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Abstract

Postcollisional downgoing of the Indian plate has absorbed large amounts of the
Cenozoic India—-Asia convergence and is a key process governing the Tibetan
Plateau’s evolution and growth; however, to date, whether the Indian slab is currently
subducting or underthrusting is still controversial. Here, we present new constraints on
the nature of seismic anisotropy within the crust of the eastern Lhasa terrane and the
adjacent areas by exploiting the splitting phenomenon of P-to-S converted phases from
the Moho. A crustal seismic anisotropy dataset in the main collisional belt of Tibet is
then assembled by incorporating the newly obtained and published measurements.
Our results highlight the systematic changes in preferred orientation of deep-crust
anisotropic minerals along the perpendicular direction of the Himalayan arc, with a
sharp northward transition from convergence-parallel to orogen-parallel directions
occurring at ~450 to 500 km north of the Main Frontal thrust. The latter observation
provides an estimate of the northern frontier of the Indian lower crust from the per-
spective of seismic anisotropy and indicates overall and long-distance underthrusting of
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the Indian plate under Tibet.

Introduction
Continents collide after closure of oceans because of convergent
forces of lateral ridge push, mantle drag, and high-angle slab pull
(Li et al,, 2023). Although initially deemed unlikely, the capabil-
ity for a buoyant continental plate to subduct has been exten-
sively demonstrated by geophysical and geological evidences,
as well as geodynamic simulations (Zheng, 2012; Li, 2013;
Zhao et al, 2015). Yet the real-world kinematic behaviors of
the downgoing continental plate during continental collision
vary from place to place and remain elusive. Taking the
Tethyan domain that hosts several archetypical collisional sys-
tems, for example, the European slab subducts steeply under the
western Alps (e.g., Zhao et al., 2015), the Arabian plate under-
thrusts the Eurasia in a low angle beneath the Iranian plateau
(e.g., Yang et al., 2023), and in the Tibetan plateau further east,
the dynamics of the collision zone seem to be more complex
and less clear.

The Tibetan Plateau, the broadest and largest plateau on
Earth with an average altitude of ~4500 m, was built on a
tectonic collage created by a series of collisional events between
Gondwana-derived terranes and the Asian continent since the
Neoproterozoic to the early Paleozoic period (Zhang et al.,
2017; Wu et al., 2020). From north to south, the Jinsha Suture
(JS), the Bangong-Nujiang suture (BNS), and the Indus-
Yarlung Tsangpo suture (IYS) document the geological history
related to the opening and closure of Paleo-, Meso-, and
Neo-Tethyan oceans, respectively (e.g., Yin, 2000). The hard
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collision between India and Asia was initiated at ~50 to
60 Ma after the closure of the Neo-Tethyan ocean (e.g.,
Tapponnier et al, 2001; Hu et al., 2016). Plate convergence
is mostly accommodated by crustal shortening and thickening,
as well as the recycling of the Indian-Tibetan lithosphere into
the mantle (van Hinsbergen et al., 2019; Wu et al., 2022). These
geodynamic processes have uplifted Tibet into a modern-like
plateau (Ding et al., 2022).

Competing hypotheses have been proposed regarding the
kinematics of the consumed Indian slab. Li et al. (2008), based
on the imaged northward-dipping high-velocity body down to
the mantle transition zone depths, argued that the Indian slab
began steep subduction prior to reaching the IYS (Fig. 1 inset,
pink dashed line). Chen et al. (2017) showed a T-shaped high-
wavespeed structure in the upper mantle of southern Tibet
from adjoint tomography, interpreted as the superposition
of the underthrusting Indian lithosphere extending to the JS
and the delaminated Tibetan lithosphere beneath (Fig. 1 inset,
red dashed line). Because slabs tend to advance farther in the
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Figure 1. Shaded relief map of the main collisional belt of the
Tibetan plateau. The locations of ZJU-Tibet Il seismic stations used
in this study are shown by blue-filled squares. Faults and suture
zones are from Taylor and Yin (2009). White thick lines with
annotations show x and y axes of the coordinate system used for
the projection of anisotropy parameters along orogen-parallel and
convergence-parallel directions in Figure 4. Green arrows denote
Global Positioning System (GPS) velocities relative to the stable
Eurasia plate (Gan et al., 2007). Previously inferred Indian crustal
front from receiver function (Kind et al., 2002; Nabélek et al., 2009;
Zhang et al., 2014, Shi et al., 2016; Xu et al., 2017) and mag-
netotelluric (Xie et al., 2017) imaging are denoted by purple and

