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Abstract Coda wave attenuation quality factor
Qc is estimated in the northeastern region of India
using 45 local earthquakes recorded by regional
seismic network. The quality factor Qc was esti-
mated using the single backscattering model mod-
ified by Sato (J Phys Earth 25:27–41, 1977), in
the frequency range 1–18 Hz. The attenuation and
frequency dependence for different paths and the
correlation of the results with geotectonics of the
region are described in this paper. A total of 3,890
Qc measurements covering 187 varying paths are
made for different lapse time window of 20, 30, 40,
50, 60, 70, 80, and 90 s in coda wave. The magni-
tudes of the analyzed events range from 1.2 to 3.9
and focal depths range between 7 and 38 km. The
source–receiver distances of the selected events
range between 16 and 270 km. For 30-s duration,
the mean values of the estimated Qc vary from
50 ± 12 (at 1 Hz) to 2,078 ± 211(at 18 Hz) for
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the Arunachal Himalaya, 49 ± 14 (at 1 Hz) to
2,466 ± 197 (at 18 Hz) for the Indo-Burman, and
45 ± 13 (at 1 Hz) to 2,069 ± 198 (at 18 Hz) for
Shillong group of earthquakes. It is observed
that Qc increases with frequency portraying
an average attenuation relation Qc = 52.315 ±
1.07 f (1.32 ± 0.036) for the region. Moreover, the pat-
tern of Qc−1 with frequency is analogous to the
estimates obtained in other tectonic areas in the
world, except with the observation that the Qc−1

is much higher at 1 Hz for the northeastern region.
The Qc−1 is about 10−1.8 at 1 Hz and decreases to
about 10−3.6 at 18 Hz indicating clear frequency
dependence. Pertaining to the spatial distribu-
tion of Qc values, Mikir Hills and western part
of Shillong Plateau are characterized by lower
attenuation.

Keywords Qc · Coda waves ·
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Northeastern India

1 Introduction

Northeast region (NER) of India, bounded by
latitude (22–30◦ N) and longitude (89–98◦ E), is
seismically one of the most active zones in the
world where 16 large (M ≥ 7.0) and two great
earthquakes of June 12, 1897 (M ≥ 8.5; Oldham
1899) and August 15, 1950 (M = 8.7; Poddar 1950;
Richter 1958) occurred during the last hundred
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years. These two great earthquakes have caused
extensive destruction in the region killing a to-
tal of 3,042 lives and a total loss of $30 million
(Tillottson 1953). Consequently, the NER India
lies in the seismic zone V of India (BMTPC 2003).
The zone V is the maximum rating of zone in the
National Seismicity Zoning Map of India. Mainly
three major stress fields govern the geodynamics
of NER, India. There are several tectonic faults
and lineaments (Nandy 2001). The active seismo-
tectonics of the region has been the subject of sev-
eral studies (e.g., Tapponier et al. 1982; Le Dain
et al. 1984; Mitchel 1986; Gupta and Singh 1986;
Chen and Molnar 1990; Kayal 1996; Saikia and
Somerville 1998). Several hundred of earthquakes
(M > 4.0) are recorded during the past decade in
the region. In view of this high seismic activity
and with an intension to upgrade the improved
detection capabilities, Regional Research Labo-
ratory, Jorhat (RRL-J) in collaboration with Na-
tional Geophysical Research Institute, Hyderabad
(NGRI-H) established progressively 14 vertical
component and two three-component seismic sta-
tions equipped with short-period instrumentation
in the year 1982. These stations are now up-
graded to broadband digital stations with global
positioning system (GPS) timing since 2001. The
hypocentral parameters are regularly published in
the form of seismic bulletins. The complex geotec-
tonic setup of the NER needs better understand-
ing of the measure of elastic wave attenuation and
scattering in the crust. This region is not repre-
sented by any proper attenuation relationship of
the seismic waves based on digital seismic data-
base. The variation of coda Q was reported by
Baruah (2001) using four earthquakes recorded by
the Digital Telemetered Seismic Network of the
RRL-J, a dependence of Qc on frequency varying
from 86 at 1.5 Hz to 960 at 12 Hz under the rela-
tionship Qc = 121 f0.86 was observed for a lapse
time window of 30-s duration in coda wave. Based
on strong motion records of a single earthquake of
6 August, 1988 originated in Indo-Burmese sub-
duction zone (Lat = 25.14◦ N, Long = 95.12◦ E,
mb = 6.8 and h = 91 km), Gupta and Kumar
(2002) suggested a frequency-dependent Qc re-
lationship, Qc = (86 ± 4.04) f (1.01±0.026) for the
Shillong–Mikir plateau and North of Halflong–

Disang thrust. Not much study on the attenuation
property of the crust is made in the region. In the
present study, we have used the broadband seis-
mic waveform data to establish a suitable attenua-
tion relation in NER India. One of the promising
means to study seismic wave attenuation in the
crust and lithosphere is the analysis of the coda
wave of local earthquakes (Aki 1969; Aki and
Chouet 1975; Sato 1977). Coda waves, the later
part of the seismogram, are assumed to consist of
backscattered S wave, which represent the hetero-
geneities in the propagating media and provide
the information about the average attenuation
properties of the medium. The rate of decay of
coda wave amplitude gives an idea about the at-
tenuation. Aki (1969) and Sato (1977) proposed
that the rate of decay could be quantified by a
quality factor Qc or coda Q, characterized by
seismic wave scattering, with higher values of Qc
representing slower decay. Several authors (e.g.,
Aki and Chouet 1975; Sato 1977; Rautian and
Khalturin 1978; Herrmann 1980; Roecker et al.
1982; Ibanez et al. 1990; Herak 1991; Novelo-
Casanova and Lee 1991; Woodgold 1992; Gupta
et al. 1998; Giampiccolo et al. 2004; Biescas et al.
2007) observed that the use of coda wave is the
easiest way to estimate the attenuation, backscat-
tering, and source spectrum. Generally, the at-
traction of using coda is the isolation of scattered
energy from the other phases. Qc estimates the
attenuation per travel distance on the basis of
spatially uniform distribution of coda-energy at a
long lapse time.

In this study, a single backscattering model
proposed by Aki and Chouet (1975) and modified
by Sato (1977) has been used to estimate quality
factor Qc for three tectonic blocks in NER, India,
namely Eastern Himalaya and suture zone,
Shillong Plateau and Mikir Hills, and Indo-
Burmese region. The results of this study are high-
lighted here.

2 Tectonic setup and seismicity

The area of present study, delimited by latitude
22◦ to 30◦ N and longitude 89◦ to 98◦ E, covers
the NER, India and the adjoining areas (Fig. 1).
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Fig. 1 Tectonic map of
North Eastern Region of
India showing epicentral
distribution of the events
used in this study and the
RRL-J–NGRI-H
broadband recording
stations supplemented by
stations operated by
Manipur University and
Gauhati University

The region under study can be divided into the
following tectonic domains (Nandy 2001):

1. The eastern Himalaya collision belt to the
north, which includes the trans-Himalayan
Tethyan zone and the Andean type gran-
odiorite margin comprising the main bound-
ary thrust (MBT) and main central thrust
(MCT). The Eastern syntaxis zone where the
Himalayan arc and the Burmese arc meets
the Mishimi block. This zone is folded and
thrusted by the Lohit and Mishimi thrusts
(MT). This zone was the source area for the
1950 great earthquake.

