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Abstract we analyze the teleseismic waveform data recorded by 42 temporary stations from the Y2 and
ANTILOPE-1 arrays using the P and S receiver function techniques to investigate the lithospheric structure
beneath western Tibet. The Moho is reliably identified as a prominent feature at depths of 55-82 km in the
stacked traces and in depth migrated images. It has a concave shape and reaches the deepest location at
about 80 km north of the Indus-Yarlung suture (IYS). An intracrustal discontinuity is observed at ~55 km
depth below the southern Lhasa terrane, which could represent the upper border of the eclogitized
underthrusting Indian lower crust. Underthrusting of the Indian crust has been widely observed beneath the
Lhasa terrane and correlates well with the Bouguer gravity low, suggesting that the gravity anomalies in the
Lhasa terrane are induced by topography of the Moho. At ~20 km depth, a midcrustal low-velocity zone (LVZ)
is observed beneath the Tethyan Himalaya and southern Lhasa terrane, suggesting a layer of partial melts
that decouples the thrust/fold deformation of the upper crust from the shortening and underthrusting in the
lower crust. The Sp conversions at the lithosphere-asthenosphere boundary (LAB) can be recognized at
depths of 130-200 km, showing that the Indian lithospheric mantle is underthrusting with a ramp-flat shape
beneath southern Tibet and probably is detached from the lower crust immediately under the IYS. Our
observations reconstruct the configuration of the underthrusting Indian lithosphere and indicate significant
along strike variations.

1. Introduction

The continued convergence between India and Eurasia since their initial collision at 50-65 Ma has led to the
formation of the Tibetan Plateau (DeCelles et al., 2002; Ding et al., 2005; Yin & Harrison, 2000). This raises a
question, how the lithospheric deformation beneath Tibetan Plateau is linked to the >2,000 km of postcolli-
sion consumed lithosphere (van Hinsbergen et al.,, 2011). To address this fundamental problem, several seis-
mic experiments have been conducted in the central and eastern Tibetan Plateau, including INDEPTH (Kind
etal, 2002; Nelson et al.,, 1996; Zhao et al., 1993), Hi-CLIMB (Nabelek et al., 2009), ANTILOPE (Zhao et al., 2010,
2014), and HIMNT (Schulte-Pelkum et al., 2005) which have increased our knowledge of the lithospheric struc-
ture and geodynamic processes. Seismic images suggest that the Indian crust is underthrusting beneath the
Himalaya along the Main Himalayan Thrust (MHT) acting as a decollement layer (Caldwell et al., 2013; Zhao
et al,, 1993) and continues to extend beneath the central Lhasa terrane (Schulte-Pelkum et al., 2005; Shi
etal, 2015; Zhang et al., 2014). During the plate convergence, the Indian upper crust has been partially trans-
ferred into the Himalaya through either crustal-scale thrust duplexing (Gao et al., 2016) or midcrustal channel
flow (Beaumont et al., 2001). Receiver function images along the ANTILOPE-II linear array at ~86°E clearly
show that the MHT is linked to an intracrustal interface at ~60 km beneath the Lhasa terrane, namely, the
Moho doublet, and marks the upper border of the underthrusting Indian crust (Xu et al., 2015). However, it
is unclear whether such underthrusting pattern of the Indian lower crust is applicable for western Tibet
(Gilligan et al., 2015; Razi, Levin, Roecker, & Gilligan, 2014).

There is no consensus on the geometry of the underthrusting Indian lithospheric mantle beneath western
Tibet. Tomographic images indicate that the fast Indian lithosphere mantle has extended subhorizontally
to the Jinsha River suture (JRS) along the ANTILOPE-I profile at ~82°E (Li et al., 2008; Zhao et al., 2014),
consistent with the results of surface wave tomography (Maurya et al., 2016). However, this feature is different
from the ramp-flat geometry of the underthrusting Indian lithospheric mantle that has been imaged by S
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receiver functions (Zhao et al.,, 2010), and the transformation from underthrusting to drip in the Indian litho-
spheric mantle (Razi et al., 2016). Furthermore, the shapes of the underthrusting Indian lithospheric mantle
from west to east exhibit clear along strike variations (Li et al., 2008; Liang et al., 2016; Shi et al., 2015; Xu
etal, 2011).

