
Mantle upwelling beneath the Tibetan Plateau based on P-wave tele-
seismic tomography

Chuansong He11

1Institute of Geophysics, CEA, Beijing 100081, China

Abstract

I carried out P-wave teleseismic tomography and constructed the velocity struc-
ture of the upper mantle in the Tibetan Plateau based on the 58999 P-wave
arrivals extracted from 2009 teleseismic events recorded by 721 temporary and
173 permanent seismic stations. A mushroom-shaped large-scale low-velocity
anomaly, which might be associated with the mantle upwelling, is revealed.
The mantle upwelling provides more heat to the base of the crust, which leads
to a more ductile or more easily deformable lower crust, whereas the three large-
scale low-velocity structures cover almost the entire area of the 80 km depth
section, which implies that a rigid lithosphere is absent. In this situation, during
the northward movement and subduction of the Indian plate, the ductile lower
crust above the hot upper mantle facilitated crustal deformation and thickened,
which led to the uplift of the Tibetan Plateau.

Key words: Mantle upwelling, Tibetan Plateau, delamination, subducted slab,
P-wave teleseismic tomography.

Plain Language Summary
New P-wave teleseismic tomographies have been carried out in the Tibetan
Plateau. The largest amount of data is used to construct the velocity structure
of the upper mantle. Results revealed a mushroom-shaped large-scale low-velocity
anomaly, which might be associated with the mantle upwelling. The mantle up-
welling provides more heat to the base of the crust, which leads to a more ductile
or more easily deformable lower crust. In this situation, during the northward
movement and subduction of the Indian plate, the ductile lower crust above the
hot upper mantle facilitated crustal deformation and thickened, which led to the
uplift of the Tibetan Plateau.

1. Introduction

The Tibetan Plateau constitutes the highest and largest continental plateau on
Earth. The current size, shape and height of the plateau are considered to have
resulted from the collision of the Eurasian plate and the Indian plate over the
past 70-50 Ma (e.g., Dewey et al., 1988; Yin & Harrison, 2000; Hetzel, 2013; Li
et al., 2018; Xiao et al., 2020). However, the role of this collision in the growth
of the Tibetan Plateau remains debated (Zhu et al., 2009; Liu et al., 2010).

Various models have been suggested to elucidate the deformation (crustal thick-
ening) and uplift of the Tibetan Plateau, including the following: (1) lateral
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extrusion of thickened blocks along strike-slip faults (e.g., Molnar & Tappon-
nier, 1975; Tapponnier et al., 2001), (2) lower crustal channel flow (Royden et
al., 2008), and (3) lithospheric thickening in southern Asia induced by thrust
faulting (Dewey & Burke, 1973; Toksoz & Bird, 1977). In particular, receiver
function (Kind & Yuan, 2002, 2010, Kosarev et al., 1999, Kumar et al., 2006;
Zhao et al., 2010), magnetotelluric and surface wave dispersion data (Vozar et
al., 2014) and teleseismic P- and S-wave tomography indicated subhorizontal
underthrusting of the Indian lithosphere beneath the Tibetan Plateau ranging
from 100 to 200 km, which led to the crustal thickening or uplift of the Tibetan
Plateau.

However, recent geophysical studies have provided new evidence that challenges
certain notions; for example, numerical modelling has indicated that subducted
slab or lithosphere is retained for only tens of millions of years in the mantle
(Burkett & Gurnis, 2012), and a receiver function analysis (He et al., 2015) has
revealed a felsic lower crust induced by lower crustal/lithospheric delamination
in Tibet, which implies that it cannot be assumed that the crust was thickened
by subhorizontal underthrusting of the Indian lithosphere beneath the Asian
continent.

Alternately, regional tomography studies (e.g., Liang et al., 2016; Nunn et al.,
2014) and large region surface wave tomography (e.g., Li et al., 2013, Chen et
al., 2017) have revealed significant low-velocity anomalies in the upper mantle
of the Tibetan Plateau, which may be associated with its uplift. However, due
to the limitation of the regional velocity model and the lateral resolution of the
surface velocity model, the scale and shape of the low-velocity anomalies are still
unclear. In this study, I collected data recorded by temporary and permanent
seismic stations to perform detailed teleseismic P-wave tomography in the entire
Tibetan Plateau (Fig. 1) to reconstruct the velocity structure and evaluate the
dynamical process.

