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We investigate the Lg attenuation structure of the crust beneath the tectonically complex Himalaya and southern
Tibet regions adopting a tomographic regionalization method. A total of 1671 earthquake waveforms registered
at 38 seismic stations operated in the region are selected for the initial LgQ measurements using the standard
two-station method. Q 0 (1 Hz LgQ) values of 76 high quality interstation paths are finally considered as input
for the tomographic inversion. The estimates of Q 0 exhibit distinct variations in the crustal attenuation from
north to south across thewhole region. The zones of lowestQ 0 values (b50) are observed along theMain Central
Thrust (MCT) in Sikkim, Lesser Himalaya and some parts of theGreater Himalaya. Southern Tibet is characterized
by low Q 0 (b 100) values. These observations are consistent with the results of body wave attenuation and ve-
locity structure reported for the region. We interpret the variations in the attenuation characteristics in terms
of both the intrinsic and scattering contributions caused by thermal effects, presence of aqueous fluids as well
as heterogeneities present below these seismically active regions. Our results are found to be comparable with
the other parts of Himalaya and Tibet.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lg is typically the most notable phase observed with the largest
amplitude on regional (N200 km) short period seismograms. It travels
predominantly through the continental crust within a group velocity
window of 3.6 and 2.8 km/s in the frequency range of 0.2–5 Hz. The
wavetrain is a summation of higher-mode surface waves propagating
in the crustal waveguide, or multiply reflected S waves bouncing
supercritically between the free surface and the Moho discontinuity
(Knopoff et al., 1973). The amplitude of Lg wave is sensitive to their
propagation in different tectonic structures like faults, mountains and
ocean basins. A detailed information regarding the spatial variations in
Lg wave propagation is required for assessing strong ground motion
due to earthquakes and for mitigation of seismic hazard (Furumura
et al., 2014). The group velocity and quality factor (Q , which is inversely
proportional to attenuation coefficient) of Lg waves reflect average
values within the crust. The LgQ estimates are often frequency depen-
dent and assumed to obey a power law:

QLg fð Þ ¼ Q0 f
η ð1Þ

where Q0 is LgQ at 1 Hz and and η denotes its frequency dependence.
Many factors such as complexities in the crustal structure along the
propagation path, localized small-scale heterogeneities, attenuation or
unusual velocity structure in the crust, restrict its propagation, resulting
).
in weak or no Lg arrivals on a seismogram (Ruzaikin et al., 1977; Ni and
Barazangi, 1983; Fan and Lay, 2002; Xie et al., 2004; Aleqabi and
Wysession, 2006). LgQ0 is seen to be highly variable by up to an order
of magnitude, across major continents (Xie et al., 2004, 2006)]. Such
large variations are caused due to the fact that attenuation is strongly
affected by crustal properties such as partial melting, fluid content and
temperature, which can vary significantly from one region to another
(Mitchell et al., 1997). Also, it is observed that the LgQ value correlates
well with the intensity of recent tectonic activity in the crust
(Mitchell, 1995). It exhibits higher values for stable regions in contrast
to lower values in tectonically active regions (Singh et al., 2011, 2012).
The attenuation appertains to either strong small-scale scattering/
heterogeneity or partial melting in the tectonically deformed crust
(Fan and Lay, 2003a). Therefore attenuation tomography is very useful
for identifying the physical state of the crust underlying a region.

