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[1] Using fundamental mode Rayleigh waves from the INDEPTH-IV and Namche-Barwa
seismic experiments for periods between 20 and 143 s, we have investigated the
lithospheric structure beneath eastern Tibet. We have found a �200-km-wide high velocity
body, starting at �60 km depth and roughly centered beneath the Bangong-Nijuang
Suture, which is most likely a piece of the underthrusting Indian continental lithosphere.
The sub-horizontal underthrusting of the Indian lithosphere beneath eastern Tibet appears
to be accompanied by its lateral tearing into at least two fragments, and subsequent
break-off of the westernmost portion at �91�E-33�N. The uppermost mantle low velocity
zone we observe beneath the N. Qiangtang and Songpan-Ganzi terranes is most probably
due to warmer and thinner lithosphere relative to southern Tibet. We attribute the low
velocity zones concentrated along the northern and southern branches of the eastern
Kunlun fault at lithospheric depths to strain heating caused by shearing. The azimuthal
fast directions at all periods up to 143 s (�200 km peak sensitivity depth) beneath the
N. Qiangtang and Songpan-Ganzi terranes are consistent, suggesting vertically coherent
deformation between crust and uppermost mantle. Furthermore, the low velocity zone
below the Kunlun Shan reaching down to >200 km argues against a present southward
continental subduction along the southern margin of Qaidam Basin.

Citation: Ceylan, S., J. Ni, J. Y. Chen, Q. Zhang, F. Tilmann, and E. Sandvol (2012), Fragmented Indian plate and vertically
coherent deformation beneath eastern Tibet, J. Geophys. Res., 117, B11303, doi:10.1029/2012JB009210.

1. Introduction

[2] Collision between the Indian and Eurasian plates
�50 Ma [Argand, 1924; Molnar and Tapponnier, 1975; Yin
and Harrison, 2000] has led to the formation of the world’s
largest and highest continental landform: the Tibetan
Plateau. Despite numerous studies over the last two decades,
the dominant mechanism for the deformation and uplift of
the Tibetan Plateau is still being debated. The growth and
dynamics of this highly studied, yet poorly understood

continental collision are commonly attributed to four differ-
ent but not necessarily mutually exclusive geodynamic
models: escape tectonics along major strike-slip faults and
southward continental subduction [Tapponnier et al., 2001],
wholesale underthrusting of the Indian plate [Argand, 1924;
Ni and Barazangi, 1984; Zhou and Murphy, 2005], ductile
flow at mid- to lower crustal depths [Clark et al., 2005; Clark
and Royden, 2000], and coherent deformation between the
crust and lithospheric mantle [Bendick and Flesch, 2007;
Silver, 1996].
[3] Evidence from gravity [Jiménez-Munt et al., 2008],

body wave tomography [Tilmann et al., 2003; Zhou and
Murphy, 2005], Pn velocity [Liang and Song, 2006;
McNamara et al., 1997], shear wave splitting [Chen et al.,
2010; Huang et al., 2000], and receiver function [Kind
et al., 2002] studies strongly suggests that southern Tibet
is underlain by relatively colder, more rigid Indian conti-
nental lithosphere, possibly extending past the Bangong-
Nijuang Suture (BNS; see Figure 1). Images obtained by
P-to-S conversions along a NS trending profile at �85�E
[Nabelek et al., 2009] show indications of Indian lower crust
beneath Tibet beyond the Indus-Yarlung suture (IYS) to
�31�N. Another P-to-S conversion study by Kosarev et al.
[1999] presents evidence for northward dipping Indian
lithosphere beneath southern Tibet. Similarly, P wave
tomography results from INDEPTH-III (InterNational DEep
Profiling of Tibet and the Himalayas) seismic experiment
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[Tilmann et al., 2003] reveal a sub-vertically downwelling
high velocity body beneath BNS interpreted as a part of the
underthrusting Indian continental lithosphere (UICL). S-to-P
conversion [Kumar et al., 2006; Zhao et al., 2010] and body
wave tomography [Li et al., 2008; Liang et al., 2012] studies
demonstrate that the E-W geometry and thickness of the
underthrusting Indian plate is significantly variable. Further
north, slow Pn and inefficient Sn waves north of the BNS are
interpreted as warmer uppermost mantle [Barazangi and Ni,
1982; Ni and Barazangi, 1984]. In contrast to these obser-
vations and in support of the wholesale underthrusting/
subduction model, global body wave tomography images
[Zhou and Murphy, 2005] and some continent-scale surface
wave models [Priestley et al., 2006] show fast upper mantle
velocities beneath most of Tibet, suggesting that the UICL
has subducted sub-horizontally beneath the entire plateau to
depths of �200 km, and has a variable lateral geometry and
dip. Additionally, P [Kind et al., 2002] and S [Zhao et al.,
2011] receiver function images show an apparent south-
ward continental subduction south of the Qaidam Basin.
[4] Due to insufficient coverage of existing seismic