1. Results

Three large-scale low-velocity perturbations (Lv1, Lv2 and Lv3) appear at 80,
100, 200 and 300 km depth (Fig. 2). Lv1 and Lv2 are located in the north-
central part of Tibet, and Lv3 is located in the southern part. Lv4 appears at
depths of 400, 500, 600 and 700 km. Li et al. (2006) and Li Y.H. et al. (2013)
also identified a similar large-scale low-velocity structure at a 100-300 km depth
based on P-wave of Southeast Asia and Rayleigh wave tomography of East Asia.
Liang et al. (2016) determined a large-scale low-velocity structure using body-
wave finite-frequency tomography at a depth of 84-253 km at the south and
central part of the Tibetan Plateau. Pandey et al. (2014) also defined a large
low-velocity region at a depth of 100 km in this area using the Rayleigh wave
tomography of China and the surrounding regions. Recently, S-wave velocity
models have also identified a large low-velocity structure at depths of 80 km
and 130 km under the centre of the Tibetan Plateau (Chen et al., 2017; Li &
Song, 2018).
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At a depth of 80 km, Hv1 appears in the southern part of the Tibetan Plateau,
whereas the surface wave dispersion analysis indicates that the high-velocity
anomalies cover all southern parts of the Tibetan Plateau (Agius, & Lebe-
dev, 2013). I consider that it may be induced by the lateral resolution difference
between the surface wave technique and the teleseismic P-wave tomography.
Hv2 appears at a depth of 200-500 km. Hv3 is at a depth of 600-700 km. In
this study, I also extract P-wave velocity images (Fig. S6), which are consistent
with the images of the P-wave velocity perturbation. Major low velocity and
high velocity anomalies (Fig. 2, Fig. S6) located within a high resolution and
ray density region (Fig. S2, Fig. S7).

To check the above results, five P-wave velocity perturbation profiles were cre-
ated along the latitudinal direction (Fig. 3), and the results show that the Lv1
is located in the middle and northern part of Tibet (Fig. 3a, b and c), whereas
Lv3 is located in the southern part of Tibet (Fig. 3a, b, c and d). Lv3 is con-
nected with Lv4 (Fig. 3d). The slab-like high-velocity structures (Hv2, Hv3 and
Hv6) appear at a depth range of 100-700 km (Fig. 3a, b, c and e). Hv4 and Hv5
appear at a depth of 500-600 km (Fig. 3b and c). Major low-velocity (Lv1-Lv4)
and high-velocity (Hv1-Hv6) anomalies are located within the high-resolution
and ray density region (Fig. S7, Fig. S8).

I also conducted four profiles along the longitudinal direction (Fig. 4). The re-
sults show that the large-scale low velocity anomaly (Lv1, Lv2) with mushroom-
shape is nearly 1000 km long (Fig. 4g), whereas the Lv4 is the root of the Lv1
and Lv2 (Fig. 4g) and is located within the high resolution and ray density
region (Fig. S7, Fig. S9). Additionally, I carried out synthetic tests along
the 36°N and 34°N profiles (Fig. 5), and the results indicate that the major
low-velocity anomaly (Lv1, Lv2 and Lv3) can be defined by this set of data
(Fig. S10, Fig. S11). Another synthetic test indicates that the 200 km thick
high-velocity anomaly can be determined by this set of data (Fig S12, 13).

