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The Indian plate began to subduct under the Eurasian plate in the late Mesozoic. Since the Eocene, continuous
continental collision has resulted in the uplift of the Tibetan Plateau with extensive volcanic activities.
Geophysical and geochemical studies have suggested that the Indian plate subducted and that volcanism ori-
ginated in the deep upper mantle. However, the depth range of the subduction and volcanism and the re-
lationship between them are still unclear. Here, to image the mantle transition zone (MTZ) structures, we de-
ployed new seismic stations and collected as much seismic data as possible from the Tibetan Plateau. We then
calculated the receiver functions and analyzed them using the common conversion point stacking method. We
found that the MTZ is thickened by ~20 km under the Lhasa block, where high-velocity anomalies are obvious in
the MTZ. Apparent thinning of the MTZ by ~20 km was revealed under the Qiangtang and Songpan-Ganze
blocks, confirming a component of depleted mid-oceanic ridge basalt in the magmatic rocks. Our results suggest
that the Indian Plate has at least subducted to the MTZ, which has further induced mantle upwelling and vol-
canism in the Tibetan Plateau.

1. Introduction

The 410 km and 660 km discontinuities (hereafter referred to as the
d410 and d660) of the upper and lower boundaries of the mantle
transition zone (MTZ) are significant mineral phase transition inter-
faces. The transition from olivine to wadsleyite results in the d410,
representing an exothermic process with a positive Clapeyron slope; the
transition from ringwoodite to bridgmanite forms the d660, re-
presenting an endothermic process with a negative Clapeyron slope. A
thinning MTZ with a depressed d410 and uplifted d660 is formed in hot
environments (e.g., a mantle plume through the MTZ); thickening with
an uplifted d410 and depressed d660 is formed in cold environments
(e.g., a cold slab subducting into the lower mantle) (Bina and Helffrich,
1994).

The Tibetan Plateau was generally formed by collisions between the
Lhasa, Qiangtang, Songpan-Ganze, and North China blocks from the
Triassic to the Jurassic (Fig. 1) (Burtman and Molnar, 1993; Frederick
et al., 1988; Gaetani et al., 1993; Yin and Harrison, 2000). The Indian
plate has been subducted beneath the Eurasian plate since the Cretac-
eous to form the Himalayas (e.g., Brookfield, 1993; Burchfiel et al.,
1992; England and Houseman, 1986; Replumaz et al., 2016; Royden
et al., 2008; Yin and Harrison, 2000). Because of continental collision
from the Eocene onward, oblique subduction of the Indian plate
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northward has led to continuous uplift of the Tibetan Plateau (e.g.,
Molnar and Tapponnier, 1975; Royden et al., 2008; Tapponnier et al.,
2001; Yin, 2010; Yin and Harrison, 2000). Seismic observations have
provided evidence for the tectonic evolution of the region. Teleseismic
tomographic studies indicated the presence in the upper mantle of both
subducted oceanic Indian lithosphere (with reversed motion indicated
by high velocity anomalies) and continental lithosphere down to a
depth of 200-km and beyond (Chen et al., 2017; Lei and Zhao, 2016; Li
et al., 2008; Liang et al., 2012, 2016; Nunn et al., 2014; Replumaz et al.,
2013; Wang et al., 2019; Zhang et al., 2012, 2015). In particular, some
of these studies have shown high velocity bodies in the MTZ, indicating
that the Indian lithosphere has subducted or detached into the MTZ or
even the lower mantle (Huang et al., 2015, 2019; Lei and Zhao, 2016; Li
et al.,, 2008; Liang et al., 2012; Peng et al., 2016; Replumaz et al.,
2013). In addition, a locally thickened MTZ resulting from the de-
pressed d660 was measured based on stacked receiver functions (Duan
et al., 2015, 2017; Yue et al., 2012) and triplicate waveform modeling
(Chen and Tseng, 2007), which confirmed that the cold Indian litho-
sphere subducted into the MTZ, leading to the decreased temperature
and thickened MTZ.