experiments in the Plateau, the nature and northward extent
of the subducted Indian plate, and structure beneath the
Plateau are not well known. Additionally, a comparison of

previous surface and body wave tomography results [Li
et al., 2008] shows significant discrepancies beneath south-
eastern Tibet. Here, in order to further constrain the domi-
nant deformational mechanisms within the Plateau and the
geometry of the UICL, we present a new Rayleigh wave
tomography model based on the INDEPTH-IV and Namche-
Barwa [Sol et al., 2007] experiments (Figure 1) in north-
central and southeastern Tibet, respectively. We address the
following: (1) what is the northward extent of the UICL and
what is its geometry, (2) is there southward continental
subduction south of the Qaidam Basin, and (3) what is the
horizontal finite strain fabric beneath eastern Tibet and is
there evidence for vertically coherent deformation?

2. Data and Methods

[5] We use fundamental mode Rayleigh waves and two-
plane wave tomography (TPWT) for phase velocity inver-
sions [Forsyth and Li, 2005]. We choose earthquakes with
epicentral distances between 20� and 120�, depth ≤100 km,
and MS ≥ 5.7. We only use the vertical component in order to
avoid shear and Love wave interference, and long period noise
that may exist on horizontal components. The events with
low signal to noise (S/N) ratios are eliminated visually. Our
data was recorded from INDEPTH-IV array (74 broadband

Figure 1. Seismic station locations (red triangles are INDEPTH-IV stations, blue triangles indicate
Namche-Barwa stations) with tectonic features [Styron et al., 2010]. White and brown lines show normal
and thrust faults, respectively. Orange lines represent strike-slip faults. Suture zones are marked by thick
gray lines. IYS: Indus-Yarlung suture; BNS: Bangong-Nujiang Suture; JS: Jinsha Suture; KF: Kunlun
Fault; QB: Qaidam Basin; TB: Tarim Basin; ATF: Altyn-Tagh Fault; and MFT: Main Frontal Thrust.
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stations) that was deployed across Northern Tibet (Figure 1).
We have also included data from the Namche-Barwa seismic
array [Sol et al., 2007] in southeastern Tibet. Prior to data
processing, all instrument responses are converted to the first
generation STS2. We measure phase velocities for 13 fre-
quency bands ranging between 20 and 143 s, and utilize 10-
mHz-wide Butterworth filters centered on each frequency. In
order to avoid dependence on earthquake magnitude, we

normalize the seismic wave amplitude for each event, then
measure phases and amplitudes of visually windowed data
using Fourier analysis. We have used a total of 174 earth-
quakes. In order to increase the reliability of our inversions, we
only include events that were recorded by at least 10 stations.
[6] The first step in our inversions is calculating isotropic

phase velocities for each frequency. Our experiments with
TPWT show that �60 events are enough to obtain stable

