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Abstract

We present the 3-D shear wave velocity variationin the crust and upper mantle structure of western
Tibet using a joint inversion of Rayleigh wave group velocity dispersion and interpolated receiver
function. The lateral sampling of the receiver function and the surface wave dispersion is equalized
by the interpolation scheme. This new method of spatial interpolation eliminates difficulties caused
by back azimuthal variation in the receiver function. We have jointly inverted these interpolated
receiver functions with the Rayleigh wave group velocity dispersions obtained from the earthquake
and ambient noise tomography to map the tectonic structure of western Tibet. The study reveals
remarkable variation of the seismic characteristics in the crust and shallow upper mantle of western
Tibet. The mapped Moho depth is ~74 km in the northern part of the plateau, whereas it is ~69 km
in the southern part. A thick mid-crustal slow-velocity zone from ~10km up to ~40 km depth has
been observed, which could be attributed to partial melt. A noteworthy finding is the variation in
slower crustal velocity between the south and north of the Lhasa Block (LB). We interpret this as
the Indian crust that has been underthrusted beneath the Tibetan plateau, and the northern limit
of the Indian lithosphere extends to the southern part of the LB.
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1. Introduction

The Tibetan plateau, comprising an area of ~2.5 million km? with an average elevation of 4500 m, is believed
to be the largest and highest plateau on the Earth. The Himalaya-Tibet orogen is an ideal place to study active
continent-continent collision. So far, several decades of studies have been conducted to understand the tectonic
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diversity beneath the Himalaya and Tibet, but numerous debates on this topicare still ongoing.Furthermore, several
tectonic models have been proposed to explain the growth and formation of Tibetan plateau [Allegre et al., 1984;
England and Houseman, 1986; Ni and Barazangi, 1984; Beaumont et al., 2001; Tilman et al., 2003; Rai et al., 2006].
The collision between India and Asia has been continuously progressing from the Late Cretaceous to the Early
Paleocene. This process leads to the obduction of ophiolites onto the passive continental margin of the Indian
plate and the initial contact between the crust of India and Eurasia. The entire collision process resulted in the
withdrawal of the Tethyan Ocean by depositing marine sediments in the Indus-Yarlung Suture (IYS) [Green et al.,
2008; Searle et al., 2011]. Other main significant consequences of this collision include the significant increase in the
thickness of the crust and the occurrence of massive earthquakes at the periphery of the Tibetan plateau [Bilham,
2004]. The deformation history of Tibetan Plateau is illuminated by several models [Argand 1924; Godin et al., 2006;
England and McKenzie, 1982, 1983; England and Houseman, 1985; Law et al., 2004, 2006;Molnar and Tapponnier,
1975; Tapponnier and Molanr, 1976, 1977; Tapponnier et al., 1982; Royden et al., 1997; Searle et al., 2003, 2006].

Despite numerous experiments conducted to comprehend the tectonic structure of the Himalayas and
Tibet, further investigations are required to acquire a comprehensive understanding of the evolutionary processes
involved. Many debates still remain in understanding the behaviour of Tibetan lithosphere. One among these is
whether the Indian lithosphere is underthrusting beneath Tibetan crust, which could potentially account for the
primary cause behind the crustal thickening of the plateau [Kosarev et al., 1999; Li et al., 2008]. Next is the fate of
the Indian crust. It remains unknown to what extent the Indian lithosphere can be found under Tibetan plateau or
whether it has been transformed into eclogite, a higher density metamorphic rock[Huang et al., 2009; Nabelek et al.,
2009; Razi et al., 2016]. Furthermore, some studies explain the possibility of material flowing from Tibet into
the Himalaya as a result of mid-to-lower crustal channel flow [Copley and McKenzie, 2007; Gilligan et al., 2015;
Royden et al., 2008; Searle et al., 2011].

In this paper, we investigate the crust and uppermost mantle structure (down to 130 km depth) beneath western
Tibet using the joint inversion of receiver function and Rayleigh wave group velocity dispersion. Here, we utilize
a new interpolation scheme to calculate receiver functions, which enhances our understanding of the dynamic
structure beneath the region. The interpolated receiver functions yield a simpler velocity model, particularly
enabling us to overcome the challenges posed by poorly sampled back azimuthal variations. The method also aids
in equalizing the lateral sensitivity of the receiver functions and the surface wave dispersions. We provide a detailed
description of the method in section 3, contributing to our comprehensionof the dynamic tectonic structure beneath
Tibetan plateau.

2. Geological settings and previous studies of the lithospheric structure

The study region comprises the Himalaya, the Lhasa Block (LB), and the Qiangtang Block (OB) (Fig. 1). In the
south, it is comprised of the Karakorum Fault (KKF), which is believed to have initiated between 18 and 11 million
years ago [Murphy et al., 2000; Searle et al., 1998], and the IYS in the Himalayan region. Towards the north is
the LB, which is bounded by the IYS in the south. The shape of this block is narrow in the west and widens
towards the east. The LB is separated from the OB in the north by a ~1200 km east-west trending zone called
Bangong-Nujiang-Suture (BNS).