The depth of the Moho in western Tibet is still debated. At 79-82°E, the Moho deepens northward from
~50 km beneath the Himalaya (Caldwell et al., 2013) to 70-90 km beneath the Lhasa and Qiangtang terranes
with a Moho offset of ~12 km observed at the Bangong-Nujiang suture (BNS) (Rai et al., 2006; Wittlinger et al.,
2004). Based on H-« stacking, the Moho is observed to be segmented along ~80°E by major subvertical faults
(Zhang et al., 2014). In contrast, results from the joint inversion of P receiver functions and Rayleigh wave
group velocity dispersion indicate that no significant offsets exist in the Moho depth other than a
~20-30 km step across the Altyn-Tagh fault (Gilligan et al., 2015).

Midcrustal low-velocity zones (LVZs) at depths of 15-40 km have been widely observed in the eastern Tibetan
Plateau using diverse geophysical methods, including active source seismic experiments (Brown et al., 1996;
Nelson et al.,, 1996), ambient noise tomography (Yang et al., 2012), and receiver functions (Xu et al., 2015).
These midcrustal LVZs coincide with high-conductivity (low resistivity) zones that have been identified by
magnetotelluric (MT) studies (Wei et al., 2001). They are generally considered to be caused by the presence
of partial melt and/or aqueous fluids and provide the necessary conditions for the occurrence of channel flow
(Beaumont et al., 2001). However, several studies have shown that these LVZs are discontinuous and located
at different depths (Hetenyi et al., 2011; Xu et al.,, 2013). Regional tomographic images do not confirm the
existence of LVZs in the middle crust in our study region (Razi, Levin, Roecker, & Gilligan, 2014). Thus, the
spatial interconnection of these LVZs and the feasibility of the channel flow model are still open
for discussion.

This paper explores the Moho, the intracrustal interface, the midcrustal LVZs, and the lithosphere-
asthenosphere boundary (LAB) beneath western Tibet using P and S receiver function (P-RF and S-RF) Jtech-
niques. Our results reveal a detailed geometry of the underthrusting Indian lithosphere and help to identify
the mechanisms of the lithosphere deformation across western Tibet.

2. Data

The seismic waveform data that we used in this study were recorded by two experiments in western Tibet
(Figure 1). The seismic stations cover the Tethyan Himalaya and Lhasa terranes, which are separated by the
Indus-Yarlung suture (IYS). The Y2 array, consisted of 30 Streckeisen STS-2 seismometers and Quanterra
Q330 digitizers, was operated from July 2007 to May 2011 (Razi, Levin, Roecker, & Gilligan, 2014). A north-
south trending linear array, entitled ANTILOPE-1 (the first stage of the Array Network of Tibetan
International Lithospheric Observation and Probe Experiments), was operated between 2006 and 2007 by
the geophysical group of the Institute of Tibetan Plateau Research, Chinese Academy of Science (ITPCAS)
(Zhao et al., 2014). In this study, 12 broadband stations from the southern part of the ANTILOPE-1 profile,
equipped with CMG-3ESP sensors and RefTek 130 data acquisition systems at a sample rate of 40 samples-
per-second, are used to fill the station gaps of the Y2 array (Figure 1).

For the P-RF calculations, we extracted the P wave waveforms for earthquakes from the USGS earthquake
catalog with magnitudes larger than 5.5 Mb and at epicentral distances between 30° and 95°. For the S-RF
analysis, we used the teleseismic earthquakes with magnitude larger than 5.5 Mb and the S and SKS- wave
(S phases) waveforms at epicentral distances of 60°-85° and 85°-120°, respectively. The epicenters of all
the distant earthquakes used in calculating P-RFs and S-RFs are shown in Figure 2. Prior to any other proces-
sing steps, all the seismograms are filtered with a band-pass filter of 1-50 s. We then visually checked all of
the three-component waveforms and selected events with high signal-to-noise ratios as well as clear P- and
S-phase arrivals for further processing.

3. Methodology

The P-RF method employs the P-to-s (Ps) converted waves originating from seismic impedance contrasts to
investigate the velocity discontinuities in the crust and upper mantle, while the S-RF method utilizes the S-
and SKS-to-p (Sp) conversions. P-RFs are useful for studying discontinuities in the crust and mantle
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A ANTILOPE-1
m Y2(IRIS)

Figure 1. Topographic map showing the locations of the seismic stations used in this study. The blue triangles are the stations from the ANTILOPE-1 project, while
the stations from the IRIS Y2 array are shown as black squares. The red dashed lines indicate the locations of profiles X and Y, which were used for depth
migration. Black rectangle in the top right inset shows the corresponding locations of the study region in the Tibetan Plateau. The abbreviations are IYS,
Indus-Yarlung suture; BNS, Bangong-Nujiang suture; MBT, Main Boundary Thrust; MCT, Main Central Thrust; and KKF, Karakoram fault.

