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ARTICLE INFO ABSTRACT

Keywords: The frequency-dependent attenuation characteristics of P-waves (Q,), S-waves (Qp) and coda waves (Q.) in
Attenuation north-west (NW) Himalaya and its surrounding region have been estimated using 515 micro to moderate
P-wave earthquakes (2.5 < M,, < 5.0) recorded from January 2008 to November 2015 for a central frequency range (f.)
S-wave varying from 1.5 to 12 Hz.

;c‘;sz‘gz:aya Average attenuation relationships of Q., Q. and Qp found as: Q. = (126.94 * 37.9)f (122006
Qu and Q; Qq = (65.127 + 5.7){11261=0.09 apd Q = (93.855 = 3.05)-f1114°=0-0D for the region. It is found that the

nature and extent of seismic attenuation are different for different seismotectonic belts consisted of various kinds
of fault systems distributed into the Indo Gangetic Plain (IGP), the Sub Himalaya (SH), the Lesser Himalaya (LH)
and the Higher Himalaya (HH) geotectonic segments beneath NW Himalaya and its surrounding region. Material
property heterogeneity beneath the subsurface earth is playing an important role in influencing the degree of
release of seismic energy in NW Himalaya and its surrounding region because of varying attenuative property in
different geotectonic segments [Q la, B, c(HH) < Q7la, B, c(IGP) < Q7'a, B, c(SH) < Q7 la, B, c(LH)]. This
study may help in better understanding of structural heterogeneities that control the nature and extent of
seismogenesis, which in turn may help in assessing seismic hazards through estimates of strong ground motion
by computing earthquake source parameters. Our schematic model for NW Himalaya and its surrounding region
shed an important light on attenuative characteristics of different tectonic blocks associated with both local and
regional fault systems that dictate the source characteristics and potential of earthquake hazards of the region.

Seismic potential
Earthquake hazards
Seismotectonics

1. Introduction

Knowledge of seismic wave attenuation is important as it provides in-
formation about the change in the amplitudes and frequency contents of
seismic waves with distance from the source. The seismic wave attenuation is
primarily needed for making assessments of seismic hazards, strong ground
motion, and of earthquake source parameters for different regions (Singh and
Gupta, 1979; Singh and Gupta, 1982 Boatwright et al., 1991; Sharma and
Wason, 1994; Fletcher, 1995; Chopra et al.,, 2010; Mishra, 2012; Tripathi
et al., 2014; Vandana et al., 2015; Vandana et al., 2016; Kumar et al., 2016;
Vandana et al., 2017; Kumar et al., 2019; Vandana and Mishra, 2019; Ekka
et al., 2019). Spatio-temporal variation of coda wave (Q.) has also been stu-
died as an earthquake precursor (Jin and Aki, 1988; Fehler et al., 1988; Vargas
et al., 2004; Gholamzadeh et al., 2013). Studying attenuation process helps to
infer the physical laws related to the propagation of the elastic energy of an
earthquake through the lithosphere. A number of different techniques have
been developed to estimate the attenuation characteristics from different types
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of waveforms recorded on the seismograms. These waveforms include body
waves, surface waves and coda waves. The most frequent techniques used to
estimate attenuation characteristics at regional distances (<10°) and high
frequencies (>1.0 Hz) include: (1) techniques that parameterized the earth-
quake source and fit a relation in the body-wave spectra (Boatwright, 1978;
Hough et al., 1988); (2) methods that cancel the effect of seismic source by
taking spectral ratio of different parts of the seismograms (Bath, 1974; Aki,
1980; Frankel et al., 1990); (3) methods that measure the decay of coda am-
plitude with increasing lapse time (Aki and Chouet, 1975); (4) methods that
use a nearby small events as an empirical Green's function (Hough, 1997); and
(5) methods that invert the spectra of recorded ground motion to estimate Q
and source parameters (Boatwright et al., 1991; Fletcher, 1995). It is pertinent
to mention that seismic wave attenuation characteristics have also been esti-
mated using P-waves (Q.), S-waves (Qp), coda waves (Q.), and Lg-waves (Qrg)
recorded at local or regional distances by different researchers for different
tectonics, elsewhere in the world (Scherbaum and Kisslinger, 1985; Gupta
et al., 1998; Paul et al., 2003; Mak et al., 2004; Sharma et al., 2008; Parvez
et al., 2008; Mohamed et al., 2010; Dobrynina Anna, 2011; Singh et al., 2012;
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Boulanouar et al., 2013; Gholamzadeh et al., 2013; Vandana et al., 2015;
Vandana et al., 2017; Das et al., 2018; Kumar et al., 2016; Ekka et al., 2019).

Aki (1969) first examined the possibility of using coda waves of local
earthquakes to study the lateral properties of heterogeneous earth. Aki (1969)
concluded that the coda excitation appears to be independent of epicentre
distances <100 km. Aki and Chouet (1975) developed a model to estimate
coda Q from the decay of coda waves. This model has been adopted world over
to estimate the coda-based quality factor (Q.). Aki (1980) modified the Aki
and Chouet (1975) and Rautian and Khalturin (1978) methods and put forth
the coda normalization method. The coda normalization method of Aki (1980)
is used to derive frequency-dependent-attenuation-relation for shear waves
(Qp). This method was extended by Yoshimoto et al. (1993) for simultaneous
estimates of attenuation from body waves (Q. and Qg). This extension allowed
estimation of Q. It, is however, a series of methodologies has been developed
by different researchers to estimate the quality factor (Q) for different regions
of different tectonics in the world (Aki and Chouet, 1975; Sato, 1977; Roecker
et al., 1982; Pulli, 1984; Wu, 1985; Jin and Aki, 1988; Havskov et al., 1989;
Ibanez et al., 1990; Pujades et al., 1991; Canas et al., 1991; Atkinson and
Mereu, 1992; Akinci et al., 1994; Latchman et al., 1996).

The objective of the present study is to estimate seismic attenuation
characteristics of the medium beneath NW Himalaya and its surrounding re-
gion for better understanding the role of structural heterogeneities in asso-
ciation with the seismogenic potential, causing recurrence earthquake hazards
in the region. Taking the advantages of large amount of in-house data-set for
the region, the present study is directed to deal with the attenuation re-
lationships for Q., Qq, and Qg for different tectonic zones using single back-
scattering model (Aki and Chouet, 1975) and extended coda normalization
method (Yoshimoto et al., 1993). We also proposed an average attenuation
variability model for NW Himalaya and its surrounding region associated with
different faults and complex geo-structural features, which in turn may help
depict the hidden seismotectonic and its strong bearing on seismogenesis of
varying strengths at different depths beneath the region.

