500 100.500 8.8–8.3 75 Newcomb and McCann (1987)
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Fig. 2. A map of the study region with distribution of earthquake epicenters (red stars) and seismic stations (red triangles) used in this study. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The wave propagation paths used in the present study having earthquake epicenters (red star) and seismic stations (red triangle). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Martaban (Curray et al., 1979; Mishra et al., 2011). Focal mechanism
studies indicate that WAF is a north–south-oriented dextral strike-slip
fault (Fitch, 1970). Further east, the line of this fault is marked by the
vicinity of volcanic islands (Barren and Narcondum) and seamounts
(Alcock and Sewell). The interior volcanic arc forms a belt with
asymmetrical submarine ridges of volcanic seamounts and Barren and
Narcondam with andesite volcanoes (Hamilton, 1979). A thorough
overview of the historical seismicity can be found in Bilek and Engdahl
(2007), Dewey (2007), and the tectonics of the area has been presented
in the study by Mishra et al. (2007a). The Narcondam was extinct for
the ages, and it witnessed smoke emission in June 2005 after a period of
about six months from the 26 December 2004 mainshock. The Barren
volcano erupted in March 1991 from dormant phase of about two
centuries (Haldar, 1992). The recent lava eruption of Barren volcano on
28 June 2005 after a series of aftershocks has generated interest among
seismologists and volcanologists to explore and justify the inter-
relationship between the earthquake-generating processes and volcanic
eruption (Mishra et al., 2007b). Along the Burma Trench towards
northward dragging of the dipping Indian lithosphere have activity due
to active subduction (Le Dain et al., 1984). This evidence suggests a
transition in the tectonic structure, and the low seismic activity in the
central portion.

The earthquakes distribution showed a maximum concentration
over the subduction zone where the oceanic plate is subducting un-
derneath the continental plate. The tectonic features are connected with
“dip-slip” types of vertical crustal movements along thrust faults
(Bilham and Wallace, 2005). They have the potential of producing very
destructive tsunamis in this entire region of the Andaman Sea due to its
tectonic settings (Jhingran, 1952) that got indicated by occurrence of
the larger rupture dimension due to 26th December 2004 tsunamigenic
earthquake (Mw 9.3) (Mishra et al., 2007a,b). Most of the historic
earthquake that occurred in the Indian Ocean province is given in
Table 2, suggesting that this study of attenuation structure of the Indian
Ocean region may furnish detailed information on different seismo-
genic layers to assimilate 1-D Velocity model that can be used as an
initial model for obtaining 3-D seismic structure beneath the Indian
Ocean for the further study.

3. Methodology

Aki and Chouet (1975) formulated single backscattering method to
estimate Qc at various frequencies. The seismic coda wave Qc are
backscattered waves, which generates from randomly distributed sev-
eral heterogeneities that existing in the earth’s rigid crust and upper
mantle. This can be understood as a multiple scattering, due to diffusion
process. Moreover single scattering provides information of outgoing
wave before approaching the receiver that scatter only once and leading
to a weak process. The coda wave at short lapse time (< 100 sec) are
due to single scattering while long lapse time (> 100 sec) is due to
multiple scattering (Kopnichev, 1977; Gao et al., 1983a,b). Under this
hypothesis, the coda wave Qc amplitude A (f, t) at central frequency of
interest f for a narrow band-width signal and at t lapse time that is
measured from the origin time of the earthquake, as (Aki, 1980):

=A(f, t) S(f)t exp f
Qc (1)

where S (f) is the source function at frequency f and is considered as
constant, σ is the geometric spreading factor and its value is 1.0, 0, 0.5
for spherical, plane body wave and surface wave respectively, and Qc is
the quality factor represents the average attenuation characteristics of
the medium. Taking natural logarithm on both side of equation (1) and
the equation in the form:

=ln[A(f, t)t] m (2)

where λ = ln S(f); and m = f
Qc

. Eq. (2) represents slope of the straight

line with slope m = f
Qc

provides the Qc value at central frequency of
interest “f ” for the Indian Ocean. The frequency dependent relation

given in the form Qc = Q0 ( )f
f 0 is fitted for Qc of each station, where

the Q0 is value Qc at frequency (f0) of 1 Hz and the frequency relation
parameter “θ” reflect the degree of tectonic activity of the study area. In
this case, the frequency parameter is close to 1 (Aki, 1981). Using a
linear regression on left side of equation (2) versus t, to estimate value
Q0 and θ and hence Qc can be determined from the slope of the fit. The
methodology used in this study has wide scale applicability to diverse
tectonic regions such as NW Himalaya (e.g., Scherbaum and Kisslinger,
1985; Jin and Aki, 1988; Havskov et al., 1989; Eck, 1988; Akinci and
Eyidoǧan, 1996; Gupta et al., 1998, 2012; Paul et al., 2003; Mak et al.,
2004; Sharma et al., 2008; Parvez et al., 2008; Mohamed et al., 2010;
Dobrynina 2011; Singh et al., 2012; Boulanouar et al., 2013;
Gholamzadeh et al. 2013; Vandana et al., 2015; Das et al., 2018; Kumar
et al., 2016; Singh et al., 2018).

4. Data-set and analysis

The earthquake data-set consists of 300-digital seismogram re-
corded by three-component broad-band seismometer around the placed
Indian Ocean during the period from 01 January 2014 to 31 December
2015. The earthquake data-set is taken from the IRIS network having
magnitude (Mw ≥ 5), epicentral distances > 1000 km and depth from 0
to 600 km (Table 1). All events were measured digitally by three-
component seismometers at sampling rate of 100 samples / second. The
distant earthquake data are collected through this network for the study
of subsurface structure and seismotectonic topographies of the Indian
Ocean provinces. Most of the great earthquake occurred across the
subduction zone where the Indo-Australian plate subducting under-
neath the Sunda plate forming “oblique subduction”, across Great Su-
matran fault and around spreading zone (e.g., Kayal et al., 2004; Mishra
et al., 2007a,b; Padhy et al., 2011). The details of hypocentral para-
meters of earthquakes used in this study with their errors are listed in
Table 1. The epicenters of the earthquake events are shown in Fig. 2.
The details of seismographic stations with site characteristics are given
in Table 2. The events used for the study region showed coda wave path
coverage of the Indian Ocean region (Fig. 3).