1 | |
88° 90° 92° 94°

yellow stars, respectively. The rifts mentioned in the Implications for
crustal deformation in southern Tibet section and figures are
labeled [(a) Leo Pargil, (b) Gurla Mandhata, (c) Thakkhola, (d)
Gyirong, (e) Kung Co, (f) Xainza, (g) Dinggye, (h) Gulu, (i) Yadong,
(j) Woka, and (k) Cona]. The sketch tectonic setting of the study
area (white box) is indicated in the top right inset. In this inset,
Indian mantle fronts delineated by seismic tomography studies
(Li etal., 2008; Bao et al., 2015; Chen et al., 2017) are denoted by
dashed lines. BNS, Bangong—Nujiang suture; IYS, Indus-Yarlung
suture; JS, Jinsha Suture; MFT, Main Frontal thrust; MT, magne-
totelluric data; RF, receiver function; TOMO, tomography. The color
version of this figure is available only in the electronic edition.

lateral direction when the dip angle is small (e.g., the low-angle
underthrusting Nazca plate extends farther inboard under the
South American plate than the steeply subducting counterpart;
Hayes et al., 2018), identifying the precise lateral extent of the
disappearing India can help to illustrate the slab kinematics
during India-Asia collision. However, no consensus has yet
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been reached regarding how far north the Indian plate has
advanced beneath the plateau.

Aside from the aforementioned varying Indian mantle front
(IMF), large discrepancies also exist for the inferred locations
of Indian crustal front (ICF) at the top of the underthrusting
Indian lithosphere. In P-wave receiver-function (P-RF) images
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of southern Tibet, the widely observed two positive converted
phases originated at the base of the crust (ie., Moho
doublet) are often regarded as the indictor of partially eclogi-
tized Indian lower crust (e.g., Kind et al., 2002; Nabélek et al.,
2009; Zhang et al., 2014; Shi et al.,, 2016; Xu et al, 2017, 2022;
Shi et al, 2020). Its spatial extent suggests that the ICF has
reached ~33.5° N at ~80° E, ~31° N at ~90° E and approx-
imately follows the trend of the Himalayan arc (Fig. 1, purple
stars). However, this long-distance underthrusting scenario has
been questioned by several deep seismic-reflection profiles
operated across the IYS that favor crustal-scale duplexing
model with limited amounts of mafic Indian lower crustal
materials extruding to the Lhasa terrane (e.g., Gao et al,
2016; Guo et al., 2017; Wang, Thybo, and Artemieva, 2021).

Seismic anisotropy at depths normally stems from lattice-
preferred orientation of anisotropic minerals such as amphib-
ole, mica, and olivine in response to tectonic strain (Silver,
1996; Savage, 1999). Therefore, constraining dominant seismic
anisotropy signatures in the region can in turn provide valu-
able constraints on tectonic processes beneath. Shear-wave
splitting, a commonly used and a robust technique to probe
seismic azimuthal anisotropy, has been widely used to study
the crustal deformation processes of the main collisional belt
of Tibet. For local S-wave splitting reflecting upper-crustal
anisotropy, delay times are generally small (<0.15 s), and fast
polarization directions agree with stress directions or strike of
local structures (Kanaujia et al., 2019; Wu, Tian, Xu, Liang,
Chen, Zhu, et al., 2019; Guo and Gao, 2020; Roy et al.,
2021; Wang, Chang, and Ding, 2021; Hajra et al, 2022; Liu
et al., 2023; Zhang et al., 2023). P-to-S converted phases from
the Moho (Pms) on P-RFs have also been exploited to con-
strain bulk anisotropy of the crust in Tibet (Zhang and
Tian, 2011; Wu et al, 2015; Paul et al., 2017; Wu, Tian, Xu,
Liang, Chen, Taylor, et al, 2019; Huang et al., 2021; Saikia
et al, 2022; Wadhawan et al., 2022; Nie, Li, et al., 2023).
Zhang et al. (2023) quantified the Pms splitting characteristics
in western—central Tibet using ZJU-Tibet I and II array data,
which showed correlation between anisotropy and tectonic
regimes and further illustrated the mechanisms underlying
southern Tibetan rifting. Moreover, horizontal layering of
crustal anisotropy has also been suggested by intracrustal con-
verted phases on P-RFs (Ozacar and Zandt, 2004; Sherrington
et al., 2004; Schulte-Pelkum et al., 2005; Liu et al., 2015) and
by ambient-noise and surface-wave tomography (Pandey et al.,
2015; Bao et al., 2020).