2. The Indo-Burma subduction zone to the
east where the Indian lithosphere is believed
to be subducting below Indo-Burma ranges.
(Satyabala 1998)

3. The Shillong Plateau, the Mikir Hills, and the
Assam valley jawed between the Himalayan
arc and Burma arc (Mazumder 1976; Curray

et al. 1982). The major tectonic features are
the Dauki fault and Kopili fault. The E–W
trending Dauki fault separates the Shillong
Plateau to the north and the Bengal basin to
the south, and the NW trending Kopili fault
separates the Shillong Plateau and the Mikir
Hills (Fig. 1).

Among the other tectonic features, the N–S
trending Dhubri fault and the Brahmaputra linea-
ment are prominent. Dhubri fault demarcates the
western margin of the Shillong Plateau.

The seismic activity in NER is mostly asso-
ciated with these major tectonic elements. Sev-
eral authors (e.g., Fitch 1970; Chen and Molnar
1990; Nandy and Das Gupta 1991; Kayal 1996;
Sitaram et al. 2001) discussed the seismicity and
seismotectonics of the region. The major fault
systems, i.e., MBT, MCT in the north, and MT
towards northeast, show activity with shallow
earthquakes. There are numbers of seismic events
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concentrating near Tezpur (south of the MBT)
and Kaziranga (in Mikir Hills) and extending
along the Brahmaputra lineament. The upper
Brahmaputra (Assam) valley seems to be broadly
aseismic (Khattri 1987).

In the Indo-Burma tectogene, based on CMT
catalog data, Ravikumar et al. (1996) suggested
right lateral strike-slip faulting mostly in the upper
part of the zone and thrust faulting below 90-km
depth. Satyabala (1998), based on the stress field
study, argued that there is an active subduction of
the Indian plate below the Indo-Burma ranges.

Shillong plateau covering Chedrang fault,
Dhubri fault, and Dauki fault system shows sig-
nificant activity; the trend of P-axis of the focal
mechanism solutions has been dominantly NNW.
This indicates that contemporary tectonics of this
tectonic domain have been governed by NNW-
directed stress field (Baruah et al. 1997). The
seismic activities in the Shillong Plateau are found
notably high at a depth range of 10–20 km
with an average seismogenic zone up to 30 km
(Baruah 2004). Mostly thrust faulting earthquakes
are predominant in the Shillong Plateau. The
plateau had been the source area for the 1897
great Assam earthquake. Pop-up tectonics is ad-
vocated for the plateau seismicity (Bilham and
England 2001).

3 Data source

In this study, we selected 45 earthquakes (see
Table 1) recorded by regional seismic network
(RRL-J and NGRI-H) during 2000–2003. These
events are recorded with higher signal-to-noise
ratio and having clear coda waves. One hundred
eighty-seven seismograms were used for the se-
lected 45 events. The epicentral distribution of the
selected earthquakes is shown in Fig. 1.

The precision of hypocenter determination
depends not only on the distribution of the
recording stations but also on velocity structure
between source and station, particularly in area
where lateral heterogeneities are extreme (Okada
et al. 1970). The epicenters are determined using
the HYPOCENTER location program of Lienert
et al. (1986) based on the crustal velocity model of
Gupta et al. (1984). To the present database, the

uncertainties involved in the estimates of epicen-
ters and origin times are of the order 0–2 km and
0–0.5 s, respectively. The uncertainties involved
in the estimates of focal depths are 0–1 km for
85% and 1–2 km for 15% of total number of
earthquakes located. We believe that the depth
control is reasonably good. Besides the RRL-
J–NGRI-H network data, the arrival time data
also used are reported by the seismic stations
maintained by the India Meteorological Depart-
ment at SHL, Gauhati University, Manipur Uni-
versity, and Mizoram University. This provided
better azimuthal control for the determination
of hypocentral parameters. Incidentally, some of
these digital seismic stations are also equipped
with broadband seismometers as depicted in
Table 2. Waveforms obtained from these stations
are also used in this study. GPS time synchroniza-
tion was maintained with the records. The stations
are operated both in continuous and event-trigger
mode and recorded at a rate of 100 samples per
second. To avoid aliasing effects, low pass filters
with corner frequencies of 50 Hz were applied.
The recorded seismograms have been corrected
by using an instrument response based on the
electrodynamic constant, critical damping, nat-
ural frequency of seismometer, and bit weight
of unit gain of each recording unit for all sta-
tions. Figure 2 shows an example for the sta-
tion Mendipather (MND) in East Garo Hills,
Meghalaya, that contains a typical estimate of
(a) frequency response to the ground velocity with
known pole-zero distribution and (b) the plot of
the system noise power as noncoherent power
for vertical (Z = red) and horizontal sensors
(N = green and E = blue) up to 10-s period band.
The power spectral estimates have been corrected
for the system response and gain representing the
sensor input. The station MND is instrumental
in the low-noise model (LNM; Peterson 1993);
however, the highest power levels (red, green, and
blue) are not significantly higher (<26%) than
the LNM. The three lines approach the LNM
indicating that the station minimum reflects ac-
tual ambient noise conditions across the whole
spectrum.

The source–receiver distances of the selected
event range from 16 to 270 km. Duration mag-
nitude (MD) of the events are estimated in the
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Table 1 Hypocentral parameters of the events used in this study

Sl. no. Date Origin time Location Focal depth Magnitude

Hr. Mn. Sec. Lat.◦N Long.◦E (km) (MDA)

1 20000813 12 16 20.53 27.99 96.00 21 3.2
2 20011118 18 15 47.85 25.82 94.07 20 3.3
3 20011118 19 37 26.30 26.18 93.11 36 2.8
4 20011118 20 18 44.89 27.93 95.27 32 3.4
5 20011118 22 32 48.57 26.33 92.52 35 2.7
6 20011119 12 16 43.43 26.03 90.82 27 3.8
7 20011120 19 06 50.38 25.00 93.64 28 3.2
8 20011120 21 35 04.12 26.80 93.20 10 2.7
9 20011121 04 51 50.85 26.22 94.89 21 3.3
10 20011121 11 52 28.64 27.01 92.82 24 3.0
11 20011121 12 31 44.47 26.50 92.68 37 2.4
12 20011122 11 53 55.98 26.37 93.11 10 2.1
13 20011122 12 48 24.73 24.70 93.21 20 3.5
14 20011123 13 11 36.25 26.49 93.00 30 2.5
15 20011123 15 41 19.19 27.31 92.53 22 3.4
16 20011123 18 58 02.67 24.91 94.54 30 3.4
17 20011124 22 10 42.65 28.04 93.75 20 3.5
18 20011125 12 53 39.36 26.44 92.22 38 3.1
19 20011125 18 03 55.08 25.98 91.37 12 3.6
20 20011126 22 55 01.04 25.64 94.52 28 3.2
21 20011127 01 30 49.26 25.43 94.84 35 3.1
22 20011127 11 15 43.86 25.05 93.97 32 3.6
23 20011127 13 47 05.13 28.61 94.17 30 3.6
24 20011127 13 47 07.97 28.57 92.93 7 3.5
25 20011128 01 34 01.67 26.23 95.28 38 3.4
26 20011129 12 19 57.68 25.66 92.14 17 3.0
27 20011129 19 42 27.16 24.21 92.31 20 3.5
28 20011129 21 12 11.01 27.32 92.06 13 3.2
29 20011207 16 16 27.80 24.37 92.58 20 3.8
30 20011208 22 08 57.99 26.21 91.10 12 3.4
31 20011211 18 22 09.19 27.67 92.87 22 3.2
32 20011211 19 09 49.82 24.87 92.92 24 3.9
33 20011212 23 06 08.21 25.14 91.20 14 3.6
34 20011214 21 42 42.99 25.61 95.53 17 3.8
35 20011216 22 25 27.82 27.25 94.40 21 2.7
36 20030820 11 52 26.00 25.67 89.80 11 2.5
37 20030820 19 28 22.20 25.50 91.05 9 1.8
38 20030823 00 57 47.20 25.61 90.84 14 2.7
39 20030823 11 35 33.70 26.28 90.54 9 2.0
40 20030929 18 45 15.08 26.02 91.90 13 1.5
41 20030930 12 36 40.30 25.66 90.09 12 2.1
42 20030930 18 14 18.24 25.24 90.17 20 2.7
43 20031001 18 51 24.20 26.59 90.33 23 2.5
44 20031004 15 18 15.60 25.23 89.82 22 2.3
45 20031005 21 02 55.00 25.78 90.68 16 1.2