Figure 2. The difference between isotropic phase velocities obtained using ambient noise tomography
(ANT) [Yang et al., 2010] and two-plane wave approach (TWPT) for periods of (a) 25, (b) 30, and
(c) 40 s. The third column shows the difference between two methods in km/s. These results show that
within the seismic array (with the exception of Qaidam Basin), phase velocities obtained by two methods
are similar (��0.06 km/s).
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results. However, in order to better constrain our inversion
parameters (i.e., smoothing length and damping), we com-
pare our results with those of Ambient Noise Tomography
(ANT) [Yang et al., 2010]. Although both methods measure
surface wave dispersion, ANT and TPWT are fundamentally
different and use independent data sets: TPWT implements
surface waves created by earthquakes while ANT excludes
earthquakes and uses ambient noise of the earth. Addition-
ally, while ANT uses ray theory to obtain phase maps, TPWT
assumes that distortion of wavefronts at each station can be
expressed as the sum of two plane waves [Forsyth and Li,
2005]. Due to the short wavelengths of ambient surface
waves, ANT can typically obtain more reliable results at
crustal depths than TPWT. There is an overlapping frequency
range between these two methods (in our case 20–50 s). The
comparison of isotropic phase velocities indicates that within
the seismic array, these two methods reveal very similar
results (differences less than �0.06 km/s with the exception

of Qaidam Basin) for periods between 25 and 40 s (Figure 2).
With the exception of 125 s (�170 km), the checkerboard
tests (Figure 3) imply that resolution within the seismic array
is �150 km or better at all periods, sufficient to image all of
the anomalies discussed in this study. However, due to
insufficient raypaths from the W-NW (auxiliary material
Figure S1), the checkerboard tests exhibit evidence for
some lateral smearing.1

[7] The second step of phase velocity inversion includes
determining anisotropic phase velocities and seismic fast
directions (Figure 4). Unlike traditional ray theory, TPWT
accounts for phase and amplitude changes. A disadvantage
of this method is its sensitivity to finite frequency effects
such as scattering and wavefront healing [Hung et al., 2001;

Figure 3. The resolution test results for different periods using checkerboard synthetic model. The
anomalies in the input model are 1.5� � 1.5�. The periods are indicated in upper-right corner of each panel.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012JB009210.
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Nolet and Dahlen, 2000]. To overcome these limitations, we
employ 2D sensitivity kernels [Yang and Forsyth, 2006] for
both amplitude and phase perturbation for each period. Azi-
muthal anisotropy is simultaneously solved with Rayleigh
wave phase velocities. Since the shortest wavelength for our

data is �65 km (for 20 s period and taking average phase
velocity as 3.18 km/s), we use a constant smoothing length of
80 km for all periods. There is always a trade-off between
lateral heterogeneity of isotropic phase maps and anisotropy.
In order to reduce the effects of this trade-off, we use high

Figure 4. Anisotropic phase velocity maps for 12 periods (22–143 s). The solid black lines indicate azi-
muthal fast direction and amplitude of anisotropy. Note that color scales are different for each map. The
regions with errors of 2s ≤ 0.06 km/s (where s is the standard deviation) are shaded. HVB1 and HVB2
show the high velocity bodies addressed in the text.
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damping both for anisotropy and phase velocities. We have
tested our inversion results by using a variety of damping
values. However, the final choice of damping parameter was
made considering model uncertainties (auxiliary material
Figure S2) and consistency with ANT results. Moreover,
the features we discuss here are consistently observed in all
inversions regardless of damping. Additionally, to increase
reliability, we only interpret phase velocities with errors 2s ≤
0.06 km/s, where s is the standard deviation.

