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in eastern part, suggesting that the eastern part of the 
study area is more heterogeneous than the western 
part. Variation of Qc with increasing lapse time sug-
gests that the lower lithosphere is less heterogeneous, 
compared with the upper crust. We infer that the het-
erogeneity in the upper crust of Kishtwar area is pri-
marily, due to the presence of highly fractured strata, 
dense network of joints and local faults, which mainly 
include splays of regional faults.

Keywords  Attenuation characteristics · Seismic 
waves · Lapse time · Kishtwar region · Crustal 
heterogeneity and earthquake hazard

1  Introduction

Knowledge of attenuation characteristics of a region 
is essential for various seismological studies like 
simulation of synthetic accelerograms/seismo-
grams, estimation of source parameters and devel-
oping shake models etc. The seismic wave energy 
gets attenuated when it travels through a medium, 
leading to decay in seismic wave amplitude. The 
attenuation of the seismic wave energy is mainly 
caused by anelasticity, geometrical spreading, scat-
tering, reflection and transmission at the bound-
ary (Stein and Wysession 2003). A dimensionless 
quantity, known as the quality factor, Q is widely 
used to express the attenuation characteristics of the 
medium. It characterizes the energy loss per unit 
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oscillation cycle and attenuation is inversely pro-
portional to Q (Knopoff 1964). Thus, Q is directly 
related with the medium properties, and study of 
this parameter significantly characterizes the diver-
sity of physical properties of the earth and seismic 
potential of any given region (Singh and Herrmann 
1983). The quality factor Q has been widely esti-
mated using P-wave, S-wave, coda-wave and Lg-
wave (Aki 1969; Yoshimoto et  al. 1993; Mitchell 
1995) commonly referred to as, Q�,Q� , Qc and QLg 
respectively.

The study of coda waves attenuation is useful in 
understanding the average attenuation properties of 
the medium, whereas the body waves and surface 
waves could provide the attenuation only along their 
direct paths, either between the receiver and the sta-
tion or between the two stations. The coda waves 
are considered as the superposition of backscattered 
waves, which are generated by strong heterogenei-
ties distributed randomly in the crust and the upper 
mantle (Aki 1969; Aki and Chouet 1975; Rautian 
and Khalturin 1978). The heterogeneity in the crust 
is mainly produced by complex geological subsurface 
structures, irregular topography, faults, cracks and the 
heterogeneous elastic properties of the rock. Thus, 
the coda waves provide an average attenuation of the 
whole medium and are useful in retrieving informa-
tion from a few meters to several kms in the upper 
crust.

Kishtwar region lies in Kashmir seismic gap of 
NW Himalaya and being adjacent to active Chamba 
seismic zone, it is also seismically active. However, 
it is observed that even being seismically active, 
the region has not been studied in terms of seismic 
attenuation. In the present study, we estimated the 
seismic waves attenuation characteristics of Kishtwar 
region for the first time to get insights on the struc-
tural heterogeneity beneath the region and its relation 
to seismicity of the area. The coda attenuation has 
been estimated using the single back-scattering model 
(Aki 1969), whereas P- and S- wave attenuation is 
estimated by the extended coda normalization method 
(Yoshimoto et  al. 1993). These results provide new 
light in understanding the seismotectonic setting 
of the NW Himalaya and the estimated attenuation 
parameters will be useful in strong ground motion 
simulation, source parameter studies and hazard esti-
mation for the region, which are earlier unknown for 
the study area.

2 � Geo‑tectonic set up and seismicity

The study area lies in Kashmir Himalaya, a part of 
northwest Himalayan collision zone in the Indian 
subcontinent. Due to its proximity to the western 
syntaxial bend, Kashmir Himalaya is tectonically 
active and has witnessed several devastating earth-
quakes in the past. The Western Syntaxis is charac-
terised by rock formations with fold belts and thrust 
systems and abruptly bend southwards making 
acute knee like bend. Kashmir Himalaya includes 
Hazara syntaxis, where the rock formations of Pir 
Panjal Range are severely folded and split repeat-
edly by the thrusts along the axis of the folds 
(Valdiya 2016). The region is traversed by north-
east dipping major intracrustal thrusts from south 
to north; the Main Boundary Thrust (MBT), Main 
Central Thrust (MCT) and Southern Tibet Detach-
ment (STD) and the Indus Tsangpo Suture Zone 
(ITSZ) which divide the region into major geologi-
cal belts namely, Lesser Himalaya, Higher Hima-
laya Crystalline (HHC), Tethys Himalaya Sequence 
(THS) and the Trans-Himalaya / Ladakh Batholith. 
The region is also exposed to many local faults and 
thrusts mostly the splays of major NW–SE trending 
faults/thrusts. The Kishtwar Fault to the west and 
Sundarnagar Fault to the east of study area are the 
local transverse faults, which control the seismicity 
in west and east, respectively (Fig. 1).