Our area of present study encompasses the tectonically complex
Himalaya and southern Tibet region (Fig. 1). This is a crucial region to
understand the process of continental collision between the Indian
and Eurasian plates. The ongoing collision has created the Himalaya
and Tibetan plateau through a series of deformational processes. The
collision is the dominant force behind the rise of the Himalayan moun-
tain range and the uplift of the Tibetan plateau. The recent episode em-
anated about 55Ma ago. It is opined that the Indus Tsangpo Suture Zone
(ITSZ) represents a surface trace that resulted due to the collision of the
Indian shield with the Lhasa terrane of southern Tibet. This collision
zone hosts numerous tectonostratigraphic units such as the main cen-
tral thrust (MCT), main boundary thrust (MBT) and the main frontal
thrust (MFT) (Hodges, 2000) and served as northern and southern
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Fig. 1.Tectonicmapof our study area that includes parts of Tibet and theHimalaya (modified
after Monsalve et al., 2008). Inset shows the location of the study area with respect to India.
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Fig. 2. Locations of the earthquakes (circles) and stations (triangles) used in this study.
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boundary of different Himalayas, e.g., in southern Nepal, MFT limits the
northern boundary of the Indo-Gangetic plains; the Sub-Himalayan
Zone is located between MFT and MBT; the Lesser Himalaya lies north
of the MBT and its northern boundary is limited by the MCT; north of
MCT is the Greater Himalayan zone; the South Tibetan Fault Zone sepa-
rates the Greater Himalaya from the TethyanHimalaya to theNorth; the
Indus-Tsanpo Suture Zone (ITSZ) represents the northern limit of the
Tethyan Himalaya. The region is also seismically very active and experi-
ences a large number of earthquakes every year. Recently, on 25th April,
2015, the Nepal Himalayan sector (lat 28.147°N; long 84.708°E) is
rocked by a devastating earthquake of Mw 7.8 (USGS). High-strain
accumulation due to continent-continent collision between Indian and
Eurasian plates along the different Himalayan frontal thrusts results in
the occurrence of these earthquakes.

Several attenuation measurements have been performed for the
Tibetan plateau using recent broad band Lg data (Fan and Lay, 2002,
2003a,2003b; Xie, 2002; Xie et al., 2006; Bao et al., 2011; Singh et al.,
2012; Zhao et al., 2013). The results broadly suggest widespread partial
melting or channel flow exists in the crust along certain pockets within
the plateau. In the present study, we develop a tomographic image of Lg
attenuation in order to enhance the understanding of Lgwave propaga-
tion through the crust of Himalaya and southern Tibet. We attempt to
present the tectonic implications of the variations in attenuation struc-
ture and its relation to the physical state of the crust. We also employ
the other complementary information to gain a detailed insights into
the mechanisms of attenuation.

2. Data

The Lg data set used in the present study consists of waveforms of
1585 earthquakes recorded by a 27 station broadband seismic network
(HIMNT) operated in eastern Nepal and southern Tibet during 2001–
2003 with a station spacing of ~40–50 km (Monsalve et al., 2006).
These data are complemented by another data set of 86 events recorded
by 11 seismic stations deployed along a 110 km profile in the Sikkim
Himalaya during the years 2004-2010 (Fig. 2). A total of 1068 pairs of
high quality interstation paths enabled us to employ the standard
two-stationmethod for LgQ estimation.We used only the crustal earth-
quakes which are recorded by most of the stations. Waveforms with a
good signal-to-noise (S/N) ratio are analyzed to ensure reliable results.
The 1 Hz LgQ (Q0) values are measured between many pairs of stations
and input to a back-projection algorithm to obtain laterally varying Q0

models.
3. Methodology

3.1. Two-station method

Denoting the two stations as i and j at which the Lg amplitude spec-
tra Ai( f) and Ai( f) at frequency f can be collected, the scaled spectral
ratio can be defined as (Xie et al., 2004)

R fð Þ ¼ Δ1=2
i =Δ1=2

j

� �
Ai fð Þ=Aj fð Þ� � ð2Þ

where Δi and Δj are the epicentral distances. The square root of their
ratio cancels the effect of geometrical spreading in 1D. Assuming that
the LgQ follows the power-law frequency dependence (Eq. (1)), the
Q0 and η over the interstation path Δi, j can be estimated as

ln
VLg

πΔi; j
ln

Δ1=2
i

Δ1=2
j

� Ai fð Þ
Aj fð Þ
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2
4

3
5 ¼ 1−ηð Þ ln f− ln Q0 ð3Þ

where VLg is the typical Lg velocity of 3.5 km/s. The left hand side is de-
noted as “reduced spectral ratio.” The instrument corrected vertical
component Lgwaveforms are used. An example of a typical seismogram
is shown in Fig. 3.