transition zones; however, the Ps conversions at mantle lithospheric depths are generally difficult to identify
on P-RFs since they are mostly hindered by the significant reverberations from other possible intracrustal
discontinuities. In contrast, S-RFs have the advantage of being free of the influence of crustal multiples,

O SRF events
+ PRF events

180°

Figure 2. Epicental distribution of the teleseismic events used for the P-RF and S-
RF analyses. The blue triangle marks approximately the center of our study area.

because Sp conversions and crustal multiples arrive on the
opposite sides of the direct S or SKS phases, and, therefore, are
automatically separated from each other (Kumar & Kawakatsu,
2011). Consequently, S-RFs and P-RFs have become
complementary tools for imaging seismic discontinuities in
different tectonic regions.

3.1. Receiver Function Calculation

The procedures for computing the receiver functions mainly consist
of coordinate rotation and deconvolution (Kind et al., 2012; Yuan
et al,, 2006). First, we rotate the three-component seismograms
(ZNE) into a ray-based coordinate system (LQT) that corresponds
to the P-SV-SH components. For P-RF calculation, we use theoretical
back azimuth and incidence angle. For S-RF, to clearly isolate the P-
SV-SH components, we choose an optimized incidence angle, with
which the amplitudes within a time window of 1 s around the S
phases arrival on the P component will be minimized by rotation.
Second, we use a spiking deconvolution in the time domain as a
source normalization procedure to remove the effects of the source
and propagation path (Yuan et al., 1997). A P-RF is thus obtained by
deconvolving the P from the SV component, and an S-RF is a result
of deconvolving the SV from the P component. Since Ps conver-
sions arrive in P wave coda, whereas Sp conversions are precursors
to S, and an Sp conversion from the same discontinuity has an
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Figure 3. Examples of stations WT20 (Y2) and WTP15 (ANTILOPE-1) showing the individual P-RFs sorted by back azimuth (bottom) and the sum traces (top) after
moveout corrections for Ps and PpPs, respectively. The red and blue squares mark the picked arrival times of the Moho Ps and PpPs conversions, respectively.
The green ticks label the time window of Moho PpPs conversion appearance predicted by two V),/V; ratios of 1.6 and 2.0 combined with the picked Moho Ps delay

time.

opposite sign as that of a Ps conversion, the additional steps in the S-RF processing are to reverse the time
axis and to change the sign of amplitudes, so that S-RF can be directly compared with P-RF. At last, we
produce 5685 P-RFs and 2306 S-RFs in total.

3.2. The Moho Depth and V,,/V, Ratio

Under the assumption of a homogeneous crust, the delay times for the Moho Ps and PpPs can be expressed

as follows:
thy = h(\/V;z —p— \/V;Z _pz)
tpps =h<\/V;2fp2+\/V;2 fp2),

where h is the Moho depth, p is the reference slowness, and V,, and V; are the average crustal velocities of P
and S waves. Therefore, the h and V,/V; ratio can be calculated by (Li & Yuan, 2003; Yuan et al., 2002)

h= (thPs - tPs)/z\/ V;Z 7p2

Vp/Vs = /A* — (A2 = 1)p2V2

where A= (tppps + tps)/(tppps — tps).

We stack P-RFs for each station for two separate time windows encompassing the Ps and PpPs crustal multi-
ple phases, respectively. Before the summation, all of the P-RFs are moveout corrected to a reference slow-
ness of 6.4 s/° (corresponding to a reference epicentral distance of 67°) for the Ps and PpPs, respectively.
Based on the available Moho depths beneath western Tibet, the Moho Ps conversion appears in a time
window of 5-12 s, which can be taken as the reference for picking the Moho Ps phase. We then pick the
Moho PpPs phase at each station within a short time window predicted by the corresponding Moho Ps delay
time and two V,,/V; ratios of 1.6 and 2.0. Figure 3 clearly indicates two examples of picking Moho Ps and PpPs
phases at adjacent stations WT20 and WTP15, which belong to Y2 array and ANTILOPE-1 profile, respectively.
The appearance of P-RFs and the delay times of the Moho Ps and PpPs phases for both stations are very simi-
lar, which also proves the compatibility of both data sets. Using the Ps and PpPs arrival times to estimate the
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Moho depth and V,/V ratio, the uncertainties are mostly caused by the reading errors of the Ps and PpPs
delay times. For each station, we perform 100 bootstrap realizations of the above mentioned procedures with
the same number of P-RFs randomly selected from the original data set, to calculate the two standard devia-
tions (2o0) of the mean value, which can be regarded as the rough estimation of the uncertainties in Moho
depth and V,,/V; ratio. In addition, an average crustal V, of 6.2 km/s from a regional travel time tomography
is used (Razi, Levin, Roecker, & Gilligan, 2014). To explore the uncertainties in Moho depth and V,,/V; ratio
resulting from the choice of average crustal V,, we recalculate the Moho depths and V,,/V; ratios of all the sta-
tions using average crustal V,, of 6.0 km/s and 6.5 km/s. The uncertainties generated by this analysis are less
than +4.0 km for the Moho depth and no more than +0.01 for the V,,/V ratio. The prevailing H-k stacking
method does not provide reliable results at most stations, which can likely be attributed to the weak Moho
multiples and the disturbance of intracrustal layers.