A part of Kashmir Himalaya, comprising 
Chamba, Kishtwar and Zanskar regions, is char-
acterised by a unique geological setup where the 
Tethys Himalayan rocks lie in contact with the 
Lesser Himalayan thrust and the Higher Himala-
yan Crystallines (HHC). The area where Lesser 
Himalayan imbricated sequence, extended deep 
beneath the crust, crops-out within the Higher Him-
alayan Crystallines is referred as Kishtwar Window 
(Fig.  1) which is bounded by MCT in the north-
east and Kishtwar thrust in the south. The area is 
also characterised by the presence of main litho-
structural units, thrusted and transported south-
ward named as Kashmir Nappe and Chamba Nappe. 
Kashmir Nappe zone constitutes of palaeozoic-
Mesozoic marine sediments with Precambrian base-
ment and thrusted along Pir-Panjal thrust, a regional 
tectonic plane (Wadia 1931). The Chamba Nappe 
is characterised by weakly metamorphosed Tethys 
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Himalayan Sequence thrusted from the north over 
the metamorphic Higher Himalayan Crystellines 
(Thakur 1992).

The region is continuously under stress due to 
NE thrusting of Indian plate under Eurasia plate and 
its proximity to western syntaxis. Many destructive 
earthquakes have visited the region, like 1885 Kash-
mir earthquake (M7.0) with the epicentre just north 
of the Wular Lake and 2005 Kashmir earthquake 
(Mw 7.6). Nearly 3200 people were reported killed 
in J&K region during 1885 earthquake, while more 
than 80,000 lost their lives in 2005 earthquake. In 
addition, many small and moderate earthquakes 
have occurred in this region. A spurt of earthquake 
events occurred in Kishtwar region during May to 
August 2013 with the largest earthquake of magni-
tude Mw 5.7 (Pandey et  al. 2016) and the seismic 
activity continues in the area. Several moderate 
earthquakes have occurred in the region since May 

2013, which includes 7 earthquakes of M > 5 and 55 
events of 5 > M > 4.

3 � Methodology

We used single scattering model for estimation of 
coda wave attenuation Aki (1969). Different lapse 
time windows are analysed to examine the multiple 
scattering effects (Peng et al. 1987). For estimation of 
body wave attenuation properties, extended coda-nor-
malization method given by Yoshimoto et al. (1993) 
is used in the study.

3.1 � Coda attenuation study

The backscattering model of Aki (1969) makes an 
estimation of the total Q i.e. Qc , which depends 
on both scattering and intrinsic properties of the 

Fig. 1   Tectonic map of J&K region, projected over the topo-
graphic map. The abbreviations used are HFT (Himalayan 
Frontal Thrust), MBT (Main Boundary Thrust), MCT (Main 
Central Thrust), CNF (Chenab Normal Fault), (PT) Panjal 
Thrust, JT (Jammu Thrust), IGP (Indo Gangetic Plains), SH 
(Sub Himalaya), LH (Lesser Himalaya), HHC (Higher Hima-
layan Crystalline), KW (Kishtwar Window). KF (Kishtwar 
Fault), SNF (Sundarnagar fault). Red triangles represent Broad 
Band Seismic (BBS) stations, and black diamonds represent 

important cities around the study region. Circles with increas-
ing diameters are earthquakes recorded by the BBS networks 
between Jan 2013 and Oct 2016. The colour of the circles rep-
resents depth distribution of events. The colour scale for the 
depth range and the corresponding diameter for the magnitude 
of events is given in the legend section. Important historical 
events are also superimposed over the map using yellow stars 
and labelled
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attenuation. The observed amplitude of the coda wave 
can be modelled using the following relationship (Aki 
and Chouet 1975)

where A(f, t) is the spectral amplitude observed at 
lapse time ‘t’ and frequency f, S(f) is the source term, 
‘m’ is the geometrical spreading term and m = 1 for 
body waves, as coda waves are back scattered body 
waves (Sato and Fehler, 1998).

Taking the natural logarithm of Eq. (1) and arrang-
ing the terms, we get the following equation,

By performing a linear regression between 
ln(A(f , t).t) versus time t, Qc can be obtained from 
the slope of the regressed line. The source term has 
no influence on the slope, and the start time of the 
coda window is assumed to be twice the travel time 
of S-wave arrival. The frequency-dependent Qc can 
be obtained approximately using the formula given by 
Rautian and Khalturin (1978).

where n is called frequency exponent parameter and 
Q0 is the value of quality factor at 1 Hz. Taking natu-
ral logarithm on both the sides of Eq. (3), we arrive at 
the following,

Here, Q0 can be determined from the linear regres-
sion between ln(Qc) and ln(f).

3.2 � P‑ and S‑wave attenuation

The extended coda-normalization method (Yoshi-
moto et al. 1993) is used to estimate the attenuation 
properties of the body waves. The method assumes 
that the coda wave energy is homogeneously dis-
tributed near the source. In this method the spectral 
amplitudes of direct P-wave ( A� ) and S-wave ( A� ) 
are divided by the coda spectral amplitude ( Ac ) to 
remove the effects of source excitation, site amplifi-
cation and instrument response. The method enables 
estimation of Q� and Q�  by normalizing the direct 
P- and S-wave spectral amplitude ( A� and A� ) by 
the coda-spectral amplitude (Ac) measured at a fixed 

(1)A(f , t) = S(f )t−me−�ft∕Qc(f )

(2)ln(A(f , t).t) = ln(S(f )) − �ft
/

Qc(f )

(3)Qc = Q0f
n

(4)In(Qc) = In(Q0) + n In(f )

lapse time, roughly greater than twice the direct 
S-wave travel time measured from the earthquake 
origin time.