[8] The third and last step of the inversion is obtaining
shear wave velocities (Figures 5 and 6) using the anisotropic
phase maps from the second step. For shear wave inversions,
we use the partial derivatives from Saito [1988]. For the
initial model, the AK135 model is adapted to our region by
taking average Moho depths of 45 and 60 km for Qaidam
Basin and the rest of the region [Zhu and Helmberger,
1998], respectively. We defined 50 layers for shear wave
inversion from the surface to 400 km depth. According to Li

Figure 5. Shear wave velocities (km/s) for depths between 30 and 210 km. Depths are indicated on each
panel. Note that each panel has a different color scale. The dark gray lines show major tectonic features.
HVB1 and HVB2 are the same as referenced to in the text. The regions with errors of 2s ≤ 0.06 km/s
(where s is the standard deviation) are shaded, based on peak depth sensitivity of corresponding frequen-
cies. An unmasked version of this image is provided in auxiliary material Figure S6.
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[2011], who used a similar frequency range with less data,
the shear wave structure cannot be determined precisely at
all layers, but the average velocity for each defined layer can
be resolved for depths less than 250 km. Therefore, we do
not interpret our results for depths >200 km.

3. Results

[9] Figures 4–6 show our tomographic models for Ray-
leigh wave phase and shear wave velocities. Starting from the

south, we observe a high velocity body (HVB1) along the
BNS and further south, between the depths of �60 and
170 km. This feature is highly heterogeneous in the east-west
direction with a shear wave anomaly of ≥2%. Furthermore,
the phase velocity maps (Figure 4) show regions of relatively
low velocities within the HVB1. The shear wave anomaly
cross-sections (Figure 6) demonstrate that the HVB1 has a
sub-horizontal geometry dipping northward slightly beneath
the BNS, between �94�E and 97�E. A further isolated high
velocity body (HVB2) is observed at �91�E-33�N which

Figure 6. Shear wave (SV) anomalies along 91�E–99�E. 0–75 km and 75–300 km depth ranges were
colored using 8% and 4% variation according to the mean value at each depth, respectively. Major struc-
tures are marked on the topography profiles for each profile. For additional profiles see supplementary
materials. HVB1 and HVB2 indicate the high velocity bodies discussed in the text. Other abbreviations
are the same as Figure 1.
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appears to be connected to the HVB1 beneath the BNS at
�130–150 km, becoming isolated again at greater depths.
This vertically continuous feature starts at �60 km depth
(50 s) and gradually increases in diameter to depths greater
than 200 km (Figures 4 and 5).
[10] Further north, low velocities characterize the uppermost

mantle beneath the N. Qiangtang and Songpan-Ganzi. The
shear wave velocities are �4% slower than those observed
beneath the Lhasa block and southern Qiangtang terrane
(Figure 5). Anisotropic fast directions (Figure 4) across the
northern and southern branches of the Kunlun Fault tend to
conform to strikes of the active faults (�15�). We also observe
the largest amplitude of azimuthal anisotropy across these
shear zones. Seismic anisotropy appears to be consistent at
depth (�15�) with the exception of the southeast portion of
our region. Similar to shear wave splitting measurements
[Huang et al., 2000; León Soto et al., 2012], azimuthal fast
directions exhibit a general clockwise rotation (auxiliary
material Figures S3 and S5).
[11] Both phase maps and S wave anomalies (Figure 6) show

�1% higher velocities, indicating thicker (�130–140 km)
and possibly rigid lithosphere beneath the Qaidam Basin. We
also observe the eastern edge of the Tarim Basin (auxiliary
material Figure S4). In an approximate agreement with the
lithosphere-asthenosphere boundary (LAB) phases of S-wave
receiver functions [Zhao et al., 2011], the Tarim Basin has a
lithospheric thickness of�200 km, while the Qaidam Basin is
substantially thinner. Beneath the Kunlun Shan, south of
Qaidam Basin, we observe low velocity zones that are con-
centrated along the northern and southern branches of the
Kunlun Fault, extending deeper than 200 km.