Magmatic rocks were widely emplaced in the northern Qiangtang
and Songpan-Gantze blocks from the Eocene to Miocene, far from the
collision front (Fig. 1) (Guo and Wilson, 2019). As the lithospheric
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Fig. 1. Topography, tectonics and suture zones in the Tibetan Plateau and surrounding areas. Magenta lines with triangles represent plate boundary between the
Indian and Eurasian plates; gray lines represent major faults; the suture zone in the Tibet are highlighted in blue. Colored circles denote ages of magmatic rocks
distributions (Guo and Wilson, 2019). Acronyms: MHT, Main Himalaya Thrust; ITS, Indus-Tsangpo suture; BS, Bangong-Nujiang suture; JS, Jinshajiang suture; KS,
Kunlun suture; ATF, Altyn Tagh fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deformation has propagated northward, the lithospheric mantle of the
North China block has subducted southward since the Eocene
(Tapponnier et al., 2001; Yin and Harrison, 2000). Therefore, these
volcanic rocks are considered to have originated from dehydration of
the subducted North China block. In other words, it is suggested that
the volcanos came from the crust or lithospheric mantle. However, the
magmatic rocks are composed of slab-derived carbonated melt and
depleted mid-oceanic ridge basalt (MORB) (Guo and Wilson, 2019),
which indicates that the late Cenozoic volcanic activity in the Qiang-
tang and Songpan-Ganze block originated from the deeper upper
mantle (i.e., asthenosphere) rather than the lithosphere. The origin of
the magmatic rocks was not well constrained by geochemical studies in
general. Geophysical studies revealed southward oblique interfaces in
the upper mantle extending down to ~200 km, indicating the south-
ward-subducted North China lithospheric mantle (Kind et al., 2002;
Kosarev et al., 1999; Zhao et al., 2010). However, seismic tomography
revealed that there are obvious low velocity anomalies beneath the
Qiangtang and Songpan-Gantze blocks, extending down to
~300-400 km depth (Huang and Zhao, 2006; Lei and Zhao, 2016;
Liang et al., 2012; Wang et al., 2019; Wei et al., 2012; Wittlinger et al.,
1996). Similar magmatic rocks are found beneath the Lhasa block in
south Tibetan Plateau (Fig. 1). They generally have low Sr/Nb ratios,
enrichments of SiO, and K,O and depletion of Ca in olivine pheno-
crysts, indicating the composite of silicate sediment from the subducted
Indian plate (Guo and Wilson, 2019).

Receiver functions (Langston, 1979), which are sensitive to lateral

variations of the d410 and d660, are widely used to image MTZ
structures under a seismic array (e.g., Eagar et al., 2010; Huang et al.,
2014; Li and Yuan, 2003; Mulibo and Nyblade, 2013; Xu et al., 2018).
Since 1991, many broadband seismic stations have been deployed in
the central Tibetan Plateau. Thus, dense d410 and d660 pierce points
would present an MTZ structure with higher resolution using the re-
ceiver function method. In this study, we collected all available seismic
records from the Tibetan Plateau to image high-resolution d410 and
d660 topography using P-wave receiver functions (PRFs).

2. Data and method

We collected seismic records from 15 temporary broadband seismic
stations deployed by Nanjing University during 2013-2015 (brown
triangles in Fig. 2) and another 459 stations from 11 seismic arrays:
GSN (2002-2018), GANSSER (2013-2014), Bhutan PASSCAL
(2002—-2003), INDEPTH II (1994), INDEPTH III (1998-1999), IN-
DEPTH IV  (2007-2008), HIMNT (2001-2002), Hi-CLIMB
(2004-2005), Namche Barwa Tibet (2003-2004), ASCENT
(2007-2008), and the TP Broadband Experiment (1991-1992). We se-
lected 2886 earthquakes with moment magnitudes (Mw) > 5.5 and
epicenter distances between 30° and 90° (inset map in Fig. 2).