The spectral amplitude, Ac

(

f , tc
)

 of the coda wave 
at a particular lapse time, tc can be written as:

where f is the frequency, S ( f) is the source term and 
P
(

f , tc
)

 is the coda excitation term, which represents 
the decay of spectral amplitude of coda waves with 
lapse time. G( f) is the site amplification factor and 
I( f) is the instrumental response. The spectral ampli-
tude of the direct P wave, A�(f , r) , can be written as

where R�� is the source radiation pattern, S(f) rep-
resents the source term, r is the distance from the 
source, a represents the geometrical spreading, Q�(f ) 
is the P-wave quality factor, V� is the average P-wave 
velocity and G(f ,Ψ) is the site amplification term, 
where Ψ is the incident angle of P-waves and I(f) is 
the instrument correction term. Dividing Eq. (6) by 
(5), it can be obtained as:

For a fixed tc , the value of  P−1
(

f , tc
)

 is only a 
function of f and can be written as Constant (f). Thus, 
taking logarithm of Eq. (7), it can be written as:

To determine the attenuation of P-wave quality 
factor ( Q� ), Yoshimoto et  al. (1993) assumed that 
the contribution of R�� will disappears over many 
different types of faulting mechanism. Similarly, 
G(f ,�)∕G(f ) is independent of � over many events 
with various epicentral distances and becomes a vari-
able of f only like P−1

(

f , tc
)

 . Additionally, in the geo-
metrical spreading factor ra , where ’a’ is assumed to 
be 1 for body waves. Considering the above assump-
tions, Eq. (8) can be written as:

(5)Ac

(

f , tc
)

= S(f )P
(

f , tc
)

G(f )I(f )

(6)A�(f , r) = R��S(f )r
−aexp

(

−�fr

Q�(f )V�

)

G(f ,Ψ)I(f )

(7)

Aa (f , r)

Ac

(

f , tc
) = R�� r−a

G(f ,�)

G(f )
P−1

(

f , tc
)

exp

(

−�fr

Qa (f ) Va

)

(8)

ln

(

R−1
��
A�(f , r)r

a

Ac(f , tc)

)

= −
�fr

Q�(f )V�

+ ln

(

G(f ,�)

G(f )

)

+ const(f )
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such equation for the S-wave can also be obtained 
using the similar methodology

The slope of the regression lines plotted between 
the left-hand side of equation Eqs.  9 and 10 w.r.t. 
hypocentral distance is used to estimate the quality 
factors for P and S waves.

4 � Data and analysis

A seismic network consisting of seven Broad Band 
Seismic (BBS) stations in the study region at the 
remote locations, namely, Bani, Poonch, Doru, 
Jammu, Rajouri, Bhaderwah and Tangdhar (Table 1), 
is running since 2009. Each station is equipped with 
a Trillium 240 seismometer coupled with Taurus 
digitizer and the data are collected at a rate of 100 
samples per second. Data recorded by the network 
between 2013 and 2016 are used in the present study. 
The seismicity plot (Fig.  1) shows that most of the 
events are concentrated within MBT and KW with 
a few events falling near the remote sites, such as 
Poonch and Tangdhar areas. During this monitoring 
period, 161 events were recorded at least at three seis-
mic stations (Fig. 1). The events were processed using 
the SEISAN software package developed by Havskov 
& Ottemöller (2010) and located using the velocity 
model of Kumar et al. (2009). The root mean square 
(RMS) error between observed and theoretical travel 
time difference of the located events varies between 

(9)ln

(

A�(f , r)r

Ac

(

f , tc
)

)

r±Δr

= −
�fr

Q�(f )V�

+ const(f )

(10)ln

(

A�(f , r)r

Ac

(

f , tc
)

)

r±Δr

= −
�fr

Q�(f )V�

+ const(f )

0.1 and 1.8 s, while the magnitude and depth of the 
located events vary between M 2.1–5.7 and 0–40 km, 
respectively, with most of the events (~ 75%) exhibit-
ing shallower depth < 10 km (Fig. 1).

4.1 � Coda wave attenuation (Qc)

The ‘CODAQ’ subroutine (Havskov & Ottemöller 
2010) is used for estimating Qc. Only the waveforms 
having a good signal-to-noise ratio (S/N ≥ 2) are used 
for analysis. S/N ratios are calculated for each central 
frequency for every record. We estimated S/N ratio by 
considering the RMS amplitude of the last 5-s lapse 
time window, which is divided by the seismic noise 
data of the equal length before the arrival of P-wave. 
Similarly, the criterion for correlation coefficient 
of ≥ 0.50 is applied to obtain reliable Qc values. Havs-
kov and Ottemöller (2010) suggest that the coda win-
dow length should be a minimum of 20 s to get stable 
results, and there is no limit on choosing the maxi-
mum lapse time. However, S/N ratio ≥ 2 could not be 
obtained for lapse time > 60 s for many events; hence, 
we chose 60 s to be the upper limit in our study. Three 
lapse time windows with duration 40, 50 and 60 s are 
considered, and the coda window length is fixed to be 
20  s. Figure 2 shows an example of a selected coda 
window length used in the analysis.