The digital data-set are collected from all the 15- stations that have
been converted to Seisan format using conversion code with the help of
SEISAN software (Havskov and Otemöller, 2003). The HYP is the
general program for hypocenter location and is based on HYPOCENTER
(e.g., Lienert et al., 1986; Lienert and Havskov, 1995). The program is
used for all common crustal and global phases, and also to locate tel-
eseismic events using the velocity model of IASP91 model. The velocity
of P-wave and S-wave considered is 7.72 km/sec and 4.42 km/sec re-
spectively (Singh, 1988), which was used to study entire Indian Ocean.
The epicenter location of earthquake events is shown in Fig. 2. For the
analysis, the waveforms with low signal to noise ratio (SNRs) greater
than 5 are used for the analysis. Moreover, the correlation coefficients
are considered as a second assortment criterion, because Q-value with
insignificant correlation coefficients leads to a poorly controlled Q-f
relation and consequently less consistent estimate of Q0 and θ value. It

Table 4
Various central frequencies with low-cut and high-cut frequency bands used for
filtering in the present analysis.

Low cut-off (Hz) Central Frequency (Hz) High cut- off (Hz)

1.00 1.5 2.00
2.00 3.00 4.00
4.00 6.00 8.00
6.00 9.00 12.00
8.00 12.00 16.00

M.S. Ekka, et al. Journal of Asian Earth Sciences 188 (2020) 104104
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Fig. 4. (a) (Zone-1): An original plot of event of seismograms for one of the station COCO recorded on 10-02-2015. (b–f) Plot of band-pass filtered seismogram of the
P, S, and coda wave portion recorded at the station with central frequency (C. F.). The best fitted linear line and estimated Qc value for each central frequency are also
shown in the figure. The coda waves portion of 40 s lapse time window length is indicated by grey window. Abbreviations P, P-wave arrival times; S, S-wave arrival
time. Different zones are shown in Fig. 11.
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Fig. 5. (a) (Zone-2): An original plot of event of seismograms for one of the station NWAO recorded on 25-09-2014. (b–f) Plot of band-pass filtered seismogram of the
P, S, and coda wave portion recorded at the station with central frequency (C. F.). The best fitted linear line and estimated Qc value for each central frequency are also
shown in the figure. The coda waves portion of 40 s lapse time window length is indicated by grey window. Abbreviations P, P-wave arrival times; S, S-wave arrival
time. Different zones are shown in Fig. 11.

M.S. Ekka, et al. Journal of Asian Earth Sciences 188 (2020) 104104

12



is suggested that to obtain the reliable values of Qc correlation coeffi-
cient should be 0.7. The arrival of P-wave and S-wave are used to es-
timate the origin time and coda arrival times. Further Butterworth filter
has been used as band-pass filter to the seismograms at five frequency
band viz., 1–2; 2–4; 4–8; 6–12 and 8–16 Hz (Table 4). The con-
tamination caused by direct S-wave has been eliminated by selecting
the start time of coda window from earthquake origin time as twice of
travel time of S-wave (Rautian and Khalturin, 1978) and travel time of

S-wave is computes from the travel-time table National Seismic Bureau
of China (1980) (Mak et al., 2004). Due to variation of tectonics com-
plexities and degree of complexity of the Indian Ocean region, the
average frequency dependent attenuation relationships has been esti-
mated at each filtered seismogram using five various lapse time win-
dows (LTWs) 20, 30, 40, 50, and 60 s (Rautian and Khalturin, 1978).

The envelope of considered signal is evaluated from (RMS) root
mean square values of coda amplitude from a moving window of 2 s

Fig. 6. (a1–a3) (Zone-3): An original plot of event of seismograms for one of the station SUR, MBAR and KMBO recorded on 28-11-2014, 02-02-2014 and 11-11-
2014. (b1–f3) Plot of band-pass filtered seismogram of the P, S, and coda wave portion recorded at the station with central frequency (C. F.). The best fitted linear
line and estimated Qc value for each central frequency are also shown in the figure. The coda waves portion of 40 s lapse time window length is indicated by grey
window. Abbreviations P, P-wave arrival times; S, S-wave arrival time. Different zones are shown in Fig. 11.
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with stepping of 1 s. The natural logarithmic of root mean square (RMS)
amplitude is taken and plotted as a function of lapse time t and a linear
equation is fitted whose slope gives coda Q for considered central fre-
quency (fc). Fig. 4(b)–(f); 5(b)–(f); 6(b1)–(f3); 7(b1)–(f2) and 8(b1)–(f2)
along with their corresponding original seismogram of events recorded
by corresponding stations are also shown for better reliability. We used
well located distant earthquakes recorded by all fifteen stations. The
less number of earthquakes for the corresponding central frequency in
comparison to that of other zones caused low signal-to-noise ratio. The

less number of earthquakes in analysis for the particular zone for the
corresponding central frequency has a standard error and reverse is also
true.

5. Results and discussion

The single backscattering model proposed by Aki and Chouet (1975)
has been used to evaluate the frequency-dependent attenuation char-
acteristic of the coda waves in the Indian Ocean region using vertical

Fig. 6. (continued)
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(Z) component. The seismograms have been filtered at five different
bands using a Butterworth bandpass filter (Table 4). For each recording
site, the frequency-dependent Qc relation as well as average relations
for the Indian Ocean province have been appraised. Estimated quality
factor (Qc) values and its comparison given with previous studies for
the Indian Ocean province and analogous seismically active regions,
elsewhere in the world. Our estimated attenuation characteristics along
with the pertinent coda-wave quality parameter (Qc), and frequency
parameter (θ) are given in Tables 5–7.

5.1. Variation of Qc with frequency and lapse time

The variation of estimated coda Qc with standard errors for range of
central frequencies, along with the lapse time window (LTWs) of 20, 30,
40, 50, and 60 s are listed in Tables 4 and 5. The coda Q (Qc) values are

found to escalate with frequency and lapse time at different lapse time
window (LTWs) of 20, 30, 40, 50 and 60 s. Further medium hetero-
geneity and the tectonic activity level in the region also has a controlled
on Qc value (e.g., Aki, 1980; Pulli and Aki, 1981; Roecker et al., 1982;
Gupta et al., 1998; Vandana et al., 2015; Vandana et al., 2016). In this
study, it has been found that low frequencies correspond to low-Qc

values indicates high attenuation. This is supported by high hetero-
geneity degree along with the decrease in the elastic strength of the
rock in the ocean that is visible over the region of South of Java, Su-
matra in Indonesia and Andaman Island in Indian region (Singh et al.,
2012a,b; Rodriguez-Lozoya et al., 2017).