2. Geotectonic setup

The Himalaya is one of the most prominent and active intra-continental
orogens showing a classical example of topographic relief development in a
compressional tectonic regime. The origin of the Himalaya is attributed to the
collision of the Indian plate with the Eurasian plate starting about 50 Ma and
the persistent convergence that caused a shortening of about 2000-3000 km
thereafter (Valdiya, 1998). It has been reported that the ongoing India-Eurasia
collision must increasingly be driven by several other forces, including the
subduction of the Indian plate further west and east to the Himalaya (Li et al.,
2008). From south to north the Himalaya is divided into four major tectonic
and physiographic belts namely, the Sub Himalaya (Siwalik), the Lesser Hi-
malaya, the Higher or Great Himalaya and the Tethys Himalaya or Tibet Hi-
malaya (Himadri). The Indus-Tsangpo Suture Zone (ITSZ) is the northern
boundary of the Indian plate. The boundary between the Tethys Himalaya and
the Great Himalaya is marked by the Trans-Himadri fault. This fault was first
identified as the Malari thrust (Valdiya, 1979, 1987), and later redesignated as
Trans-Himadri fault (Valdiya, 1987, 1989). The Main Central thrust (MCT) is a
major tectonic boundary between the Great Himalaya and the Lesser Hima-
laya, whereas the Main Boundary thrust (MBT) separates the Lesser Himalaya
from the Sub Himalaya (Siwalik). The Himalaya Frontal thrust (HFT) separates
the Sub Himalaya from the Indo-Gangetic Plains. Its surface manifestations are
visible only at a few places. Many tectonic models have been proposed for the
evolution of Himalaya (Seeber et al., 1981; Ni and Barazangi, 1984; Yin and
Harrison, 2000) to understand the seismic activity of the Himalayan region.
The principal thrusts namely the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT), and the Main Frontal Thrust (MFT) support the
southward migration of the main deformation front due to its young age and
shallow depth. Some restricted segments of these thrusts exhibit neotectonic
activity and active faulting on the surface (Nakata, 1989). The major tectonic
discontinuity, MCT, divides the two contrasting structures as the Lesser Hi-
malaya and the Higher Himalaya, which possesses contrasting stratigraphy
and tectonic features. In northern part of the Lesser Himalaya, the MCT Zone
instigate a belt of seismic activity where moderate earthquakes are frequent
that are located mostly beneath the Garhwal and the Kumaon Himalaya
(Khattri et al., 1989). Arita (1983) recognized another fault named as Munsiari
fault or MCT-I characterized by an abrupt change in lithology and
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metamorphic grade in the MCT shear Zone below the MCT fault. The Lesser
Himalayan Crystalline Nappes (LHCN) are formed either due to segments of
the MCT hanging wall or thrust sheets carried by imbricates in the MCT
footwall (Gansser, 1964). The duplex development in the MCT footwall has
been related to the folding of the MCT and the LHCN (Burg et al., 1987) as
shown in Fig. 1.

The seismicity in NW Himalaya area (Fig. 1) generally follows the NW-SE
trend and the clusters are mainly seen close either to the MCT or to the MBT or
in between the MBT and MCT. The study region is found to be associated with
a series of moderate to strong earthquakes (5.0 < M < 7.8) that have caused
significant damages to property and loss of lives in past (Vandana and Mishra,
2019).

3. Methodology
(a) Coda waves (Q.)

We deployed single backscattering model of Aki and Chouet (1975) to
estimate Q., in this study, which has proven track record of being applied in
diverse tectonic Zones discussed recently by Ekka et al. (2019). Based on the
single backscattering model, the coda wave amplitude A(f, t) for a narrow
bandwidth signal centred at frequency f and at lapse time t, is given as (Aki
and Chouet, 1975):

A, = S(f)t‘“exp(_gﬁ)

c

®

where, S(f) represents the source function at frequency f; a is the geometrical
spreading parameter which is taken as ‘0.5’ and ‘1’ for surface waves and body
waves, respectively; and Q. represents the quality factor of coda waves. Eq. (1)
can be written as:

nft

In(A(f,0),t) = In(S(f)) — (7]

Qe @

Relation (2) allows estimation of the Q. from the slope of the straight-line,
fitted between In(A(f,t)) and time ‘t’ based on least-squares iterative process.
According to Rautian and Khalturin (1978), the above relations are valid for
lapse times greater than twice the S-wave travel time. The frequency depen-
dent relation of Q. is described by the power law: Q. (f) = Qo. ()°, where “Q,”
is the value of Q. at 1 Hz, and “6” representing the degree of frequency de-
pendence of Q.. The logarithm of this equation allows estimation of “6” and
“Qo” using a simple linear regression. The coda wave at shorter lapse time is
primarily attributed to single scattering, whereas with increasing lapse time,
the multiple scattering becomes a preferable tool for analysis (Gao et al.,
1983). Therefore, this methodology is very much apt for the analysis of our
data for NW Himalaya and its surrounding region.

(b) P-waves (Q.) and S-waves (Qg)

Estimates of P-wave based quality factor (Q,) and S-wave based quality
factor (Qg) are made in this study using the method of Yoshimoto et al. (1993).
This method is based on the concept of proportionality among the coda
spectral amplitude, A, (f, t.); the source spectral amplitude of S-waves, S; (f);
and the source spectral amplitude of P-waves, S;, (f), and can be expressed as
follows (Yoshimoto et al., 1993):

Ac(fte) « Sp(f) & S (f) 3

where, S;, (f) and S; (f) are the same as defined above, f is the frequency in Hz,
and t. is the reference lapse time measured from the source origin time. Based
on the idea of proportionality, the Q and Qg can be calculated from the fol-
lowing expressions by analysing earthquakes occurring at various hypocentral
distances.

A, (f,)r _ af

lniAg(f,tc) = Qanr+ cont (f) @
A, (f,)r _ nf

ln—Ac(f,tc) = Q/sVsr+ cont(f) ©)

Using Egs. (4) and (5), we can estimate ‘Q,’ and ‘Qp’ simultaneously. Since
the ratio of P to S-wave spectra depends on seismic moment and earthquake
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Fig. 1. A map showing tectonic features of NW Himalaya and its surrounding region. Tectonic features in lines are shown as: Main Boundary Thrust (MBT); Main
Central Thrust (MCT); Himalayan Frontal Thrust (HFT); Munsiari thrust; Vaikrita thrust; Jammu Thrust (JT); Lesser Himalayan Crystalline Nappe (LHCN), Kullu Larji
Rampur Window (KLRW); Jhala thrust. Solid triangles denote seismograph stations in the network and solid circles show the epicentres of earthquakes used in this
study. The epicentres of earthquakes are taken from the catalogue by International Seismological Centre (ISC).

magnitude, it is, therefore necessary to restrict the earthquakes of a smaller
magnitudes to conduct analysis for estimates of ‘Q,’ for the region.

3.1. Data and analysis

Earthquake data set of 515-events of varying magnitude (2.5 < M,, < 5.0)
recorded for a period between January 2008 and November 2015 by 15-sta-
tions ascribed to the digital seismic network operated by National Centre for
Seismology (NCS), Ministry of Earth Sciences (MoES). The epicentres of these
515-events are taken from International Seismological Centre (ISC) bulletin
and plotted on the tectonic map of the study area (Fig. 1). We carefully
scrutinized the data-set and we used 13-stations to estimate Q., Q, and Qp.
Different stations have different instrument parameterization because of
varying sensitivity and precision due to different dynamic ranges of instru-
ments that were deployed for the recording earthquake in the present study.
The data recorded with sampling rate of 100 samples per second (sps) were
installed at Dehradun (DDI), Dharmshala (DHRM) and Shimla(SMLA) stations
with their Nyquist frequency limited to 50 Hz whilst at other stations the data
recorded with sampling rate of 50 samples per second (sps) installed at Aya-
nagar (AYAN), Bahadurgarh (BHGR), Bisrakh (BIS), Joshimath (JOSI), Kala-
garh (KALG), Khetri (KHE), Kundal (KUDL), Kurukshetra (KKR), Rohtak (RTK)

and Sohna (SONA) with their Nyquist frequency limited to 25 Hz. The wa-
veforms used in this study have high signal to noise ratios (SNR), which is
found to be more than three. The digital data recorded by Agra (Agra) and
Ausora (ASR) stations were not used in this study because of their low signal to
noise ratio. Vertical components of coda-waves were used to estimate Q. for
better clarity since coda analysis found independent of the components of the
ground motion analysed (Hoshiba, 1993; Vandana et al., 2015; Vandana et al.,
2016; Ekka et al., 2019).