We adopted the process described by Xu et al. (2018) to calculate
PRFs as follows: (1) the linear trend and mean shift of each selected
seismic waveform were removed; (2) the waveforms were filtered with
a third-order Butterworth filter from 0.05 to 2 Hz; (3) E-N components
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Fig. 2. Distributions of seismic stations in Tibet. Different symbols represent seismic stations from different arrays (See legend for details). Top-right inset shows
teleseismic events used in this study. Red dots represent earthquakes; the blue box represents the study region; purple lines denote plate boundaries. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were rotated to T-R components; (4) the theoretical P arrival time was
calculated for each event via the Taup toolkit (Crotwell et al., 1999); (5)
records with signal-to-noise ratios < 7 dB were removed; (6) the data
were trimmed from 10 s before the theoretical P arrival time to 120 s
after the arrival; (7) the trimmed data of the R component were de-
convoluted by those of the Z component using an iterative time-domain
deconvolution method with a Gaussian factor of 0.5 (Ligorria and
Ammon, 1999); (8) high quality PRFs were automatically and manually
selected using the criteria of Xu et al. (2018). Ultimately, we obtained
40,336 PRFs. We stacked all the PRFs in 1° bins of epicentral distance
and sorted them to check the quality of the PRFs (Fig. 3). The P410s and
P660s were very clear and fit well with the theoretical Ps-P time dif-
ference, indicating that the signals were strong in the waveforms.

To reduce the noise and scattering effects, we converted time traces
of all PRFs into depth traces and then stacked them using the CCP
stacking technique (Dueker and Sheehan, 1997; Eagar et al., 2010;

Huang et al., 2014; Xu et al., 2018). We calculated the Ps-P time dif-
ference and the locations of pierce points at an interval of 1 km (from
depths of 300 to 800 km) with the AK135 reference model (Kennett
et al., 1995). Fig. 4a and b shows the distributions of pierce points at
410 and 660 km in this study region, respectively. To suppress the in-
fluence of the velocity heterogeneities of the upper mantle on the d410
and d660 topographies, we used different three-dimensional (3D) ve-
locity models (Kustowski et al., 2008; Liang et al., 2016; Simmons et al.,
2010; Wang et al., 2019; Wei et al., 2012) to correct the Ps—P time
difference (Xu et al., 2018). In time-to-depth conversions, the ampli-
tudes at each depth were linearly interpolated by the Ps-P time dif-
ference from time traces of the PRFs.

We set up two-dimensional grid bins in the study region with a
lateral interval of 0.5° and radius of 75 km (Fig. 4c and d). The am-
plitudes with pierce points falling in each bin were stacked with the
bootstrap method (Efron and Tibshirani, 1986). The mean amplitude
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Fig. 3. (a) Stacked PRFs arranged by epicentral distance. Red and blue colors denote positive and negative peaks, respectively. Black lines show theoretical Ps-P time
difference for P410s and P660s predicted by the AK135 model. (b) Number of PRFs in each epicentral distance. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

and the 95% confidence interval of each bin were calculated from 2000
bootstrap results. We only kept bins with > 60 Ps piercing rays and
with low boundary of confidence intervals > 0 after the bootstrap
analysis (Fig. 4c and d).

3. Results

Fig. 5a and b (Model I) shows the d410 and d660 topographies after
CCP stacking with the 1D AK135 model, respectively. The d410 varied
between 382 km and 439 km, and the d660 varied between 633 km and
689 km. The d410 was predominantly relatively flat under the Lhasa
block but deepened to over 430 km beneath the Qiangtang and
Songpan-Ganze blocks; the d660 was flat under the Qiangtang block
(between 91°E and 94°E) and apparently deepened to over 680 km

under the Lhasa block (between 90°E and 94°E). Calculated as the
difference between the d410 and d660 depths (Fig. 5c), the MTZ
thickness showed strong lateral heterogeneities in central Tibet (be-
tween 92°E and 95°E). The MTZ thinned to ~230 km because of a
~20 km depression of the d410 under the Qiangtang and Songpan-
Ganze blocks, located under the observed Late Cenozoic volcanic rocks
(Guo and Wilson, 2019). In the middle of the Lhasa block, the MTZ
thickened to > 270 km, located at the front of the northward subduc-
tion of the Indian lithosphere as revealed by seismic tomography (Chen
et al., 2017; Lei and Zhao, 2016; Li et al., 2008; Liang et al., 2012;
Replumaz et al., 2013; Wang et al., 2019).