Furthermore, the lapse time dependence at all stations is categor-
ized by an increase in Q0 and decrease of parameter θ (Fig. 9). Q0 has
tendency to increase with lapse time that can be interpreted to increase
of Qc value due to variation in depths (Table 5). This is supported by

Fig. 6. (continued)
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late arrival of coda wave in the seismogram that are scattered more
from the deeper portion of the earth’s crust and upper mantle with
relatively lower attenuation than earlier energy arrival (Aki and
Chouet, 1975). Strong frequency dependence behavior of Qc in the
study region is related to the degree and size of heterogeneities of the
medium. The strong heterogeneity region shows significant frequency
dependence of Qc, such as subduction tectonic zones and divergent zone
within the tectonically active areas (e.g., Mishra et al., 2007a,b, 2011;
Padhy et al., 2011). The Qc value increases with lapse time and that is
attributed to with depth Qc value increases. This is explained with the

consideration of longer window analysis, the larger will be the sample
volume of the earth’s crust and upper mantle. Similarly, with lapse
time, Qc value increases and this is explained as a function of depth by
many investigators (e.g., Roecker et al. 1982; Kvamme and Havskov
1989; Ibanez et al. 1990; Woodgold 1994; Akinci et al. 1994; Gupta
et al., 1998; Mukhopadhyay and Tyagi, 2007; Vandana et al., 2015). We
surmise from this study that for the Indian Ocean region, increase in Qc

with larger lapse time at a given frequency, indicating the increase of Qc

value with depth. This indicates that attenuation reduces with in-
creasing depth. According to Woodgold (1994) and Mukhopadhyay and

Fig. 6. (continued)
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Tyagi (2007) with lapse time, the increase of Qc value can be produced
by numerous factors, which could be due to non-zero source-receiver
distance with non-isotropic scattering or application of a 2-D model in
place of a 3-D model or due to single scattering model where multiple
scattering is prominent. In this study, the initial time of all five lapse
time windows has been considered as twice of the S-wave travel time
(Rautian and Khalturin 1978; Mukhopadhyay and Tyagi, 2007;
Mohamed et al., 2010) to evade all direct waves (Aki and Chouet 1975)
and curtail the effect of the first assumption.

5.2. Variations of Q0 and frequency parameter

Numerous measurements have been made for change in the degree
of frequency control (θ) with growing lapse time window lengths. A
good relationship exist between the degree of frequency control of Qc

and the tectonic activity level in the province of estimation has been
attempted by several authors for diverse tectonically active regions of
the world (e.g., Aki, 1980; Pulli and Aki, 1981; Roecker et al., 1982;
Pulli, 1984; Eck, 1988; Akinci et al., 1994; Gupta et al., 1998). The
higher θ value (θ = 1.11 at 20 s lapse time) indicates for tectonically
active regions (Table 6) in which prevalence of complex faulting or
subduction processes might have likely to cause strong heterogeneity.
In the present study, ‘θ’ value significantly varies from 1.11 to 0.85 at
the 20 and 60 s lapse time window length. From this, it can be deduced
that the scattering and absorptions effect play dominant role for the
degree of frequency dependence (θ), which shows a decreasing trend
with depth for the depth range 4–692 km. This may be due to weaker
heterogeneities of the sub-surface layers with depth beneath the Indian
Ocean, while Q0 value (Qc at 1 Hz) upsurges in the province, with the
lapse time from 92 to 344. This value of Q0 and θ shows a characteristic
of zones of high tectonic activity (Fig. 9). The increase of frequency
parameter θ with intensity of tectonic activity characterizes the
medium in the region (Aki, 1981).

Our estimates of Qc values help to distinguish the seismicity pattern
and tectonic activity of the region because seismic waves are attenuated
faster in seismically active areas., It is, therefore, the less amount of
quality factor (Q) reveals that seismic waves are damped at faster pace,
and accordingly the region is designated as tectonically unstable
(Sedaghati and Pezeshk, 2016). In general, an area characterized as

active region with Q < 200, and an area characterized as stable region
with Q > 600 (Mitchell, 1995; Sato and Fehler, 1998; Kumar et al.,
2005; Sertçelik, 2012). Previous studies based on the frequency para-
meters unraveled the fact that tectonically stable slabs are character-
ized by θ < 0.5, similarly for regions with moderate tectonics in-
dicated with θ = 0.3–0.8, and finally θ > 0.8 helps to infer tectonically
active regions (Mak et al., 2004). Our analysis (Table 7) clearly suggests
that all tectonic zones (I-V) of Indian Ocean are associated with the
average value of frequency parameter (θ) greater than 0.8 that varies as
0.96 ≤ θ ≤ 1.15, suggesting that entire Indian Ocean is tectonically
highly active and is attributed to the nature and extent of attenuation,
which in turns dictates the varying amount of structural heterogeneity
in different tectonic zones (Table 7).

5.3. Tectonic implications

The Indian Ocean province has a diverse tectonic environment, with
spreading centers, subduction zone, faults, fractures, volcanism hot-
spots. Several factors may lead to the comparatively higher scatter of
the data points. The frequency control of attenuation in the study de-
picts that the upper most part of the lithosphere are largely hetero-
geneous especially in the brittle-ductile zone, that possibly due to the
stress on tectonic slab in brittle-ductile transition (Aki, 2003). The
tectonic activity in the provinces where the lithosphere is governed by
heterogeneity is categorized by low Coda-Q values (Singh and
Herrmann, 1983). The frequency parameter, θ trends to increase with
the amount of tectonic activity (Aki, 1981).