range 1.2–3.9 and the depth 7–38 km. The events
are selected so that these are recorded locally
by at least three stations in the respective tec-
tonic block, supplemented by two more stations

in the neighboring tectonic block so that there is
conformity of source–receiver path among three
selected tectonic blocks. Figure 3 presents the
corresponding epicenter–station trajectories.
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Table 2 Parameters of
seismological stations
(e.g., name, code, and
their location)

SL. no. Station name Station code Latitude (◦N) Longitude (◦E)

1 Along ALN 28.15 94.79
2 Bhairabkunda BKD 26.89 92.12
3 Dokmok DMK 26.22 93.06
4 Gauhati GAU 26.15 91.67
5 Jogighopa JPA 26.24 90.57
6 Kaziranga KZI 26.58 93.41
7 Mendipather MND 25.92 90.68
8 Nangalbibra NGL 25.47 90.70
9 Numaligarh NLG 26.58 93.73
10 Shillong SHL 25.57 91.86
11 Seijusa SJA 26.94 93.00
12 Tezpur TZR 26.62 92.78
13 Ukhrul UKH 25.08 94.35
14 Ziro ZIR 27.54 93.80

4 Data analysis

Two backscattering models explain the coda wave
amplitude on a seismogram. The first is the single
scattering model, which assumes that the scat-
tering wave field is weak and does not produce
secondary scattering when it encounters another
scatterer (Aki and Chouet 1975). The second
model is the multiple scattering model (Gao et al.
1983), which assumes secondary scattering and
consider the seismic energy transfer as a diffusion
process. In this study, the attenuation of coda
waves is measured as a function of frequency
using the data from local earthquakes with the
help of single scattering model. We assumed that
the source and the receiver are located at the
same point in an infinite medium. This is a valid
assumption for coda waves, which arrive at the
receiver long after the passage of the primary P,
and S waves after twice the S-wave lapse time,
having a common envelope shape at most stations
near the epicenter (Rautian and Khalturin 1978).

In order to establish a suitable attenuation re-
lation, the entire NER has been segregated into
three tectonic groups as per distribution of epi-
central location in conformity with tectonic fea-
tures in the region. The events located on the
Eastern Himalaya and suture zone are referred to
as the Arunachal (AR) group. The central group
consists of events located in Shillong Plateau and
Mikir Hills designated as SHL (Shillong) group
and the events located along Naga–Disang thrust
and Indo-Myanmar zone are included in Indo-

Burmese region (IBR) group. The attenuation of
coda waves is measured as a function of frequency
to measure the total scattering coefficient and
coda attenuation, which characterize coda excita-
tion and coda amplitude decay. The studies are
conducted at short and intermediate epicentral
distance of 16–270 km. The decay of coda wave
amplitudes is analyzed at different lapse time win-
dows. Finally, attenuation relationship for each
tectonic block is deduced leading to an average
attenuation relationship for the NER. Figure 4
shows an example of seismogram (event no. 14 in
Table 1) from a local earthquake recorded by the
Dokmok (DMK) station.

The time dependence of root mean square
(RMS) coda wave amplitude, A(ω, t), on a band-
pass-filtered seismogram can be written as

A (ω, t) = C (ω) . t−1 exp (−ω t/2Qc) (1)

where Qc is the attenuation quality factor as a
function of frequency, t−1 is a correction factor for
the geometrical spreading, and C(ω) takes into ac-
count these terms of source and site amplification.

Sato (1977) developed the model where RMS
coda wave amplitude at lapse time t may be
written as

A (r, ω, t) = C (ω) [K (r, x)] exp (−ωt/2Qc) (2)

where, t/ts = x (ts is the travel time of S wave).
K(r , x) is a function of station–source distance,
and r defined as

K (r, x) = 1/r × 1/x × ln
[
(x + 1)/(x − 1)

]
(3)
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Fig. 2 The figures given
above are an example for
station
MND-Mendipather, East
Garo Hills, Meghalaya
contain a typical estimate
of a frequency response
to the ground velocity
with known pole-zero
distribution and b the
system noise power
plotted as noncoherent
power for vertical (Z =
red) and horizontal
sensors (N = green and
E = blue)

a

b

By taking the natural logarithms of Eq. 2
and rearranging terms, we obtain the following
equation:

ln
[
A(r, ω, t)/K (r, x)

]= ln
[
C (ω)

]−(ω t/2Qc) (4)

For narrow band-pass-filtered seismograms, C(ω)
is constant. Therefore, by using a linear regression
of terms on the left side of Eq. 4 vs t, Qc can be

determined from the slope of the fit, which is equal
to −ω/2Qc.

In order to study the frequency and lapse time
dependence of Qc, we use following scheme to
analyze the data

(a) The seismograms are filtered for narrow fre-
quency bands centered at fc = 1, 1.5, 2, 3, 4, 6,
8, 12, 16, and 18 Hz, respectively, using eight-
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Fig. 3 Map showing
epicenter–station
trajectories. The area
covered by epicenter–
station paths provides
representative average
coda-Q values for the
NER, India under study.
Dashed line demarcates
events from each
tectonic group

pole Butterworth band pass filter (Stearns
and David 1988). The ten frequency bands
(bandwidth 0.67 fc, where fc is the central
frequency) with filter parameters are given in
Table 3.

(b) The beginning of coda amplitude starts at
2 ts, where ts is the travel time of S wave mea-
sured from the origin time of the earthquake
(Rautian and Khalturin 1978).

(c) For Qc estimation, a moving window (W)
of fm × (SPS) second is used to estimate
the RMS average of the filtered coda am-
plitude which slides in steps of 0.5 × fm ×
(SPS) second. Here, fm stands for mean free
number of points within the time window
and “SPS” stands for samples per second.
The filtered coda amplitudes are smoothed
by determining RMS amplitude for sliding
window of 1.28, 2.56, and 5.12 s in steps of
half of the time window, i.e., 0.64, 1.28, and
2.56 s, respectively, for lapse time range. The

RMS amplitude values are assigned to the
center point of corresponding window.

(d) Once the set of A(r, ω, t) / K(r, x) and the
coda intervals are obtained beginning at 2 ts,
Qc could be easily estimated from the slope
of the linear fit of Eq. 4, ln [A(r, ω,t)/K(r, x)]
vs. t, the lapse time.

(e) In the next step, the lapse time dependence
of Qc is observed by increasing the coda
duration step by step, measured from origin
time. Each seismogram falling in the lapse
time range of 20–90 s is analyzed starting
at 2 ts.