In the Tibetan Plateau, the structures in the upper mantle are
complex with strong lateral heterogeneities. There are a wide range of
high velocity anomalies denoting subducted Indian lithosphere and low
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Fig. 4. (a and b) Blue and red dots denote Ps piercing points at 410 km and 660 km, respectively. (c and d) Number of piercing points within circular bins where the
d410 and d660 peaks were selected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

velocity anomalies representing upwelling (Huang et al., 2015, 2019;
Lei et al., 2019; Lei and Zhao, 2016; Li et al., 2008; Liang et al., 2012,
2016; Replumaz et al., 2013; Wang et al., 2019; Wei et al., 2012; Zhang
et al., 2015). The velocity anomalies in the upper mantle cause an il-
lusion of d410 and d660 depth in time-to-depth conversion. The high-
velocity anomalies in the upper mantle lead to shallower depths of the
calculated d410 and d660, and the low velocity anomalies lead to
greater depths. In Model I (Fig. 5a and b), both the d410 and d660 are
uplifted by 10-20 km under the Main Himalaya. This uplift may be
caused by the high-velocity Indian slab under the Main Himalaya.

To confirm the reliability of the dominant features of the MTZ
structures in Model I (i.e., lateral variations of the MTZ thickness), we
used five 3D velocity models to correct the Ps—P time differences of the
PRFs. Fig. 5d—f (Model II) shows the lateral variations of the d410 and
d660 topographies, and the MTZ thickness was corrected by using a
global velocity model (Simmons et al., 2010). The same contents of
Fig. 6a—c (Model III) and Fig. 6d—-f (Model IV) were corrected using the
regional and local P-wave velocity models, respectively (Wang et al.,
2019; Wei et al., 2012). Because of a lack of S-wave velocity data in
these two 3D velocity models (Wang et al., 2019; Wei et al., 2012), we
constructed an S-wave velocity model according to dlnVp/dInVg based
on the relationship between mantle temperature and seismic velocity
(Cammarano et al., 2003). Synthetic tests have shown that an S-wave
velocity model constructed based on this dlnVp/dInVs relationship can
restore the d410 and d660 depths while correcting the effects of upper-

mantle velocity anomalies (Xu et al., 2018). We also collected the S-
wave velocity model of Eurasia (Model V) (Kustowski et al., 2008) (the
P-wave model was constructed by the above method) (Fig. 7a—c) and
the P and S velocity models (< 400 km depth) of the Tibetan Plateau
(Model VI) for Ps-P time difference correction (Liang et al., 2016)
(Fig. 7d—f). The MTZ thickness in Models II-VI showed dominant fea-
tures similar to those in Model I, although the d410 and d660 topo-
graphies were notably different.

Without Ps-P time correction using 3D models, the velocity
anomalies in the upper mantle influence both the d410 and d660.
Therefore, the d410 and d660 depths in the same bin showed strong
positive correlation with a correlation coefficient of 0.69 (Fig. 8a). After
the time corrections, the corresponding correlation coefficients were
reduced to 0.56, 0.62, 0.56, 0.45 and 0.58 in Models II-VI, respectively
(Fig. 8b—f). These reduced correlations suggest that some effects of the
velocity anomalies in the upper mantle were removed by the time
correction using the 3D velocity models. However, there are remaining
correlation, which may result from the limited resolution of the velocity
models and therefore the errors in time-to-depth conversions.

We constructed a new model of the MTZ thickness by stacking the
results obtained with different velocity models (Fig. 9a). The stacked
MTZ thickness further highlights the common features in different
models while suppressing the differences. In the stacked model, the
MTZ thickens to ~ 270 km under the Lhasa block (between 92°E and
96°E) and thins to ~230 km under the Qiangtang and Songpan-Ganze



M. Xu, et al. Physics of the Earth and Planetary Interiors 301 (2020) 106452

Model I Model Il
oge Global 3-D Velocity Model
AK135 (GYPSUM (Simmons et al., 2010))
40°
450
36° 440 g
430 >
i1 Q.
420 §
2
555 410 9
400 ?
£
390 §
2
28° 380 &
370
24°
40°

700
690
680
670
660

36°

32°
650

1 640
630
620

Discontinuity Topography (km)

28°

24°
40°

280
270
260
250

240

230

Transition Zone Thickness (km)

220

24° A
80° 84° 88° 92° 96° 100°  80° 84° 88° 92° 96° 100°

Fig. 5. (a—c) Topographies of the d410, d660 and MTZ thickness derived by the AK135 model. (d-f) The same as (a—c) but for the results derived by a global 3D
velocity model (Simmons et al., 2010).
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Fig. 6. The same as Fig. 5 but for the results derived by a regional (Wei et al., 2012) and local (Wang et al., 2019) 3D velocity models.