The relatively low-Qc is observed in zone I, II and III compared to
Zone IV and Zone V. The zone I, II and III are consist of Triple point
junction, Spreading Zone and Prominent faults of Indian Ocean with the
attenuation relations: Qc = 156 ± 32 f1.15 ± 0.09, Qc = 171 ± 55
f1.06 ± 0.10 and Qc = 197 ± 29 f0.99 ± 0.05, respectively as shown in
(Fig. 10 & Table 7). As mentioned above the study region is tectonically
very complicated and associated with various intricate geological
structures, such as the Owen Fracture zone, RTJ-Argo Fracture Zone,
the Rodrigues Triple Point, the Arabian Sea Triple Junction, the
Mauritius-Reunion region, the African-Somalia Plate boundary, the
Somalia-Indian plate boundary, the Central Indian Ridge, the Mid-
ocean ridge, the Carlsberg Ridge, the Ninety East Ridge, actively

Fig. 6. (continued)

M.S. Ekka, et al. Journal of Asian Earth Sciences 188 (2020) 104104

17



spreading ridges, fracture and transform faults (Fig. 1) that have render
the region tectonically dynamic. The greater “θ” (≥0.96) value in-
dicates that the entire Indian Ocean is seismically more active and
heterogeneous. We found that these CIR, SWIR and SEIR meet at the
Rodriguez Triple Junction (RTJ) forming an inverted Y-shaped ridge

system of R-R-R (Fig. 10; Zone-I in Table 7) is associated with low-Qc

and high attenuation because of deposition of a variety of sediments at
the RTJ, which is in unison to the geological mapping of the region by
Souriau (1981). Zone I and II (Table 7; Fig. 10) demonstrate the ex-
istence of unidirectional discontinued ridge spreading system, causing

Fig. 7. (a1–a2) (Zone-4): An original plot of event of seismograms for one of the station UOSS and FURI recorded on 10-02-2014 and 18-05-2014. (b1–f2) Plot of
band-pass filtered seismogram of the P, S, and coda wave portion recorded at the station with central frequency (C. F.). The best fitted linear line and estimated Qc

value for each central frequency are also shown in the figure. The coda waves portion of 40 s lapse time window length is indicated by grey window. Abbreviations P,
P-wave arrival times; S, S-wave arrival time. Different zones are shown in Fig. 11.
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the failed rift zone having low- Qc. Low-Qc value of zone-I, II, III
compared to that of Zone IV and V may correspond to the compres-
sional tectonics, spreading centers and conjugate sets of faults and
fracture, which in turn suggests that higher attenuation (low-Qc) is
principally caused by the seismically weaker tectonic regime whilst

active areas of fault and fracture zone of lower attenuation (highest-Qc)
may be associated with relatively competent materials in the stronger
tectonic blocks beneath the Indian Ocean where shallow focus events
were located in the vicinity of the subduction zones. Similar observa-
tion has also been reported for northern Cascadia subduction zone

Fig. 7. (continued)
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(Farahbod et al., 2016).
Most of the earthquakes are positioned along the transform faults,

rather than along the spreading sections and triple junction, although
there are earthquakes that are clustered at some of the ridge-transform
boundaries. Here the maximum magnitude of earthquake Mw = 8.4
occur at fault zone having depth of 5 km having typically very low Qc

(Havskov et al., 1989). Some earthquakes are found to occur on
spreading ridges, but they are inconsistent in nature, because of the
comparatively high rock temperatures at the spreading centers. For the
central Indian basin, along the Rodriguez triple junction, the velocity
are increasing in both sides of the ridge axis, this might marked as in-
crease in the age of the oceanic floor. These observations may be in-
terpreted as due to the hot uprising convection current. Away from the
ridge axis the material has become cooler with higher shear-wave ve-
locity. For Ninetyeast Ridge, the shear-wave velocity of material in-
creases with depth and reach maximum value below north of Sri Lanka,
indicates the presence of cold and dense lithosphere. And also, due to

the magmatic underplating because of the crust-upper mantle transition
situated at 22.5 km depth (Singh, 2005). It is pertinent to mention that
the Indian Ocean is associated with thick sediment deposits, containing
a variety of sediments and the fracture zones cut by numerous north-
north-east trending at the Mid-Indian Ridge as observed by Souriau
(1981). The materials in the Indian Ocean region are also found to be
associated with elastically hard rocks (volcanic and limestone) on to-
pographically elevated areas in the Mid-Indian Ridge where possibility
of lesser attenuation can be expected whilst deep basins with abun-
dance of manganese nodules and predominant of ilmenite placers in
coastal belts can produce multi-source scattering. It is interesting to
note that areas adjacent to the Indonesian Archipelago in the eastern
Indian Ocean are found associated with silicic volcanic ash that may
cause high degree of attenuation (low-Qc) in the Indian Ocean. These
observations are found very much corroborative with geological map-
ping of the region by Qasim (1999).

Across the Arabian Fan, Chagos-Lacadive Ridge, Carlsberg ridge, the

Fig. 7. (continued)
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Bay Bengal, the Ninety-east Ridge, 85°E, Central Indian Ridge (CIR), the
Southeast Indian Ridge (SEIR), and the Mid-Indian Ocean (MIO) found
to be associated with varying value of coda attenuation (Table 7) in
which attenuation increases with depth because of increase of tem-
perature with depth (Singh, 1990). It is well documented fact that in the
vicinity of ridge there is a large sedimentary column associated with the
horizontal stress increases hydrostatic pressure, which gives rise to
adiabatic heating to an increase in temperature at higher depth (Singh,
1990). This observation has got support from the relatively thin litho-
sphere along these ridges that might have caused creation of higher

temperature zone with low-velocity anomaly that exists beneath the
ridge axis. Singh (1990) also found that the high attenuation zone starts
at shallow depth (80 km). There is low-Q zone across the Arabian Fan
centered at 60–160 km depth, across the Off- Ninetyeast Ridge centered
at 100–160 km depth and across the Ninetyeast Ridge centered at
80–160 km depth underneath the Indian Ocean province (Singh 1988).
The surface wave attenuation coefficient values result the occurrence of
non-homogeneities in the crust and upper-mantle underneath the In-
dian Ocean.

The fault and fracture zone is known to be a broad zone of

Fig. 8. (a1–a2) (Zone-5): An original plot of event of seismograms for one of the station LSZ and ABPO recorded on 26-06-14 and 19-06-2014. (b1–f2) Plot of band-
pass filtered seismogram of the P, S, and coda wave portion recorded at the station with central frequency (C. F.). The best fitted linear line and estimated Qc value for
each central frequency are also shown in the figure. The coda waves portion of 40 s lapse time window length is indicated by grey window. Abbreviations P, P-wave
arrival times; S, S-wave arrival time. Different zones are shown in Fig. 11.
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fracturing such as the West Andaman Fault (a), the Sumatran fault (b),
the Sagging Fault through the Andaman-Nicobar ridge (c), Owen
Fracture Zone (d), RTJ-Argo Fracture Zone (e) (Zone III, Table 7). It is,
therefore, the low Q0 here likely reflects the large sampled volume of
highly fractured oceanic lithosphere, as the deformed accreted terrace
along the west Sumatra/sagging fault. The lowest Q0 values were ob-
tained in the western part of the Indian Ocean, whereas the highest Q0

values for the region were observed for the subduction zone.
The zone IV is found associated with volcanic and Hotspot with its

attenuation relation (Qc = 209 ± 39 f0.97 ± 0.07). Most of volcanoes,
such as, Afanasy Nikitin, Barren and Narcondum, the Chagos-Laccadive
Ridge, Reunion hotspot are located along the ridges and subduction
zone. Previous studies by Tsuru et al. (2017) showed remarkably high
seismic attenuation with low-Q0 around the volcanic and hotspot