A Butterworth bandpass filter is applied on the 
selected window at central frequencies of 1.5, 2.0, 
4.0, 6.0 and 12.0  Hz and linear regression is per-
formed between ln[A(f,t).t] versus t (Fig.  2). The 
slope (s) of the regressed line is used to estimate Qc. 
Table  2 lists the estimated Qc at each station, and 
Fig.  3 provides the plots for estimated Q0 at each 
station and average Q0 in the study region. Table  3 
provides details of the average Qc at different lapse 
times and central frequencies and the average value of 
power-law Qof n at different lapse time and different 

Table 1   Location 
coordinates of Broadband 
Seismic (BBS) stations

Sl No Station name Station code Latitude (0 N) Longitude (0E) Elevation (m)

1 Jammu JAMU 32.718 74.867 350
2 Bani BANI 32.684 75.804 1393
3 Doru DORU 33.567 75.234 1833
4 Tangdhar TDAR 33.470 74.246 1852
5 Rajouri RAJO 33.221 74.657 1111
6 Poonch PUCH 33.770 74.106 1054
7 Bhaderwah BHAD 32.967 75.726 1700

1511J Seismol (2021) 25:1507–1523
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central frequencies for each station are given in 
Table 4. Figure 4 depicts the variation of Qc at differ-
ent lapse time at each station and estimation of Qof n 
for each lapse time variation.

In the single scattering model, coda waves are con-
sidered as the average back-scattered waves on the 
ellipsoid volume having the station and the source 
as focus (Pulli 1984). Using this approximation, the 
ellipsoidal volume for each seismic station is esti-
mated. The estimated Qc reflects the average attenu-
ation properties of the ellipsoidal volume with an 
average depth, h = hav + a2, where (i) hav is the aver-
age focal depth of the events and (ii) a2=

√

a12 − Δ2 
is the semi-minor axis of the ellipsoidal volume (Pulli 
1984) and Δ is the average epicentral distance. The 
semi-major axis of the ellipsoidal volume is assumed 
to be a1 = ct/2, where t is the average lapse time and c 
is the velocity of S wave (c = 3.5 km/s). The average 
lapse time is estimated as t = tstart + W/2, where tstart is 
the starting time of the coda waves and W is the coda 
window length. The calculated depths for the ellipsoi-
dal volume for different stations are given in Table 5.

4.2 � Attenuation of P and S‑wave ( Q� and Q�)

For the estimation of P- and S-wave quality factors, 
we developed a MATLAB code. The code takes input 
from the SEISAN S-files on the location, origin time 

and P- and S-wave arrival times. A 2.5-s window is 
selected after the onset of P- and S-waves, and 30-s 
window is selected after the Coda arrivals. A 2.5-s 
noise window is also selected before the onset of 
P-wave to estimate the SNR. The RMS amplitudes of 
P and S waves are normalized by the selected coda 
waves and a graph is plotted between ln

(

A�,� (f ,r)r

Ac(f ,tc)

)

 vs 
hypocentral distance (r). The slope of the best-fitted 
lines is used to estimate the quality factors for the P- 
and S-waves following Eqs.  9 and 10, respectively. 
The average velocity of P- and S-waves has been 
taken as 6.1 and 3.5 km/s of P- and S-waves respec-
tively following Kumar et al. (2009). An example of 
the estimated Q� and Q� for the BANI station is 
shown in Fig. 5, and details of the estimated Q� and 
Q� for each station are given in Table 6. The variation 
of power-law Qof n at each station for Q� , Q� and Qc is 
given in Table 7, and the power-law for Q� and Q� at 
each station is plotted in Fig. 6. The average values of 
Q� , Q� and Qc at each central frequency are plotted in 
(Fig. 7).

5 � Results and discussion

We estimated the quality factors Qα,Qβ and Qc for the 
Kistwar and adjoining areas at six central frequen-
cies, i.e. 1.5, 2.0, 4.0, 6.0, 8.0 and 12 Hz for each sta-
tion to understand the attenuation properties of the 
study region vis-a-vis their implication to the struc-
tural heterogeneity and seismotectonic. We observed 
that the Qα, Qβ and Qc increase with increasing cen-
tral frequencies (Tables 2 and 6) and the frequency-
dependent relation Q = Q0f n for each station (Table 7) 
shows that Qα varies between (28 ± 2)f(0.86±0.08) at 

Fig. 2   (a) A selected event is marked for the origin time, P 
and S onsets along with the coda widow to estimate the coda 
Q (Qc). (b to f) shows the filtered coda window at different fre-
quencies. (g–l) shows the regression of the coda window and 
the fit to estimate coda Qc for individual frequencies. The esti-
mated coda Qc is also marked in the lower corner of the figure