3.3. Depth Migration

To intuitively visualize the subsurface structures revealed by the receiver functions, we create linear depth
sections by a common conversion points stacking technique (CCP) (Dueker & Sheehan, 1998; Kind et al.,
2002; Ryberg & Weber, 2000), which is equivalent to depth migration and has been widely adopted in many
studies around the world. Each depth profile is divided into grids with spacing of 2 km along the profile and
2 km in depth. The Ps (Sp) amplitudes of each receiver function are back projected to their spatial conversion
points along the raypath. The velocity model used for the ray tracing is composed of a 80 km thick crust with
an average V,, of 6.2 km/s and a V,,/V; ratio of 1.732, underlain by the IASP91 mantle structure. All of the ampli-
tudes are then stacked along the direction perpendicular to the profile within a width of 200 km to generate a
vertical cross section, taking into account the piercing point distributions at depths of Moho and LAB. Finally,
we perform the horizontal stacking within one Fresnel zone along the profile to produce a smoothed image

for structural interpretation. The radius of one Fresnel zone is computed using 4 /%ih + 11—6/12, where 1 is the

wavelength depending on the V; and the dominant period of the signal, and h is the depth (Ryberg &
Weber, 2000). At a depth of ~70 km, this lateral width is ~11 km for P-RF and ~23 km for S-RF.

To demonstrate the stability of CCP image features and assist the subsequent tectonic interpretations, we run
100 bootstrapping realizations of CCP stacking with a subset of 90% of total receiver function along each pro-
file. Based on these realizations, we compute the number of the standard deviations in each grid of the CCP
image along profiles X and Y (see supporting information, Figures S1 and S2). Given that the different num-
bers of P-RFs and S-RFs are used in CCP stacking, only the grids with amplitudes larger than two standard
deviations for P-RF CCP image and 1.5 standard deviations for S-RF CCP image are considered as the
robust observations.

There is no widely accepted velocity model available for our study area so far, so the depth errors in the CCP
image mostly come from the deviations of our 1-D velocity model used from the actual structure of the Earth.
Tests have proved that a 5% change in the average V), or V,,/V ratio relative to the selected velocity model
may account for ~3 km uncertainties in the Moho depth for the CCP stacking of P-RFs (Caldwell et al.,
2013). On the other hand, the vertical resolution of receiver function can be determined by half of the wave-
length of the S wave (Levin et al., 2016). The dominant periods of the P-RFs and S-RFs in our study are 1 s and
4 s, respectively, corresponding to maximum vertical resolutions at the Moho of 2 km for Ps and 8 km for Sp
conversions assuming a lower crustal V; of 4.0 km/s. Likewise, the errors in the LAB depth identified by CCP
stacking of S-RFs are inferred to be about 9 km for a lithospheric mantle V; of 4.5 km/s. We conclude that the
uncertainties introduced by the selected velocity model are unlikely to significantly distort the pattern of the
final CCP images.

4, Results and Discussion
4.1. Moho

Figures 4 and 5 present the stacked traces of the P-RFs at each station along lines X and Y, respectively. Each
section is divided into two time windows, which encompass the Moho Ps (—5 to 15 s) and PpPs phases (15 to
45 s), respectively. Prior to stacking, zero-phase band-pass filters of 2-50 s and 4-50 s are applied to all P-RFs
in the Moho Ps and PpPs phases windows, respectively. The Moho PpPs phase can be more reliably identified
at lower frequency. In Figures 4 and 5, the Moho Ps phases with coherent positive amplitudes between 6.5 s
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and 10 s are clearly recognized along lines X and Y, while the positive pulses with significant amplitudes at
~1 s represent both the Ps conversions from a shallow sediment layer and the remaining P energy. At five
stations (WT04, ZNBA, NOMA, WT08, and GARY), where no clear Moho PpPs phases can be reliably picked,
we estimate the Moho depths using the Ps delay times and a V,/V; ratio of 1.732. In this case, the
uncertainty in Moho depth has positive correlation with the Moho Ps time except the deviation between
the real V,/V; ratio and 1.732 (Xu et al,, 2010). The estimated Moho depths and uncertainties from all of
the available stations are summarized in Table S1 in the supporting information.
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Figure 5. Same as Figure 3 but for section Y.
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Moho depths derived in Figures 3 and 4 for comparison with the smooth
Moho (black dashed line) in the P-RF images. The green and black dashed
lines mark the intracrustal interface (IC) and the top of LVZ, respectively.
(c) Map of Ps piercing points at 80 km depth (red pluses) along with the

locations of the two CCP profiles.