Coda Q values were determined using waveform
data from all the events listed in Table 1. In order
to provide an average picture of each earthquake
group, we averaged all the Qc values determined
at each station and for each frequency. The av-
erage Qc values were calculated using STDEV
algorithm.
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Fig. 4 a An example of
original and band-pass-
filtered seismograms from
station DMK recorded on
23 November 2001 (event
no. 14 in Table 1). The
coda wave portion of 30-s
window length indicated
by arrows. b Plot of
logarithmic of
geometrical spreading
corrected and smoothed
coda amplitudes as a
function of lapse time for
the window selected in a

There is a clear effect of increase of lapse time
window on Qc values. As the lapse time window
become longer after 2 ts, the Qc values exhibit
two distinguished uniqueness: the scatter reduces
noticeably and the value of Qc increases. The
higher the lapse time window, the higher the Qc
values. Measuring Qc from different lapse time

windows can cause its value to change signifi-
cantly. The events with lower magnitude possess
smaller duration while a larger magnitude event
will produce a longer recording. Hence, for lower
magnitude event, Qc can be measured for less
numbers of lapse time window than that of larger
magnitude event. Variation in amplitude in a lapse
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Table 3 Parameters of band pass filters showing central
frequencies with respective low and high cutoff frequencies

Low cutoff Central frequency High cutoff
(Hz) (Hz) (Hz)

0.67 1.0 1.33
1.00 1.5 2.00
1.33 2.0 2.67
2.00 3.0 4.00
2.67 4.0 5.33
4.00 6.0 8.00
5.33 8.0 10.67
8.00 12.0 16.00
10.67 16.0 21.33
12.00 18.0 24.00

time window contributes significantly to the es-
timation of Qc values with an event of higher
signal-to-noise ratio. Averaging is done separately
on filtered waveform at different frequency bands
for varying lapse time window. While doing so,
it is observed that the envelope of coda wave
is perfectly smoothed for 5.12- and 2.56-s sliding
window in lower- and higher-frequency bands, re-
spectively. Sliding window of 1.28 s shows scatter
in RMS amplitudes of the coda envelope. That is
why finally we have sliding window of 5.12 s (for
1 and 1.5 Hz) and 2.56 s (for 3, 4, 6, 8, 12, 16,
and 18 Hz) for obtaining the average values. The
RMS values obtained by this approach constitute
a smoother envelope of the coda, which is multi-
plied by the lapse time (t) for applying geometrical
spreading correction. Figure 4a shows all the fil-
tered seismograms with the smoothed logarithmic
amplitude of the coda part of the seismogram as
shown in Fig. 4b. In this example, respective Qc
values were calculated from the slope over the
whole lapse time range.

5 Results

To systematically study the attenuation of coda
wave, a total of 3,890 Qc values are estimated from

�Fig. 5 Figure showing the estimated average coda Qc
values plotted as a function of frequency for AR, SHL, and
IBR regions using 30-s coda window length. Different sym-
bols are used to represent Qc values estimated at different
stations. The average attenuation relation for each group
is indicated at the top while attenuation relation separately
obtained for TZR station is indicated at the bottom of
each plot



J Seismol (2009) 13:141–160 151

the analysis of 20–90-s lapse time windows in the
frequency range 1–18 Hz, covering 187 varying
station–source paths (Fig. 3).

5.1 Attenuation characterization

The first one takes all the results obtained from
analysis of 30-s lapse time window to portray the
attenuation characteristics of each tectonic block,
i.e., AR, SHL, and IBR, respectively. Finally, we
consider Qc estimates from 20-, 40-, 50-, 60-, 70-,
80-, and 90-s lapse time windows. Exclusively, a

total of 930 Qc measurements are made from the
analysis of 30-s window. In the analysis, a fixed
window is used for all the events to obtain stable
measurements, for example, 25–55 s in case of
30-s window (Fig. 4). As mentioned earlier, all Qc
values are averaged at each central frequency for
AR, SHL, and IBR group of events (see Table 4).
The average value of Qc for 30 s varies from
50 ± 12 (at 1 Hz) to 2,078 ± 211 (at 18 Hz)
for the AR group, 49 ± 14(at 1 Hz) to 2,466 ±
197(at 18 Hz) for the IBR group, and 45 ±
13(at 1 Hz) to 2,069 ± 198(at 18 Hz) for the
SHL group, respectively. Figure 5 displays the

Table 4 Mean of estimated Qc values with the standard error at different central frequencies, for each lapse time, computed
for all different stations

Frequency Qc
(Hz) 20 s 30 s 40 s 50 s 60 s 70 s 80 s 90 s

Measures of Qc, averaged all over the stations for AR group, for different lapse time and frequency
1.0 32 ± 11 50 ± 12 84 ± 16 110 ± 20 135 ± 22 134 ± 19 144 ± 25 218 ± 33
1.5 68 ± 13 91 ± 15 136 ± 25 170 ± 27 235 ± 36 207 ± 38 228 ± 34 372 ± 55
2.0 122 ± 26 136 ± 27 192 ± 30 227 ± 50 365 ± 64 292 ± 48 312 ± 50 450 ± 76
3.0 257 ± 28 279 ± 29 428 ± 45 514 ± 80 607 ± 95 542 ± 80 562 ± 79 865 ± 165
4.0 326 ± 30 376 ± 35 569 ± 71 650 ± 96 861 ± 100 750 ± 94 920 ± 83 1,337 ± 271
6.0 474 ± 49 547 ± 45 807 ± 83 918 ± 102 1,220 ± 142 1,110 ± 131 1,280 ± 137 1,640 ± 290
8.0 607 ± 55 755 ± 80 1,063 ± 126 1,300 ± 150 1,489 ± 165 1,490 ± 166 1,800 ± 168 2,360 ± 302
12.0 1,000 ± 105 1,240 ± 110 1,655 ± 139 1,960 ± 185 2,020 ± 201 2,050 ± 206 2,600 ± 202 3,040 ± 333
16.0 1,390 ± 150 1,803 ± 135 2,266 ± 165 2,550 ± 201 2,793 ± 255 3,000 ± 276 3,520 ± 280 3,928 ± 377
18.0 1,525 ± 166 2,078 ± 211 2,567 ± 250 3,240 ± 265 3,278 ± 270 3,945 ± 300 4,200 ± 364 5,150 ± 400

Measures of Qc, averaged all over the stations for SHL group, for different lapse time and frequency
1.0 23 ± 10 45 ± 13 76 ± 15 62 ± 18 85 ± 20 95 ± 22 113 ± 24 200 ± 36
1.5 48 ± 14 78 ± 16 132 ± 28 141 ± 26 176 ± 29 178 ± 31 215 ± 37 360 ± 59
2.0 72 ± 18 129 ± 23 190 ± 30 196 ± 32 253 ± 49 278 ± 51 349 ± 57 480 ± 76
3.0 198 ± 21 305 ± 31 409 ± 41 406 ± 43 487 ± 75 513 ± 81 637 ± 82 704 ± 103
4.0 268 ± 27 397 ± 47 570 ± 76 543 ± 78 643 ± 93 620 ± 89 762 ± 95 990 ± 110
6.0 440 ± 40 583 ± 64 827 ± 87 718 ± 100 825 ± 98 786 ± 106 943 ± 176 1,230 ± 122
8.0 683 ± 57 881 ± 100 1,096 ± 107 1,027 ± 110 1,087 ± 111 1,300 ± 155 1,430 ± 190 1,890 ± 210
12.0 1,093 ± 110 1,370 ± 122 1,673 ± 170 1,623 ± 198 1,729 ± 161 2,040 ± 189 2,220 ± 225 2,760 ± 287
16.0 1,454 ± 155 1,832 ± 140 2,342 ± 220 2,176 ± 221 2,372 ± 280 2,660 ± 299 3,100 ± 240 3,880 ± 301
18.0 1,650 ± 169 2,069 ± 198 2,749 ± 261 2,496 ± 265 2,734 ± 305 3,370 ± 334 4,260 ± 348 4,800 ± 398