◂

Table 2   Variation of coda Qc at different frequency band at different stations

* Coda start time is taken as twice the travel time of S-wave

Station code 1.5 (Hz) 2(Hz) 4(Hz) 6(Hz) 8(Hz) 12(Hz) *Qc = Qof n

BANI 87 ± 4 119 ± 5 247 ± 12 379 ± 19 513 ± 25 788 ± 39 62 ± 4f1.06±0.04

BHAD 85 ± 4 115 ± 5 245 ± 12 380 ± 19 519 ± 26 806 ± 40 61 ± 4f1.08±0.04

DORU 90 ± 7 122 ± 9 258 ± 20 399 ± 32 544 ± 43 843 ± 67 65 ± 6f1.08±0.06

JAMU 91 ± 4 124 ± 5 264 ± 12 410 ± 18 560 ± 25 871 ± 39 65 ± 5f1.09±0.05

PUCH 94 ± 3 129 ± 5 271 ± 11 419 ± 17 571 ± 23 882 ± 36 67 ± 5f1.07±0.03

RAJO 101 ± 7 138 ± 10 293 ± 22 455 ± 34 621 ± 47 964 ± 73 74 ± 9f1.09±0.06

TDAR 93 ± 3 123 ± 5 245 ± 10 366 ± 15 486 ± 20 726 ± 30 60 ± 4f0.99±0.03

1513J Seismol (2021) 25:1507–1523
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BHAD station to (54 ± 3)f (0.68±0.01) at TDAR station; 
Qβ varies between (43 ± 4)f(1.17±0.02) at BHAD sta-
tion to (87 ± 6)f(0.93±0.04) at PUCH station. Similarly, 
Qc varies between (60 ± 4)f(0.99±0.03) at TDAR station 

to (74 ± 9)f(1.09±0.06) at RAJO station. The variation 
of Qα, Qβ  and Qc at different station suggests var-
ied attenuation characteristics at different locations 
within the study region. Low Q values are associated 

Fig. 3   Power law fit of Qc = Qof n at individual stations

1514 J Seismol (2021) 25:1507–1523
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with higher attenuation and vice versa. Spatial vari-
ation of Q at different sites across the study region 
suggests variation of attenuation properties in the 
area, which appears to be related to heterogeneities 
in the local lithological structures and presence of 
fault(s) beneath the stations (Fig.  1, supplementary 
Fig.  1; Tables  2, 3, 4, 6 and 7). Stations located on 
the western part of the study area show higher Q val-
ues (low attenuation), in comparison to the eastern 
part (except at one or two stations). Our analysis sug-
gests that eastern side of the Kishtwar region is more 
heterogeneous as compared with the western part 
(Tables  2 and 6). Geological investigations carried 
out by Thakur (1980) revealed that the Kishtwar and 
its adjoining area including Ramban, Bhaderwah up 
to Kashmir consist of meta-sediments of outer crys-
tallines which form the base for the Late Precambrian 
to Triassic sequence of the Kishtwar and Kashmir 
basin. The central crystallines of the Zanskar range 
have been thrust over the Palaeozoic-Mesozoic rocks 
of the Kishtwar and Kashmir regions. Further, struc-
tural analysis revealed that the study area had under-
gone through three different stages of regional defor-
mation, during which regional and local joints/ faults 
were developed when the rocks were not in ductile 
stages (Thakur 1980). Observance of lower seismic 
wave attenuation beneath Baderwah and Bani stations 
inferred comparatively the higher level of structural 

heterogeneity which clearly indicates the presence 
highly fractured strata or a dense network of joints/
faults in eastern part of the study area (Fig.  1). The 
occurrence of recent seismicity since 2013 further 
signifies the reactivation of those faults in this zone of 
the Kishtwar region.

The lapse-time dependence of coda Q was ini-
tially proposed by Rautian and Khalturin (1978) 
because of the overall decrease of seismic waves 
attenuation with depth. However, Del Pezzo et  al. 
(2018) pointed out that the increase of Qc with time 
may simply reflect the inability of Eq. (1) to cap-
ture the full complexity of the scattering process 
in the Earth. Calvet and Margerin (2013) however, 
using Monte Carlo simulations of wave transport 
in a variety of random media demonstrated that 
the lapse-time dependence of Qc may also be mod-
eled by multiple anisotropic scattering of seismic 
waves, without invoking any depth dependence of 
the attenuation properties in the crust but in this 
study, we have investigated the lapse time depend-
ence of coda Qc with depth to study the variation of 
heterogeneity with depth. The variation of Qc and 
Qo with increasing lapse time windows between 40 
and 60 s at an equal interval of 10 s duration shows 
an increasing trend of Qc and Qo. (Tables 3 and 4; 
Fig. 4). The mean value of coda Qc varies as 79f0.96, 
80f 0.89 and 83f 0.88 for the lapse time durations of 

Table 3   Variation of coda Qc at different frequency band and at three different lapse times

Lapse Time 1.5 Hz Qc ± � N 2.0 Hz Qc ± � N 4.0 Hz Qc ± � N 6.0 Hz Qc ± � N 8.0 Hz Qc ± � N 12.0 Hz Qc ± � N

40 113 ± 42 51 155 ± 65 48 258 ± 90 32 373 ± 110 29 523 ± 122 24 781 ± 141 18
50 114 ± 54 54 158 ± 69 54 266 ± 86 42 399 ± 109 40 513 ± 110 35 758 ± 136 20
60 116 ± 51 44 166 ± 58 47 274 ± 87 43 403 ± 101 37 555 ± 135 30 804 ± 121 12