M. Xu, et al. Physics of the Earth and Planetary Interiors 301 (2020) 106452

Model V
Regional 3-D Velocity Model Model VI
(Vs: Kustowski et al., 2008; Local 3-D ,VeIOC'ty Model
dinVp/dinVs: cammarano et al., 2003) (Vp, Vs: Liang et al., 2016)

40°

450
440
430

36°

420

300 410

I

400
390

Discontinuity Topography (km)

28° 380

370

24°
40°

700
- 690
680
670
320 660
650

640

L
L
|
| |
O
| |
1
| |

Discontinuity Topography (km)

28° 630

620

24°
40°

36° [~

32°

| T

Transition Zone Thickness (km)

28°

24°
80° 84° 88° 92° 96° 100°  80° 84° 88° 92° 96° 100°

Fig. 7. The same as Fig. 5 but for the results derived by a regional (Kustowski et al., 2008) and local (Liang et al., 2016) 3D velocity models.



M. Xu, et al.

Physics of the Earth and Planetary Interiors 301 (2020) 106452

Model | Model Il Model 11l
(a) CC=0.689778 (b) CC=0.563049 (C) CC=0.624048
680 1 “e 680 680
o
D [}

670 Y 670 3 670
= b = 2
= = =
(=] (=] o
3 3 2
8 8 8
T 660 T 660 T 660
= = 2
5 5 5
< < <
5 2 ° .
[ 3 O e
o o o

650 650 650 o,

P L)
640 = 640 640
380 390 400 410 420 430 440 380 390 400 410 420 430 440 380 390 400 410 420 430 440
Depth of d410 (km) Depth of d410 (km) Depth of d410 (km)
Model IV Model V Model VI
( ]
(d) -« *¥(CC=0.561022 (e) &% () CC=0.581740
680 1 ° %°3 680 - 680 2 ;
I:L 1 poy
o) o s e
o . . 2 '_‘ :‘: '
e - 2l BE0 o o ™%

670 4 670 . 670 4 i ¢
= = =z = oL ! '
g 1] Y g of iy oy
o o o w0 Y e o " e =
= e B » L X R = o =
@ ] ° © ' o)
3 660 B 660 = - 3 660 % g
‘s b 8 ‘s
= : . : s e
=3 = a + "
8 8 “ & ° +

650 ® 650 650 8888

L 5
640 640 640
380 390 400 410 420 430 440 380 390 400 410 420 430 440 380 390 400 410 420 430 440
Depth of d410 (km) Depth of d410 (km) Depth of d410 (km)

Fig. 8. The correlation between d410 and d660 depths in Model I-VI.

blocks (between 91°E and 95°E). In other regions, the MTZ thickness is
close to the global average value of ~250 km.

4. Discussion
4.1. Comparison with tomographic results

The Indian lithosphere has been colliding with the Eurasian plate
since the Eocene. Confirmed by geological and geophysical studies, the
Indian lithosphere has subducted into the upper mantle under the Tibet
Plateau (e.g., Huang and Zhao, 2006; Li et al., 2008; Liang et al., 2016;
Pitard et al., 2018; Tapponnier et al., 2001; Wang et al., 2019; Webb
et al., 2017; Yin and Harrison, 2000). The subducted slab has even
detached into the upper mantle or the MTZ (e.g., Chen et al., 2017;
Webb et al., 2017). However, the extending depth of the subducting
slab is still debated. Regional tomographic images suggest that the In-
dian slab has been subducted down to ~200 km with a small dip angle
(Huang and Zhao, 2006; Kustowski et al., 2008; Wei et al., 2012). In
contrast, local tomographic images indicate that the slab has been
subducted into the MTZ or has even stagnated there (Chen et al., 2017;
Lei and Zhao, 2016; Liang et al., 2016; Nunn et al., 2014; Replumaz
et al., 2013; Wang et al., 2019).