This study builds on the work of Zhang et al. (2023), placing
further constraints on the crustal azimuthal anisotropy proper-
ties in the eastern part of the main collisional belt using
P-RF Pms moveout fitting technique and the newly retrieved
ZJU-Tibet Phase III data. We also collect previous Pms-related
anisotropy measurements within the main collisional belt to
present a full picture of the lateral variations of crustal
anisotropy there. Results of this analysis provide independent
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constraints on the Indian crustal front based on seismic
anisotropy, a perspective different from previous studies, aim-
ing to further illustrate the dynamical behaviors of the north-
ward convergent Indian plate beneath Tibet. We also discuss
the mechanisms responsible for southern Tibetan rifting and
the possibility of large-scale crustal flow in southern Tibet.

Methods

As the third-phase deployment of ZJU-Tibet seismic array, 28
broadband seismographs were installed in the Lhasa and
Tethyan Himalaya terranes between ~87° and ~93° E in
June 2021 and were in operation until July 2022 (Fig. 1, blue
squares). The teleseismic P-RFs analyzed in this study were
retrieved from continuous recordings based on the event cata-
log information at the International Seismological Centre
(minimum body-wave magnitude: 5.5; epicentral distance:
30°-90° to meet the requirement of steeply incident ray paths
for P-RFs and to avoid secondary arrivals within the time win-
dow of interest). Well-recorded event waveforms (defined by
signal-to-noise ratio > 15) are demeaned, detrended, and fil-
tered to 0.02-1 Hz frequency band. We further use the
water-level deconvolution technique (Ammon, 1991) to calcu-
late radial P-RFs (water level: 0.1; gaussian coefficient: 1.5).
After visual inspections of waveform quality, the P-RFs with
clear Pms phases are selected and moveout corrected to
0.06 s/km (Chen and Niu, 2013) and then averaged in 10°
back-azimuthal bins to mitigate the effect of uneven event dis-
tribution. Finally, 2374 radial P-RFs at 26 stations correspond-
ing to 296 events are retained for later analyses (Fig. SI,
available in the supplemental material to this article).

For a shear wave passing through the anisotropic medium,
different degrees of splitting occur depending on the relation-
ship between the back azimuth (8) and the fast symmetry axis
of the anisotropic medium, leading to systematic variations in
phase arrival time with respect to back azimuth. In particular,
for a single layer of anisotropy with a horizontal symmetry axis
and a flat, horizontal layer interface, the P-to-S converted phase
on the P-RFs exhibits a second-order harmonic variation
(cos20) as a function of back azimuth caused by a shear-wave
splitting effect (Liu and Niu, 2012; Riimpker et al., 2014), which
can be used to quantify bulk azimuthal anisotropy properties
between the surface and the P-to-S conversion depth. Here,
we identify Pms phases on radial P-RFs based on the prior
knowledge of crustal thicknesses in Tibet given by multidisci-
pline data such as gravity, tomography, and receiver-function
H-k analyses (e.g., Bao et al., 2015; Zhao et al, 2020; Cheng
et al., 2022) and exploit the back-azimuthal variations of the
Pms arrival times on bin-stacked radial P-RFs to constrain
anisotropy parameters of the crust through least-squares fitting
and grid search (Liu and Niu, 2012; Rimpker et al., 2014; Zhang
et al., 2023). Seismic anisotropy parameters of interest include
fast polarization direction (¢, short for polarization direction of
fast-propagating shear wave and measured clockwise from the
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north) and delay time (8¢, short for delay time between observed
arrivals of fast- and slow-propagating shear waves and reflecting
magnitude of anisotropy). Ignoring third-order harmonic terms
and beyond, the apparent Pms moveout can be expressed as (Li
et al., 2019; Zhang et al., 2023)

t=ty+ gcos(ﬂ -p) - %COS[Z(@ -9, (1)

in which crustal seismic anisotropy parameters ¢ and Jt are
given by the second-order harmonic term in the equation, ¢,
denotes Pmis arrival time in isotropic model, & and f are ampli-
tude and phase terms of the first-order harmonic variation
(cos 0). It is noteworthy that first-order back-azimuthal har-
monics are also considered in the earlier expression, which
may result from structural complexities such as plunging sym-
metry axis of anisotropy or tilted Moho geometry, and fre-
quently interfere with the quantification of second-order
harmonics (Li et al., 2019; Zhang et al, 2023). For example,
for rays coming from the up-dip directions of a tilted Moho,
the arrival of Pms is delayed to different degrees with the latest
arrival occurring at the dip direction because of elongated intra-
crustal prorogation path; the opposite is true for rays coming
from the down-dip directions. In this study, the assumptions
of a simple one-layered anisotropy and a horizontal symmetry
axis for the analyses are justified because we measure the general
anisotropic properties of the crust. The results indicate apparent
anisotropy in the case of multiple anisotropic layers but can be
mostly attributed to one layer when splitting induced by other
layers are relatively weak. In addition, in the case of a plunging
symmetry axis, ¢ varies little with plunging angle, and 6t can be
rescaled from that for the horizontal symmetry axis case
(Nagaya et al., 2008). To enhance the reliability of the resulting
crustal anisotropy measurements, several requirements that
must be met include sufficient back-azimuthal coverage, consis-
tent results regardless of whether first-order harmonics is con-
sidered in the fitting scheme, small standard deviations
calculated by bootstrapping, and small moveout residual (see
Zhang et al., 2023 for detailed descriptions of quality control
criteria).