Table 4   Power las fit Qc = Qof n for each station at different lapse times

Lapse Time (S) BANI TDAR RAJO PUCH
Qo ± � n ± � Qo ± � n ± � Qo ± � n ± � Qo ± � n ± �

40 76 ± 08 0.87 ± 0.16 83 ± 24 0.90 ± 0.15 71 ± 30 0.89 ± 0.21 64 ± 09 0.93 ± 0.16
50 72 ± 07 0.88 ± 0.17 84 ± 30 0.89 ± 0.18 71 ± 30 0.89 ± 0.21 65 ± 24 0.83 ± 0.21
60 77 ± 11 0.83 ± 0.15 90 ± 20 0.90 ± 0.09 64 ± 05 1.08 ± 0.19 66 ± 04 0.98 ± 0.16
Lapse Time (S) JAMU DORU BHAD AVG

Qo ± � n ± � Qo ± � n ± � Qo ± � n ± � Qo ± � n ± �
40 61 ± 05 0.97 ± 0.17 73 ± 09 0.83 ± 0.18 83 ± 14 0.80 ± 0.17 79 ± 05 0.96 ± 0.10
50 66 ± 03 0.98 ± 0.19 68 ± 05 0.96 ± 0.17 80 ± 09 0.96 ± 0.13 80 ± 07 0.89 ± 0.12
60 71 ± 08 0.90 ± 0.15 69 ± 06 0.94 ± 0.18 68 ± 07 0.97 ± 0.15 83 ± 04 0.88 ± 0.10
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40, 50 and 60  s, respectively (Fig.  4). The higher 
Qo with increasing lapse time indicates that seismic 
attenuation tends to diminish in the deeper parts of 

the lithosphere (e.g. Aki & Chouet 1975). At lower 
frequency, the variation of Qc and Qo with increas-
ing lapse time is negligible (Tables 3 and 4) for the 

Fig. 4   Qc variation at individual stations with three different lapse times, circle, triangle and diamond stands for lapse time variation 
of 40, 50 and 60s, respectively
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Kishtwar region suggesting lower lithosphere to 
be less heterogeneous for lower frequency, possi-
bly due to the presence of micro-cracks and struc-
tural and lithological heterogeneity. The frequency 
parameter ‘n’, which is related to the tectonic activ-
ity of the region (Aki 1981; Singh and Herrmann 
1983), is found to vary between 0.8 and 1.03 for 
the study region (Table  4) and suggesting intense 
seismic activity in the region. It may be seen from 
Table  5, which lists the estimated ellipsoidal vol-
ume for different stations, that the average mini-
mum and maximum focal depths of the events var-
ies from 6.81 to 16.22  km for stations BHAD and 
PUCH, respectively, while the ellipsoidal depth var-
ies from 37 to 112 km. This is the ellipsoidal vol-
ume sampled by coda waves. In the present study, 
the estimated Qc  is assumed to reflect the average 

attenuation properties of the ellipsoidal volume 
containing source and receiver as foci. The spatial 
extent of the velocity changes caused by coda waves 
to understand physical mechanisms causing them 
is studied using the sensitivity kernel (Pacheco 
and Snieder 2006; Nakahara and Emoto 2017; Del 
Pezzo et  al. 2018), and even in the single scatter-
ing model, estimation of the sensitivity kernel is not 
so simple. Nakahara and Emoto (2017), however, 
derived an analytical expression of the sensitiv-
ity kernels for three-dimensional single-scattering 
case, which is particularly useful for the analysis 
of body waves from deeper earthquake. Del Pezzo 
et  al. (2018) on the other hand show that Space 
weighting functions (SWF) and kernels are different 
tools that can model the spatial sensitivity of coda 
envelopes to scattering and absorption anomalies 

Table 5   Depth estimation of the ellipsoidal volume

Station Avg. Distance ( Δ) in 
km

Avg. Depth (hav) in 
km

Avg. Lapse 
Time (t in s)

a1 = ct/2 a2 = 
√

a1
2 − Δ2 Depth(km) 

h = hav + a2

JAMU 124.03 10.60 72.40 126.70 25.89 36.49
BANI 86.22 8.97 55.06 96.35 43.01 51.98
DORU 92.51 8.23 56.42 98.73 34.51 42.74
PUCH 82.78 16.22 72.40 126.70 95.92 112.14
RAJO 120.02 12.88 83.05 145.33 81.95 94.84
TDAR 60.66 14.43 54.77 95.84 74.20 88.63
BHAD 81.43 6.81 72.03 126.05 96.21 103.02

Fig. 5   Decay of coda-normalized peak amplitudes of P- and 
S-waves with increasing hypocentral distances at six central 
frequencies for BANI station. The solid line shows the best fit-

ted line using the least-square and the standard deviation of the 
fit is shown by dotted line
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in these rock matrices and reported that Qc is not a 
physical parameter of the propagation medium; it is 
even more efficient as a velocity independent imag-
ing tool for magma and fluid storage when applied 
to deep volcanism. Similarly, Pacheco and Snieder 
(2006) calculated the mean travel time change for 
any given source-receiver pair due to localized per-
turbation in the propagation velocity, which can be 
used in evaluation of heterogeneous materials and 
monitoring of time-lapse heterogeneous reservoirs.