By taking the ratio of Lg spectra from the same source and using the
square root of the ratio of their epicentral distances, this method elimi-
nates the effects of source and geometrical spreading respectively. The
method was also used earlier for the Lg attenuation studies in the
Himalyan collision zone (Xie et al., 2004; Ashish et al., 2009; Singh
et al., 2012). While the computation of Q0 is stable, the measurement
of stable interstation η is difficult (Xie et al., 2004). So we focus on the
attenuation factor Q0.

After applying the waveform selection criterion to over initial data,
we accept the spectra from two stations that are (1) aligned approxi-
mately with the source and (2) separated enough to qualify the use of
standard two-station method for LgQ estimation (Xie et al., 2004). In
an ideal situation, the two-station method presumes that the recording
stations are aligned exactly with the source, but in a real scenario, a per-
fect alignment of stations and source is usually not possible (Xie et al.,
2004). To define the alignment, an angle δθ, which is the difference be-
tween the azimuths from the source and the two stations, is introduced
(formore details, see Xie et al. (2004). In thepresent study followingXie
et al. (2004), we limit δθ to 15° to reduce the error. The other crucial pa-
rameter is the interstation distance Δi, j, which can cause a potential
error and is associated to the obtained Q0 value on the corresponding
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Fig. 3. Example seismogram (vertical component) of an event that occurred on 16 June
2002 at 20 h, 35min and 42 s recorded at RUMJ station located in Lesser Himalaya. Vertical
lines limit the Lg group–velocity window (2.8–3.6 km/s).
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Fig. 4. Tomographic image of LgQ0 obtained in the present study.
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path. Initially, all possible pairs of two stations are used to estimate the
interstation spectral ratios, regardless of the interstation distance Δi, j.
Thereafter, the error in the estimated interstation Q0 caused by Δi, j is
obtained using the following equation given by Xie et al. (2004)

δQ0

Q0
≈ 1:1

Q0

Δi; j

 !
δx ð4Þ

To keep this error lower than 25% with a given error in δx as 0.2, the
interstation ratio between Q0 and Δi, j should not be greater than 1.14.
Zor et al. (2007) have considered this ratio as 1.6 by keeping the error
lower than 35%. However, by applying the aforementioned criterion
(error lower than 25%) to the initial pairs, we found 76 pairs of spectra
and used them as inputs for the tomographic inversion.

3.2. Tomography

3.2.1. Back-projection algorithm
To create a tomographic image of the Q0 estimates in the region of in-

terest,weused thewell establishedback-projection tomographicmethod
(Xie andMitchell, 1990). The method presumes that the area covered by
the scattered Lgwave energy can be approximated by an ellipse with the
source at one focus and the seismic station at the other. It converges fast
and needs minimal computer storage (for more details, see Xie and
Mitchell, 1990). To apply thismethodwedivided thewhole area into sev-
eral grids such that the grid size is adequate to achieve proper resolution.
We have considered the grid size as 0.05° × 0.05° in the present study.
The input data contains theQ0 value for each station pair. Several ellipses
with major and minor axes are considered as a function of the distance
between the station pair and the center of each ellipse is assumed to be
the midpoint of the corresponding station pair. The major and minor
axes of the ellipses are such that they cover the area adequately. Thereaf-
ter, the average value of quality factor over each ellipse (corresponding to
a station pair) is assigned as the average of quality factor between the sta-
tion pair. By implementing the back-projection algorithm,we have calcu-
lated the Q for every grid by using the knowledge of Q distribution over
each ellipse (Fig. 4) according to

1
Qn

¼ 1
Sn

XNg

m¼1

Smn

Qm
þ �n ð5Þ

where n=1, 2, 3....Nd,Nd is the total number of seismic records,Ng is the
number of grids considered, Qn is the average quality factor associated
with nth ellipse, Qm is the quality factor for each grid, Smn is the area of
superposition betweenmth grid and nth ellipse, �n represents error corre-
sponding to iteration over the nth ellipse and Sn is the area of the nth
ellipse defined by