We also construct P-RFs CCP stacking images along profiles X and Y
(Figure 6). In both sections, the Moho can be clearly imaged by the strong
positive signals, marked by the black dashed lines. We mark the Moho
depths calculated by picking Moho Ps and PpPs delay times (Figures 4
and 5) onto the CCP stacking images (green crosses). The two types of
Moho depth estimates agree well with each other at most places.
Differences beneath some stations are resulted from the deviation of
actual crustal V,/V; ratio from 1.732 in the model, used for the
CPP stacking.

Our Moho depth estimates agree with the results derived from the joint
inversion of the P-RF and group velocity at most stations of the Y2 array
(Gilligan et al., 2015) with discrepancies of less than 5 km, which is within
a reasonable range of uncertainty. However, at WT19, WT08, WT07, and
GARY, our Moho depth estimates are 10-20 km deeper than those
obtained by Gilligan et al. (2015). These stations are close to the IYS and
the Karakoram Fault and have double positive pulses at the time where
Moho arrival may appear. A possible explanation for these differences is
that Gilligan et al. (2015) chose the phase at about 6.5 s as the Moho, while
we believe that it marks the intracrustal discontinuity and pick the later
phase as the Moho conversion, which has larger amplitude than the
Moho signal, probably due to a gradual Moho velocity contrast. At some
other stations, the differences in the Moho depths are less than 10 km
and can be explained as being induced by different V,/V; ratios used in
the two studies. We determined the V,/V,, ratio from the receiver func-
tions, while a fixed V,,/V; ratio of 1.79 was used in Gilligan et al. (2015).

Along line X, the Moho deepens northward from ~55 km at 30.2°N south of
the IYS to its deepest point of ~80 km at ~31.5°N beneath the central Lhasa
terrane, shallows to ~67 km beneath northern the Lhasa terrane, and then
deepens to ~75 km under the BNS. Along line Y, the Moho deepens across
the 1YS from ~55 km at ~30.2°N to the deepest location of ~82 km at
~31.7°N and then shallows to ~78 km beneath the northern Lhasa terrane.
Therefore, it can be inferred that the Moho depth exhibits similar concave
variations along the two lines, which resembles the previous observations
from receiver functions farther east along the Hi-CLIMB, INDEPTH, and
ANTILOPE-2 profiles (Kind et al., 2002; Nabelek et al, 2009; Xu et al,
2015) and to the west along TW-80 experiment at ~80°E (Zhang et al.,
2014) and a profile at ~77°E (Rai et al., 2006).

The deepest Moho in our study region is located approximately 50 to
80 km north of the IYS, which is similar to that observed within tens of
kilometers north of the IYS along the profiles mentioned above, except
along a profile at ~92°E, where the Moho depth increases to ~70 km about
60 km south of the IYS and becomes horizontal until ~160 km north of the
IYS (Shi et al., 2015). The continuity of the Moho across the IYS observed in
this study could indicate that the Karakoram fault (KKF) does not cut

through the crust, which is consistent with the analyses of a seismic reflection profile at 81.5°E showing that
the KKF is confined to the upper crust at depths of less than 15 km (Gao et al., 2016). Our observation is in
conflict with the interpretations of the TW-80 experiment, which suggested that small changes in the
Moho depths mark zones of localized shear on the subvertical tectonic boundaries (Zhang et al., 2014).