Results

After quality assessment, we obtain well-defined crustal
anisotropy parameters at a total of 16 stations. An example
for station TP-GAB is presented in Figure 2. All measurements
are listed in Table S1 and presented in Figure S2. When we
rotate horizontal-component P-RFs at a station into fast
and slow components according to the measured ¢, explicit
polarity changes can be seen at ¢-parallel or ¢-normal back
azimuths (Fig. S3, yellow stars), as in the synthetic case of
a one-layered anisotropic crust model (Zhang et al., 2023),
indicating the reliability of these observations. Nevertheless,
it is important to note that a single measurement is prone
to the nonuniform back-azimuthal distribution of teleseismic
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events, the waveform complexities caused by data noise or
Moho transition zone or sediment reverberations, and so forth.
Therefore, we do not discuss the possible structural implica-
tions of station-specific measurements but rather focus only
on the features that are persistent over a range of mea-
surements.

To accomplish this, we further collected the published
crustal anisotropy measurements from eight studies at a total
of 127 seismic stations within the main collisional belt of Tibet
(Zhang and Tian, 2011; Wu et al, 2015; Paul et al., 2017; Wu,
Tian, Xu, Liang, Chen, Taylor, et al., 2019; Huang et al., 2021;
Saikia et al., 2022; Wadhawan et al., 2022; Nie, Li, et al., 2023),
in addition to the measurements at 187 stations obtained in
this and our previous studies (Zhang et al., 2023). All studies
exploit the splitting behavior of Pms phases on P-RFs when
entering an anisotropic medium for quantification of seismic
anisotropy, although different analysis schemes are used, such
as Pms moveout fitting, Pms splitting, and Pms amplitude
stacking. See Figure 3 for a map view of all ¢ estimates.
The new observations provided in the present study fill the
gap between ~87° and ~92° E in the Lhasa terrane, allowing
for a clear and homogeneous distribution of information in
the Tibetan area suitable for large-scale geodynamic implica-
tion. To better display the spatial variations in anisotropy
parameters, we define a coordinate system (x—y) for projection
of the results for which the x axis is a half ellipse
(=M?/10.1> + N?/3.4> = 1) centered at (85.8° E, 30.6° N)
and rotated 12.2° clockwise (Fig. 1, east-west white thick line),
which closely fits the surface trace of main frontal thrust (MFT;
curvature of the earth is neglected as in Jiao ef al., 2024). In
addition, the y axis is the minor axis of this half ellipse
(Fig. 1, north-south white thick line). The origin of the coor-
dinate system (x = 0 km, y = 0 km) lies at the covertex of the
half ellipse. The x and y axes approximate orogen-parallel and
convergence-parallel directions, respectively. Figure 4 shows
crustal anisotropy parameters arranged according to the x
and y coordinates of seismic stations, respectively, to demon-
strate orogen-parallel and convergence-parallel variations.

The first-order pattern of this expanded crustal anisotropy
dataset across the main collisional belt of Tibet is largely con-
sistent with our previous findings in its western—central part
(Zhang et al., 2023). Statistically speaking, the fast polarization
directions (¢) show explicit north-south variations (Fig. 4a,b).
In the sub-lesser-greater Himalaya terrane, the fast polariza-
tion directions are predominately orogen-parallel (east-west).
Directions of ¢ rotate gradually in the Tethyan Himalaya ter-
rane to convergence-parallel (north-northeast-south-south-
west) and persist in this favorable orientation for most of
the Lhasa terrane. At ~450 to 500 km north of the MFT, a
sharp transition of fast polarization directions emerges, which
changes from convergence-parallel in the south to orogen-par-
allel in the north. Spatial variations of ¢ in the east-west direc-
tion, on the other hand, are not very significant, except for the
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Figure 2. An example of Pms moveout fitting analysis for station
TP-GAB. (a) Radial P-wave receiver function (P-RFs) plotted as a
function of back azimuth and stacked P-RF. Arrival times of the
Pms phases and the best-fit harmonic curves are indicated by
black dots and dashed lines, respectively. (b) Energy maps
showing the optimal pair of anisotropy parameters given by the
second-order harmonic term of two Pms moveout fitting
schemes with or without first-order harmonics considered. Pol.
Dir., polarization direction. The color version of this figure is
available only in the electronic edition.