The shape of the QB is approximately 500-600 km wide in the central part and narrows down (<150 km) towards
the west. Towards the west, it elongates to the KKF [Yin and Harrison, 2000]. Thus, the study region comprises
a section from both the India plate and Eurasian plate. The predominantly exposed, deep metamorphic rocks
found in the region are considered to have formed in Cenozoic ages [Matte et al., 1996]. The LB and the QB have
different histories of tectonic settings [Yin and Harrison, 2000]. Searle et al. [2011] described that the eruptions of
the Potassic-ultrapotassic shoshonitic and adakitic lavas everywhere on the OB (50-29 Ma) and the LB (30-10 Ma),
indicating a hot mantle, thick crust, and eclogitic root during that time. The timing of the final assemblage of all the
blocks of Tibetan plateau is always debatable; however, a broadly acceptable period is ~50 Myr [Yin and Harrison,
2000]. The thickening and shortening of the crust of Tibetan plateau occurred before and after the collision between
India and Asia, according to Searle et al. (2011].

The lithospheric deformation of Tibetan plateau has been described with various geodynamic models, such
as underthrusting, rigid block, continuum, and channel, among others. The underthrusting model for Tibet was
proposed by Argand [1924]. It states that the crustal thickening in Tibet is a result of the underthrusting of the
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entire plateau by the Indian plate. Several studies have proposed a rigid block, which suggests that the Tibetan
crust could be regarded as a rigid-plastic medium notched by the rigid Indian plate [Avouac and Tapponnier, 1993;
Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1976, 1977]. England and McKenzie [1982; 1983] proposed
the continuum model, which states that the deformation of the continental lithosphere over the long term, on a
bulk scale, is a continuum with Newtonian or power law rheology. Royden et al. [1997; 2008] proposed the crustal
flow model of lower crust, which defines that the lower crust is generally weaker and appears to be a distinct layer
between the upper crust and upper mantle. The channel flow model suggests that a partially molten middle crust
was forced under the Greater Himalaya during the early Miocene [Godin et al., 2006; Grujic et al., 2002; Searle and
Rex, 1989; Searle and Szulc, 2005; Searle et al., 2003, 2006]. These models describe the various possible mechanisms
that led to the deformation of Tibetan plateau’s crust.

In order to gain a better understanding of crustal and shallow upper mantle structure and its behavior
underneath western Tibet, numerous studies have been conducted so far. These studies encompass a range of
approaches, including refraction analysis [Zhang et al., 2011], receiver function investigations [Gilligan et al., 2015;
Wittlinger et al., 2004), analysis of seismic wave travel times [Basuyau et al., 2013; Griffin et al., 2011; Nabelek et al.,
2009], and surface wave studies [Caldwell et al., 2009; Rapine et al., 2003; Sun et al., 2010]. The collective findings
consistently demonstrate that the crustal thickness beneath the western part of the Tibetan Plateau varies between
70 and 75 km. Moreover, measurements indicate compressional wave velocities (Vp) ranging from 6.0 to 6.4 km/s,
while shear wave velocities (Vs) span the range of 3.2 to 3.6 km/s [Caldwell et al., 2009; Razi et al., 2014; Sun et al.,
2010; Yang et al., 2010]. Underthrusting of the Indian lithosphere beneath the Tibetan plateau has been observed
in several studies [Basuyau et al., 2013; Huang et al., 2009; Kosarev et al., 1999; Li et al., 2008; Nabelek et al., 2009;
Ni and Barazangi, 1984; Rai et al., 2006; Razi et al., 2014; Tilmann et al., 2003]. All of the above studies inferred the
presence of eclogite in the lower crust of the Indian plate under the Greater Himalaya, as well as in the southern
part of the Tibetan plateau. Additionally, a number of studies have also observed a mid-crustal slow-velocity zone
beneath western Tibet [Bao et al., 2015; Caldwell et al., 2009; Cotte et al., 1999; Gilligan et al., 2015; Rapine et al.,
2003]. This raises two questions in the region: whether there is a slow velocity zone within the middle crust or
whether eclogites exist in the lower crust of India beneath the Greater Himalaya and Tibet. Overall, the debate
regarding the lithospheric structure beneath Tibet remains ongoing. Employing a combined analysis of Rayleigh
wave group velocity dispersion and interpolated receiver function, the examination of crust and uppermost mantle
structure potentially offers an effective method to address this issue.

3. Data and Method

This study used the data from a seismic experiment in western Tibet, which took place from 2007 to 2011.
The experiment was conducted jointly by the United States and China (known as the Y2 array). The seismic
network was distributed in the western part of Tibetan Plateau (Fig. 1a). The station spacing was approximately
40-100 km. It consisted of 30 Streckeisen STS-2 seismometers, recorded by Quanterra Q330 acquisition system at
100 samples per second. The recordings were time-corrected using GPS time. The seismographs were deployed in two
phases: 10 stations operated from 2007 to 2011, and an additional 20 stations operated from 2009 to mid-2011. The
region covered includes a part of KKF, IYS and BNS. We used this data set for constructions the receiver functions.
For the surface wave dispersion, we extracted values from the surface wave tomography for the entire south Asia
using ambient noise and earthquake data [Saha et al., 2020;2021]. We provide a brief overview of the surface wave
dispersion and the receiver functions that were used for the inversion.