3.2. Analysis of coda waves (Qc)

Records of digital time series of earthquakes in the form of seismograms
were selected for the analysis as shown in Fig. 2(a—e) and base line correction
was also performed to remove the long period noises and distortions. Selection
of three lapse time windows (LTW) of 20, 30 and 40 s were made for esti-
mating Q. in which Q. gets computed for particular value at all the stations
and at frequencies for all earthquakes. A power law is designed to fit in the
form of Q. = Qof ®, where ‘Q,’ is the value of ‘Q.” at 1 Hz and ‘@’ is the
frequency component. Finally, the estimated power law provides the average
coda-Q. attenuation for the study region.
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Fig. 2. (a) Plot of unfiltered data trace with coda window of the event recorded by DDI (Dehradun) station on November 27, 2012; (b-e) Band-pass filtered
displacement amplitudes of coda window at 1-2 Hz; 2-4 Hz; 6-12 Hz; and 8-16 Hz, respectively, and the RMS amplitude values multiplied with the lapse time along
with the best square fit of selected coda window at central frequencies of 1.5 Hz, 3 Hz, 9 Hz, and 12 Hz, respectively. The Q. is determined from the slope of the best
square line; (f) an example of a horizontal-component (north-south) seismogram recorded at station DDI. The arrival time of P (Red colour), S (Pink colour), and coda
waves (Green colour) are marked. A time window of 2.56 s is taken for all three waves. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Table 1
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Average value of coda quality factor (Q.) at each station at three different lapse time windows (LTWs) for different central frequencies (f.) along with Standard error

(0) and number of events (N) used in the present study.

Central Lapse time Station name/Station N Station N Station name/Station N  Station name/Station N Station N
frequency window code (Ayanagar/ name/Station code code (Bisrakh/BIS) Qc code (Dehradun/DDI) name/Station
(fc) (LTW) AYAN) Qc*o (Bahadurgarh/BHGR) +0 Qc*o code (Dhramshala/
Qcxo DHRM) Qc+o
1.50 20 164.62+5.94 80 137.21£54.83 191 92.67 =10.42 174 111.18+11.12 79 127.63+11.24 373
3.00 20 202 *+32.92 80 314.92+48.06 191 304.50+33.51 174 422.52 +50.51 79 280.24 +28.08 373
6.00 20 701.86+78.90 80 601.47 +75.68 191 661.21 +80.32 174 728.66 +118.42 79 588.96 +73.54 373
9.00 20 1195.48+177.84 80 1184.77 £113.75 191 1102.54+93.52 174 1476.96+118.60 79 934.87 +£107.07 373
12.00 20 1621.91+251.17 80 1447.97 £158.35 191 1569.12+254.16 174 1648.76 = 203.26 79 1664.20=173.40 373
1.50 30 178.29+25.78 80 236.03+14.57 191 130.78+19.78 174 168.81 +18.55 79 146.26 +12.96 373
3.00 30 223+63.50 80 409.18+68.90 191 555.94 +60.42 174 518.23+78.90 79 327.15+33.31 373
6.00 30 963.17 +112.49 80 758.48 =82.59 191 986.02+107.21 174 1196.55+115.94 79 967.81+83.68 373
9.00 30 1567.82+297.55 80 1299.29+117.54 191 2125.36+8.11 174 1886.64+161.43 79 1583.21 £100.21 373
12.00 30 2295.93+396.70 80 1749.57 =188.35 191 2344.25+716.77 174 2460.79 +337.52 79 1773.30+113.68 373
1.50 40 217.55+16.47 80 228.99+28.81 191 203.87+35.80 174 199.21+21.21 79 170.06+16.89 373
3.00 40 387.45+116.99 80 489+50.38 191 478.34+52.52 174 654.08+98.14 79 383.61+34.08 373
6.00 40 1282.13+133.37 80 1161.72+179.10 191 1703.17 +187.44 174 1455.38+70.08 79 1147.77 £83.12 373
9.00 40 1950.71 +£258.17 80 1680.62+184.68 191 2898.26 +290.71 174 1728.25+154.58 79 1690.14+112.01 373
12.00 40 2572.25+640.00 80 1960.60 =160.80 191 2323.12+349.71 174 2433.71+236.49 79 2021.09+142.37 373
1.50 20 118.47 +10.48 286 21.64+1.22 183 125.30+17.40 167 138.51+14.48 164 167.22+19.22 181
3.00 20 349.82+31.55 286 261.09+98.75 183 389.42+23.90 167 298.21+61.32 164 342.17+30.42 181
6.00 20 794.76 +£101.01 286 535.79 +156.40 183 1040.48 +74.91 167 920.40+193.29 164 894.19 +54.66 181
9.00 20 1227.42+116.92 286 834.61+363.24 183 1650.50 = 87.42 167 1180.38+240.91 164 1337.62+70.08 181
12.00 20 1723.70+193.03 286 990.31 +203.62 183 2142.94+154.80 167 1598.88 +250.90 164 1936.02+117.74 181
1.50 30 176.13+21.61 286 157.66 +76.59 183 182.35+5.55 167 232.25+10.27 164 215.29+29.67 181
3.00 30 400.82+49.93 286 426.18+99.74 183 484.44+39.58 167 381.90+54.73 164 551.81+52.57 181
6.00 30 1098.04+102.83 286 755.12+201.48 183 1546.84 +65.08 167 1152.08 +105.61 164 1168.22+61.99 181
9.00 30 1493.21+£92.03 286 1348.40+361.20 183 1892.65+104.59 167 1616.32+168.17 164 1693.55+68.10 181
12.00 30 1912.06+127.66 286 1753.95+540.20 183 2340.47 £199.27 167 1982.91+316.96 164 2015.38+120.11 181
1.50 40 208.17 +=16.89 286 184.87+48.02 183 230.19+48.16 167 200.95+8.49 164 260.81+22.43 181
3.00 40 486.49+31.27 286 509.56 +=154.29 183 600.54+66.20 167 615.62+132.36 164 717.57 +£47.03 181
6.00 40 1117.40+73.34 286 771.23+326.69 183 1513.33+85.74 167 1472.79+123.42 164 1364.86 +56.68 181
9.00 40 1563.85+106.31 286 1180.62+303.41 183 2032.25+127.20 167 1408.96 +75.15 164 1921.29+84.64 181
12.00 40 2109.69 +146.82 286 1460.27 =338.87 183 2293.42+105.54 167 2403.43+488.10 164 2310.23+110.06 181
Central Lapse time Station name/Station code N Station name/Station code N Station name/Station code N
frequency (fc)  window (LTW) (Rohtak/RTK) Qc*+o (Shimla/SMLA) Qc+ o (Sona/SONA) Qc+0o
1.50 20 154.25+9.91 182 132.19+8.99 356 99.23+12.10 123
3.00 20 276.70+12.24 182 366.85+16.21 356 311.51+34.21 123
6.00 20 921.02+128.03 182 770.21 +£53.20 356 1143.01 £177.04 123
9.00 20 1340.94+106.46 182 1309.93+67.93 356 1406.98 +202.59 123
12.00 20 2127.09+408.97 182 1633.51+86.36 356 1798.25+211.86 123
1.50 30 221.31+20.28 182 174.38+18.04 356 197.85+21.67 123
3.00 30 382.22+44.10 182 498.07 =20.77 356 480.43 £52.72 123
6.00 30 910.64+126.63 182 1215.23£54.42 356 1445.04+158.60 123
9.00 30 1628.83+202.34 182 1582.58 +75.39 356 1745.31 £169.67 123
12.00 30 2504.88 +£570.57 182 2038.95+108.05 356 2454.07 +284.53 123
1.50 40 255.13+6.74 182 245.38+18.45 356 232.69+10.24 123
3.00 40 859.88+128.21 182 637.48+21.25 356 734.14+81.71 123
6.00 40 1358.89+155.33 182 1358.80+45.15 356 1491.63+130.43 123
9.00 40 1973.27 =302.39 182 1775.47 =61.00 356 2109.15+165.97 123
12.00 40 3578.77 £1341.36 182 2403.09+115.75 356 3007.99 +408.25 123