Further analysis suggests, Qβ > Qα (varies 
between 1.2 and 1.5) for the entire frequency ranges 
(Tables  6 and 7), suggesting that P-waves attenu-
ate faster compared with S-waves. Variations in Qα 
and Qβat different locations in the Kistwar region 
may be attributed to porosity, temperature varia-
tions, grain boundary sliding, presence of fluids 

and heterogeneity in local lithology (Hauksson and 
Shearer 2006).

It is well established that Intrinsic and scattering 
mechanisms are mainly responsible for attenuation 
of seismic waves in the lithosphere. The intrinsic 
mechanism is mainly caused due to the presence 
of small-scale crystal dislocations, frictional heat-
ing and movement of fluids present in the porous 
medium, in contrast to the scattering attenuation 
which deals with the loss of energy of a direct wave 
caused by reflection, refraction and conversion 
(Sato 1984). Verma et  al. (2015) reported the role 
of fluids in the earthquake genesis of Kangra and its 
surrounding areas, which is also a prominent fac-
tor in seismic wave attenuation and can be inferred 
from the study of attenuation quality factors. 
Based on a laboratory experiment using ultrasonic 

Table 6   Variation of Qα and Qβ at different frequency band at individual station

Station BANI BHAD DORU JAMU
freq Qα ± � Qβ ± � Qα ± � Qβ ± � Qα ± � Qβ ± � Qα ± � Qβ ± �
1.5 70 ± 7 122 ± 13 33 ± 5 88 ± 5 71 ± 3 89 ± 10 86 ± 16 67 ± 12
2 129 ± 5 137 ± 10 69 ± 2 89 ± 2 124 ± 13 99 ± 5 69 ± 8 89 ± 4
4 343 ± 5 324 ± 32 86 ± 6 162 ± 6 250 ± 47 198 ± 8 147 ± 10 119 ± 17
6 441 ± 55 412 ± 55 140 ± 11 412 ± 11 484 ± 50 282 ± 25 154 ± 31 382 ± 25
8 515 ± 57 608 ± 13 186 ± 20 357 ± 20 593 ± 93 397 ± 9 242 ± 15 357 ± 17
12 687 ± 69 630 ± 94 229 ± 78 1071 ± 80 1030 ± 90 535 ± 25 562 ± 5 119 ± 6
Station PUCH RAJO TDAR Average
freq Qα ± � Qβ ± � Qα ± � Qβ ± � Qα ± � Qβ ± � Qα ± � Qβ ± �
1.5 64 ± 5 112 ± 2 97 ± 19 134 ± 15 63 ± 4 134 ± 13 69 ± 9 106 ± 13
2 86 ± 17 223 ± 25 129 ± 12 149 ± 5 79 ± 14 162 ± 16 98 ± 10 135 ± 9
4 257 ± 2 357 ± 38 250 ± 69 510 ± 84 204 ± 2 178 ± 9 220 ± 20 264 ± 28
6 238 ± 32 268 ± 62 515 ± 74 268 ± 14 158 ± 3 357 ± 25 304 ± 36 340 ± 31
8 187 ± 8 714 ± 65 1373 ± 44 476 ± 56 277 ± 40 714 ± 45 482 ± 40 517 ± 32
12 515 ± 2 1071 ± 97 2060 ± 187 1338 ± 149 230 ± 17 1071 ± 95 759 ± 64 834 ± 78

Table 7   Power las fit 
Q = Qof n for each station

# Station code Qα = (Qo ± �)f (n+SD) Qβ = (Qo ± �)f (n+SD) Qc = (Qo ± �)f (n+SD)

1 BANI 56 ± 7f1.00±0.1 83 ± 3f 0.87±0.01 62 ± 4f1.06±0.04

2 BHAD 28 ± 2f0.86±0.08 43 ± 4f 1.17±0.02 61 ± 4f1.08±0.04

3 DORU 45 ± 4f1.23±0.02 57 ± 5f 0.9±0.02 65 ± 6f1.08±0.06

4 JAMU 45 ± 9f0.87±0.09 64 ± 9f 0.57±0.06 65 ± 5f1.09±0.05

5 PUCH 50 ± 9f0.87±0.06 87 ± 6f 0.93±0.04 67 ± 5f1.07±0.03

6 RAJO 32 ± 3f1.5±0.11 83 ± 3f 0.96±0.02 74 ± 9f1.09±0.06

7 TDAR 54 ± 3f0.68±0.01 79 ± 10f 1.00±0.02 60 ± 4f0.99±0.03

Average 44 ± 6f1.01±0.91 71 ± 6f 0.91±0.01 60 ± 6f1.06±0.04
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frequency Toksoz et  al. (1979) demonstrated that 
fluid saturation plays a key role in controlling qual-
ity factorQ within the seismogenic crust. Accord-
ing to their report, Qαis 10–25% larger than Qβ in 
fully saturated (in fluid) rocks, whereas, Qα < Qβ in 