Sn ¼
XNg

j¼1

Sjn ð6Þ

3.3. Error and resolution analysis

In the back-projection tomographic method, the resolution is
assessed using the point spreading functions (PSF) (Humphreys and
Clayton, 1988). This is estimated by considering a model in which we
assign Q−1 as unity in a single cell within the area of interest and zero
everywhere else. Fig. 5 illustrates the PSF values for two selected cells,
which shows the potential to resolve the features in the region.We cal-
culated the error corresponding to each iteration by observing its nature
while implementing the back-projection algorithm (Fig. 6). We ob-
served that during the initial stage, the error peaks up to 100%, but as
the number of iterations increase, the error starts decreasing. However,
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due to the substantial increase in computing time, the iteration is
accomplished with an average 10–20% error. As the spatial dimension
of the area is small, the model resolution is expected to be higher.

4. Results and discussion

4.1. Spatial variations of Q0 and mechanisms contributing to attenuation

A high spatial resolution map of Lg attenuation (Fig. 4) is achieved
through 76 pairs of spectra obtained from waveforms recorded by
dense networks operated in the Himalaya and southern Tibet regions.
We observed distinct variations in crustal attenuation from north to
south across the regions. The region is tectonically very complex and
seismically very active due to the high-strain accumulation caused by
the continent-continent collision between the Indian and Eurasian
plates. The lateral variations in Q are consistent with the tectonic fea-
tures of the area. The lowest Q0 values (b50) are observed along MCT
in Sikkim and Lesser Himalayas and in some parts of Greater Himalaya.
Southern Tibet is characterized by low Q0 (b100).

The attenuation of Lg and its correlation with large scale crustal fea-
tures has been described by numerous authors including Kennett
(1986), Mitchell and Hwang (1987), Bowman and Kennett (1991),
Campillo and Plantet (1991), Mitchell et al. (1998) and Baumgardt
(2001). These studies demonstrate that Lgwave attenuation is strongly
correlated with the age of the crust, variations in crustal thickness, the
nature of the crust–mantle transition, sediment thickness and crustal
complexity. The LgQ variation can reflect the physical properties of the
crust. It also helps to geophysically mark the major terrane boundaries
(Gallegos et al., 2014). Zhao et al. (2013) have suggested that strong
thermal activities and heterogeneities caused due to the partially mol-
ten magma chambers beneath the Tibetan Plateau are responsible for
both the intrinsic and scattering attenuation to be effective in the under-
lying medium. In the Garwhal–Kumaun Himalayan segment (west of
Nepal Himalaya), Mukhopadhyay et al. (2010) have observed the
higher scattering attenuation in the crust. MCT is one of the major
tectonostratigraphic units in the Himalaya and accommodated signifi-
cant amounts of convergence between India and Eurasia, and hence
prominent zones of very low Q0 along MCT may reflect the high struc-
tural heterogeneity. The medium below Sikkim Himalaya is highly het-
erogeneous in nature (Singh et al., 2010), which is corroborated by the
high attenuation of Lgwaves in the crust. In southern Tibet, Singh et al.
(2015a) (unpublished work) have observed the predominance of
intrinsic absorption over scattering attenuation. Large variation in
heat-flowmeasurements over a short distance is apparent in southern-
most Tibet, and the heat anomaly is of shallow origin (no greater than
25 km)(Francheteau et al., 1984). According to Zhao et al. (2013), the
rugged topography, double thick crust and weak Moho signature
below a major portion of the Tibetan plateau restricts the propagation
of Lg as a guidedwave. Low scatteringQ due to strong small-scale struc-
tural heterogeneities within the Tibetan crust might also have contrib-
uted to the observed low LgQ (Singh et al., 2012). Sheehan et al.
(2014) have observed high body waves attenuation within the crust
of southern Tibetan Plateau compared to the crust beneath the Lesser
Himalaya and Ganges Plain. This observation is interpreted in terms of
presence of warm, felsic material in the middle and upper crust of the
southern Tibetan Plateau, similar to the other parts of Himalaya (Yin
and Harrison, 2000). Therefore, the low Q0 (b 100) value in southern
Tibet may originate from both intrinsic and scattering effects.
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Fig. 7 shows a comparison of our LgQ model with the crustal thick-
ness map of the area derived from CRUST1.0 model (Laske et al.,
2013). Zhao et al. (2010)) and Zhao et al. (2013) have observed a
trend that relates high LgQ with a thicker crust. Results from our study
do not reveal any significant correlation except in some parts of the
higher Himalaya where high LgQ is associated with a thicker crust. The
Southern Tibetan plateau, which exhibits low LgQ values, is character-
ized by thick crust (Singh et al., 2015b). Zhao et al. (2013) suggested
that the Lg attenuation features of Tibetan plateau are quite uncommon
and should not be fit into a standard crust model.