clusters of anomalously oriented ¢ west of 79° E and east of 92°
E in the Lhasa terrane (Fig. 4c). Different from ¢, the delay
times (Jt) show less spatial variations (Fig. 4d, Fig. S4). The
average Ot for all measurements is 0.54 s, corresponding to
Vs anisotropy of ~3.8% if we assume a 50-km-thick crust with
an average Vg of 3.5 km/s, which implies an overall highly
anisotropic crust underlies Tibet.

Discussion
Because of the steep incidence of the Pms ray paths, the
resulting crustal anisotropy observations have little vertical

resolution and are thus measures of apparent anisotropy of
the entire crust. This issue can be remedied to some degree
by the incorporation of S-wave splitting measurements of
local shallow events that target only the upper crustal
anisotropy (Fig. S5; Kanaujia et al., 2019; Wu, Tian, Xu,
Liang, Chen, Zhu, et al., 2019; Guo and Gao, 2020; Roy et al,
2021; Wang, Chang, and Ding, 2021; Hajra et al., 2022; Liu
et al., 2023; Zhang et al., 2023). In contrast to Pms observa-
tions, no preferred orientation can be explicitly distinguished
either locally or regionally for local S-wave splitting dataset,
suggesting that upper-crustal anisotropy contributes to Pms
observations almost in a random sense. The upper crustal
Number 1«
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delay times beneath Tibet are generally <0.15 s, which are also
significantly smaller than the &t estimates using Pms phases.
Thus, the observed Pms anisotropy can be primarily attrib-
uted to the mid-lower crustal depths related to lattice-pre-
ferred orientation of anisotropic minerals. Particularly,
anisotropy with fast-axis symmetry is produced by amphibole
(Ko and Jung, 2015), the most abundant anisotropic mineral
in the deep continental crust (Tatham et al, 2008). Mica
foliation with slow-axis symmetry plays a secondary role
in midcrustal depths as mica content increases by granu-
lite—amphibolite transition during retrograde metamorphism
(Sherrington et al., 2004; Mahan, 2006; Luo et al., 2023). The
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spatial patterns of Pms anisotropy serve as indicators of
deformation patterns at depths and can provide critical con-
straints on a number of controversial issues regarding the
geodynamic processes underlying the Tibetan Plateau. Here,
we focus on two important yet debatable problems: the
northern limit of the lost Indian crust and the crustal defor-
mation of southern Tibet.

The inferred Indian crustal front from crustal
anisotropy

The first issue is how far north the Indian crust has indented
into Tibet. Previously inferred estimates differ and have not
agreed on whether the Indian crustal materials have entered
the Lhasa terrane or not (e.g., Nabélek et al., 2009; Guo et al.,
2017). Generally speaking, alignments of dominant anisotropic
minerals beneath the orogens are mostly subparallel to the
orogen-parallel structural axis as a consequence of creeping
deformation in response to orogen-perpendicular compressive
stresses (Silver, 1996; Meissner et al., 2002) or mantle flow regu-
lated by subducting slab (Russo and Silver, 1994; Long and
Silver, 2008). This is exactly the case in the northern part of
the main collisional belt of Tibet where Pms, Pn, and S(K)KS
anisotropy are all preferably oriented in the northeast-east-
southwest-west to northwest-west—southeast-east directions
(e.g., Lu et al., 2011; Zhang et al., 2023). Convergence-parallel
anisotropy are not often observed but has been reported atop or
below the underthrusting slab at some discrete locations beneath
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Huang et al. (2021)
Wu et al. (2019)

Wu et al. (2015)
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Figure 3. Fast polarization directions of crustal seismic anisotropy
in the main collisional belt of Tibet constrained by splitting
phenomenon of Pms phases. (a) All measurements. Fast
polarization directions are shown by the orientation of the bar
line. Sources of each individual measurements are indicated by
different colors. (b) A zoomed view of the measurements in
Himalayan terrane along the Hi-CLIMB seismic line (Nabélek

et al., 2009). BNS, Bangong-Nujiang suture; IYS, Indus-Yarlung
suture. The color version of this figure is available only in the
electronic edition.

the orogens (e.g., central Tien Shan, Zhang et al., 2022; Taiwan
orogen, Huang et al., 2015; and central Andes, Reiss et al., 2018),
related to simple shear between the convergent plates or between
slab and ambient asthenospheric mantle (i.e., mantle wedge and
uppermost sublithospheric mantle) in the context of the under-
thrusting process. Therefore, the spatial extent of convergence-
parallel anisotropy against the background of orogen-parallel
anisotropy can be used to indicate how far the underthrusting
plate has advanced relative to the overriding plate.