3.1 Surface wave dispersions

The group velocities of fundamental mode Rayleigh wave have been computed for the entire Indian shield,
including the Himalaya and Tibet. We utilized Multiple Filter Technique (MFT) method developed by Dziewonski
et al. [1969], and later improved by Herrmann [1973], Bhattacharya [1983], Herrmann and Ammon [2004]. The
group velocity dispersions were calculated for both the cross-correlation of ambient noise data and earthquake
data. The seismological data recorded at 683 seismic stations were used to compute the cross-correlation of
ambient noise (Fig. S1a). Continuous vertical component seismograms were used to compute the cross-correlation
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Figure 1. (a) The tectonic map of Western Tibet along with station location (red triangles) used in the receiver function (RF)
interpolation. Major geological features are represented with QB (Qiangtang Block), LB (Lhasa Block),
BNS (Bangong-Nujiang Suture), KKF (Karakorum Fault) and IYS (Indus-Yarlung Suture). (b) Map of evenly
sampled grid cells used for receiver function interpolation. Each triangle represents a seismic station where the
stacked RFs have been computed. The profile AA" and BB’ are shown, along which the velocity cross-sections
are plotted in Figure 8.

[Bensen et al., 2007]. A total of 18,552 paths were used to calculate the cross-correlation of the ambient noise.
Data recorded for identical dates were cross correlated for 24 hours long records to generate the pair-wise cross
correlation function. Figure S2 illustrates the Rayleigh wave cross correlation at station WT01 in western Tibet.
The cross-correlated functions obtained for each pair of stations are then averaged to generate a symmetric signal
and stacked to improve the signal to noise ratio (SNR). The SNR is calculated by dividing the maximum absolute
in the signal window by the standard deviation of the noise. For the final selection of the data, we have used only
those cross correlation functions whose SNR is greater than 15, and inter station separation is equals to or greater
than 3 times the wavelength [Lin et al., 2008]. The ray path distributions of the selected final data are shown in
Fig. S1b. We then applied the multiple filter taper analysis to each noise correlation function to measure the group
velocities. Next, we added group velocities along 3048 paths spanning the region obtained from the 417 earthquakes
(with magnitude >5.5) recorded at 209 seismic stations. We chose the regional earthquakes between 15°S to 40°N
and 31° to 130°E, with depths varies from 10 km to 95 km (Fig. S3a). The ray path coverage has been improved
by adding these earthquake paths (Fig. S3b). The ray path distribution is for periods ranging from 5s to 70 s,
averaged for every 1° x 1° of the study region. An example of the stacked symmetric cross-correlation function and
corresponding group velocity dispersion for both the inter-station cross-correlation function and the earthquake
source is presented in Fig. 2. The details of the data are published in Saha et al. [2020; 2021].

3.2 Rayleigh wave group velocity tomography and resolution test

The Rayleigh wave group velocities along all source-receiver paths for each period are converted to group
velocity maps. We construct 2D group velocity map for each period by using the methodology of Barmin et al. [2001].
Saha et al. [2021] provide a detailed presentation of the method applied to these sets of data. Figure S4 shows the
Rayleigh wave group velocity maps at different periods: 5, 10 s, 30 s, and 70 s for the entire south Asia. In order
to check the resolution of the group velocity maps, we used two different methods: the spike perturbation method
[Barmin et al., 2001] and the checkerboard resolution test [Rawlinson and Spakman, 2016]. In the spike resolution
test, the spatially distributed response of an impulsive input at a node is inverted to test the fidelity of the resolution
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Figure 2. Rayleigh wave group velocity Vs Period for (a) The earthquake source and (b) The inter-station cross-correlation
function from ambient noise. Background colour indicates the spectral amplitude and group velocities are shown
in blue lines. The corresponding Green’s functions are shown in the right hand side of the figure.

matrix by fitting the output to the Gaussian form of the spike. The width of the spike provides a measure of the
resolution. From this test, we can see the resolution of approximately 100-200 km for periods ranging from 5 s to
70 s in our study region (Fig. S5). Next, we applied the checkerboard resolution test to evaluate the resolution of
the tomography. Velocity perturbations of +6% are assigned to cell sizes of 1° and 2°. The resolution of the ray
paths used for this analysis for a given time period can be estimated by the distinctness with which the original
pattern is reproduced in the inverted model. Figure S6 shows that a cell size of 1° x 1° offers the highest resolution
for the data utilized in this study for periods ranging from 5 s to 70 s. Hence, based on the aforementioned tests, it
is evident that the group velocity maps of the fundamental mode Rayleigh waves are well resolved at 1° x 1° using
the data employed in this study for the western Tibet region.
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3.3 Receiver Function (RF)