3.3. Analysis of P-wave (Qg) and S-wave (Qg)

In order to understand the nature and extent of crustal heterogeneities we
also estimated P-wave attenuation (Q.) and S-wave attenuation (Qg) factors
from the analysis of vertical components (Z) and horizontal components
(north-south) of ground motion respectively. Fig. 2(f) shows a typical example
of ground motion recorded at DDI station. The spectral amplitudes of the di-
rect-P and S-waves were measured using 2.56 s time window. Based on study
of Aki and Chouet (1975) and Rautian and Khalturin (1978) we calculated
lapse time window of 2.56 s, and the lapse time for the analysed portion of the
coda wave is taken as twice the travel time of S-waves on spectral amplitude of
the coda waves A.(f,t.).

In accordance to the time history of earthquakes, the same durations of the
P-wave, S-wave and coda-wave were also selected. Further, the window-length
was selected to avoid the inclusion of S-waveform in the P-waveform,

particularly for events recorded at small epicentral distances, and is given as:
(s —p)s, if(s —p) <2565

TimeWindow = .
2.56s, if (s — p) > 2.56

The above conditions for choosing lapse time window implies if earth-
quakes used in this study having epicentre distances lesser than 21 km then the
time-window is taken as the exact difference between the arrival time of S-
wave and that of P-wave for the used earthquakes whilst for those earthquakes
whose epicentre distances >21 km the time-window has been fixed to 2.56 s.

The geometrical spreading is taken as ‘r™"" and ‘ —L_’ for the epicentral

distances r < hpon and r = hpep, respectively (Sin\éhmoeht al., 2012), where
‘hmon” is twice the Moho depth (Herrmann and Kijko, 1983; Mahood and
Hamzehloo, 2009). In our study region, the estimated average Moho depth is
taken as 45 km, in such a way that the deepest Moho may correspond to 90 km
as observed beneath western Tibet before shallowing substantially to
50-60 km at the Altyn Tagh Fault (Rai et al., 2006). Hence, our consideration
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Fig. 3. (a) Plots of average quality factors and central frequencies with linear
regression frequency-dependent relationship Q. = Qof° at different lapse time
windows (LTWs) of 20 s, 30 s, and 40 s; (b) Plots of average quality factors and
central frequencies with linear regression frequency-dependent relationship
Q. = Qof° at different depths (fy) in km, and overall shown in different snap,
such as: A for fy < 10; B for 10 < fg < 20; C for 20 < f3 < 30; D for
30 = f4 =< 40; E for 40 < f; < 50; and F for Overall; (c) Plots of average quality
factors with depth at different central frequencies.

of the Moho depth of 45 km helps to take ‘hp,.,’ as 90 km (twice of the Moho
depth) in our computation for NW Himalaya and its adjoining region. The
hypocenter depths of the earthquakes considered for the analysis was <90 km.
Therefore, geometrical spreading has been taken inversely proportional to the
epicentre distance (r). Root-mean-square (RMS) spectral amplitudes of the
direct P-, S- and coda-wave are computed and the RMS of coda spectrum
amplitude used for normalizing RMS spectral amplitudes of P- and S-wave.
The coda based normalized P- and S-wave spectral amplitudes were
plotted as a function of hypocentral distance. The slope gives the value of
quality factor for P (Qq) and S wave (Qg) using Egs. (4) and (5) at single
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frequency. Taking averages of all Q values at different stations and at different
frequencies, a power law of the form Qg or p = Qo.f 9 is fitted for estimating the
attenuation relations for both P- and S-wave.

4. Results and discussion

Based on above-mentioned analysis, we obtained an average value of Q. at
each station at three lapse time windows (LTWs) for different frequencies
along with the corresponding standard errors as tabulated in Table 1. Our
analysis resulted in very intriguing results related to average quality factors of
coda waves (Q.) which has been estimated for various constraints, such as:
lapse time, central frequency and depth as shown in Fig. 3(a—c). We also at-
tempted to compare our results with other independent findings made by
different researchers for the Himalayan and Peninsular India as shown in
Fig. 4(a). Since the tectonics of the present study area for NW Himalayan re-
gion is very complex and different researchers have also studied different
seismogenic provinces, elsewhere in the world. We also attempted to compare
our results with the other tectonic regions, elsewhere in the world studied by
different researchers as shown in Fig. 4(b) so that the nature of our estimated
crustal heterogeneity can be understood better in sense that which tectonic
region of India and out of India corresponds to NW Himalayan region, which
in turn may shed an important light on seismogenesis, intricacies of seismo-
tectonic settings and potential of earthquake hazards of NW Himalaya region.

In the present study, we analysed estimated decay of coda-normalized
peak amplitudes for P- and S-waves with hypocentral distance at varying
central frequencies for DDI (Dehradun) station as shown in Fig. 5(a—j). At-
tenuation relation for P- wave (Q,) and S-waves (Qp) has also been estimated
and we compiled their variability at varying frequency as shown in Fig. 6(a).
We also compared our results of Q, and Qg with the other independent finding
of Qq, Qp and Qp/Q,, by different researchers for the Himalayan regions as
shown in Fig. 6(b) for Qq; Fig. 6(c) for Qp; and Fig. 6d for Qp/Qq.. Table 2
shows the average values of Q and Qg at different central frequencies at 13-
stations. As mentioned above our estimates of both Q, and Qg are based on
averaging out of all Q values at different stations (N) and at different fre-
quencies, which may have attributed to the smaller error down to 0.001
(Table 2). Table 3(a—c) shows the average attenuation relationships for coda
waves (Q.), P-waves (Q,) and S-waves (Qp). We found that average quality
factor values at central frequencies varying between 1.5 and 12 Hz in and
around various geotectonic segments of NW Himalaya and its surrounding
region. We attempted to see the variation of seismic attenuation in different
tectonic Zones, such as the zone between Indo-Gangetic-Plain (IGP) and Sub-
Himalaya (SH) referred to Zone-1; the Zone between the SH and the Lesser
Himalaya (LH) referred to Zone-II; and the Zone between the SH and the
Higher Himalaya (HH) referred to as Zone-III with respect to average kappa (k)
(Fig. 7a), with respect to seismic moment (M) (Fig. 7b), and with respect to
the number of events used (Fig. 7c) in these seismotectonic Zones. Finally, we
deduced attenuation based tectonic model for better understanding of the
attenuative characteristics of the region (Fig. 8a-b). Table 3a shows the
average attenuation relationships for Q., Q. and Qg estimated for various
geotectonic segments of NW Himalaya and its vicinity. Table 3(b-c) shows the
average quality factor and average attenuation values at different frequencies
varying between 1.5 and 12 Hz for different geotectonic segments to under-
stand the intrinsic attenuation characteristics of the materials underneath
these blocks. Table 4 shows the distribution of attenuation parameters (Q., Q
and Qp), kappa (k) and seismic moment along with the distribution of number
(N) of earthquakes (M ~ 4.0) in different tectonic blocks. We attempted to see
the variability of Q., Q, and Qg in NW Himalaya and its surrounding region to
understand why and how these variability of seismic attenuation character-
istics of the region are associated with the nature and extent of structural
heterogeneities and seismogenesis, which in turn can shed light on the degree
of earthquake hazards of the region.