4.2, Underthrusting of the Indian Crust

As shown in Figures 4-6, we observe another prominent positive conversion, approximately 20 km above the
Moho. This intracrustal interface dips gently northward from ~35 km beneath the Tethyan Himalaya to
~55 km beneath the southern Lhasa terrane, which is referred to as the Moho doublet in the INDEPTH
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Figure 7. White lines denote the locations of the underthrusting Indian lower crust observed along several experiments in southern Tibet (Kind et al., 2002; Nabelek
etal,, 2009; Shi et al., 2015; Xu et al., 2015; Zhang et al., 2014). The background image is a smoothed Bouguer gravity model EGM2008 (Pavlis et al., 2012) with a spatial
Gaussian filter of 150 km. The blue and black dashed lines from two different tomography results mark the front of the Indian lithospheric mantle (Bijwaard &
Spakman, 2000; Kind & Yuan, 2010; Li et al., 2008).

section (Kind et al., 2002). This doublet represents the presence of a high-velocity layer above the Moho,
which also has been observed along ANTILOPE-2 profile (Xu et al., 2015), Hi-CLIMB transect (Nabelek et al.,
2009), TW-80 experiment at ~80°E (Zhang et al.,, 2014), and a profile at ~92°E (Shi et al.,, 2015). Gilligan
et al. (2015) show some evidence of a small velocity increase in the velocity models and a clear conversion
in the receiver functions above the Moho for some stations in the Lhasa terrane, which are consistent with
the feature of this intracrustal discontinuity.

The intracrustal discontinuity south of the IYS coincides with the location of the MHT in an adjacent reflection
profile at 81.5°E (Gao et al., 2016). The MHT is a strong midcrustal reflector beneath the Tethyan Himalaya that
was first suggested by wide-angle seismic reflections at 90°E (Hirn et al., 1984) and was confirmed by the
INDEPTH near-vertical reflection profile (Zhao et al., 1993). The MHT, with a ramp geometry beneath the
Tethyan Himalaya, was identified either as a negative velocity contrast on the Hi-CLIMB receiver function
section that was attributed to the presence of trapped fluid (Nabelek et al., 2009), or as an anisotropic shear
zone along the HIMNT profile (Schulte-Pelkum et al., 2005). However, the MHT likely has different polarities in
different regions due to different lithologies juxtaposed across this interface. It becomes a positive impe-
dance contrast beneath the Tethyan Himalaya (Caldwell et al., 2013; Shi et al., 2015). Therefore, we tentatively
link this positive intracrustal conversion to the MHT south of the surface exposition of IYS and interpret it as
the top of the underplated Indian crust beneath the southern Lhasa terrane. This interpretation means that
this intracrustal interface links the MHT to the top of the Indian lower crust and marks the upper boundary of
the underthrusting Indian crust beneath the Himalaya and the southern Lhasa terrane. Along this interface,
the Indian upper crust and sediments extrude southward, perhaps either by crustal-scale duplexing (Gao
et al,, 2016) or by channel flow (Beaumont et al., 2001). The fast Indian lower crust has attached to the base
of the crust beneath the central Lhasa terrane (~32°N), whose front zone has thickened due to the obstruc-
tion of the stronger northern Lhasa terrane. In addition, evidence of high P wave velocity (Schulte-Pelkum
et al, 2005), high density (Hetenyi et al,, 2007), and low V,,/V ratios (Wittlinger et al., 2009) suggests that
the fast Indian lower crust has acquired variable degrees of eclogitization beneath Tethyan Himalaya and
the southern Lhasa terrane.

The underthrusting Indian lower crust has been observed in the southern Lhasa terrane along a number of
N-S trending profiles, whose northern limit varies along strike from east to west (Kind et al., 2002; Nabelek
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etal, 2009; Shi et al., 2015; Xu et al., 2015; Zhang et al.,, 2014). The Indian crustal underthrusting is widespread
beneath the Lhasa terrane, has contributed to the crustal thickening, and results in the deepest Moho there.
In Figure 7, we present these observations superposed on the Bouguer anomaly map derived from the
gridded gravitational model EGM2008 (Pavlis et al.,, 2012). The Bouguer gravity data have been smoothed
by a Gaussian filter with a width of 150 km. Two large-scale east-west stretching gravity lows are prominent
in northern Tibet and in the southern Lhasa terrane. The two gravity anomalies have been separated by Pavlis
et al. (2012) with low- and high-pass filters, respectively. The anomaly in northern Tibet has a much longer
wavelength and may have more influence from mantle lithosphere, while the other anomaly in the southern
Lhasa terrane has a shorter wavelength (much enhanced after a high-pass filter in Mishra et al. (2012)) and
should receive more crustal contribution. As shown in Figure 7, there is a good agreement between the
observed underthrusting Indian lower crust and the low Bouguer anomaly in the southern Lhasa terrane,
which indicates a close connection between them. Jin et al. (1996) explained the Bouguer anomaly with a
model of overlapping of Indian and Eurasian plates. However, regional tomography results indicate that
the lateral heterogeneous Indian lithosphere extends to the IYS in western Tibet (Razi et al., 2016), to the
BNS in central Tibet and to the JRS in eastern Tibet (Basuyau et al.,, 2013; Liang et al., 2016). These observations
of the front of the Indian mantle lithosphere together with other different tomography results (Bijwaard &
Spakman, 2000; Kind & Yuan, 2010; Li et al.,, 2008), as indicated by the two lines in Figure 7, do not match
the geometry of the gravity low in the Lhasa terrane. So it seems that the gravity anomaly in the Lhasa terrane
is not likely related to the plate geometry but to the underthrusting Indian lower crust causing the maximum
crustal thickness under the Lhasa terrane.