Measures of Qc, averaged all over the stations for IBR group, for different lapse time and frequency
1.0 22 ± 8 49 ± 14 78 ± 16 86 ± 21 93 ± 25 117 ± 27 137 ± 30 180 ± 37
1.5 42 ± 12 84 ± 26 120 ± 28 144 ± 27 175 ± 30 202 ± 35 223 ± 38 330 ± 42
2.0 59 ± 18 110 ± 28 169 ± 30 228 ± 45 291 ± 48 308 ± 50 347 ± 55 560 ± 64
3.0 142 ± 27 244 ± 31 391 ± 49 541 ± 56 658 ± 84 638 ± 96 785 ± 102 1,045 ± 88
4.0 212 ± 33 346 ± 39 533 ± 66 767 ± 97 868 ± 97 921 ± 99 1,155 ± 135 1,360 ± 97
6.0 356 ± 60 545 ± 52 771 ± 84 1,129 ± 121 1,290 ± 130 1,182 ± 125 1,450 ± 140 2,250 ± 144
8.0 541 ± 76 778 ± 98 1,073 ± 113 1,566 ± 127 1,814 ± 158 1,780 ± 177 2,300 ± 173 3,600 ± 287
12.0 912 ± 109 1,400 ± 105 1,777 ± 167 2,619 ± 250 3,171 ± 270 3,040 ± 288 3,460 ± 195 4,660 ± 303
16.0 1,309 ± 182 2,154 ± 150 2,573 ± 279 3,688 ± 296 4,000 ± 300 3,940 ± 307 4,400 ± 218 5,940 ± 386
18.0 1,602 ± 204 2,466 ± 197 3,136 ± 290 4,401 ± 308 4,990 ± 355 5,120 ± 494 5,740 ± 378 7,460 ± 402
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Fig. 6 Variation of
average Qc values in AR,
SHL, and IBR groups
with increasing lapse time
coda windows for the
selected ten frequency
bands (1–18 Hz)

average coda Qc values plotted as a function of
frequency for 30-s lapse time window. All the
stations show almost similar variation of average
Qc with frequency despite the fact that the ray
paths for events in each group interact diverse
volume of the earth’s crust. In addition, at low fre-
quency band, the Qc values vary marginally with
frequency at all the stations in all three blocks.
Significantly, the TZR station, in the SHL block,
however, shows low Qc value at lower-frequency
range (Fig. 5). Further, the analysis yields fre-

quency dependence of Qc incidentally allow us
to make a regression analysis for each earth-
quake group, assuming a power law of the form
Qc ( f ) = Qo( f /fo)n, where fo = 1 Hz, Qo is
the value of Qc at 1 Hz called attenuation pa-
rameter and n is the degree of frequency depen-
dence (Aki 1980). Qo and n represent the level of
heterogeneity and tectonic activity in the region
(Mukhopadhyay and Tyagi 2007). The regres-
sion analysis results Qo = 57.321 ± 1.07 and n =
1.256 ± 0.034 for events located in the AR
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group. Similarly, Qo = 48.574 ± 1.04 and n =
1.36 ± 0.023 are determined for the IBR group
of events while SHL group of events corresponds
to Qo = 53.156 ± 1.10 and n = 1.315 ± 0.054. The
empirical attenuation relations for all the groups
are shown in the top of Fig. 5 whereas attenuation
relation particularly obtained for TZR station is
shown in the bottom for each group. Compar-
atively low Qo value estimated at TZR station
in each group indicate that the structure beneath
TZR station is more heterogeneous compared to
other station. To summarize, averaging all Qc
values irrespective of tectonic block, we obtain the
attenuation relation for the entire NER India as
Qc = 52.315 ± 1.07 f (1.32 ± 0.036).

Finally, all the seismograms are analyzed at
different lapse time windows, as mentioned ear-
lier, to study the effect of increasing time window
on the estimation of Qc values for each group.
Figure 6 shows the variation of average Qc with
increasing lapse time window considering all fre-
quencies. It is clear from Fig. 6 that Qc values
in each group is lapse time dependent and in-
creases with increase in lapse time seem to be in
agreement with Del Pezzo et al. (1990). Moreover,
Qc values estimated from different lapse time
windows are found to be increasing with increase
in frequency. For the SHL group, at 40-s lapse
time window, there is a distinctive rise in average
Qc values at the frequency bands from 4 to 18 Hz.
Marginal rise in average Qc is observed for the
IBR group of events for the lapse time range 50 to
70 s at the frequency bands 6 to 18 Hz. Moreover,
the value of Qo (i.e., Qc at 1 Hz) increases with
increase in lapse time window. The distribution
of Qc observations, made for each lapse time
window, is represented in Fig. 7 and plots of these
values as a function of frequency for all three
regions are shown in Fig. 8 along with attenuation
relations. The correlation coefficient for each
window varies from 0.96 to 0.99. This observa-
tion strongly indicates that attenuation at higher
frequencies is less pronounced than at lower
frequency.

5.2 Attenuation parameters

Several authors (e.g., Aki 1980; Pulli and Aki
1981; Roecker et al. 1982; Van Eck 1988; Akinci

Fig. 7 Distribution of Qc observations made for eight
different coda window lengths

et al. 1994; Hellweg et al. 1995; Gupta et al.
1998; Biescas et al. 2007) have shown a strong
correlation between the degree of frequency de-
pendence and level of tectonic activity for dif-
ferent tectonic regions. They ascertained higher
n value for tectonically active regions compared
to the stable regions. The value of n is higher at
lower lapse time of coda window. The attenua-
tion parameters vary from Qo = 45.01 ± 1.13 and
n = 1.27 ± 0.069 at 20 s to Qo = 185.28 ± 1.09
and n = 1.15 ± 0.048 at 90 s for the AR group.
For the SHL group, the values are Qo = 28.73 ±
1.12 and n = 1.46 ± 0.062 at 20-s window and
Qo = 114.34 ± 1.06 and n = 1.19 ± 0.036 at 70 s.
Consequently, for the IBR group of earthquakes,
the values are found to be Qo = 23.87 ± 1.06;
n = 1.47 ± 0.034 at 20 s and Qo = 137.32 ± 1.14;
n = 1.25 ± 0.056 at 70 s. A significant result of this
study shows inconsistent Qo values among these
three regions which indicate the level in tectonic
activity and heterogeneity.