[12] Comparisons with independent phase maps using
ambient noise [Yang et al., 2010] suggest that we are able to
measure the phase velocities with a high degree of precision
(differences less than 0.06 km/s within the array, Figure 2).
Furthermore, unlike previous surface and body wave mea-
surements [Li et al., 2008], our shear wave observations are
broadly consistent with those obtained using body wave
tomography [Liang et al., 2012]. Moreover, the comparison
of the splitting data from León Soto et al. [2012] and our
azimuthal fast directions for 143 s shows that average dif-
ferences are �14� and 10� for Qiangtang and Songpan-
Ganzi, respectively (auxiliary material Figure S5).

4. Discussion

4.1. High Velocity Body Beneath Lhasa and Southern
Qiangtang Terrane

[13] Presuming that the Indian plate does not extend sub-
stantially past the BNS, the high velocity body (HVB1) in
our images beneath the BNS could be explained by large-
scale delamination of the Eurasian plate. However, consid-
ering the compelling evidence for the continuation of Indian
plate into the central part of the Plateau [Kind et al., 2002;
Nelson et al., 1996; Tilmann et al., 2003] as well as the lack
of recent volcanism, a delamination model is not well sup-
ported. Our results reveal a low velocity zone north of the
BNS at depths of �90–200 km, indicating a thinner and
possibly warmer lithosphere beneath the northern Qiangtang
and Songpan-Ganzi terranes [Haines et al., 2003; Tilmann
et al., 2003; Zhou and Murphy, 2005]. Along the BNS and
further south, both shear wave velocity (Figures 5 and 6) and
Rayleigh wave phase maps (Figure 4) indicate the presence
of a high velocity body. The compatibility between these
observations and those of prior studies strongly suggests that
the high velocity zone underlying the BNS represents the
Indian continental lithosphere. The heterogeneity of this
anomaly argues against a wholesale underthrusting model
[Barazangi and Ni, 1982] in eastern Tibet. According to the
phase and shear wave velocity maps (Figures 4 and 5), the
underthrusting Indian continental lithosphere (UICL) extends
from lower crustal depths to �170 km, and is very hetero-
geneous in the east-west direction. Because of the slight
northward dip of the HVB1, the transition from fast to slow
anomalies occurs almost exactly at the BNS and directly
below the Moho (�80 km; Figure 5), in accordance with the
previous Pn velocity [McNamara et al., 1997] and Sn
blockage observations [Barazangi and Ni, 1982; Barron and
Priestley, 2009].
[14] Based on our tomographic models (Figures 4–6),

underthrusting is accompanied by lateral fragmentation of
the UICL into two wings. The fragmentation initiates at
�30�N-96�E at �100 km depth. Figure 7 shows the pro-
posed geometry of the UICL, using a 2% faster shear wave
anomaly isosurface. We suggest that the oblique collision
between India and Eurasia, and oroclinal bending in the EHS
may have caused the fragmentation. Flattening of the UICL
during sub-horizontal underthrusting may also have influ-
enced this fragmentation by increasing extensional stresses.
Alternatively, this geometry may be a result of chemical
heterogeneity within the UICL. However, our observations
of average phase velocities are more consistent with a highly
deformed continental lithosphere rather than a stable shield

Figure 7. Isosurface for 2% faster shear waves for 60 km
and deeper, overlain by topography (28.5�–38.0�N and
90.0�–100.0�E). Altitudes are shown by color scale (at top).
QB: Qaidam Basin; BNS (red line): Bangong-Nujiang
Suture; DIL: Detached Indian Lithosphere (referred to as
HVB2 in the text); UICL: Underthrusting Indian continental
lithosphere (referred to as HVB1 in the text). View from azi-
muth 245� and tilt 67� from vertical. A video of this image is
provided in the auxiliary material (Animation S1).
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[e.g., Chevrot and Zhao, 2007]. Furthermore, low phase
velocities within the UICL are nearly as low as the low
velocities in the north, where there clearly is no UICL.
[15] The second high velocity body (HVB2) we observe is