Here, a marked transition of Pms fast polarization directions
from convergence-parallel to orogen-parallel directions is seen
at ~450 to 500 km north of the MFT (Fig. 4a). This boundary
sits in the vicinity of BNS in western-central Tibet and extends
to the central Lhasa terrane in regions farther east, which pro-
vides an independent estimate regarding the locations of Indian
crustal front from the perspective of seismic anisotropy. This
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Figure 4. Fast polarization directions and delay times of crustal seismic anisotropy arranged in the
convergence-parallel and orogen-parallel reference frame (x—y coordinate system). (a) Variations
of fast polarization directions in the convergence-parallel direction. Colored squares with bars
show average anisotropy parameters and their standard deviations within 70 km bins with 20 km
overlapping. Anisotropy measurements are divided into three subregions based on the general
trend of fast polarization directions (south: ~0 to 125 km, yellow; central: ~125 to 475 km, blue;
north: ~475 km and above, red; distance is relative to main frontal thrust [MFT] based on y
coordinates of seismic stations). Individual measurements within each subregions are shown by
different kinds of symbols colored in gray (south: plus; central: circle; and north: triangle). The
gray thick line marks the direction of major axis of the half ellipse used to construct the x—y
coordinate system. Pink, orange, and blue-green inverted triangles show locations of northern
termination of Moho doublet from P-RF imaging and southern and northern ends of southern
Tibetan rifts, respectively. Their means and standard deviations are indicated by thick vertical
lines and color-shaded backgrounds. (b) Rose diagrams showing statistics of fast polarization
directions for different subregions. For the rose diagram in the middle, we make the plot with
(light) blue color using all measurements within the central subregion and make the plot with
(dark) blue color using only a subset of these measurements by excluding the two clusters of
anomalous orogen-parallel observations west of 79° E and east of 92° E. (c) Variations of fast
polarization directions in the orogen-parallel direction for each subregion. Colored squares with
bars show average anisotropy parameters and their standard deviations within 140 km bins with
40 km overlapping. (d) Variations of delay times in the convergence-parallel direction. CPA,
convergence-parallel anisotropy; Ding. R., Dinggye rift; G.M. R., Gurla Mandhata rift; Gyir. R.,
Gyirong rift; K. C. R., Kong Corrift; L.P. R., Leo Pargil rift; OPA, orogen-parallel anisotropy; Pol. Dir.,
polarization direction; Thak. R., Thakkhola rift. The color version of this figure is available only in
the electronic edition.
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estimate agrees well with the
northern limits of Moho dou-
blet signatures derived from
receiver-function common con-
version point imaging along
north-south-trending
passive-seismic profiles across
Tibet (Kind et al, 2002
Nabélek et al, 2009; Zhang
et al, 2014; Shi et al, 2016;
Xu et al.,, 2017 (Fig. 1, purple
stars). Previous studies regard
the layer bounded by the
Moho doublet as the partially
eclogitized Indian lower crust
(Hetényi et al, 2007; Zhang
et al., 2014), which was trans-
ported northward along the
Main Himalayan thrust (MHT,
a northward gently dipping
decollement in the Himalaya
terrane that separates the
Indian crust below from the
Himalayan crust above). The
relative (northward) movement

several

of such layer with respect to
the overriding in situ Tibetan
crust can significant
simple
deformation adjacent to the
shear plane, hence the seismic

cause

subhorizontal shear

anisotropy observed in this
region. This simple shear zone
can also be traced back to the
MHT, where Schulte-Pelkum
et al. (2005) reported strong
seismic anisotropy develops
within a thin layer above the
Himalayan
response to shear processes.
However, because the shallow
(brittle) part of the MHT
appears to be nearly fully locked
(highly coupled; Ader et al,
2012; Dal Zilio et al, 2020),
most shear stresses are elasti-
cally absorbed and released dur-
ing large earthquakes. This
leads to a limited amount of
anelastic strain accumulated
only near the MHT that is
not able to manifest in the
Pms observations.