5.3 Sampled area and comparison of Qc−1

According to Pulli (1984), the Qc estimates reflect
the average attenuation properties of a volume
covered by coda waves, which may be considered
as an ellipsoid. For a given lapse time t, the surface
projection of this ellipsoid for a surface source can
be written as

x2

(
vt

/
2
)2 + y2

[(
vt

/
2
)2 − R2

/
4
] = 1
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Fig. 8 Comparison of mean of Qc as a function of frequency obtained at eight different coda window lengths for AR, SHL,
and IBR group of events

where R is the source-to-station distance, v is the
S-wave velocity (3.5 km/s) and x and y is the sur-
face coordinates. In this study, the longest event–
station distance 217 km for the AR region, 228 km
for the SHL, and 270 km for the IBR are consid-
ered to calculate the surface area projection for
lapse time window of 70, 80, and 90 s. Sometimes,

for lapse time greater than 90 s, the duration of the
event ceases and in some cases the signal-to-noise
ratio becomes extremely lower. In rationale as in
Fig. 3, for the AR group, the coda wave would
sample a surface area of 21,874 km2 inside a spher-
ical shell. Likewise, the coda wave would sample
a surface area of 35,742 km2 and 40,088 km2 for

Fig. 9 A comparison of
Qc−1 as a function of
frequency obtained for
North Eastern Region of
India with the Qc−1

observations of other
tectonic regions in
the world
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� Fig. 10 Contour map depicting spatial variation of Qc
values at ten central frequencies for 30-s coda window. It
is noted that higher attenuations are observed at active
tectonic blocks

the SHL and IBR groups, respectively. While es-
timating the radius of the sphere to be sampled
by the coda wave, there is an overlapping volume
among these three surface areas. Further to the
analysis, a comparison of Qc−1, estimated from
the analysis of 30-s lapse time window, as a func-
tion of frequency has been made for NER India
(as shown in Fig. 9) with Qc−1 observations for
other tectonically active region of the world, e.g.,
Hindukush (Roecker et al. 1982), Alaska (Aki
1981), Garhwal Himalaya (Gupta et al. 1995),
Stone Canyon (Aki and Chouet 1975), Koyna
India (Gupta et al. 1998), etc. It is observed that
the NER shows an intermediate trend comparable
with the global trend and with the theoretically
predicted curve of Sato (1984). It is observed that
Qc−1 is about 10−1.8 at 1 Hz and decreases to
about 10−3.6 at 18 Hz. The frequency dependence
within the region can be written as Qc−1α f −n for
f > 1 Hz, where n ∼ 0.5–1.0. The fact that decay
pattern of Qc−1 values in the frequency range
(1–3 Hz) shows much higher frequency de-
pendence compared to other tectonically active
regions like Hindukush, Garhwal Himalaya, and
Koyna, India etc.

5.4 Qc map

Three thousand eight hundred ninety Qc values
so calculated in each station for every earthquake
event in the three tectonic blocks are used for
a spatial distribution map of the attenuation fac-
tor. Towards the preparation of this map, a few
values are interpolated through Krigging method.
In order to portray the spatial distribution map,
Qc values assigned to the midpoint of epicenter–
station trajectories are considered. Figure hyper-
linkfig1110 shows the spatial distribution of Qc
which corresponds to 30-s lapse time window at
all the ten frequency bands. The plot indicates
higher Qc values in parts of AR and SHL blocks
compared to the IBR block at 1–8 Hz. On the
other hand, the Qc values are found to be increas-

ing for the IBR between the range 12–18 Hz. In-
depth observation indicate that western part of
the AR near Bomdila, eastern part of the SHL,
and parts of upper Assam valley near Jorhat rep-
resent higher attenuation at all the frequencies.
Simultaneously, Mikir hills and western part of
Shillong plateau are characterized by lower atten-
uation, best outlined at 6 Hz (Fig. 10). The contour
map obtained corresponds to several high Qc and
low Qc areas in this region. In other words, our
results suggest that the Qc is lower in areas where
the basement depth is deeper and higher where it
is shallower.

6 Discussion

The seismic attenuation of northeastern India
had never been studied in detail. In the present
study, coda Q has been measured for AR, SHL,
and IBR group of events of NER India using
single scattering model. We have utilized single
backscattering model since it gives a reasonably
good approximation to our data. It is because
we have used microearthquake data (magnitude
∼1.2 to 3.9) whose energy is very weak and con-
sequently the scattered wave energy is also too
weak. In general, the average value of Qc shows
dependence on both lapse time and frequency
(Table 3). However, the most remarkable result
of our study is that the Qc values are found to
be highly frequency dependent at each lapse time
window in each tectonic block of NER India.
The variation of Qc is 97% (from 50 ± 12 to
2,078 ± 211) and 96% (144 ± 25 to 4,200 ±
364) at lapse time window of 30 and 80 s, respec-
tively. Almost similar trend is observed for other
lapse time windows. This can be attributed to
the active tectonics where the crust is highly het-
erogeneous. Average attenuation relation Qc =
52.315 ± 1.07 f (1.32± 0.036) shows that the attenua-
tion is highly dependent on the frequency which
is in agreement with the high tectonic activity of
northeastern India. The values of Qc measured
particularly at TZR station is found to be very
low compared to other station data. The average
attenuation relations observed from Qc values of
all the seismic stations (as given in top of Fig. 5)
and the relationship obtained at TZR station (as
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in bottom of Fig. 5) shows that Qo value at TZR
is almost 50% less compared to average Qo value
obtained from all the stations. However, high fre-
quency dependence is reflected in all the attenua-
tion relations. The low value of Qc at TZR station
indicates a more heterogeneous structure beneath
the TZR station. The calculation of Qc functions
gives an idea of spatial variation of attenuation
among the three tectonic blocks and can be at-
tributed to geological characteristics of the block.
This may indicate that the structure of the upper
part of the crust is much more heterogeneous than
the deeper part of crust. It is known that Shillong–
Mikir plateau is characterized by oceanic crust
composed of deposition by heavy high-density
minerals while the other two blocks which are a
part of continental crust composed of low-density
material. As we know, loss of energy is less in
high-density material, so the oceanic crust has
lower attenuation than continental crust. Hence,
most of the Shillong–Mikir hills are characterized
by lower attenuation while Arunachal Himalaya
and Indo-Burmese region are characterized by
higher attenuation. Our result as observed in Qc
map agree with this argument. In general, Qc
values even at similar epicentral distance indicate
some dependency with focal depth. But this is
not always true. Our study find that compati-
ble Qc are estimated for a shallow event depth
h = 10 km, MD = 2.7, � = 64 km (Ev. No. 8)
and for deeper event h = 35 km, MD = 2.7, � =
58 km (Ev. No. 5) with equivalent epicentral dis-
tances at the same recording station (DMK) in all
frequency bands. The Qc values indicate negligi-
ble focal depth dependence which does not extend
to a large epicentral distance beyond 70 km as a
function of lapse time. It implies that the behav-
ior could be due to more or less homogeneous
medium in shorter epicentral distance although
some studies suggest that velocity contrast in a
layered structure produce differences in the Qc
(Hoshiba 1997; Margerin et al. 1998).

Simultaneously, when we compare the atten-
uation parameters among three tectonic groups,
Qo value for IBR group is the lowest (Fig. 8).
Basically, this estimate is the average estimate
of various stations at the respective group. The
lower Qo value at IBR group indicates the prob-
able region for occurrence of large earthquakes

as observed for the Tangsheng region by Jin and
Aki (1986). The lower Qo value may also indi-
cate the presence of lateral heterogeneities in the
structure. Present seismicity rate shows that IBR
region is tectonically very active compared to the
other two regions. The relatively low Qo value
reflects the strong scattering effects of the highly
dense faulted structure in the region. The degree
of frequency dependence n is a little bit higher for
TZR station in AR, SHL, and IBR groups which is
in agreement with dense fracturing and crisscross-
ing of faults and lineaments that characterize the
particular site. If the standard deviation of Qo is
considered, there are no major differences from
one region to another. However, if we look at
results of individual Qo value of IBR and SHL
group, the distinction between higher Qo values
for SHL and lower Qo values indicate that the
Naga–Disang fault is a kind of boundary between
two different attenuation zones. Thus, the north-
ern part of Naga–Disang fault has less attenuation
than the southern part of the fault.

Looking at the comparison of Qc−1 measure-
ments with other regions for the similar lapse time
and frequency range, we observe that NER ac-
quires an intermediate trend among other tecton-
ically active regions of the world and, therefore,
the studied parameters show a good consistency.

Qc is an important parameter for comparison
of different tectonic regions of the world. How-
ever, complexity of the region can be well inferred
through estimation of scattering and intrinsic at-
tenuation and their relative contribution towards
the total attenuation quality factor of coda wave,
which is a scope for further study.