The receiver function (RF) is a routinely used method to extract the information of the interior of the Earth.
Here, we used the iterative deconvolution algorithm [Ligorria and Ammon, 1999] in time domain for computing
the RFs. The RFs are computed with Gaussian width 1.6 which corresponds to the frequency ~0.8 Hz. We have
selected the earthquake data recorded for the epicentral distance 30° to 95° and with magnitude greater than 5.5
for the computation of the RFs. For further analysis, we have kept only those RFs whose signal to noise ratio (S/N) is
greater than 8 and the convolution misfit of the radial component signal power is greater than 80%. The S/N of the
RF is evaluated using a least squares misfit approach on the original radial waveform. In the misfit criteria, original
radial waveform is compared with newly constructed radial waveform. In order to equalize the lateral sampling,
we have interpolated the RFs. Chai et al. [2015] has explained in detail the scheme of RF interpolation for the
dataset at western US (transportable array TA) and adjacent Canada (Canadian Rockies and Alberta network, Y5)
and Mexico (Batholith Broadband network XY). They have explained in details about how the interpolation scheme
can be used to extract the average responses for both the wider (TA) and smaller networks (XY and Y5). For the
interpolation process, we utilized a sample grid spacing of 0.5° (Fig. 1b). At each grid point, we implemented station
binning, which involved three bins based on ray parameter ranges. These ranges were set as 0.07 s/km, 0.05 to
0.07 s/km, and less than 0.05 s/km. The purpose of station binning was to ensure equal consideration of nearby
stations and account for any variations in the number of observations available at each station.

We have used the sample grid spacing of 0.5° for the interpolation (Fig. 1b). For each grid point, we have
considered three bins with ray parameter ranges 0.07 s/km, 0.05 to 0.07 s/km, and less than 0.05 s/km. Station
binning equalizes the importance of the nearby stations, accounting for differences in the number of observations at
each station. The available RFs at the seismic stations near to the grid point are binned according to the mentioned
ray parameter ranges. Then, for each ray parameter range, we have constructed the RFs by taking the weighted stack
average of all the waveforms in each bin, considering the grid point as the centre. We have chosen the distance range
of d; and d, to be 50 km and 100 km, respectively, within which the weights of individual RFs are assigned. The
weight given to the signals recorded within the distance d; from the grid point is 1. The weight decreases linearly
from 1.0 to 0.0 with increasing distance from d; to d,. When RFs are densely sampled over a region of stations, the
interpolation method enables us to obtain measurements of the RFs at any place of interest in the region. This also
provides a good azimuthal coverage of the region and, thus, yields a clearer structural image beneath the region.

As the maximum station spacing of the study region is 100 km, we have used d; as 100 km, which allows us to
have data from 5-12 stations located within d,. The interpolation of the receiver functions significantly increases
the signal-to-noise ratio. Figure 3 presents the stacked RFs and interpolated RFs for the study region to assess
their quality of interpolated RF. The interpolation of the RF makes it simplified and smooth. The final output after
the interpolation enhances the arrivals, most likely associated with the crust-mantle transition. The method also
helps to overcome the poorly sampled back azimuthal variation. Often, we are unable to obtain sufficient back
azimuthal coverage of the data. The earthquake location used in this study is shown in Fig. S7. It is clear from the
figure that we do not have sufficient data from the northwest and southwest directions. However, by performing the
interpolation of the receiver functions, we could get the location points in almost all direction of the region. Thus,
we can overcome the back azimuthal coverage problem by using the interpolated receiver functions.

3.4 Joint Inversion

We have used joint inversion of the RF (described in section 3.3) and surface wave dispersion (described in
section 3.1 & 3.2) to obtain the shear wave velocity structure beneath western Tibet. The iterative linearized
damped least square method by Julia et al. [2000] has been used for the inversion. The method states to minimize
the following function S:

Ny 2 Ns 2
Szl_pZ(Ori_Pri) +gz<05j—1’sj> )
Nr =0 Opri Ns =0 Usj

Given the following variables: N; (Total numbers of receiver functions), Ng (Total numbers of surface wave
dispersions), O,; (Observed receiver function at time t;), P; (Predicted receiver functions at time t;), Og; (jth observed



Lithospheric Structure of Western Tibet

b)

Figure 3. Stacked (left panel) and interpolated RFs for stations at western Himalaya and Tibet. Using weights based on the
distance from each station, the interpolated RFs were calculated using the binned RFs within 100 km of the station.

surface wave dispersion), Pg; (jth predicted surface wave dispersion), o,; (the standard errors in receiver function data
set), and oy (the standard errors in surface wave dispersion data set).

In the minimization procedure, an influence parameter, the factor ‘p’ is an a priori value that changes the influence
of either data set. The numerical value of ‘p’ lies in between 0 to 1. Here, we have chosen a value of 0.5, which offers
equal weightage to both datasets. For the initial velocity model, we have considered a half space model with a shear
wave velocity 4.5 km/s (Vp/Vs = 1.73 and density = 3.3 g/cc) down to a depth of 130 km. We achieved convergence of
the inversion model in 10 iterations. We performed the inversion for each ray parameter range of RF at the grid points.
Each step of the inversion is performed for all the three ray parameter ranges of the RFs, and the final shear wave
velocity model is measured as the average of all the models obtained from the three bins of the ray parameter ranges.
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Figure 4. The results obtained from the joint inversion for a selected location at 81.5°N and 32°E. (a) Observed
group velocities (black circles) fitted to dispersion curve (red line) with error bars. (b) Fitting of the stacked
receiver functions (blueline) with synthetic receiver functions (red line) for different ray parameter and error
bounds (grey lines). (c) Final inverted shear wave velocity model, where M denotes the Moho depth and grey
shaded region denotes the layer with shear velocity >4.0 km/s.