decollement in
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Furthermore, our estimate is also consistent with the magne-
totelluric imaging results that suggest the Indian crustal front
has at least reached ~33.5° N along ~80° E, ~31° N along
~85° E, and ~ 30.5° N along ~87° E and ~92° E (Fig. 1, yellow
stars), an inference based on the spatial coverage of the
mid-lower crustal conductive layer atop the Indian plate
induced by plate motion (Xie et al., 2017). The reason for no
visible upper-interface reflections in deep seismic reflection
migration profiles may be related to the velocity transition zone
structure at the top of the shear-deformed Indian lower crust
and the different frequency contents of teleseismic (~1 Hz)
and explosive-generated (~10 Hz) P-wave because the high-fre-
quency waves are less sensitive to broad and gradual velocity
interfaces (Liang et al., 2023). In addition, because gravity data
have shown that the partially eclogitized Indian lower crust
beneath the Lhasa terrane is characterized by high density
(Hetényi et al., 2007; Xuan and Jin, 2022), it would tend to bend
or delaminate rather than underthrust subhorizontally for over
400 km, as we observe here. This suggests that there exist some
buoyant materials attached with the underthrusting Indian
lower crust (e.g., the cratonic Indian mantle lithosphere) to pre-
vent the overlying dense crust from sinking. This inference is in
agreement with virtual deep seismic sounding and S(K)KS split-
ting results along Hi—-CLIMB seismic line (Ndbélek et al., 2009)
that show the ICF overlies the IMF (Chen et al., 2010; Chen and
Jiang, 2020) and with various tomographic evidences indicating
that IMF extends farther north of the ICF (Bao et al., 2015; Chen
etal,2017; Liand Song, 2018). The underthrusting Indian litho-
sphere is thus vertically coupled in geometry and underthrusts
northward as a whole with no detachment processes occurring
between its crustal and mantle portions. Despite this general
kinematic behavior, the Indian slab is still highly heterogenous
as suggested by several local-scale low-velocity anomalies
observed within the overall high-velocity slab (Bao et al., 2015;
Chen et al., 2017; Li and Song, 2018). The locations of these
anomalies coincide in general with the zones of minor subcrustal
azimuthal anisotropy for which consistent Pms- and S(K)KS-
derived ¢ are observed (Fig. S5¢). Both observations suggest
that there may be several local-scale asthenospheric upwelling
channels through the slab potentially causing the higher
*He/*He as discovered in hot springs (Klemperer et al., 2022).
Furthermore, subhorizontal movement of the Indian slab also
indicates that slab pull is not the primary driving force behind
the India-Asia convergence after the break-off of Neo-Tethyan
oceanic slab. Oceanic ridge push and mantle drag from the
faster-moving asthenosphere, on the other hand, are more likely
candidates (Becker and Faccenna, 2011; Li et al., 2023).

Implications for crustal deformation in southern
Tibet

Geological data indicate that rift extension is a widespread and
prominent feature within the high plateau of Tibet, especially
southern Tibet, where rifts are regularly spaced and >100 km

456 Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssalsrl/article-pdf/96/1/449/6670328/srl-2024103.1.pdf
bv Nanvana Technoloaical lIniversitv user

long (Fig. 1). What drives east-west extension and active
rifting in southern Tibet? In Zhang et al. (2023), on the basis
of the spatial coincidence between convergence-parallel crustal
anisotropy and western—central part of the southern Tibetan
rift zone, we propose that strong north-directed shearing
exerted by the underthrusting Indian plate is key to enabling
present-day extension in southern Tibet. As shown in Figure 3,
such patterns of convergence-parallel crustal anisotropy persist
in regions farther east that cover the surface traces of Dinggye-
Xainza (~88° E, labeled as “g” and “” in Fig. 1) and Yadong-
Gulu (~90° E, labeled as “” and “h”) rifts, implying that such
northward basal shear is probably a prevalent tectonic force
taking effect under the entire southern Tibetan rift zone, con-
tributing to the active upper crustal extension there. This is
achieved by balancing the north-south compressional force
from plate convergence and thereby reconfiguring the local
stress field to the one that favors normal faulting (Copley
et al., 2011). Fast polarization directions rotate to east-west
and northwest-southeast directions to the northeast of the
Cona-Woka rift (labeled as “k” and “j” in Fig. 1) and to the
northwest of the Leo Pargil rift (labeled as “a”), respectively,
which can be attributed to processes such as vertically coherent
pure shear thickening around the eastern Himalayan syntaxis
(Huang et al, 2021) and strike-slip motions along the
Karakoram fault (Paul et al., 2017). Alternatively, east-west-
strike-slip motions could also cause the anomalous ¢ observa-
tions around the eastern Himalayan syntaxis when its total
strength is high enough to mask the convergence-parallel
fabrics directly related to basal shear. Such a hypothesized
strike-slip component has been observed in this area (Li et al.,
2022) and has been successfully simulated using the tectonic
geometry of eastern Himalayan syntaxis and tectonic forces,
including basal shear, compression, and gravitational forces
(Copley et al., 2011). Therefore, it does not contradict the basal
shear scenario.