As mentioned above, the single backscattering model is used to analyse the
seismograms recorded by 13-station network at three lapse time windows
(LTWs) for 20, 30, and 40 s for given central frequency. The average estimates
of Q. are shown in Table 1, which demonstrates that for a given central fre-
quency Q. found increased for increasing value of LTWs. It is also observed
that for a given LTWs, Q. attains higher values for increasing central frequency
(Table 1). Thus, the Q. increases with an increase of frequency as well as LTW.
A power law, Q. = Qqf°, is fitted to the data for different LTWs (Fig. 3). The
average attenuation relationships are Q. = (85.68 + 19.2)f(1-199+0.05)
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Fig. 4. Comparison of Q. estimates for NW Himalaya region with (a) other Himalayan and peninsular Indian regions and (b) with other parts of the world.

Q. = (126.94 + 37.9)f1122£0.00) anq Q. = (157.96 + 30.3)-f(1-0930.09 £
LTWs of 20, 30 and 40 s, respectively. It is found that ‘Qy’ (‘Q.” at 1 Hz) in-
creases as the lapse time increases, and the ‘0’ value decreases with the lapse
time windows. The increase in Q. and decrease in the ‘0’ value show a depth
dependent character at larger time window that may reflect the effect of
deeper part of the Earth. Hence, the increase of ‘Q.” and decrease of ‘6’ may be
attributed to the increase in depth as heterogeneity decreases with depth by
enhancing homogeneity due to compaction, which are in good unison to
earlier seismological results obtained independently by different researchers
using different methods for estimating different crustal attributes related to its
strength and heterogeneities (Sharma and Wason, 1994; Zhao et al., 2002;
Mishra et al., 2003; Mishra and Zhao, 2003; Zhao et al., 2004;Mishra et al.,
2011; Lei et al., 2012; Mishra, 2013; Mishra et al., 2014; Mukhopadhyay and
Tyagi, 2007; Tripathi et al., 2014; Vandana et al., 2017). Woodgold (1994)
tried to explain the increase in Q. with lapse time in sense that the variation in
Q. might have occurred due to non-zero source receiver distance with aniso-
tropic scattering associated with single scattering. Hence, the variation of Q.
with lapse time is because of the variation of attenuation with depth, and it
indicates that the medium homogeneity increases with depth. Fig. 2b shows
average quality factors and central frequencies at different depths A
[f4 = 10 km]; B[10 = f3 < 20]; C[20 < f3 < 30]; D[30 = f3 < 40]; E
[40 < f4 = 501, and F [Overall]. This observation demonstrates that at depth
of 40-50 km the increase of frequency corresponds to increase of Q. value. It is
worth to mention that larger lapse times correspond to larger depth (Pulli,
1984). Hence, increase in the Q. with lapse time window implies the increase
of Q. with depth. Fig. 3c shows average quality factors with depth at different
central frequencies since the shallower crust is generally associated with lower
strength for shallow focus events with low stress drops (Sharma and Wason,
1994), which suggests that at higher central frequencies, quality factor (Q.)
increases and is very much corroborative with the higher Q. value at higher
frequency range. However, beyond 36 km depth there is a sharp rise in Q.
value, which may be due to structural control or rheological characteristics of
the rocks beneath the study region. It is so because increase of depth increases
rock compaction due to higher lithostatic pressure on deeper depths that
supports the interpretation based on 3-D velocity tomographic results for re-
gions elsewhere in the world (Zhao et al., 2004; Li et al., 2008; Mishra et al.,
2008; Lei and Zhao, 2016).

Fig. 4a, shows a comparison of Q. estimates of NW Himalaya with the
other Himalayan and peninsular Indian regions. We obtained frequency

dependent attenuation relation as: Q. = (126.94 = 37.9)f (1:122£0.00) 5¢ 30 g
LTW. It is found that the average variation of Q. in the study region is close to
the model of NW Himalaya obtained by Kumar et al. (2005), which depict
similarity in the regional geology in NW Himalaya and its surrounding region
(Kumar et al., 2005). Fig. 4(b) shows a comparative study of the Q. estimates
in the present study with some of the global studies made by different re-
searchers for different regions using different data set (Li et al., 2004; Havskov
et al., 1989; Hellweg et al., 1995; Rovelli, 1982a, 1982b; Mak et al., 2004;
Mahood and Hamzehloo, 2009; Rahimi and Hamzehloo, 2008; Pujades et al.,
1991; Barros et al., 2011) to ascertain what tectonic settings of NW Himalaya
corresponds to other tectonic blocks, elsewhere in the world. We found that
our assimilated model is comparable to that of the Aleutian region (Scherbaum
and Kisslinger, 1985), signifying the fact that both these regions are seismi-
cally very active and exist in the underthrusting tectonic regime.

The Quality factors, Q, and Qpg, are determined at six central frequencies
for NW Himalaya and its surrounding region. The variations in quality factor
at all the 13-stations are listed in Table 4 is observed that Q. and Qg increases
with the frequency. A power law, Q. = Q,.f° (in which Qq is the Q value at
1 Hz and 6 is the frequency exponent) is fitted for each station from the Q, and
Qp values.

We obtained the average Q. and Qg relations as: Q, = (65.127 * 5.7)f
(1-126120.09) for the P-wave; and Qp = (93.855 = 3.05)-f11145=00D for the S-
wave as shown in Fig. 5a. The frequency-dependent Q. and Qg relations are
compared with those obtained in other seismically active regions of the Hi-
malaya (Fig. 6b—c). These include the Garhwal region in the Western Himalaya
(Sharma et al., 2006; Sharma et al., 2007; Negi et al., 2014; Sharma et al.,
2009; Tripathi et al., 2014), the Kumaon region in the Northwestern Himalaya
(Imtiyaz et al., 2012; Singh et al., 2012), the Sikkim region in the Eastern
Himalaya (Hazarika et al., 2013), the Kinnaur and Bilaspur regions of the
Himachal Himalaya (Kumar et al., 2014; Vandana et al., 2016). It is found that
our estimates of Q, made in the present study (Fig. 6b) are much more
comparable with that of the Bilaspur region of the Himachal Himalaya
(Vandana et al., 2016). It is interesting to note that our estimate of Qg for NW
Himalayan region is not comparable with that of the Bilaspur region of the
Himachal Himalaya by Vandana et al. (2016). Our estimate of Qg (Fig. 6¢) is
almost comparable to that of Imtiyaz et al. (2012), which were made for NW
Himalayan region. The primary reason of such variability is attributed to the
distinct geology of the region where it is principally associated with the meta-
sedimentary, sedimentary, igneous and metamorphic types of rocks, which
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Fig. 6. (a) Comparison between average Q. and Qg; (b) Comparison of estimate, Q, with other parts of the Himalayan region; (c) Same as that of (b) but for Qg; (d)

Comparison of Qp/Q, values with the other Himalayan regions.

have distinctly different sensitivity to shear waves. Comparison of the average
Qp/Qq vs frequency (Fig. 6d), which shows a systematic variation in pattern of
Qp/Qq which is found to be similar in almost all Himalaya belts, except in the
Sikkim Himalaya region (Eastern Himalayan) estimated by Hazarika et al.
(2013) that suggested a conspicuous variation in attenuation for the Hima-
layan region at varying frequency.