The standard error of the RFs is the error that generated while constructing the interpolated receiver functions.
It is calculated from the standard deviation of the waveforms in the bin where the interpolated RF has been
constructed from a weighted stack average of all the waveforms within the particular distance range. The standard
error of the surface wave dispersion data is the maximum error that generated while performing the tomographic
inversion. In the tomography, the traveltimes of the surface wave are converted to group velocities by applying
a set of operators to the traveltime and amplitude fields. In this process, the random error of the traveltime
produces scattering in the group velocity measurements obtained after performing the tomography. We perform the
tomography at each grid point by considering the random errors in the traveltime and takingthe standard deviation
of the group velocities produced at each grid. Figure 4 shows the fitting of the surface wave dispersions and the RF
forall the three bins. This provides us with a more reliable result to accept for our study.

3.5 Depth Resolution

The Rayleigh wave group velocities are measured for different frequencies, which are sensitive to different
depths inside the Earth. For a layered Earth model, the relationship between the Rayleigh wave group velocity
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Figure 5. Sensitivity kernels plot for the fundamental mode Rayleigh wave group velocities at 5, 10, 30, 50 and 70 s periods
with respect to the corresponding depth.

measurements at different frequencies to the different depth inside the Earth can be illustrated using sensitivity
kernels. Figure 5 presents a sensitivity kernel that shows the sensitivity of the Rayleigh wave group velocity to the
shear velocity perturbations at increasing depths. We have shown the depth dependence of the velocity sensitivity
kernels at 5, 10, 30, 50 and 70 s periods. These sensitivity kernelswere constructed using the programGrv_Sens_
Kernel. The depth sensitivity increases with increasing time periods. Figure 5 demonstrates that the 5 s period
is sensitive to depths ranging from 5 to 10 km, as the time period increases, the depth sensitivity increases to
approximately 130 km for the of 70 s period. The sensitivity kernel becomes more flat with increasing time periods,
indicating a larger depth averaging. Therefore, we could able to map down to a depth of 130 km beneath western
Tibet from this study.

3.6 Uncertainty estimation

Estimating uncertainty is one of the crucial parts in modelling the structure from any seismological data. For
both the datasets, RFs and the surface wave dispersion, the error bars are computed while generating the data. We
only considered measurements with acceptable error bars. We used the bootstrap method [Efron and Tibshirani,
1986] to estimate the uncertainties in computing the velocities and the Moho depth. For each set of RFs, the samples
were created by choosing the RFs randomly with repetition. A total of 25 bootstrap samples were created for the
study. We performed interpolation (described in section 3.1) for all these sets of sample and then performed the
joint inversion. The maximum variation of approximately +3 km for the Moho depth was observed, whole for shear
wave velocity, a maximum variation of approximately +0.07 km/s was observed.

4. Results

We utilized a joint inversion technique, combining the interpolated RF and the Rayleigh wave group velocity
dispersion, to construct a 3D model of shear wave velocity for western Tibet region. The resulting shear wave velocity
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Figure 6. Shear wave velocity perturbation at different depth ranges, 6 km, 20 km, 50 km, 70 km, 90 km and 130 km. The
velocity perturbations are plotted relative to the average shear velocity of the respective depths. The average

shear velocity is written on the bottom left corner of each plot.

model at coordinates 81.5N and 32E is depicted in Fig. 4. In Fig.4a, we present the comparison between the inverted
dispersion (red line) and the observed dispersion (black circles) with error bars. Figure 4b showcases the fitting
of the receiver functions, both observed and synthetic, accompanied by error bars. Finally, Figure 4c displays the
comprehensive shear wave velocity model obtained through all stages of the joint inversion process, with the Moho
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Figure 7. The estimated Moho depth beneath western Tibet from the (a) present study and the research by
(b) Gilligan et al. [2015]. Additionally, significant geological features and faults/shear zones are also shown.
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depth indicated by an arrow. The gray shaded area in the figure corresponds to a high velocity layer, characterized
by shear wave velocities exceeding 4.0 km/s.

To gain a better understanding of how velocity anomalies vary with depth, we have depicted the
three-dimensional (3D) shear wave velocity variations that achieved through the joint inversion as horizontal
slices at varying depths beneath western Tibet. Figure 6 showcases velocity slices at depths of 6, 20, 50, 70, 90, and
130 km, illustrating the deviations in velocity relative to the average shear wave velocity. The average velocity is
determined by taking the arithmetic mean of shear velocities at each point within that particular depth. Then we try
to understand the layer wise crustal structure based on velocity variations. In general, the crust can be categorized
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Figure 8. Absolute shear wave velocity variation in the vertical cross-sections along the two profiles AA" and BB’ (shown
in figure 1b). Main features are marked by red ellipse. The topography of the region is plotted on the top. The
red dashed lines represent the location of tectonic boundary and shear zones.
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into upper, middle, and lower layers based on distinct shear wave velocities. The upper crust exhibits shear wave
velocities below 3.5 km/s, while the middle crust ranges between 3.5 km/s and 3.8 km/s. The lower crust possesses
shear velocities greater than 3.8 km/s [Christensen and Mooney, 1995; Christensen 1996].