Fig. 8. (continued)
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region. The high-attenuation zone is associated with fractured zone that
might have generated by magma activity responsible for the genesis of
moderate earthquakes (Tsuru et al., 2017). Low-Qc shows that the re-
gion has strong regional variations in the heterogeneity of the crust due
to presence of cracks, faults, and neotectonic structures (Mishra and
Zhao, 2003; Singh et al., 2013; Mishra et al., 2014). The low velocity
zone identified below the volcanic and hotspot region may be related to
the zone of high attenuation measured from coda waves in this study,
which is corroborative with earlier study made by Wu and Aki (1985).
The zone of high attenuation may be ascribed to magma accumulation
that contains viscous fluid, molten bodies, cracks and pores. Variations
in Qc reflect changes in the interior of the volcano that may be directly
related to the magma and rock composition (Novelo-Casanova and
Martínez-Bringas, 2005). The flow of magma beneath the active vol-
canoes (e.g., Afanasy Nikitin; the Chagos-Laccadive ridge; the Reunion
Hotspot) relieves the strain that piles up along the flanks of these vol-
canoes.

The average attenuation relation for the subduction zone under

Zone-V, we got Qc = 220 ± 33f 0.96 ± 0.05. The zone V is represented
by the Northern Sumatra and The Andaman-Nicobar region, which
showed low attenuation and high velocity anomalies. The low seismi-
city in this zone might be due to tearing of the subducting plate below
this zone (Mishra et al., 2011). At very low seismicity, a remarkable
creep in seismogenic block at shallow depths can be related to the lack
of seismicity at deeper depths. A series of geophysical evidences such as
heat flow data, Bouguer gravity anomalies, magnetic anomalies, local
seismicity, and high-resolution bathymetric surveys supports our in-
terpretation of low-Qc in the study region. The region (subduction zone)
is characterized by anomalously high heat flow (99 mW/m2), which
might have caused low-Q in the area (Curray et al., 1982; Satyavani
et al., 2008). The observed high attenuation in the study area might be
related to the tectonics that is attributed to the oblique convergence of
the Indian plate along the Andaman trench. The Indian plate has steeply
dipping subducting plate beneath the Burma micro-plate, part of the
larger Sunda plate, which constitutes an ocean-continent convergent
boundary (Zone V, Table 7). This fault lies below the south-west part of

Fig. 8. (continued)
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Table 5
Mean value of Qc with standard error (stderr) at each lapse time window length and at different frequency for all stations. N is the total number of observations made
for each central frequency.

Stations 1.5 Hz 3.00 Hz 6.00 Hz 9.00 Hz 12.00 Hz

Mean ± stderr N Mean ± Stderr N Mean ± Stderr N Mean ± Stderr N Mean ± Stderr N

20 s
ABPO 103.42 ± 4 1 234.90 ± 8.04 6 897.65 ± 252.18 11 907.27 ± 111.85 12 1297.83 ± 264.85 9
CHTO 138.62 ± 12.31 4 150.37 1 249.98 1 584.53 1 707.13 1
COCO 143.22 ± 32.91 2 326.46 ± 171.41 5 809.51 ± 326.7 2 915.68 ± 290.45 4 1493.32 ± 755.18 3
DGAR 110.00 ± 25.49 6 392.44 ± 57.05 10 891.52 ± 178.62 12 988.78 ± 272.71 4 1469.00 ± 272.20 4
FURI 85.00 ± 7.89 44 222.51 ± 34.25 26 413.31 ± 70.16 28 687.32 ± 156.02 30 1525.00 ± 118.73 22
KAPI 175.19 ± 31.05 4 274.54 ± 68.87 3 515.35 ± 135.98 5 664.96 ± 105.04 6 1475.00 ± 263.53 5
KMBO 151.73 ± 18.98 19 250.33 ± 48.35 19 657.44 ± 85.91 29 987.25 ± 149.09 33 1341.74 ± 126.62 40
LBTB 143.22 ± 9.99 21 326.46 ± 49.37 8 809.51 ± 97.67 5 915.68 ± 207.27 3 1523 ± 282.78 3
LSZ 187.17 ± 33.83 11 265.00 ± 64.31 10 700.11 ± 120.75 21 752.67 ± 88.81 18 1625 ± 139.02 15
MBAR 192.05 ± 13.60 15 487.01 ± 39.46 25 910.49 ± 89.69 36 1290.34 ± 103.57 65 1625.157 ± 131.32 78
NWAO 72.28 ± 29.11 4 182.54 ± 88.47 3 862.25 ± 211.32 5 923.35 ± 105.32 3 1574.42 ± 616.70 6
PALK 171.38 ± 18.40 12 261.20 ± 112.33 9 807.27 ± 272.42 4 952.16 ± 1023.32 3 1835 1
RAYN 184.91 ± 25.32 11 412.17 ± 77.90 9 524.96 ± 378.77 2 825.00 ± 74.29 8 1525 ± 98.75 11
SUR 161.20 ± 27.13 6 424.78 ± 27.13 4 776.82 ± 546.56 3 959.76 ± 291.69 4 1551 ± 984.37 3
UOSS 153.2173 ± 10.97 40 326.4612 ± 30.04 37 809.5053 ± 91.43 34 915.6788 ± 70.82 20 2100 ± 153.27 17