1. The high-velocity anomalies associated with break-off of the sub-
ducted slab and delamination

In the Qiangtang terrane, the formation of Eocene–Oligocene alkaline volcanic
rocks (50–26 Ma) (e.g., Ding et al., 2003; Williams et al., 2004) is correlated with
the northward underthrusting of the Indian continental lithosphere (Guo et al.,
2006) and the Lhasa continental lithosphere (Lai et al., 2007; Chi et al., 2005),
together with the southward “continental underthrusting” of the Songpan-Ganzi
Terrane (Roger et al., 2000; Ding et al., 2003). The tomographic results of Zhang
et al. (2015) and Liang et al. (2016) showed that underthrusted Indian slab
occurs beneath the central part of the Tibetan Plateau.

These processes might have resulted in the break-off of the subducted slab
beneath the central part of the Tibetan Plateau (Wortel & Spakman, 1992;
Hildebrand & Bowring, 1999; Davies & von Blanckenburg, 1995; Ferrari, 2004;
Coulon et al., 2002; Chen et al., 2014). A break-off of the subducted lithosphere
in the upper mantel has been revealed by a body-wave seismic tomography
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in the India-Asia collision zone (Replumaz et al., 2013, 2014). Our results also
show some subducted slab-like high-velocity anomalies in the upper mantle (Fig.
3, Hv2, Hv3 and Hv6), which may be detached fragments of subducted Indian
and Asian lithosphere. Based on the location of Hv2, Hv3 and Hv6 and pre-
vious studies (Liang et al., 2012; Bao et al., 2012), we consider that Hv3 and
Hv6 may belong to the Indian plate’s lithosphere and were generated by the
break-off of slab due to the northward subduction of the Indian plate (Bao et
al., 2012); furthermore, Hv2 may belong to the European plate’s lithosphere
and was generated by the break-off of the southward subducted slab (Liang et
al., 2012).

Large-scale delamination of the mantle lithosphere occurred at 8 to 12 Ma in the
Tibetan Plateau (Turner et al., 1996; Molnar et al., 1993; Jiménez-Munt & Platt,
2006). The void formed by delamination is filled by the rising asthenosphere, and
the hot upwelling triggers melting at the base of the lower crust and generates
adakites (Jull & Kelemen, 2001), such as the Miocene adakite-like rocks in
southern and northern Tibet (Chung et al., 2003; Ding et al., 2007). The
low-velocity structure at a depth of 80 km and that almost covers the entire
region of Tibet implies the absence or delamination of the rigid lithosphere and
asthenospheric upwelling. Some high-velocity structures (Hv4 and Hv5) might
be associated with the delamination of the lower mantle lithosphere, whereas
other high-velocity structures (Hv2, Hv3 and Hv6) that may be related to the
delamination of the lithosphere cannot be excluded.

1. Mantle upwelling

The magmatism in continent–continent collision zones results from mantle up-
welling and mantle–crust interactions, which lead to the growth and reworking
of the continental crust (Stern & Kilian, 1996; Castillo & Newhall, 2004; Bolhar
et al., 2008; Sui et al., 2013). Lithospheric mantle delamination and the slab
breakoff has been suggested as a major cause for the mantle upwelling in an
active orogeny (Bird, 1979; Houseman et al., 1981; Kay & Kay, 1993; Davies &
von Blanckenburg, 1995; Niu, 2017).

Furthermore, when a subducted slab breaks off or the lithosphere delaminates,
the material sinks down and accumulates in the mantle transition zone (MTZ),
where it forms so-called ‘second continents’ at the 660 km discontinuity (Lus-
trino, 2005; Kawai et al., 2013). The hydrous minerals linked with this debris
serve as ‘water tanks’ that can induce dehydration melting; due to the buoyancy,
the melting triggers vertical mantle flow or plume-like upwelling (Schmandt et
al., 2014; Lustrino, 2005). Numerical simulations corroborated that the mantle
(or plume-like) upwelling is mainly a mushroom-shaped low-velocity structure
(David & Yuen, 2000; Wang et al., 2013; Cloetingh et al., 2013). Accordingly,
I proposed that the mushroom shaped low-velocity anomaly (Fig. 4g) repre-
sents standard mantle upwelling, which might be induced by the break-off of a
subducted slab combined with the delamination of the mantle lithosphere.