In western Tibet, we observe the upper crustal velocity down to a depth of 4 km and the mid-crustal velocity
down to around 54 km depth. We observe a comparatively slow shear wave velocity anomaly extending from around
8 km to approximately 40 km depth (less than and equal to 3.4 km/s). The largest velocity gradient, where the shear
wave velocity exceeds 4.2 km/s, is considered the Moho boundary beneath the region. We ensure that this depth
is consistent with the delay time of the P-to-s conversion of the RFs. Experimental studies on rocks and minerals
in the continental crust have identified the Moho as the sharp gradient zone where shear wave velocity shows a
pronounced variation [Christensen and Mooney, 1995; Christensen, 1996]. The lateral variation of the Moho depth
in our study region is shown in Figure 7a.

Inmost parts of western Tibet, the Moho depth is observed around 74 km, except in the south of the IYS. From
the I'YS to the south of the region, the Moho depth is estimated to range from 65 km to 72 km. In the northern part
of western Tibet, we observe a comparatively slow velocity anomaly at depths of between 40 and 65 km. In the
shallow mantle of western Tibet (as deep as 130 km), the velocities have been found to increase with depth. The
shear wave velocity varies from 4.4 km/s to 4.7 km/s in the shallow upper mantle of western Tibet. The absolute shear
wave velocity variations along the N-S and E-W striking vertical cross section profiles, AA" and BB', respectively are
shown in Figure 8. Both the profiles traverse through all the shear zones (BNS, KKF and IYS) in the region. At depths
of around 8 km to 40 km, both profiles clearly illustrate the mid crustal slow velocity anomaly. The right hand side
of the AA' profile exhibits a gradual decrease in velocity between depths of 40 km and 60 km (~3.6-3.7 km/s). This
anomaly is most likely associated with the northern part of western Tibet. The average shear velocity model for the
study region, depicted in Figure 9, reveals the estimated shear wave velocities at various depths beneath western
Tibet. On average, the upper crust exhibits a shear wave velocity of approximately 2.6 km/s, while the middle crust
shows a velocity of around 3.5 km/s. Deeper in the lower crust, the velocity increases to about 3.9 km/s, and in the
shallow upper mantle, it reaches approximately 4.5 km/s. These values provide an overall representation of the
average shear wave velocities in the specific region.
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Figure 9. The average shear wave velocity model for the Western Tibet, where M in the plot is the average Moho depth
beneath the western Tibet.
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5. Discussions

5.1 Nature of the Moho

The estimated Moho depth from our present study suggests thatit isgradually increasing from south to north
beneath western Tibet. From the observed velocity models, we noticed that the overall progression from the crust to
the mantle appeared to be gradational. Overall, our results indicate that the estimated Moho depth of Tibetan block
is thicker than the Himalayan block (Fig. 7a). Based on the Hi-CLIMB experiment, Nabelek et al. [2009] suggested
that such type of Moho geometry is present because of Indian lithosphere intruding underneath the southern half
of the LB. It is interesting to notice that Owens and Zandt [1997] also interpreted their results in the same manner
as the intrusion of Indian lithosphere far northward up to the BNS. For such type of models, the Moho geometry
could be easily explained by the under-thrusting of Indian plate beneath Tibetan plateau.

Our estimated Moho depth variation for the southernmost part of the study region (South of KKF) lies in
between 65 and 70 km. Here, the Moho depths are 6-8 km shallower than those estimated by Gilligan et al. [2015].
With minor variations in depth, our results showed that the average Moho depth is around 74 km under the LB
and QB. Within the LB, our calculated Moho depth is in good agreement with the previous RF and tomography
studies [Wittlinger et al., 2004; Zhang et al., 2014; Gilligan et al., 2015; Razi et al., 2016]. Based on the analysis of
travel time tomography by Razi et al. [2014], they observed a significant change in the body wave velocity between
70 and 80 km, which they interpreted as the Moho depth. By using Common Conversion Point (CCP) stacks of
RFs, Zhang et al. [2014] noticed the Moho at 67-77 km depth, while Wittlinger et al. (2004) observed at a depth of
70-78 km. In a joint inversion approach (RF and surface wave), Gilligan et al. [2015] observed a variation in Moho
depth between 68 and 78 km beneath the LB.

However, our estimated Moho depth is shallower (~74 km) than the depth of 84-90 km observed by Wittlinger
et al. [2004] beneath the QB. But it is consistent with a few other studies [Zhang et al., 2014; Gilligan et al., 2015;
Razi et al., 2016]. Previous studies have noted an important feature related to the geometry of Moho (Moho offset)
in the study region. It has been suggested that Moho has a ~12 km offset at the BNS and ~5-10 km at the KKF
[Wittlinger et al. 2004; Zhang et al., 2014]. However, we find gradual changes in the Moho in these locations instead
of a Moho offset which is compatible with the finding of Gilligan et al. [2015]. Overall, although a few locations of
study region show the Moho depth differences of 3-4 km compared to previous studies, these differences fall within
the acceptable error limit. Discrepancies between the estimates of Moho depth from different studies may exist
due to differences in the underlying methods and the resolution of data. Additionally, it also depends on where the
Moho is picked in the velocity models and how much velocity contrast at the crust mantle boundary. Because of
these factors, it is also a matter of individual interpretation, which can lead to differences in results.