4.3. Midcrustal Low-Velocity Zone

In Figure 6, a strong negative signal is identified beneath the Tethyan Himalaya and the southern Lhasa
terrane with a data gap immediately south of the IYS. This interface has a south-dipping geometry from
~15-20 km beneath the southern Lhasa terrane to ~25 km beneath the Tethyan Himalaya and is generally
considered as the top of a midcrustal LVZ. This LVZ is also clearly visible at the same location in the shear
velocity section from the Y2 array (Gilligan et al., 2015; Razi, Levin, Roecker, & Huang, 2014) and is in agree-
ment with similar observations along the ANTILOPE-2 profile in the central Lhasa terrane (Xu et al., 2015)
and along INDEPTH reflection profiles (Brown et al., 1996; Nelson et al., 1996), receiver function images
(Yuan et al., 1997), ambient noise tomography (Yang et al., 2012), and MT studies (Wei et al., 2001) in the
eastern Lhasa terrane.

The formation of this midcrustal LVZ is related to the partial melting of the crust created by the joint effects of
excess water and high crustal heat production (Wei et al., 2001). This water can be released either from the
underthrusting sediments (Nabelek et al., 2009) or from the basal erosion of the overlying Tibetan crust
during the Indian crust underthrusting. The high crustal heat production can be attributed to the high radio-
activity in the overthickened Tibetan crust (Nelson et al., 1996) and shear heating from the plastic deforma-
tion (Hochstein & Regenauer-Lieb, 1998). So the south-dipping midcrustal LVZ is likely dominated by a
temperature distribution and is expected to be warmer beneath the Lhasa terrane and colder toward the
south of IYS. In addition, the combination of aqueous fluids and partial melting resulted from the crustal
thickening can be responsible for the midcrustal LVZ (Li et al.,, 2003), whose properties coincide with a
high-conductivity zone (Chen et al., 1996; Wei et al., 2001), highly attenuated crustal Lg waves (Reese et al.,
1999), and some negative polarity bright spots discovered in INDPETH experiment (Brown et al., 1996).

The presence of the midcrustal LVZ seems to be widespread in southern Tibet along the strike, but the lateral
continuity of the midcrustal LVZ has not been determined (Hetenyi et al., 2011). On the other hand, we could
not directly infer the occurrence of channel flow according to the existence of the midcrustal LVZ, because
the crustal viscosity coefficient, which is the crucial link between them, is unknown (Bendick & Flesch,
2007). The measurements of 3He/4He ratios in geothermal springs suggest that the KKF may have modified
the channel flow extrusion of the Himalaya in southwestern Tibet (Klemperer et al., 2013). Therefore, we
cannot determine whether the channel flow model is accurate or not in southern Tibet in this study.
However, we infer that this midcrustal LVZ may form a decollement that decouples the thrust/fold structures
of the upper crust from the shortening and underthrusting involved in the lower crust during the thickening
of the Tibetan crust.
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Figure 8. (a, b) Depth migrated images of the S-RFs along profiles X and Y.
The Moho depths derived in the stacked traces from Figures 3 and 4 and
CCP stacking images of the P-PRFs from Figure 5 are marked by the green
crosses and black dashed lines, respectively. The recognized LABs in this
research are denoted by the green dashed lines. The yellow and pink dashed
lines (Figure 8a) mark the LABs from Kumar et al. (2013) and from Zhao et al.
(2010) for reference, respectively. (c) Map of Sp piercing points at depths

of 80 km (red pluses) and 200 km (blue pluses) along with the locations of the
two CCP profiles.