1. Discussion

4

https://www.sciencedirect.com/science/article/pii/S1342937X1200408X#!


Mantle upwelling can lead to basaltic magma invading into the crust, which
generates high heat value and low velocity anomaly (zone) in the crust. The
thermal structure of the continental lithosphere beneath China indicates that
there is a distinctive anomaly of high-heat flow beneath the Tibetan Plateau at
a depth of 20-80 km (Sun et al., 2013). A prominent low-velocity zone in the
crust of certain areas of Tibet has been reported in a number of geophysical
studies (Nelson et al., 1996; Alsdorf & Nelson, 1999; Yuan et al., 1997; Wei et
al., 2001; Xu et al., 2011; Yang et al., 2012; Unsworth et al., 2004; Xu et al.,
2015; Agius & Lebedev, 2014; 2017). These results corroborated the mantle
upwelling beneath the Tibetan Plateau.

Tomography is the only tool available to detect the deep 3-D velocity structure
of Earth, whereas isotope geochemistry can provide the time of mantle processes,
or a fourth dimension. The results inferred from geochemistry and tomography
can be combined to construct geological models of the mantle structure and dy-
namics (Foulger et al. 2013). The volumetrically small but widespread Cenozoic
highly potassic volcanism on the Plateau(Zhao et al., 2009) might be related to
the heat accumulation beneath the crust of Tibet (e.g., McKenzie & Priestley,
2016; Niu, 2017) generated by the mantle upwelling, which implies the mantle
upwelling identified in this study occurred in the Cenozoic. Meanwhile, this
kind of heat accumulation also led to the formation of the more ductile lower
crust so that the crust of Tibet was easily deformed and thickened given the
northward movement and subduction of the Indian Plate.

1. Conclusions

This study identified a mushroom-shaped large-scale low-velocity anomaly with
a length of nearly 1000 km originating from the central part of the Tibetan
Plateau (or Qiangtang terrane), and this anomaly extends across Tibet at a
depth of 80 km (or at the top of the mantle). It might represent mantle up-
welling, resulting from the break-off of subducted slabs and delamination of the
mantle lithosphere in the Cenozoic. This structure provided enhanced heat to
the base of the lower crust, making the lower crust more ductile and more eas-
ily deformed. This situation led to rapidly crustal thickening or uplift of the
Tibetan Plateau due to the Cenozoic northward movement of the Indian plate.
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Fig. 1 Tectonic framework of the Tibetan region and distribution of seismic sta-
tions. Indus–Yarlung suture: YZS, Bangong–Nujiang suture: BNS, Jinshajiang
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suture: JRS, Anyimaqen–Kunlun–Mutztagh suture: AKMS, and South Qilian
suture: SQS. CSN: permanent seismic station recorded by the China seismic
network.
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Fig. 2 P-wave velocity perturbations at depths of 80, 100, 200, 300, 400, 500,
600 and 700 km relative to the IASP91 1-D velocity model (Kennett & Engdahl,
1991). Portions of the model where the recovery of the starting model in the
CRT was below 10% are not shown (see Fig. S2).

Fig. 3 Longitudinal profiles. I: Indian plate, H: Himalaya terrane, QT: Qiang-
tang terrane, S: Songpan-Ganzi terrane, Q: Qaidam terrane, T: Tarim Basin.
Portions of the model where the recovery of the starting model in the CRT was
below 10% are not shown (Fig. S8). Horizontal coordinate: latitude (degree).
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Fig. 4 Latitudinal profiles. Portions of the model where the recovery of the
starting model in the CRT was below 10% are not shown (Fig. S9). Horizontal
coordinate: longitude (degree).

18



Fig. 5 Synthetic tests a and b are input models along the 34º and 32º profiles
(profile location, see Fig. 4, b and c profiles), respectively; c and d are output
models along the 34º and 32º profiles (profile location, see Fig. 4), respectively.
The portions of the model where the recovery of the starting model in the CRT
was below 10% are not shown (see Fig. S9). The test results show that the
major low-velocity anomaly (Lv1) of the output model reflects that of the input
model.
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