Fig. 8 represents a cartoon summarizing our 2D LgQ model from
south to north across the study region including the velocity and body
wave attenuation structure proposed for the region (modified after
Monsalve et al., 2008). The two lowQ0 pockets in the present study cor-
relate well with the low Qp and Qs below lesser Himalaya and southern

Tibet (Sheehan et al., 2014) and coincide with low Vp

Vs
zones observed

from a tomography study (Monsalve et al., 2008). High electrical con-
ductivity is also observed beneath the lesser Himalaya (Unsworth
et al., 2005). All the observations along with our results collectively in-
dicate possible presence of significant amounts of fluids trapped in the
crust, since seismic waves are strongly attenuated by a fluid layer. How-
ever, Xie et al. (2004) have interpreted that the aqueousfluid trapped in
the upper crust and amid crustal partialmelting zone caused due to the
underthrusting of the Indian lithosphere probably explains the higher
Lg attenuation observed in southern Tibet area.
4.2. Comparison of the results with the previous studies in the
Himalaya–Tibet collision zone.

Several works reported low Q0 values in the Himalaya–Tibet colli-
sion zone. Very low Q 0 values in the range of 30–60 are reported by
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Ashish et al. (2009) for High Himalaya. Fan and Lay (2003a) have esti-
mated a Q0 = 106 ± 18 for eastern Tibet whereas Xie (2002) reported
Q0 = 126 ± 9. Further, Fan and Lay (2002)) and Fan and Lay (2003b)
obtained Q0= 100± 20 and Q0= 83± 19 for the same region respec-
tively. A lowvalue ofQ0=79±4 is estimated for northern central Tibet
(Fan and Lay, 2003a). In central Tibet a persistent and nearly constant
value of ≈ 90 is observed along the INDEPTH III profile (Xie et al.,
2004). Subsequently, the consistent low Q0 values along the Hi-CLIMB
profile is also observed (Singh et al., 2012) that manifests the presence
of omnipresent partialmelting of the crust throughout the plateau. Zhao
et al. (2013) have reported high seismic wave attenuation structure in
the crust and upper mantle of the northern Tibetan Plateau. Hence the
present results are consistent with the other reports of LgQ values in
Himalaya and Tibet.
5. Conclusions

Based on the data from regional Lg waves collected from 38 seis-
mic stations operated at Himalaya and southern Tibet, a tomographic
attenuation model is obtained for the region. We find a spatial vari-
ation of LgQ values across different sectors of the region due to the
differences in the crustal character of the underlying medium. The
spatial variations in Q are consistent with the tectonic features of
the area. We observed the lowest Q 0 values along MCT in Sikkim
and Lesser Himalayas and along some pockets of Greater Himalaya,
which may be corroborated by the high attenuation of Lg wave in
the crust due to its highly heterogeneous structure. Low Q 0 values
in Southern Tibet may be caused due to the intrinsic and scattering
effects resulting from thermal activities, presence of aqueous fluids
and strong small-scale structural heterogeneities present in the
crust.
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