located �100 km north of the BNS beneath the Qiangtang
Terrane (between �91�–92�E) and is the strongest anomaly
reaching to depths >200 km (Figure 5). This structure may
result from an ongoing Rayleigh-Taylor instability of the
Asian lithosphere. Given that this is the case, both its vertical
position as well as its thermal state can be predicted. The
most recent mafic potassic volcanism (�13 Ma [Turner
et al., 1996]) in the vicinity of the HVB2 provides insight
into initiation of a possible instability. In order to estimate
the vertical position of the HVB2 in the mantle, we use the
mechanical modeling code provided by Gerya [2010]. To
approximate the thermal state of a cold body residing in the
asthenosphere for the given amount of time, we use the heat
conduction equation ∂T/∂t + u. rT = kr2T, where k is
temperature independent thermal diffusivity (10�6 m2/s).
The term u. rT represents the advection term, where u is
convergence (or sinking) rate in m/s. We use an ambient
asthenosphere temperature of 1300�C and an initial uniform
temperature of 600�C for the HVB2. For our purposes, we
ignore shear and radiogenic heating terms.
[16] Assuming a low mantle viscosity (1018 Pas), the HVB2

would be predicted to sink below depths observable by our
method (>250 km). However, supposing a higher mantle vis-
cosity (1021 Pas), the HVB2 would sink at a rate of�6.0 mm/
yr [Gerya, 2010]. At this rate, similar to our observations, the
HVB2 would have sunk �80 km into the asthenosphere.
Using a slow rate of sinking (high viscosity), thermal con-
ductivity modeling predicts that a delaminated HVB2 would
be �200�C warmer (800�C) at its center, and consequently
have a lower shear wave velocity. However, similar to the
Indian lithosphere, the HVB2 has �4% higher velocity than
the Songpan-Ganzi, implying that it is colder, more rigid, and
may have a different composition. In light of structures with
similar S-wave velocities, the observed continuous vertical
geometry of the HVB2 (Figures 4–6), evidence from previous
body wave and receiver function studies [Kind et al., 2002;
Kosarev et al., 1999; Tilmann et al., 2003], we interpret this
body to be the northernmost extent of the UICL, possibly
tearing off from the westernmost fragment. Observed both in
our results and Liang et al. [2012], the HVB2 may be a con-
tinuation of the body observed by Tilmann et al. [2003] at
�89�E, adjacent to our region to the west.

4.2. Northern Qiangtang and Songpan-Ganzi Terranes

[17] Consistent with slow Pn and inefficient Sn propaga-
tion observations [Barazangi and Ni, 1982;McNamara et al.,
1997], the N. Qiangtang and Songpan-Ganzi terranes are
underlain by a low-velocity upper mantle. This low velocity
anomaly correlates with Late Tertiary basaltic volcanism and
has 4–4.2% slower shear wave velocities (4.3–4.4 km/s at
130 km) than those observed beneath the Lhasa block and
southern Qiangtang terrane. The Qiangtang and Songpan-
Ganzi have the highest amplitude seismic anisotropy with
EW and NW-SE fast directions. Velocity perturbations cor-
respond to a 300�C anomaly [Wittlinger et al., 1996] in the
uppermost mantle, which may be due to viscous heating
[Kincaid and Silver, 1996] or a mantle up-welling associated
with small scale convection induced by the underthrusting/

subduction of Indian lithosphere [Tilmann et al., 2003].
Alternatively, very localized upwelling caused by strong
coupling between the top of the asthenosphere and escaping
lithosphere may have resulted in a low velocity mantle lid.
However, the observed pattern of low velocities does not fit
this model as well as the viscous strain heating model. The
pattern of low shear wave velocities correlates well with the
active faulting and regions of highest strain rate [Gan et al.,
2007]. The absence of a high velocity body below the
northernmost plateau argues against models proposing pure
shear shortening of Asian lithosphere and/or underthrusting
of the UICL beneath the entire plateau.
[18] The general clockwise rotation of seismic fast directions

is consistent with shear wave splitting results [Huang et al.,
2000; León Soto et al., 2012]. Fast directions obtained from
seismic anisotropy can be used as proxies for the direction of
mantle finite strain, resulting from Lattice PreferredOrientation
(LPO) of olivine in the upper mantle [Montagner and Guillot,
2002]. With the exception of the southeast portion of our
region where we lose resolution, the azimuthal fast directions
are consistent (�15�) at all periods, suggesting that the crust
and mantle deformation is vertically coherent beneath the
N. Qiangtang and Songpan-Ganzi. Furthermore, our observa-
tions evince that this coherence extends into the asthenosphere.