30 s
ABPO 210.29 ± 50.14 3 662.53 ± 79.66 8 1273.07 ± 135.85 10 1490.65 ± 278.77 13 1844.53 ± 365.90 12
CHOTO 217.6 6 ± 39.16 4 236.84 ± 2.27 2 457.10 ± 41.54 2 631.31 ± 151.45 2 1089.05 ± 197.81 2
COCO 233.01 ± 24.22 4 678.07 ± 93.58 3 1397.06 ± 230.88 2 1890.39 ± 967.44 2 2400.3 ± 342.80 4
DGAR 218.71 ± 44.81 5 477.52 ± 47.95 16 1001.55 ± 105.54 14 1357.37 ± 199.93 7 2093.68 ± 196.75 5
FURI 169.46 ± 11.46 39 259 ± 50.41 16 795.28 ± 77.15 19 1156.94 ± 134.90 19 1768.97 ± 126.50 16
KAPI 239.80 ± 24.99 8 500.74 ± 21.55 4 912.98 ± 128.35 7 1059.97 ± 233.59 4 2571.57 ± 464.89 4
KMBO 311.44 ± 19.82 14 401.84 ± 81.45 7 847.40 ± 143.56 16 1588.64 ± 206.11 29 1814.85 ± 221.11 33
LBTB 233.01 ± 14.26 20 678.07 ± 69.45 22 1397.06 ± 122.66 12 1890.39 ± 215.99 11 2400.30 ± 184.70 12
LSZ 240.90 ± 34.31 11 387.86 ± 112.30 10 1121.27 ± 198.76 12 1262.73 ± 199.52 19 1931 ± 135.92 18
MBAR 288.03 ± 14.44 20 750.23 ± 49.62 28 1680.26 ± 136.51 46 1954.06 ± 117.54 80 2249.13 ± 88.53 87
NWAO 209.70 ± 66.58 4 603.02 ± 105.95 6 1535.35 ± 515.24 4 1848.98 ± 396.36 8 2273.92 ± 489.25 7
PALK 278.93 ± 45.60 14 645.16 ± 66.38 8 1328.14 ± 552.94 6 1903.53 ± 879.78 3 2521.49 1
RAYN 208.34 ± 33.17 7 671.47 1 1107.22 ± 454.79 2 1391.45 ± 466.56 8 1858.61 ± 194.84 12
SUR 225.51 ± 71.94 4 838.71 ± 230.52 3 1070.22 ± 81.14 2 1336.22 ± 4 24.54 3 2044.18 ± 149.24 3
UOSS 253.0104 ± 17.15 34 678.0681 ± 32.55 32 1397.06 ± 71.38 37 1890.39 ± 103.41 23 2400.29 17

40 s
ABPO 221.12 1 810.39 ± 98.89 6 1398.29 ± 161.09 12 1791.06 ± 171.65 18 2003.24 ± 189.86 15
CHOTO 247.97 1 441.52 1 503.51 1 966.48 1 1197.07 ± 63.38 2
COCO 342.5 ± 32.76 3 895.79 ± 92.96 4 1494.64 ± 733.41 3 2198.43 ± 349.00 4 2900.36 ± 835.49 2
DGAR 258.82 ± 28.11 6 527.16 ± 68.45 15 1065.77 ± 175.12 9 1479.65 ± 124.67 4 2267.39 ± 374.69 3
FURI 223.92 ± 18.34 37 276.21 ± 42.40 10 823.08 ± 87.64 16 1284.18 ± 323.40 11 1883.66 ± 199.52 10
KAPI 298.64 ± 196.97 2 561.08 ± 323.60 2 1097.92 ± 177.92 2 1836.86 ± 62.01 3 2990.24 ± 654.42 2
KMBO 371.51 ± 43.13 11 483.72 ± 62.45 12 1122.65 ± 100.92 31 1757.79 ± 112.59 33 2117.90 ± 123.19 38
LBTB 342.50 ± 14.64 21 895.79 ± 76.17 13 1494.64 ± 135.32 14 2198.43 ± 214.66 12 2900.36 ± 243.14 16
LSZ 324.53 ± 37.95 14 439.37 ± 76.79 8 439.37 ± 76.79 14 1450.23 ± 197.64 14 2091.23 ± 353.03 16
MBAR 356.88 ± 34.98 14 802.74 ± 44.71 25 1676.63 ± 141.70 52 2107.89 ± 117.75 87 2466.29 ± 118.90 88
NWAO 369.13 1 970.80 ± 144.06 2 1726.19 ± 16.93 2 2112.44 ± 592.61 5 2567.25 ± 561.47 5
PALK 296.93 ± 25.10 13 741.19 ± 74.56 8 1428.82 ± 547.43 5 2342.74 ± 221.54 2 2812.36 0
RAYN 261.72 ± 43.88 8 1106.15 ± 182.16 8 1238.88 ± 171.92 2 1931 ± 142.71 6 2013.94 ± 226.32 12
SUR 288.57 ± 35.97 3 977.62 ± 143.12 4 1141.36 ± 132.76 2 1470.26 ± 230.45 8 2218 ± 660.48 7
UOSS 342.4973 ± 16.17 29 895.795 ± 47.54 36 1494.642 ± 89.59 27 2198.426 ± 213.89 18 2775 ± 236.91 16

50 s
ABPO 350.79 1 935.49 ± 128.82 3 1502.11 ± 204.59 9 1967.09 ± 251.56 15 2225.06 ± 292.48 12
CHTO 274.32 ± 21.56 2 523.32 0 626.98 1 1024.22 ± 1717.00 2 1279.93 1
COCO 377.92 ± 92.22 3 1086.21 ± 48.15 4 1619.13 ± 204.69 3 2483.25 ± 351.96 5 2816.38 ± 1168.01 3
DGAR 302.35 ± 26.60 9 566.41 ± 58.09 17 1114.67 ± 54.38 6 1672.40 ± 1326.33 3 2534.68 1
FURI 246.90 ± 26.29 24 442.66 ± 194.65 6 1062.01 ± 304.31 10 1347.76 ± 200.19 10 1949.99 ± 221.66 10
KAPI 428.96 ± 43.79 5 659.24 ± 142.42 2 1329.40 ± 241.58 3 1841.50 ± 471.09 2 3713.739 ± 1000.0 1
KMBO 357.62 ± 57.26 10 733.08 ± 98.38 12 1250.59 ± 114.74 26 1932.83 ± 196.91 29 2264.33 ± 138.60 33
LBTB 377.92 ± 29.47 21 1086.21 ± 111.07 18 1619.13 ± 126 23 2483.25 ± 270.98 22 2816.38 ± 199.49 23
LSZ 410.64 ± 46.03 11 676.88 ± 103.28 6 1255.01 ± 236.97 9 1526.91 ± 154.66 9 2298.51 ± 330.27 15
MBAR 423.85 ± 38.11 12 858.78 ± 53.42 27 1792.65 ± 165.62 43 2165.91 ± 116.19 79 2744.23 ± 166.92 87
NWAO 496.44 ± 101.54 4 1018.36 ± 363.19 4 1818.53 ± 514.35 7 2324.05 ± 253.92 7 3056.37 ± 869.88 8
PALK 477.39 ± 23.71 15 1006.27 ± 116.94 10 1860.58 ± 113.40 9 2811.77 ± 1840.87 3 3035.8 1
RAYN 254.91 ± 47.18 7 1250.82 ± 142.44 4 1514.74 1 2104.92 ± 399.47 10 2185.14 ± 270.46 15
SUR 353.73 ± 44.37 3 1011.98 ± 129.67 5 1359.26 ± 357.41 3 1562.09 ± 478.86 4 2507.41 4
UOSS 377.9224 ± 24.28 29 1086.211 ± 67.90 24 1619.126 ± 116.57 24 2483.254 ± 263.42 8 2816.383 ± 808.59 4