partially saturated rocks, at both low and high pres-
sures, and the relative fluid saturation may influence 
the spatial distribution of Qβ/Qα ratio. Sites, having 
Qβ/Qα > 1 may be the regions, where the dominat-
ing mechanism of seismic wave attenuation must be 
scattering, due to the presence of different hetero-
geneity in the crust. The other interpretation could 
be based on the fact that both P- and S-waves suffer 
similar intrinsic attenuation, while P-waves suffer 
more attenuation due to scattering effect (Hauksson 
and Shearer 2006). We affirm here that the observed 
high value of Qβ/Qα (> 1) in the study area, except 
for RAJO and DARO, for the Kishtwar region 
(Table 6; Fig. 7), maybe due to scattering from shal-
low heterogeneities in the study area. The higher 
Qβ/Qα, i.e. > 1, as observed for the Kishtwar region 
(Table  6; Fig.  7) has also been reported for many 
other regions in the world and these values are 
structurally correlated with a high degree of lateral 
heterogeneity in the upper crust (Singh et al. 2012; 
Sato and Fehler 1998). The presence of high degree 
of heterogeneity in the upper crust is attributed to 
the presence of faults, lineaments and micro-cracks 
in the rock types. Furthermore, the Kishtwar region 
is located close to the collision boundary between 
Indian and Eurasian plates, which also suggests the 
presence of a high degree of heterogeneity in the 

Fig. 6   (a) and (b) shows the power law fit for Q� = Q
o
f
n  and Q� = Q

o
f
n , respectively, at individual stations, and the average value is 

plotted by solid line

Fig. 7   Comparative plot of the average value of the power law 
fit of Q

c
= Q

o
f
n
, Q� = Q

o
f
n  and Q� = Q

o
f
n of the study area
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upper crust. Also, local faults and thrusts, mostly 
the splays of major continental NW–SE trending 
faults/thrust, such as MBT, MCT, JT and PT, play 
an important role in controlling the attenuation 
characteristics of the region.

The estimated coda attenuation quality factor (Qc) 
of the study area is well comparable to that of Anda-
man region in India and East-central Iran (Fig.  8). 
The major cause of seismicity in Andaman region is 
the subduction of the Indian oceanic plate beneath the 
Sunda plate. Geologically, this region is exposed to 
pre-Cretaceous meta-sedimentary rocks, upper Cre-
taceous ophiolites and Palaeogene-Neogene sedimen-
tary formations (Bandopadhyay and Carter 2017). 
Similarly, East-Central Iran is  part of the Alpine-
Himalayan orogenic belt that resulted due to conti-
nent–continent collision between Arabian and Eura-
sian plates and has similar tectonic setup as that of 
the Himalaya, which forms due to collision between 
India and Eurasian plates. Geologically, the East-
Central Iran consisted of mixed sedimentary, interme-
diate, felsic igneous rocks (Mahmood et  al. 2009a), 
which are similar  to the study area. The lithological 
succession of the Kishtwar region comprises of meta-
morphites (Proterozoic) unconformably overlain by 
Palaeozoic-Mesozoic Tethyan sediments and appears 
to be tectonically and geologically similar to above-
said regions.

Qβestimates of Kishtwar region are closer to that 
of the northeast region of India and east-central Iran 
(Fig. 9). It may be noted that northeast India is one of 
the seismically very active regions of India and lies at 
the junction of the Himalaya and Burmese arc. The 
earthquakes in these regions are related to collision as 
well as subduction tectonics and are correlated with 
the regional mega thrust like MBT and MCT, which 
are also running across the Kishtwar region. Qα, on 
the other hand, found comparable to northeast India 
for the higher frequency part, whereas in the lower 
frequency it is comparable to East Central Iran, which 
is situated in an active collision zone.

6 � Conclusions 

Considering the seismically active nature of Kisht-
war area of Kashmir seismic gap in NW Himalaya, 
we have carried out first seismic attenuation study of 
Kishtwar region using P-, S- and coda waves of 161 
earthquakes recorded by a local network of 7 BBS 
stations. The attenuation quality factors, Qα,Qβand 
Qc, are found to be strongly dependent on frequency 
and increase with the increasing central frequency. 
Most of the sites having higher Q are located on 
the western side of the study area and suggest that 
the western part of the Kishtwar region is more 

Fig. 8   Comparison of estimated coda Q (Qc) of the study area with (a) different regions across the world and (b) in India
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homogenous compared with the Eastern part. The 
variation of Qc with increasing lapse time suggests 
that the upper crust is more heterogenous as com-
pared with the lower lithosphere, possibly due to 
the presence of numerous micro-cracks and struc-
tural deformation. Analysis of the quality factors of 
P and S waves shows that average Qβ of the Kisht-
war region is higher compared to Qα, for the entire 
frequency range (1.5–12  Hz), which implies that 
P-waves suffers more attenuation compared with 
the S-waves. The dominant mechanism of attenua-
tion in the Kishtwar region is found to be scattering 
in the crust. The estimated quality factors are found 
comparable with other tectonically active regions of 
the world, having similar geology and tectonics as 
that of the Kishtwar region. The results of the study 
will be useful in constraining the earthquake source 
parameters, hazard assessment and strong ground 
motion simulation.
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