4.3. Kunlun Fault and Qaidam Basin

[19] Our tomographic models show low velocity zones at
mid-lower crustal depths, concentrated along the two branches
of the Kunlun Fault. Anisotropic fast directions (Figure 4)
across these shear zones tend to conform to faults’ strikes
(�15�). This is more apparent at mid-upper crustal depths,
indicating that shearing is the dominant deformation mecha-
nism along these zones. Recent strain heating experiments
[Nabelek et al., 2010; Whittington et al., 2009] demonstrate
that thermal diffusivity decreases much faster with depth than
previously thought. An implication of this finding includes
that partial melting could be induced by trapped viscous
strain heating (produced by non-brittle deformation of mantle
material) along major shear zones associated with Tibetan
strike-slip faults. This model is consistent with high strain
rates [Gan et al., 2007] and the observed low velocity zones
that are centered along northern and southern branches of the
Kunlun in northern Tibetan Plateau. Moreover, assuming a
constant shear stress, as viscosity decreases, strain rate and
viscous heating should increase. Alternatively, keeping the
strain rate constant and assuming a change in viscosity
decreases over time (∂h/∂t ! 0, where h is viscosity), strain
heating becomes constant and causes a temperature anomaly
[Burg and Gerya, 2005]. In either case, in accordance with
our observations (Figure 6), it may be plausible that strain
heating can extend into the asthenosphere along major shear
zones beneath N. Tibet.
[20] In support of the continental subduction model,

receiver functions findings [Kind et al., 2002; Kosarev et al.,
1999] suggest a south dipping mantle converter beneath the
northern margin of the Plateau. However, there is no indi-
cation of southward continental subduction or overriding of
Tibetan lithosphere [Zhao et al., 2011] in our tomographic
models. Instead, we observe a continuous low velocity
anomaly up to the Kunlun fault, south of the Qaidam Basin.
These boundaries seen in receiver function images, which
were interpreted to be indicative of southward continental
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subduction, might instead represent preserved mantle
reflectors [Yue et al., 2012].

5. Conclusions

[21] Our primary conclusions are as follows:
[22] 1. We observe a high velocity structure beneath the

Lhasa and southern Qiangtang down to �170 km depth, and
we interpret this anomaly as the UICL.
[23] 2. The UICL has a sub-horizontal geometry, and tears

laterally into at least two fragments beneath southeastern
Tibet. The westernmost branch appears to be detached and
vertically sinking into the asthenosphere.
[24] 3. The uppermost mantle beneath the N. Qiangtang

and Songpan-Ganzi terranes are characterized by low veloc-
ities, probably due to warmer lithosphere caused by viscous
strain heating or upwelling of the astenosphere. The observed
low velocity zones are concentrated along the Kunlun Fault.
We attribute this observation to trapped strain heating caused
by shearing. Additionally, fast directions across this shear
zone tend to conform to active faults’ strikes (within the
range of �15�), implying that horizontal shearing is the
dominant deformational mechanism.
[25] 4. Azimuthal fast directions beneath the Qiangtang and

Songpan-Ganzi terranes are consistent at depth, supporting
vertically coherent deformation extending from the crust into
the mantle.
[26] 5. Our tomographic images outline the Qaidam Basin

with�1% higher anomalies down to depths of�130 km. The
low velocities below the Kunlun range provide evidence
against continental subduction along northeastern edge of the
Tibetan Plateau.
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