4.4. LAB

To investigate the structure of the mantle lithosphere, we create S-RFs CCP
stacking sections along profiles X and Y. As shown in Figure 8, the Moho is
the most striking discontinuity along both profiles. The Moho depths are in
good agreement with those determined by the P-RFs analysis, which also
confirms the validity of our S-RFs images. The detection of the LAB conver-
sions is less straightforward, because they are usually weak signals, often
disturbed by noise. Here we refer to previous studies in the similar area
(Kumar et al., 2013; Zhao et al,, 2010) to detect coherent negative conver-
sions below the Moho. Along line X, a negative discontinuity below the
Moho with a ramp-flat geometry extends northward from ~130 km below
the Tethyan Himalaya to 200 km about 30 km north of the IYS and remains
nearly horizontal below the Lhasa terrane. This discontinuity can also be
traced along profile Y, where it deepens northward from ~130 km below
the Tethyan Himalaya to ~170 km near the IYS and becomes invisible
beneath the northern part of the profile, where only about four stations
are available for the CCP stacking. Given that most of the stations along
profile Y are located along the IYS, we believe that the variations of this
interface are consistent in the two profiles. Moreover, the more prominent
pulses with the negative polarities immediately below the Moho probably
are Moho sidelobes. Given that the amplitude deviation for each bin
shown in Figure S2, we suggest that other strong negative features prob-
ably reflect noise or scattering associated with small-scale heterogeneities
in the upper mantle.

Following Kumar et al. (2013), where the thickness of the Indian litho-
sphere is determined to be ~135 km near the MCT, we interpret this nega-
tive discontinuity as representing the Indian LAB beneath southern Tibet.
Our observations of the Indian LAB have already been presented by Zhao
et al. (2010). However, the S-RF images in this study are provided by many
more stations and with more sophisticated CCP stacking technique. The
shapes of the Indian LAB observed in our S-RF images correlate well with
those from P wave tomographic images (Li et al., 2008) and low-resolution
surface wave tomography (Maurya et al.,, 2016). In addition, synthetic tests
have been performed to evaluate the robustness of our identified LABs.
We calculate the synthetic S-RFs using the RAYSUM software based on
the real-data distribution (Frederiksen & Bostock, 2000). Models contain a
homogeneous crust and mantle lithosphere defined by the Moho and
LAB indicated in Figures 6 and 8. Migrated images from synthetic S-RFs
are conducted in the same processing steps as applied for the real data
(see supporting information). The well-resolved LABs in synthetic images
of profiles X and Y correlate well with that of the synthetic models
designed by the real migrated images, which also justifies the reliability
of our estimated LAB:s.

The geometry of the LAB suggests that the Indian lithosphere is under-
thrusting beneath the southern Tibet with ramp-flat geometry and has

probably reached the JRS (Zhao et al., 2010). Since the Indian lithospheric mantle beneath the Himalaya is
about 70 km thick (Kumar et al.,, 2013), we speculate that the Indian lithospheric mantle detaches from the
lower crust just under the IYS (Figure 9). However, the top of the Indian lithospheric mantle is not identified
in our migrated images, probably because the velocity contrast between the two plates is too small to be
detected. The position where the detachment begins in our study is ~50 km south of where it was identified
along the INDEPTH profile at ~90°E (Kosarev et al., 1999), and about ~50 km north of the proposed mantle
suture at ~92°E (Shi et al.,, 2015); Nabelek et al. (2009) proposed a coupled underthrusting between the
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Figure 9. Sketch showing the configuration of the underthrusting Indian lithosphere. Our observations of the Moho, intra-
crustal interface, LVZ, and LAB are indicated by solid lines.

Indian crust and lithospheric mantle rather than a detachment along the Hi-CLIMB profile. In combination
with the variations in the depth, shape, and northern borders of the Indian LAB along typical south-north
sections as we discussed previously (Xu et al., 2011), these differences strongly support that the geometry
of the underthrusting Indian lithosphere exhibits significant along strike variations (from west to east).

5. Conclusions

We investigate the lithospheric structure below western Tibet using the P-RF and S-RF techniques. The main
conclusions are summarized by Figure 8 and are outlined as follows:

1. The Moho ranges in depth between 55 and 82 km with a concave shape and reaches the deepest location
of 82 km north of the IYS.

2. Anintracrustal interface at a depth of ~55 km beneath the southern Lhasa terrane probably connects the
MTH south of the IYS and represents the upper boundary of the underthrusting Indian crust. Our preferred
interpretation suggests that the eclogitized Indian lower crust has extended to the central Lhasa terrane
(~32°N), which may have caused the Bouguer gravity low in the Lhasa terrane.

3. Amidcrustal LVZ is observed at 15-25 km beneath the Tethyan Himalaya and the southern Lhasa terrane,
which reflects the presence of partially molten crust. We propose that this LVZ reconciles the thrust/fold
deformation of the upper crust from the shortening and underthrusting associated with the lower crust.

4. The LAB is observed at depths of 130-200 km, suggesting that the Indian lithospheric mantle is under-
thrusting beneath southern Tibet with ramp-flat shape and probably detaches from the lower crust just
under the surface of IYS.
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