60 s
ABPO 371.65 1 1074.66 ± 205.14 2 1688.43 ± 243.04 10 2125.29 ± 367.22 17 2571.30 ± 198.43 3
CHTO 315.01 ± 65.45 2 655.27 ± 267.82 2 688.99 1 873.27 1 1426.7 1
COCO 469.79 1 1033.06 ± 15.55 3 2241.38 ± 299.91 3 2500.06 ± 568.19 3 3193.23 ± 878.48 2
DGAR 387.80 ± 25.15 11 841.16 ± 63.22 19 1241.83 ± 204.57 9 2042.73 ± 808.82 5 2926.23 ± 785.33 2
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Sumatra and the Andaman Islands. The major strike slip faults occur in
the overriding plate of the subduction zone due to regional compres-
sional stress contributed towards the variability in Qc. Along these
zones, there are much thicker sediments between the plates. The heat
and pressure make the sediments warmer and compressed that resulted
in slip of fault during an earthquake in the shallowest part of the sub-
duction zone. Additionally, the process of dehydration embrittlement
through crustal weakening caused due to the dehydration of hydrous
minerals in the deep-seated source zones, resulted in changes of
structural heterogeneities along the subduction zone (Mishra and Zhao,
2004; Zhao, 2015) that might have played an important role for lesser-
Qc and higher attenuation in the study region because dense and water-
bearing sediments or accreted materials, are one of the plausible factors
that brings the brittle failure (Mishra et al., 2011).

5.4. Comparison of Qc with global observations

The attenuation characteristics of coda wave (Qc) for single back-
scattering method are used to estimate the different geological and
tectonic provinces globally. Numerous measurements have been made
by the global researchers for different tectonic regions (e.g., Aki and
Chouet, 1975; Sato, 1977; Roecker et al., 1982; Pulli, 1984; Jin and Aki,
1988; Gupta et al., 1998; Mak et al., 2004; Sharma et al., 2008;
Mohamed et al., 2010; Singh et al., 2012; Padhy et al., 2011; Vandana
et al., 2015; Dobrynina et al., 2017). Our results of Qc for different
provinces are shown in Fig. 11. The frequency-dependent average Qc

relationships obtained in our study region as, Qc = 92.04 ± 35.07f
1.105 ± 0.24 (20 s), Qc = 165.99 ± 52.44f 1.02 ± 0.14 (30 s),
Qc = 220.31 ± 58.68f 0.96 ± 0.10 (40 s), Qc = 277.17 ± 73.09f
0.90 ± 0.90 (50 s), Qc = 344.99 ± 94.98f 0.85 ± 0.85 (60 s). Our estimated
frequency-dependent average Qc relationship of the present study is
Qc = (220 ± 58.68) f(0.96 ± 0.08) for 40 s window length is considered
as the most reliable and stable solution to ensure better comparison
with other tectonic regions studied by different researchers (Fig. 11).
With the greater lapse time (> 40 s), the Q0 value of the deeper portion
of the crust is found to be relatively very high since higher Q0 value
along with low θ value has a trend of rapid change in crustal properties

that may not be stable and reliable for making comparison with other
tectonically active regions (Jin and Aki, 1988). We, therefore compared
our Q0 and θ values of the Indian Ocean at 40 s with that of the other
region of the world (e.g., Souriau, 1981; Singh and Herrmann, 1983;
Scherbaum and Kisslinger, 1985; Mak et al., 2004; Yang et al., 2007;
Padhy et al., 2011; Mcnamara et al., 2012; Singh et al., 2012a,b;
Venkatesan and Gamage, 2013; Hosseini et al., 2015; Gamage and
Venkatesan, 2015; Rodriguez-Lozoya et al., 2017) as shown in Fig. 11.
We observed that our estimated averaged Qc values is found to be
comparable to Q0 = 220 ± 58 and a frequency-dependence
θ = 0.96 ± 0.10 for Indian Ocean (Table 6) to that of Aleutian Islands
(the Adak Seismic zone) (Scherbaum and Kisslinger, 1985) at low fre-
quency (≤5 Hz) and to the Philippine Sea Subduction zone (Petukhin)
at higher frequency range (≥5 Hz) (Fig. 11), which is very much cor-
relative to our study. From this analysis, we interpreted that the tec-
tonic settings beneath the Indian Ocean region are more complex and
formed by the intersection of different plate boundaries having major
faults, fracture systems and made the region seismo-tectonically active.
Low Q0 value with large ‘θ’ signifies the strong scattering effects of the
comparatively compressed faulted structures of the uppermost part of
the crust in the region. None-the-less, the Plate boundaries have com-
plicated folding, and faulting on the floor of the Indian Ocean region
(Paul et al., 2003) that might have contributed immensely to active
seismotectonic settings and variable structural heterogeneities having
distinct variability in attenuation characteristics beneath the Indian
Ocean region. We infer that our assimilated attenuation model has
potential to provide information on intricate seismotectonics and seis-
mogenesis for computing earthquake source parameters, earthquake
hazards, and that may be useful for assimilating seismic velocity
structure beneath the Indian Ocean.