In several parts of Himalaya region, many studies support partial eclogitization in the lower crust. For example,
(i) the RF study by Zhang et al. [2014]; (ii) joint inversion studies by Giligan et al. [2015] and, (iii) the tomographic
studies by Razi et al. [2016]. The gradational Moho observed in the present study also potentially supports lower
crustal eclogitization. The comparatively low amplitude and broad P-to-s (Ps) phases of the RFs suggest the
gradational nature of the Moho observed in the joint inversion models. Since eclogitization is a progressive process
governed by the availability of hydrous melt, the systematic change in RF signature might be explained by lower
crustal eclogitiation [Hetenyi et al., 2007].

However, several other studies have observed steps in the Moho beneath Tibetan plateau. For example,
Hirn et al. [1984], observed a step in the Moho at IYS, Wittilinger et al. (2004] observed a Moho step at BNS, and
Zhang et al. [2014] observed a Moho step at Ghoza fault etc. Our results do not observe any such type of Moho step
at these locations, which is consistent with the previous study by Gilligan et al. [2015]. The Moho step reported by
Wittilinger et al. [2004] and Zhang et al. [2014] is based on the analysis of Depth migration results. Gilligan et al.,
[2015] suggested that sometimes CCP stacks can produce artifact feature and therefore the reported Moho step in
the study region may be incorrect.

5.2 Mid crustal slow velocity

In general, for a normal continental crust, the shear wave velocity ranges fall between 3.5 and 3.8 km/s for mid
crust [Christensen, 1996]. We observed a quite slow shear wave velocity anomaly (Vs 3.0-3.4 km/s) at the mid crustal
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depth of the study region, starting from ~8 km and extending down to ~40 km depth. During our examination of the
mid-crustal slow velocity structure, we encountered two intriguing characteristics (Fig. 8). They are (i) First, even
though we find such a type of structure (mid-crustal slow velocity layer), this signature is not uniform and present
everywhere; (ii) Second, it is dominant beneath the north-eastern part of the study region. Various geophysical and
geological investigations have noticed two different types of observations regarding the mid crustal slow velocity
layer across different parts of Himalaya and Tibetregion [Rapine et al., 2003; Caldwell et al., 2009; Rai et al., 2006;
Oreshin et al., 2008; Razi et al., 2014; Gilligan et al., 2015; Bao et al., 2015]. Some studies find a slow velocity anomaly
[Rapine et al., 2003; Caldwell et al., 2009; Gilligan et al., 2015; Bao et al., 2015) at the mid crustal depth, while others
do not find such type of signature [Rai et al., 2006; Oreshin et al., 2008; Razi et al., 2014].

Caldwell et al. [2009] observed a slow mid-crustal velocity beneath the north-west Himalaya, which is just on the
western margin of the present study. They suggested that this type of structure cannot be explained merely by any
dry metamorphic or plutonic rocks. The partial melting in the presence of water in the upper crust would produce
such slow velocity layer according to Caldwell et al. [2009]. Giligan et al. [2015] also noticed a similar mid-crustal
slow velocity anomaly beneath western Tibet. A mid-crustal slow velocity has also been observed to the east of the
present study by several authors [Bao et al., 2015; Cotte et al., 1999; Rapine et al., 2003]. They have interpreted the
slow velocity anomaly with the presence of melt as a result of water saturation and strong heat production in the
crust, which occurs due to thickening of the crust in the region [Bao et al., 2015; Cotte et al., 1999; Rapine et al.,
2003]. On the other hand from body wave tomography models, Razi et al. [2014] did not observe any such type of
mid-crustal slow velocity anomaly beneath western Tibet. Instead, they observe a well-defined boundary for south
and north of the KKF. Unfortunately, we do not observe any significant boundary in the south and north of KKF in
the present study. Few other studies also do not observe any well-defined boundary to the north and south of the
KKEF [Giligan et al., 2015]. The observed mid crustal slow velocity beneath the entire western Tibet crust is suggestive
of the fact that the KKF does not separate the crust of the Himalaya and the Tibet.

A few questions are of utmost importance before interpreting the results, such as the reliability and resolution
of the observed seismic images. It has been proven that individual data cannot resolve certain Earth features due to
their own limitations and sensitivity issues. In contrast, combining multiple data sets (receiver function and surface
wave) during inversion can help to reduce ambiguity and produce a more accurate image. Gilligan et al. [2015]
pointed out that few previous studies had not been able to resolve slow velocity layers because theyused a single
data set during inversion (either receiver function or dispersion data). In the present study, we used a joint inversion
approach, so the reliability and resolution of the structure are acceptable. Furthermore, we carried out forward
modelling to assess the reliability of slow velocity layers and noticed that the inclusion of slow velocity layers in
the velocity models did not affect the fit between the observed and synthetic data sets. Figure S8 shows the fitting
of the RFs and dispersions along with the model from the forward modelling.

The observed signature of mid-crustal slow velocity cannot be simply described by the presence of general solid
dry crustal rocks. Christensen [1996] provides the laboratory experimental values of the velocity of metamorphic
rocks at room temperature and lithostatic pressure at certain depths. For the mid-crustal temperature, the velocity
can be reduced by 0.2 m/s/°C [Kern et al., 2001]. In general, the mid-crustal temperature in the Himalaya and Tibet
can be considered as ~600 °C [Jamieson et al., 2004; Craig et al., 2012]. Therefore, at a gradient of 0.2 m/s/°C, these
temperatures are not sufficient to bring the room temperature laboratory calculated velocity to the one that we
observed in our study. Thus, we believe that the observed mid-crustal slow velocity anomaly cannot be merely
explained by any dry metamorphic or plutonic rocks.