Numerical modeling suggests that pronounced channel
flow within the middle-lower crust would induce viscous
buckling of the brittle upper crust, which is also capable of
causing extension and rifting (Bischoff and Flesch, 2018).
However, does large-scale eastward channel flow indeed exist
in the main collisional belt of Tibet? The initiation of ductile
flow of deep crustal materials requires a significant reduction
in viscosity and lateral pressure gradients (Bird, 1991). The for-
mer requisite is often achieved by the partial melting of rocks
in response to the elevated temperature, the addition of water,
or both (McKenzie and Jackson, 2002). Because the Tibetan
middle-lower crust is featured by high heat flow (Hacker
et al., 2000; Jiang et al, 2019), slow seismic velocity (Yang
et al., 2012; Bao et al.,, 2015; Huang et al., 2020; Nie, Tian,
et al., 2023; Tan et al., 2023), high conductivity (Wei et al.,
2001; Xie et al, 2017; Jin et al., 2022), strong attenuation
(Fan and Lay, 2003; Zhao et al., 2013), and high-Vp/V ratio
(Gong et al., 2023), the existence of partial melt is plausible in
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some part of the Tibet. It is also noteworthy that channelized
plastic flow in the deep crust can also result in azimuthal
anisotropy with fast polarization direction subparallel to the
shear (flow) direction under the conditions of high-differential
stress and high temperature (Ko and Jung, 2015). However,
the Lhasa and Tethyan Himalaya terranes are predominantly
featured by north-northeast-south-southwest-trending non-
flow-parallel Pms fast polarization directions (Fig. 3), sug-
gesting that the presumed crustal flow there is insignificant
(i.e, weak or thin) or even absent at the regional scale.
Moreover, geophysical evidences of partial melting such
as low velocity and low Q are lacking in the relatively thin
southern Himalayan crust (Zhao et al., 2013; Gilligan et al,
2015) where east—west-oriented crustal anisotropy dominates
(Fig. 3). Therefore, we conjecture that present-day large-scale
eastward flow is unlikely to be well developed in southern
Tibet, though there may be local-scale flow present at discrete
locations given the isolated flow-parallel Pms observations,
which is insignificant to the large-scale geodynamics in
Tibet. These notions are also supported by limited connectivity
of these potential partial melt zones as suggested by the afore-
mentioned geophysical anomalies (e.g., Jin et al., 2022; Gong
et al, 2023; Tan et al, 2023) and insufficient amounts of
viscosity drop for inducing channel flow given the estimated
melt volume percentage of <7% there (Nie, Tian, et al., 2023).

Conclusions

In this study, we established crustal anisotropy properties in
the eastern part of the Lhasa terrane in Tibet by performing
P-RF Pms moveout fitting analyses using ZJU-Tibet Phase
III data. Combined with published measurements across the
main collisional belt, we show that the orientation of seismic
anisotropy in the mid-lower crust varies systematically in
the direction perpendicular to Himalaya arc (~0 to 125 km:
east-west; ~125 to 475 km: north-northeast-south-southwest;
~475 km and above: west-northwest-east-southeast; distance
is relative to MFT). The sharp transition of fast polarization
directions from convergence-parallel to orogen-parallel direc-
tions at ~450 to 500 km north of the MFT marks the northern
boundary of the Indian lower crust currently lying beneath
Tibet, where basal shearing imposed by the lower plate ceases
to have effect. Such a long travel distance at shallow depths
suggests the Indian slab underthrusts rather than subducts
under the plateau, hence suggesting that slab pull is not a
potential driver for present-day continental collision in Tibet.
In addition, this study confirms that basal shear force is the
principal contributor to enabling southern Tibetan rifting
and that present-day large-scale eastward flow is unlikely to
be well developed beneath southern Tibet.

Data and Resources
The MATLAB (www.mathworks.com/products/matlab, last accessed
July 2024) scripts used in the harmonic fitting of Pms moveout on
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receiver functions are available at doi: 10.5281/zenodo.7641812.
The waveform data for P-wave receiver functions (P-RFs) obtained
in this study can be available from the corresponding author
upon reasonable request. The supplemental material for this article
includes additional figures that provide further details for the crustal
anisotropy measurements.
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