6. Conclusion

The study region is tectonically very complicated and associated
with various intricate geological structures, such as the Owen Fracture
zone, RTJ-Argo Fracture Zone, the Rodrigues Triple Point, the Arabian
Sea Triple Junction, the Mauritius-Reunion region, the African-Somalia
Plate boundary, the Somalia-Indian plate boundary, the Central Indian
Ridge, the Mid-ocean ridge, the Carlsberg Ridge, the Ninety East Ridge,
actively spreading ridges, fracture and transform faults that have render
the region tectonically dynamic. We analyzed 300-distant earthquakes
recorded by IRIS network digitally positioned around the Indian Ocean
province that have been studied for varying lapse time window lengths
at different frequency band with a central frequency in the range of 1.5
to 12.0 Hz to estimate coda quality factor (Qc). The frequency-depen-
dent average Qc relationships obtained at various lapse time window
lengths that showed increase in window length has direct correlation
with Qc. and frequency parameter (θ) decreases with increasing window
length, which can be interpreted as the scattering effect in the study

Table 5 (continued)

Stations 1.5 Hz 3.00 Hz 6.00 Hz 9.00 Hz 12.00 Hz

Mean ± stderr N Mean ± Stderr N Mean ± Stderr N Mean ± Stderr N Mean ± Stderr N

FURI 294.77 ± 40.93 20 781.85 ± 8.41 3 1118.74 ± 175.09 7 1858.40 ± 210.91 9 2122.76 ± 189.71 7
KAPI 553.19 ± 37.67 8 701.98 ± 107.90 1 1893.57 ± 389.20 2 2246.83 ± 373.23 1 4324.93 1
KMBO 413.49 ± 58.58 8 710.11 ± 50.04 8 1668.37 ± 145.99 24 2259.04 ± 223.80 26 2557.85 ± 197.12 28
LBTB 469.79 ± 19.34 21 1033.06 ± 103.91 20 2241.38 ± 209.92 24 2500.06 ± 188.90 24 3193.23 ± 322.19 23
LSZ 457.22 ± 63.78 9 1014.18 ± 158.36 6 1281.71 ± 225.12 7 1697.42 ± 238.47 9 2409.89 ± 454.29 10
MBAR 499.56 ± 40.07 13 1094.09 ± 70.69 27 1851.45 ± 149.30 42 2507.34 ± 161.24 76 3010.58 ± 203.13 83
NWAO 510.31 ± 118.80 3 1128.64 ± 177.68 6 2073.05 ± 147.74 5 2526.64 ± 725.08 9 3168.30 ± 516.11 8
PALK 564.54 ± 38.11 17 1264.25 ± 141.40 11 2538.23 ± 448.87 7 3029.03 ± 2415.12 2 3398.22 1
RAYN 542.15 ± 53.45 4 1289.85 ± 112.80 11 1526.87 ± 473.76 4 2082.11 ± 330.49 11 2391.63 ± 290.54 20
SUR 394.04 ± 88.23 4 1221.79 ± 286.24 5 1744.25 ± 464.89 6 2031.58 ± 126.86 3 2592.37 ± 317.41 3
UOSS 469.7853 ± 22.54 30 1033.058 ± 65.54 24 2241.38 ± 145.77 25 2500.056 ± 266.77 8 3193.23 ± 405.75 7

Table 6
Average attenuation relations for five lapse time windows obtained from
the mean values of Qc for Indian Ocean region.

Lapse time (s) Empirical relationship

20 Qc = 92.04 ± 35.07f 1.105 ± 0.24

30 Qc = 165.99 ± 52.44f 1.02 ± 0.14

40 Qc = 220.31 ± 58.68f 0.96 ± 0.10

50 Qc = 277.17 ± 73.09f 0.90 ± 0.90

60 Qc = 344.99 ± 94.98f 0.85 ± 0.85
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region where increase of Qc with increasing depth from oceanic surface
is observed, which may be due to variability of structural hetero-
geneities at the varying depths. The relatively high value of Qc inferred
low attenuation in the oceanic floor that reveals the differential in
crustal heterogeneity level within the province, reflecting extensive
plate interactions and subduction and spreading effects. Our analysis
clearly suggest that Indian Ocean are associated with varying frequency
parameter (θ) (0.96 ≤ θ ≤ 1.15), suggesting that entire Indian Ocean is
tectonically highly active and more heterogeneous and is attributed to
the nature and extent of attenuation, which in turns dictates the varying
amount of structural heterogeneity in different tectonic zones. We
found that these ridges, CIR, SWIR and SEIR meet at the Rodriguez
Triple Junction (RTJ) forming an inverted Y-shaped ridge system of R-
R-R is associated with low-Qc and high attenuation because of deposi-
tion of a variety of sediments at the RTJ, which is in unison to the
geological mapping of the region.

The materials in the Indian Ocean province are also found to be
associated with elastically hard rocks (volcanic and limestone) on to-
pographically elevated areas in the Mid-Indian Ridge where possibility
of lesser attenuation can be expected whilst deep basins with abun-
dance of manganese nodules and predominant of ilmenite placers in
coastal belts can produce multi-source scattering. It is interesting to
note that areas adjacent to the Indonesian Archipelago in the eastern
Indian Ocean are found associated with silicic volcanic ash that may
cause high degree of attenuation in the Indian Ocean. We observed that
our estimated averaged Qc values is found to be comparable to
Q0 = 220 ± 58 and a frequency-dependence θ = 0.96 ± 0.10 for
Indian Ocean to that of Aleutian Islands (the Adak Seismic zone)
(Scherbaum and Kisslinger, 1985) at low frequency (≤5 Hz) and to the
Philippine Sea Subduction zone (Petukhin) at higher frequency range
(≥5 Hz), which is very much correlative to seismotectonic settings of
these two regions. We infer that our assimilated attenuation model has
potential to provide information on intricate seismotectonics and seis-
mogenesis for computing earthquake source parameters, earthquake
hazards that can be used for assimilating detailed seismic velocity
structure beneath the Indian Ocean region.
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Fig. 10. Seismic attenuation zone of the study region.

Fig. 11. Comparison of Qc of the Indian Ocean
(present study) with the other regions such as:
Aleutian Islands (the Adak Seismic Zone),
Scherbaum and Kisslinger (1985); Xingfenziang,
Guangdong, China, Jin and Aki (1988); Dead Sea
Region, Eck (1988); Western Anatolia, Turkey,
Akinci et al. (1994); Hong Kong Region Mak et al.
(2004); Philippine Sea subduction zone, Petukhin
and Kagawa (2007); The Andaman Islands. Parvez
et al. (2008); Andaman Sea Basin, Padhy et al.
(2011); Northern Indian Ocean, Venkatesan et al.,
(2013); Caribbean, Hosseini et al. (2015); Northern
Cascadia Subduction Zone, Farahbod et al. (2016);
Gulf of California, Mexico Rodriguez-Lozoya et al.
(2017); North Tanzanian, divergence zone (East
African rift system), Dobrynina et al. (2017).
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