In general, the slow velocity can also be explained by elevated temperatures [Christensen, 1979]. According to
McKenzie and Priestley [2008], the process of radioactivity in thickened crusts would increase the temperature of
the middle crust. As a consequence, the shear wave velocity would decrease. Another plausible explanation of the
slow velocity is the presence of partial melts. Several studies have concluded that the low resistivity anomalies
revealed from magnetotelluric imaging in north-west Himalaya and the Tibet can be explained by these partial melts
[Arora et al., 2007; Unsworth et al., 2005]. Our observed slow velocity anomaly shows a good spatial correspondence
in depth with slow resistivity anomaly of Arora et al. [2007]. Usually, partial melts or hydrous fluids, or both, can
easily lower the velocity by 7-17%, resulting in a slow velocity in the structure [Watanabe, 1993; Takei, 2000). These
are the plausible explanations given for the high-reflectivity, slow-velocity, or low-resistivity geophysical anomalies
beneath Tibet and the Himalaya [Caldwell et al., 2009; Makovsky and Kemplerer, 1999; Li et al., 2003; Unsworth et al.,
2005; Nelson et al., 1996]. The channel flow model under the Tibet and Himalaya has already been argued by some
studies, but we do not find a stronger argument for it using our current dataset along with the obtained results.
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5.3 Nature of lower crust and shallow upper mantle

Several important features can be observed in the shear wave velocity images presented in this study. These
include: (i) First, the observed velocity variation is significantly different from south to the north at the deeper
crustal depth, (ii) Second, the velocity anomalies along profile AA’ clearly show a dipping structure from the
Himalaya to Tibetan Plateau, whereas this feature is less evident along BB’ profile, and (iii) Third, the thickness of
high-velocity layer (3.8-4.2 km/s) also changes with location.

We observe a comparatively slow velocity anomaly (3.2-3.6 km/s) in the lower crust (40-60 km depth; profile AA")
of western Tibet, which starts from the northernmost part of the LB and continues up to Qiantang block. However, the
southern part of our study region, does not exhibit the same type of slow velocity anomaly at those depth, but rather
a relatively high velocity zone (3.8-4.2 km/s) (Fig. 6). The boundary related to thick high velocity layer (3.8-4.2 km/s)
above the Moho can be seen from the southernmost part of the study region to the south of the LB, and beyond that
the layer looks comparatively thinner. We interpret that the presence of the high velocity zone in the lower crust may
be related to eclogite being transformed from the mafic lower crust. Razi et al. [2014) also observed a high velocity
anomaly in the lower crust and upper-most mantle and proposed similar interpretation. This entire process would
require the Indian crust to underthrust beneath Tibetan plateau.

In the Earth science community, identifying the northern limit of the Indian lithosphere beneath Tibet is of primary
interest. Although several studies have been conducted, it remains one of the most challenging and controversial
topics. Studies generally define the northern limit of the Indian lithosphere based on evidence such as fast velocities
[Huang et al., 2009] and converting boundaries [Nabelek et al., 2009; Schulte-Pelkum et al., 2005]. Using data from the
Hi-CLIMB project, Nabelek et al. [2009] observed a sharp difference in the seismic characteristics of the lower crust and
uppermost mantle south of the LB and the north of it, extending up to BNS. They interpreted the zone north of 31°N and
south of BNS as the boundary between the Indian and Eurasian plates. Our study region lies just adjacent to the seismic
profile of the Hi-CLIMB project in the western part. It is also possible that the velocity variation observed in our study
is indicative of the northern limit of the Indian lithosphere. However, here we cannot interpret the northern boundary
to be the BNS, like the interpretation by Nabeleket al. [2009], as we observe a similar feature beyond BNS in our study
region. Some studies [Priestley et al., 2006; Zhao et al., 2010] on the lithosphere of the Himalaya and Tibet states that
the underthrusting process of the Indian plate northward beneath the Eurasian plate extends up to the northernmost
boundary of Tibetan plateau. Razi et al. [2016] performed upper mantle tomographic studies in the same study region
of ours using regional and teleseismic arrival times of compressional and shear wave. Their study clearly shows that
the colder material underneath the Himalaya and the southern part of Tibetan plateau is limited only up to the LB.

6. Conclusions

We have successfully determined the shear wave velocity variation of the crust and shallow upper mantle
structureof western Tibet. The new geophysical technique, especially the interpolated technique of the receiver
function, has proven effective at overcoming the poorly sampled back azimuthal fluctuations. By combining two
data sets using ambient noise and the earthquakes, we have obtained a wide range of surface wave dispersions,
ranging from 5 s to 70 s. And finally, the joint inversion of receiver function and the surface wave dispersions gives
us a significant insight of the structure beneath western Himalaya and Tibet with best possible resolution using
the existing dataset. The Moho depth in the northern part of western Tibet is ~74 km and in the southern part is
~69 km. The observed gradational change in the Moho is indicative of the lower crustal eclogitazation. The presence
of partial melts is likely responsible for the thick mid-crustal slow velocity beneath western Tibet. In the south and
north of the LB, there is a significant change in the lower crustal velocity, which we interpret as the manifestation
of the Indian lithosphere extending to the southern part of the block.
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