The present study is almost comparable with the Garhwal Himalaya
(Sharma et al., 2006), Chamoli region of Garhwal Himalaya (Sharma et al.,
2009), the Kinnaur and Bilaspur regions of the Himachal Himalaya (Kumar
et al., 2014; Vandana et al., 2016) because it shows similar attenuation
characteristics in all the regions of the Himalayas. Based on the Qg/Q, esti-
mates obtained by various investigators, it has been concluded that NW Hi-
malayan and its surrounding region has the average Qp/Q. estimates that
varies from 1.29 to 1.44 in the frequency range from 1 to 12 Hz. In the present
study, we obtained Q, = Qg, which indicates that the presence of partially
saturated rocks in NW Himalaya region correspond to rocks with fractures and
cracks associated with air and fluids through the process of imbibition (re-
placing air from cracks and fractures by fluids) that might have made the
cracked and fractured rocks partially saturated and attributed to lowering of P-
wave velocity whilst S-wave velocity became higher due to high sensitivity of
S-wave towards the fluids even due to partial saturation that causes high Qg. In
presence of fluids in the rock matrix and extent of saturation using 3-D velocity
tomography for different regions demonstrated how the sensitivity of S-wave
towards fluids influences the degree of structural heterogeneity (Zhao et al.,
2002; Mishra and Zhao, 2003; Mishra et al., 2003; Mukhopadhyay et al., 2006;
Mishra et al., 2008; Lei et al., 2009; Singh et al., 2012; Mishra, 2013; Lei et al.,
2019, Lei and Zhao, 2016; Zhou and Lei, 2016) that is why Qg is found to be
higher in the study region. Our results are also in good corroboration with the
earlier studies (Vassiliou et al., 1982) based on laboratory experiments for
sedimentary rocks, which showed relationship between Q. and Qg as: Q, = Qg
for partially saturated rocks and Q. > Qj for fully saturated rocks (Vassiliou
et al., 1982). Fig. 7a shows seismological coupling coefficient represented by
average variation in kappa (x) values for different tectonic Zones, suggesting
the Zone between Lesser Himalaya (LH) and Higher Himalaya (HH) [Zone-III]
with the highest coupling coefficient corresponds to the least attenuative
property of coda (Q.™ Y, P-wave (Q, 1) and S-wave (Qﬁ’l) associated with
higher value of quality factor (Qc, Qq, Qp) is Zone of higher strength in com-
parison to the other two Zones between Sub Himalaya (SH) and Lesser Hi-
malaya (LH) [Zone-II] and the Zone between Indo-Gangetic-Plain (IGP) and
the Sub Himalaya (SH) [Zone-I], which in turn suggests that seismic strength
for Zone-III has capability to generate seismic moment of higher magnitude
earthquakes (Fig. 7b; Table 4) with less seismic attenuation that may generate
strong seismic energy to cause comparatively higher earthquake hazards. It is
further observed that Zone-I between IGP and SH is partitioned by Himalayan
Frontal Thrust (HFT) and is associated with several geological known faults,
namely Vaikrita thrust, Ropar Fault, Moradabad fault in addition to en-
croachment of Munsiari Thrust and Delhi-Haridwar Ridge that may have at-
tributed to the relatively high seismic attenuation in Zone-I and Zone-II. It is
interesting to note that seismic activity of different Zones is different (Table 4)
because of varying attenuative property of Zones associated with several ex-
posed and hidden seismogenic faults, causing variation in the structural het-
erogeneity. Role of structural heterogeneity estimated in terms of seismic ve-
locity, source and path characteristics has already been documented by other
researchers for other regions (Sharma and Wason, 1994; Zhao et al., 2002;
Mishra et al., 2008; Mishra, 2014; Tripathi et al., 2014; Vandana et al., 2017,
Vandana and Mishra, 2019; Ekka et al., 2019), which supports our inter-
pretation of attenuation characteristics of the media and their interrelation-
ship with structural heterogeneity.