7 Conclusion

In the present study, the Qc values have been
estimated for the NER of India using the single
scattering model. The coda waves of 187 seismo-
grams from 45 local earthquakes recorded digi-
tally in the NER are analyzed for eight different
lapse time window durations (e.g., 20, 30, 40, 50,
60, 70, 80, and 90 s) at ten frequency bands with
a central frequency in the range of 1.0 to 18 Hz.
The epicentral distance and focal depths of these
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events vary from 16 to 270 km and from 7 to
38 km, respectively, having the magnitude less
than 4.0.

The mean Qc for 30-s lapse time window varies
from 50 ± 12 (at 1 Hz) to 2,078 ± 211(at 18 Hz)
in AR, from 49 ± 14 (at 1 Hz) to 2,466 ±
197 (at 18 Hz) in IBR, and from 45 ± 13 (at
1 Hz) to 2,069 ± 198 (at 18 Hz) in SHL. The
study indicates that Qc is a function of frequency.
A frequency-dependent relationship for the AR
is Qc = 57.321 ± 1.07 f (1.256±0.034), for the IBR
Qc = 48.574 ± 1.04 f (1.36±0.023), and for the SHL
Qc = 53.156 ± 1.10 f (1.315±0.054). An average at-
tenuation relation Qc = 52.315 ± 1.07 f (1.32±0.036)

portrays the average attenuation relation for
northeastern India. The average Qc values at each
station for the three tectonic blocks show that at
low-frequency band they vary marginally. Except
for a strong local site effect at the station TZR,
the Qc at the other stations is fairly similar, even
though the coda waves sample slightly different
volumes. Low Qc values estimated at the TZR
station may be due to difference in structure that
exists beneath this station.

Towards the estimation of Qc, the effect
of increasing frequency bands is observed. At
higher-frequency bands, the Qc values increase
moderately while marginal increments are ob-
served at lower-frequency bands.

An analysis of coda waves at eight different
lapse time windows indicates that Qc is lapse time
dependent in the region. The Qc values increases
as lapse time window increases (Fig. 8). The value
of degree of frequency dependence n is found to
be higher at lower lapse time. The decrease in
the value of n for longer lapse time window for
each of the three tectonic blocks indicates a strong
correlation with tectonic activity. The attenuation
at higher frequencies is less pronounced than at
lower frequency. The frequency-dependent aver-
age attenuation parameter for the IBR is found
to be lowest. The lowest Qo value at IBR indi-
cates the probable region for occurrence of large
earthquake. The low Qo value reflects the strong
scattering effects of the highly dense faulted struc-
ture in the region. The study also indicates that the
Naga–Disang fault is a kind of boundary between
two different attenuation zones and the northern

part of Naga–Disang fault has less attenuation
than the southern part of the fault.

The patterns of Qc−1 with frequency are analo-
gous to the estimates obtained in other tectonic
areas in the world, except with the observation
that the Qc−1 is much higher at 1 Hz for the
study region. The Qc−1 is about 10−1.8 at 1 Hz and
decreases to about 10−3.6 at 18 Hz indicating clear
frequency dependence.

Attenuation pattern shows that the western
part of the Arunachal Himalaya near Bomdila,
eastern part of the Shillong Plateau, and parts of
upper Assam valley near Jorhat represent higher
attenuation at all the frequencies. The Mikir hills,
Arunachal Himalaya, and western part of the Shil-
long plateau are characterized by lower attenua-
tion best outlined at 6 Hz.

Acknowledgements The author (SB) thank Dr. P. G.
Rao, Director, RRL, Jorhat for giving permission to pub-
lish the work and render special thanks to Prof. H. K.
Gupta, Rammana Fellow, NGRI-Hyderabad, for neces-
sary suggestion to improve the quality of the work and
Dr. B. K. Bansal, Director, DST, New Delhi for his kind
support to the project. Many thanks are due to Prof. S. S.
Arifiev, Schmidt United Institute of Physics of the Earth,
Moscow for helping in deriving the response and noise
curve of the seismic stations. We are thankful to Dr. J. R.
Kayal, Geological Survey of India, Kolkata and Prof. H.
Sato, Tohuku Univerity and Dr. S. C. Gupta, IIT-Roorkee,
for their critical comments towards the enhancement of
the project. Constructive comments from two anonymous
reviewers have helped us to improve the paper. The DST
provides financial supports for this work vide reference no.
DST/23(229)/ESS/2000.

References

Aki K (1969) Analysis of the seismic coda of local earth-
quakes as scattered waves. J Geophys Res 74:615–631

Aki K (1980) Attenuation of shear-waves in the lithos-
phere for frequencies from 0.05 to 25 Hz. Phys Earth
Planet Inter 21:50–60

Aki K (1981) Source and scattering effects on the spec-
tra of small local earthquakes. Bull Seismol Soc Am
71:1687–1700

Aki K, Chouet B (1975) Origin of coda waves: source,
attenuation, and scattering effects. J Geophys Res
75:3322–3342

Akinci A, Taktak AG, Ergintav S (1994) Attenuation of
coda waves in Western Anatolia. Phys Earth Planet
Inter 87:55–165

Baruah S (2001) Attenuation of coda waves of few local
events in NER, India. In: International conference on



J Seismol (2009) 13:141–160 159

seismic hazard with particular reference to Bhuj earth-
quake of January 26, 2001, vol 1, pp 261–262

Baruah S (2004) Interim progress report submitted to
Department of Science and Technology DST, New
Delhi, vol 2, pp 1–10

Baruah S, Duarah R, Yadav DK (1997) Pattern of seis-
micity in Shillong Mikir plateau and the orientation of
principal compressive axis. J Geol Soc Ind 49:533–538

Biescas B, Rivera J, Zapata AJ (2007) Seismic attenuation
of coda waves in the eastern region of Cuba. Tectono-
physics 429:99–109

Bilham R, England P (2001) Plateau pop-up during the
1897 Assam earthquake. Nature 410:806–809

BMTPC (2003) Vulnerability atlas—2nd edn; peer group
MoH & UPA; seismic zones of India IS: 1983–2002,
BIS, GOI, Seismotectonic atlas of India and its envi-
rons, GSI, GOI

Chen WP, Molnar P (1990) Source parameters of
earthquakes and intraplate deformation beneath the
Shillong Plateau and the Northern Indoburman
ranges. J Geophys Res 95:12527–12552

Curray JR, Emmel FJ, Moore DG, Raitt RW (1982) Struc-
ture, tectonics, and geological history of the northeast-
ern Indian Ocean. In: Nairu AEM, Stehli FG (eds)
The ocean basins and margins, vol 6. Plenum, New
York, pp 399–450

Del Pezzo E, Allotta R, Patane D (1990) Dependence of
Qc(coda-Q) on coda duration time interval: model or
depth effect? Bull Seism Soc Am 80:1028–1033

Fitch TJ (1970) Earthquake mechanism in the Himalayan,
Burmese and Andaman regions and continental tec-
tonics in Central Asia. J Geophys Res 75:2699–2709

Gao LS, Lee LC, Biswas NN, Aki K (1983) Comparison
of the effects between single and multiple scattering
on coda waves for local earthquakes. Bull Seismol Soc
Am 73:377–389

Giampiccolo E, Gresta S, Rascona F (2004) Intrinsic and
scattering attenuation from observed seismic codas in
Southeastern Sicily (Italy). Phys Earth Planet Inter
145:55–66