4.1. Seismotectonic implications

Under the Himalayan arc there are different dip angles of the subducting
Indian slab from the west to the east. In the east, the dip angle is much steeper
(Li et al., 2008; Lei et al., 2009; Lei et al., 2019; Lei and Zhao, 2016; Zhou and
Lei, 2016) in comparison to that of in the west where the dip of the subducting
Indian plate is reported to be much smaller (Li et al., 2008; Zhou and Lei,
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2016; He et al., 2018). In the present study, we mainly focus on the at-
tenuation structure (Qc; Qg Qp) in the west segment of the Hiamalyan arc. It
has been observed that the average attenuation values for different geo-tec-
tonic blocks demarcated as Zone-I to Zone-III (Fig. 8a-b) have conspicuous and
distinct variations in estimates of average seismic attenuation characteristics
(Qc; Qq; Qp) that were made for respective blocks. It is observed that average
coda wave quality factor (Q.), average quality factor for P-wave (Q,), and S-
wave (Qp) in the Higher Himalaya (HH) has the highest estimates in com-
parison to those of the Indo Gangetic Plain (IGP), the Sub Himalaya (SH), and
the Lesser Himalaya (LH). Conversely, the attenuative property of all three
tectonic Zones bears relationship in terms of its variability of Q. ™', Q, ' and
Q! as: Q. T'(LH) > Q.7!(SH) > Q.”'(IGP) > Q. '(HH); Q. '(LH) >
Qu '(SH) > Qo '(IGP) > Qu '(HH); and Qp 'LH) > Qg '(SH)
> Qﬁ’l (IGP) > Qp’l (HH) as shown in Table 3(c). We interpreted that
average attenuation values at Lesser Himalaya is more attenuative to the Sub
Himalaya (SH), the Indo Gangetic Plain (IGP) and the Higher Himalaya (HH).
We found that the lesser Himalayas located south of the Greater Crystalline
Himalayan sequence and bounded by MCT in the north and MBT in the south.
The region mainly consists of Proterozoic and lower Paleozoic sedimentary
rocks. These rocks are metamorphosed to greenschist facies. The region also
consists of Paleocene-Eocene limestone, shale (the Subathu formation),
synclinal (klippen) and anticlines outliers of Greater Himalayan metamorphic
rocks, which may have contributed to the highest degree of attenuation in the
Lesser Himalaya (Fig. 8a—b). The MCT is a longitudinal thrust fault, act as a
main separator between the higher Himalaya and the lesser Himalaya. It is
worth to notice that the MCT is a contact between the terrigenous carbonate
rocks and thick overlying metamorphic rocks, gneiss and mica schists (Sinha,
1987) that could have attributed to different attenuative behaviour of the
Higher and the Lesser Himalaya. The retrograde metamorphic series is also
found in the fault system that consisted of crystalline rocks at the top of Higher
Himalayan Zone to Paleozoic sediments in the form of klippen in synclines in
the lesser Himalayan Zone. It is, therefore the tectonic Zones associated with
the Lesser Himalaya and the Higher Himalaya have different attenuative
property. On the other hand, the Sub-Himalaya (Himalayan foreland) Zone
consists of clastic sediments, which were formed during the uplift and erosion
of the Himalaya and deposited by rivers in a foreland basin. The molasse of
Sub-Himalayan is faulted and folded to form low altitude mountain ranges
known as Siwalik Hills and the Sub-Himalaya has overthrusted by lesser Hi-
malaya along MBT that significantly contributed to the higher attenuation
value in Zone-II (Fig. 8a-b). The MBT is a steep thrust, which gets flattened
with depth, whilst the Sub-Himalaya is bounded by the Himalayan Frontal
thrust (HFT) to the south and overthrusted along the Holocene alluvial tracts
of the Indo-Gangetic plains along the Main Frontal Thrust (MFT) or the Hi-
malayan Frontal Thrust (HFT) (Ni and Barazangi, 1984) that may have made
Zone-I moderate to high attenuative Zones in comparison to those of Sub
Himalaya and the Lesser Himalaya. On the other hand, the Indo Gangetic Plain
is found less attenuative in comparison to those of SH and the LH because the
Indo - Gangetic Plain is surrounded by Delhi Haridwar Ridge and Moradabad
fault, which are transversal in the foothills, showing traces of neotectonics and
recent activity (Arur and Hasija, 1986). It is observed that because of the
development of the E-W trending tensional stress in this thrust environment
and high concentration of earthquake epicentres, the Delhi-Haridwar Ridge
(DHR) is considered as one of the vulnerable areas for earthquake hazards of
NW Himalaya (Valdiya, 1976). The strike-slip faulting in the Uttarkashi region
is also supposed to be due to the extension of the DHR (Khattri, 1992, 1998).
On the other hand, this region is very less attenuative at Higher Himalaya
because Higher Himalaya Crystalline (HHC) formations with a 30-km-thick
remained as medium - to high-grade metamorphic sequence of meta-sedi-
mentary rocks that are intruded in many places by granites of Ordovician age
(c. 500 Ma) and early Miocene (c. 22 Ma) age. It is pertinent to mention that
along the Satluj River, the Higher Himalayan Crystalline rocks shows an in-
verted metamorphic field characterized by garnet-staurolite rocks at the base,
kyanite and sillimanite in the middle and migmatite Barrovian mineral units at
the bottom (Vannay and Grasemann, 1998), besides the HH block is also as-
sociated with Mica schist, quartzite, paragneiss, migmatite, and leucogranite
bodies with the multiphase deformation even at low pressure conditions
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Table 3
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(a—c): Variation in Q., Q4 and Qg in and around various geo-tectonic units as demarcated in Fig. 1.

(a)Average attenuation relationships for coda waves (Q.), P-waves (Q.) and S-waves (Qp)

Geotectonic segments of NW Himalaya Seismological indicators

Qe = (Qo = of" Qa = (Qo + 0)f" Qg = (Qo = O)f*
Indo Gangetic Plain (IGP) Qc = (147 + 30)f1-06=0.09 Qq = (128 = 11.2)f©-84+009 Qp = (170 = 28.1)f115=009
Sub Himalaya (SH) Qc = (107 + 11)f1-19=009 Qq = (94 % 11.5)f111=0.00 Qp = (142 + 43.2)f089=01D
Lesser Himalaya (LH) Qc = (106 + 9)f:17=009 Qq = (84 % 12.8)f1:06=0:09 Qp = (105 * 9.5)f*14=0-09
Higher Himalaya (HH) Qc = (156 + 17.9)f1:00=0.09 Qq = (149 = 19.4)f(1:09+0.09) Qp = (196 = 20.4)f084=009

(b) Average quality values at frequencies varying between 1.5 and 12 Hz

Geotectonic segments of NW Himalaya

Seismological indicators

(Qc (v Qe vax.))

(Qa viNy Qa (MAX)) (Qp viN.),Qp (vMax))

Indo Gangetic Plain (IGP) (196, 2698)
Sub Himalaya (SH) (153, 3036)
Lesser Himalaya (LH) (142, 2786)
Higher Himalaya (HH) (252, 2561)

(214, 1565) (296, 2995)
(163, 2569) (169, 1962)
(117, 1789) (161, 3049)
(225, 3340) (323, 2668)

(c) Average attenuation values at different frequencies (1.5 to 12 Hz)

Geotectonic segments of NW Himalaya Seismological indicators

-1 -1
(Qeamin.ys Qemax.))

(Qu -t (MIN.)s> Qu -t (MAX.)) (Q[i -t (MIN.)> Q[S -t (MAX.))

Indo Gangetic Plain (IGP)
Sub Himalaya (SH)
Lesser Himalaya (LH)
Higher Himalaya (HH)

(0.0051, 0.00037)
(0.0065, 0.00032)
(0.0070, 0.00035)
(0.0039, 0.00039)

(0.0046, 0.00063)
(0.0061, 0.00038)
(0.0085, 0.00055)
(0.0044, 0.00029)

(0.0033, 0.00033)
(0.0059, 0.00051)
(0.0062, 0.00032)
(0.0030, 0.00037)

(Sorkhabi and Macfarlane, 1999), which supports our inference of the least
attenuation in the Higher Himalayan Zone-III (Fig. 7b). Our interpretation of
distinct variation in Q structure of the Higher Himalaya Crystalline (HHC) belt
is found to be in unison with the earlier studies based on surface wave at-
tenuation and source characterization of the Tibet region (Singh and Gupta,
1979; Singh and Gupta, 1982). Therefore, oblique oriented faults across or
oblique to the Himalayan longitudinal strike used to experience recent ac-
tivity. The earthquake activity is both the thrust and the strike-slip faulting
where these transverse faults cross the Himalayan thrust belt. Perhaps, the
Quaternary activity at some places in the MCT Zone is also associated with the
strike-slip movement along the transverse faults.

Our results demonstrated that degree of structural heterogeneities asso-
ciated with different types of seimogenic faults, mineralogical compositions,
and intricate tectonic settings bear strong correlation with sesimogenesis in
NW Himalaya and its surrounding region. The seismic potential of generating
higher magnitude earthquakes (M ~ 4.0) is principally associated with Zone-III
in comparison to those of Zone-II and Zone-I, which suggests that earthquake
of moderate to strong magnitude for a given depth of occurrence have plau-
sible correspondence to Zone-III, which may cause relatively more earthquake
hazards due to its least attenuative charcaterstics (Fig. 8a—b; Table 4). This is
also supported by high kappa (x) value in the Higher Himalaya Zone and is
found to be in unison to the earlier study made on source characterization of
NW Himalaya region by Vandana and Mishra (2019), which is supportive to
the Steady State model of Seeber et al. (1981), which argues for great Hima-
layan earthquakes related to the detachment surface where MCT and MBT
converge and forms the interface between the subducting Indian Plate (Li
et al., 2008; Mishra, 2014; Lei and Zhao, 2016; Lei et al., 2019,) and overlying
sedimentary wedge. The seismicity in the tectonic Zones demarcated as Zone-I
to Zone-II found to be very much correlative to the varying estimates of at-
tenuative characteristics and number of earthquakes of (M ~ 4.0), which shows
a close correspondence as M,(HH)™ My(LH)” M,(IGP)” M,(SH) (Fig. 7b;
Table 4) with varying numbers (N) of earthquakes (M ~ 4.0) N(HH)” N(LH)~
N(IGP)~ (SH) (Fig. 7c and Table 4). This observation is in good unison to the
evolutionary model (Ni and Barazangi, 1984) that enunciates that the MBT is
the most active tectonic feature and seismicity is concentrated to 50 km wide

13

Zone between surface trace of MBT and the MCT [Fig. 7(b—c); Fig. 8(a-b);
Table 4].