Gupta HK, Singh HN (1986) Seismicity of the North-East
India region, part II: earthquake swarms precursory to
moderate magnitude to great earthquake. J Geol Soc
Ind 28:367–406

Gupta SC, Kumar A (2002) Seismic wave attenuation
characteristics of three Indian regions: a comparative
study. Curr Sci 82:407–413

Gupta HK, Singh SC, Dutta TK, Saikia MM (1984) Re-
cent investigations of North East India seismicity. In:
Gongxu G, Xing-Yuan M (eds) Proc. international.
symp. continental seismicity and earthquake predic-
tion. Seismological Press, Beijing, pp 63–71

Gupta SC, Singh VN, Kumar A (1995) Attenuation of coda
waves in the Garhwal Himalaya, India. Phys Earth
Planet Inter 87:247–253

Gupta SC, Teotia SS, Rai SS, Gautom N (1998) Coda Q
estimates in the Koyna Region, India. Pure Appl Geo-
phys 153:713–731

Hellweg M, Spudich P, Fletcher JB, Baker LM (1995) Sta-
bility of coda Q in the region of Parkfield, California:

view from the U.S. geological survey parkfield dense
seismograph array. J Geophys Res 100:2089–2102

Herak M (1991) Lapse-time dependence Qc-spectra ob-
served in the Dinarides region (Yugoslavia). Phys
Earth Planet Inter 67:303–312

Herrmann RB (1980) Q estimates using the coda of local
earthquakes. Bull Seismol Soc Am 70:447–468

Hoshiba M (1997) Seismic coda wave envelope in depth de-
pendent S wave velocity structure. Phys Earth Planet
Inter 104:15–22

Ibanez JM, Pezzo ED, De Miguel F, Herraiz M, Alguacil
G, Morales J (1990) Depth-dependent seismic atten-
uation in the Granada Zone (Southern Spain). Bull
Seismol Soc Am 80:1232–1244

Jin A, Aki K (1986) Temporal change in coda Q before
the Tangshen earthquake of 1976 and the Haicheng
earthquake of 1975. J Geophys Res 91:665–673

Kayal JR (1996) Earthquake source process in Northeast
India: a review. J Himalayan Geol 17:63–69

Khattri KN (1987) Great earthquakes, seismicity gaps and
potential for earthquake disaster along the Himalayan
plate boundary. Tectonophysics 138:79–92

Le Dain AY, Tapponnier P, Molnar P (1984) Active fault-
ing and tectonics of Burma and surrounding regions. J
Geophy Res 89:453–472

Lienert BR, Berg BE, Frazer LN (1986) Hypocenter: an
earthquake location method using centered, scaled
and adaptively damped least squares. Bull Seismol Soc
Am 76:771–783

Margerin L, Campillo M, Tiggelen BV (1998) Radiative
transfer and diffusion of waves in a layered medium:
new insight into coda Q. Geophys J Int 134:247–258

Mazumder SK (1976) A summary of the Precambrian ge-
ology of Khasi Hills, Meghalaya. Misc Publ Geol Surv
Ind 23:311–334

Mitchel AHG (1986) Ophiolits and associated rocks in
four settings: relationship to subduction and collision.
Tectonophysics 125:251–269

Mukhopadhyay S, Tyagi C (2007) Lapse time and
frequency—dependent attenuation characteristics of
coda waves in Northwestern Himalayas. J Seismol
11(2):149–158(10) April

Nandy DR (2001) Geodynamics of Northeastern India
and the adjoining region. ABC Publications, Calcutta,
pp 209

Nandy DR, Das Gupta S (1991) Seismotectonics domains
of Northeastern India and adjacent areas: geology
and geodynamics of Himalayan collision zone, pt. 2:
physics and chemistry of earth, no. 1–11, vol 18.
Pergamon Press, PLC., Oxford, pp 371–384

Novelo-Casanova DA, Lee WHK (1991) Comparison of
techniques that use the single scattering model to com-
pute the quality factor Q from coda waves. Pure Appl
Geophys 135:77–89

Okada H, Suzuki S, Asano S (1970) Anomalous under-
ground structure in the Matsushiro earthquake swarm
area as derived from a fan shooting technique. Bull
Earthq Res Inst Tokyo Univ 48:811–833

Oldham RD (1899) Report of the great earthquake of 12th
June 1897. Mem Geol Surv Ind 29:1–379



160 J Seismol (2009) 13:141–160

Peterson J (1993) Observation and modeling of seis-
mic background noise. US Geol Surv Tech Rept 93:
1–95

Poddar MC (1950) The Assam earthquake of 15th August
1950. Indian Minerals 4:167–176

Pulli JJ (1984) Attenuation of coda waves in New England.
Bull Seismol Soc Am 74:1149–1166

Pulli JJ, Aki K (1981) Attenuation of seismic waves in
the lithosphere: comparison of active and stable ar-
eas. In: Beavers JE (ed) Earthquakes and earthquake
engineering: the Eastern United States. Ann Arbor
Science Publishers Inc., Ann Arbor, pp 129–141

Rautian TG, Khalturin VI (1978) The use of coda for de-
termination of the earthquake source spectrum. Bull
Seismol Soc Am 68:923–948

Ravikumar M, Purnachandra Rao N, Chalam SV (1996) A
seismotectonic study of the Burma and Andaman arc
regions using centroid moment tensor data. Tectono-
physics 253:155–165

Richter CF (1958) Elementary seismology. Freeman, San
Francisco, pp 768

Roecker SW, Tucker B, King J, Hatzfeld D (1982) Estima-
tion of Q in Central Asia as a function of frequency
and depth using the coda of locally recorded earth-
quakes. Bull Seismol Soc Am 72:129–149

Saikia CK, Somerville PG (1998) Ground motion estima-
tion criteria for large earthquakes in the urban areas
of northeast India. J Geophys 19:35–52

Sato H (1977) Energy propagation including scattering ef-
fects: single isotropic scattering. J Phys Earth 25: 27–41

Sato H (1984) Attenuation and envelope formation of
three-component seismograms of small local earth-
quakes in randomly inhomogeneous lithosphere. J
Geophys Res 89:1221–1241

Satyabala SP (1998) Subduction in the Indo-Burman re-
gion. Is it still active? Geophys Res Lett 25:3189–3192

Sitaram MVD, Yadav DK, Goswami K (2001) Study on
crustal structure beneath Arunachal Himalaya and
Assam. J Geol Soc Ind 58:285–301

Stearns DS, David RA (1988) Signal processing algorithms.
Prentice-Hall, Englewood Cliffs, 07632

Tapponier P, Peltzer G, Le Dain AY, Armiju R, Cobbold
P (1982) Propagating extrusion tectonics in Asia, New
insight from simple experiments with Plasticine. Geol-
ogy 10:611–616

Tillottson E (1953) The great Assam earthquake of 1950,
the completion of papers on the Assam Earthquake of
August 15, 1950, Compiled by M.B. Ramchandra Rao,
pp 94–96

Van Eck T (1988) Attenuation of coda wave in the Dead
Sea Region. Bull Seismol Soc Am 78:770–779

Woodgold CRD (1992) Coda Q in the Charlevoix,
Quebec Region dependence on lapse time, compari-
son to typical eastern Canadian values, and possible
long-term change abstract. Eos Trans. AGU, Spring
meeting suppl., 200, pp 73–76


	Attenuation of coda waves in the Northeastern Region of India
	Abstract
	Introduction
	Tectonic setup and seismicity
	Data source
	Data analysis
	Results
	Attenuation characterization
	Attenuation parameters
	Sampled area and comparison of Qc-1
	Qc map

	Discussion
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