5. Summary

In the present study we estimated the frequency-dependent attenuation
characteristics of P-waves (Q,), S-waves (Qp) and coda waves (Q.) using 515
micro to moderate earthquakes (2.5 < M < 5.0) recorded between January
2008 and November 2015 for a central frequency range (f.) varying from 1.5
to 12 Hz for the north-west (NW) Himalaya and its surrounding region. We
obtained average attenuation relationships of Q. Qs and Qp as:
Q. = (126.94 + 37.9). f 1122006 ' = (65.127 + 5.7).f(1:1261=0.039) 559
Qp = (93.855
+ 3.05).f11145£00D f5 NW Himalaya and its surrounding region. We ob-
tained Q, = Qg, which indicates the presence of partially saturated rocks in
north-west Himalaya region that may correspond to rocks with fractures and
cracks associated with fluids through the process of imbibitions (replacing air
from cracks and fractures by fluids) that might have made the cracked and
fractured rocks partially saturated and attributed to lowering of P-wave ve-
locity whilst S-wave velocity became higher due to high sensitivity of S-wave
towards the fluids even due to partial saturation that might have attributed to
high-Qg. It is found that the nature and extent of seismic attenuation are dif-
ferent for different seismotectonic belts consisted of various kinds of fault
systems distributed into the Indo Gangetic Plain (IGP), the Sub Himalaya (SH),
the Lesser Himalaya (LH), and the Higher Himalaya (HH) beneath NW
Himalaya and its surrounding region. It is also observed that material property
heterogeneity beneath the subsurface earth is playing an important role in
influencing the degree of release of seismic energy in NW Himalaya and its
surrounding region because of varying attenuative property in different geo-
tectonic segments as:

Q7 la, B, c(HH) < Q7'a, B, c(IGP) < Q7 la, B, ¢(SH) < Q'a, B, c(LH)

It has been demonstrated that degree of structural heterogeneities asso-
ciated with different types of seimogenic faults, different mineralogical com-
positions of rocks, and intricate tectonic settings bear strong correlation with



O.P. Mishra, et al. Physics of the Earth and Planetary Interiors 306 (2020) 106500

0.0065 1 0.05
] | —O=—QcC
. 0.0055 1 - . =O=0a
g ] 3
= ] 8 —0—Qp
S & 00035 | : s
§< ] {003 £ ——K
= ] [
8 g 0.0035 s 0
c g ] -
~ E | ()
g g
© & 0.0025 + :
() < E
& ] i
o 0.0015 1 0.01
Sk IGP SH LH
Zone-| Zone-ll Zone-lll
Blocks (a)
1 2.50E+22
0.0065 } ~ ——Qc
1 =
. 2008422 & _p-qa
@ 0.0055 t <
] ] —O0—QB
Sa 1 1.50E+22 5
c O 0.0045 + € ——Mo
5 | §
L
[ ] @
E: S o0.0035 1 1.00E422 -2
[} - [
£ . 1 @
e ] 5.00E+21 o
a0 3y 0.0025 + . =
s ] E
() 4
> 1
< 0.0015 0.00E+00
|GP SH 14 HH
Zone-l Zone-ll Zone-lll
Blocks (b)
. r 250
@  0.0065 T r —0—Qc
‘__:; ] I 200 —{1—Qua
> & 00055 } z —o—aB
o B L —
€ ] {150 8 =N
S 8 0.0045 T r o
. g ] C >
g ] I 100 %
® 0.0035 + . =
()] < ] r o
& : : <
o ] I so0
g 00025 + r
< ] L
0.0015 1 F o
Zone-| Zone-ll Zone-lll
Blocks (C)

Fig. 7. (a) Plot of average attenuation values in different tectonic blocks of NW Himalaya region with respect to average kappa (x) values; (b) Plot between average
attenuation values in different tectonic blocks of NW Himalaya region with average seismic moment estimated from earthquakes used in this study; (c) Plot between
average attenuation values in different blocks of NW Himalaya region and the number of events (N) used in this study.
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Fig. 8. (a) Cross section of the NW Himalayan region [modified from Day, 2016]; (b) A schematic model deduced from this study showing the distribution of seismic
attenuation strength in NW Himalayan region; IGP: Indo - Gangetic Plain; SH: Sub-Himalaya; LH: Lesser Himalaya; HH: Higher Himalaya; LHC: Lesser Himalayan
Crystalline; HHCS: High Himalayan Crystalline Series: STDS: South Tibet Detachment System; ITSZ: Indo — Tsangpo Suture Zone.

Table 4

Distribution of attenuation parameters (Qc; Qq; Qp), kappa (k) and seismic moment (M,) along with the distribution of number (N) of earthquakes (M ~ 4.0) used in

this study for different tectonic blocks.

Tectonic blocks Q. ! Q! Qt Kappa (k) Seismic moment (Mo) (dyne cm)” No. of events (N) M > 4.0
IGP (below HFT) 0.002736 0.002656 0.001856 0.031 3.02E+21 184 2
SH (between HFT and MBT) 0.003433 0.003262 0.003213 0.030 1.36E+21 34 1
LH (between MBT and MCT) 0.003701 0.004553 0.00327 0.039 1.22E+22 73 5
HH (above MCT) 0.002179 0.002372 0.001735 0.041 2.16E+22 230 27

@ Earthquake catalogue (2008-2015) used in this study.
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sesimogenesis in NW Himalaya and its surrounding region. The seismic po-
tential of generating higher magnitude earthquakes (M ~ 4.0) is principally
associated with Zone-III in comparison to those of Zone-II and Zone-I, which
suggests that earthquake of moderate to strong magnitude for given depth of
occurrence have propensity to Zone-III, which may cause relatively more
earthquake hazards due to its least attenuative characteristics. This observa-
tion is also supported by comparatively higher kappa (x) value in the Higher
Himalaya Zone, which supports the Steady State model, which argues for great
Himalayan earthquakes related to the detachment surface where MCT and
MBT converge and forms the interface between the subducting Indian Plate
and overlying sedimentary wedge. The seismicity in the tectonic Zones de-
marcated as Zone-I to Zone-II found to be very much correlative to the varying
estimates of attenuative characteristics and number of earthquakes (M ~ 4.0),
which shows a close correspondence to the variation of seismic moment as: M,
(HH) = My(LH) ~ M,(IGP) = M,(SH) with varying numbers (N) of earthquakes
((M = 4.0) as N(HH) = N(LH) ~ N(IGP) = N(SH). This observation is in ac-
cordance to the evolutionary model, enunciating that the MBT is the most
active tectonic feature and seismicity is concentrated to 50 km wide Zone
between surface trace of MBT and the MCT. Our proposed schematic model for
NW Himalaya and its surrounding region shed an important light in detail on
attenuation characteristics of different tectonic blocks associated with both
local and regional fault system that dictates the source characteristics and
potential of earthquake hazards of NW Himalaya region of analogous tectonic
settings, elsewhere in the world.
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