Our observations support the inference that the slab has reached the
MTZ because the MTZ is thickened under the Lhasa block, which has
high velocity anomalies beneath it. In contrast, the MTZ is thinned in
regions with low-velocity anomalies in the upper mantle (Chen et al.,
2017; Li et al., 2008; Liang et al., 2016; Wang et al., 2019). To further
compare the MTZ structures with velocity anomalies, we stacked the
PRFs (based on Model IV) along a profile across areas where the MTZ

thickness changed significantly (Fig. 9b and c). The topographies of the
d410 and d660 show strong correlations with P-wave velocity anoma-
lies (background in Fig. 9c) (Wang et al., 2019). With high velocity
anomalies, the MTZ under the Lhasa block is significantly thickened
because of the depression of the d660. In contrast, with low-velocity
anomalies extending down to 200 km, a depressed d410 and thinned
MTZ are obvious under the Qiangtang block. The notably hetero-
geneous MTZ thickness and the upper-mantle velocity indicate that the
subducted Indian slab has affected the mineral phase transition at the
d660, and, at the same time, the hot upwelling under the Qiangtang and
Songpan-Ganze blocks likely originates from the MTZ.

4.2. Subduction of the Indian plate

While the cold slab revealed by the high-velocity anomalies sub-
ducted into (or through) the MTZ, the MTZ thickness changed because
the mineral phase transitions across both the d410 and d660 are in-
fluenced by the slab. Assuming that the Clapeyron slope of the olivine
to wadsleyite transition is 3.6 to 4.0 MPa/K ™!, and that the Clapeyron
slope of the ringwoodite to bridgmanite phase transition is —1.0 to
—2.0 MPa/K ™! (Bina and Helffrich, 1994; Fei et al., 2004; Frost, 2008;
Katsura et al., 2004), we speculate that a 20 km MTZ thickening under
the Tibetan Plateau indicates a temperature anomaly of ~250-340 K.
This value is basically consistent with previous observations in south-
eastern Tibet (Xu et al., 2018), where the subducted Indian slab affects
the mineral phase transition across the d410 and/or d660.

The results of this study indicate significant MTZ thickening be-
tween longitudes of 92° and 96° (Fig. 10). Yue et al. (2012) used a local
seismic array and also found MTZ thickening in similar areas. Duan
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et al. (2017) imaged the MTZ structures beneath central Tibet using an
exclusive data set and found two thickened regions between 90° and 92°
beneath the Lhasa and Qiangtang blocks, respectively (black dashed
curves in Fig. 10). Triplicated waveform modeling implied that a no-
table anomaly of high P-wave velocity in the MTZ under the Qiangtang
block between longitudes of 85° and 90°, which the d660 of the model
was depressed by ~15 km (Chen and Tseng, 2007; Tseng and Chen,
2008). Combining these results with our new MTZ images, we suggest
that the d660 is depressed and the MTZ thickened under the Tibetan
Plateau, especially under the Lhasa block.

The distribution of the subducted slab in the upper mantle indicated
by seismic tomography is still issuable. Regional and local tomographic
results suggest subduction in the upper mantle under the middle and
western Lhasa block (e.g., Li et al.,, 2008; Wang et al., 2019; Zhang
et al., 2012, 2015), where the MTZ thickening was also observed in
receiver function and triplicated waveform modeling (Chen and Tseng,
2007; Duan et al., 2017; Tseng and Chen, 2008). However, local to-
mographic studies indicated that the Indian plate subducted to the d410
or into the MTZ in the eastern Lhasa block (Lei and Zhao, 2016; Lei
et al., 2019; Nunn et al., 2014; Peng et al., 2016). MTZ thickening was
observed in a similar region (92°E-96°E), consistent with the deep
subduction shown in the tomographic images. These results confirm
that the Indian slab has at least subducted down into the MTZ.

4.3. Volcanic activity in the Tibetan plateau

Late Cenozoic magmatic rocks are widely distributed in the
Qiangtang and Songpan-Gantze blocks (Fig. 1). Seismic tomography
revealed that the low velocity anomalies beneath these blocks extend
from the MTZ to the surface (Chen et al., 2017; Liang et al., 2016; Wang
et al., 2019), which indicates that the volcano-related heat upwelling
originated from the deeper upper mantle rather than from the litho-
sphere. Because of a significant d410 depression, the MTZ is thinned by
~20 km under the Qiangtang and Songpan-Gantze blocks (between
92°E and 95°E) where low velocity anomalies are obvious in the P-wave
tomography (Fig. 9) (Wang et al., 2019). Therefore, we suggest that the
upwelling originated from the MTZ and influenced at least the mineral
phase transition across the d410 by increasing the temperature.

Magmatic rocks are widespread in the plateau (colored dots in
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Fig. 10), but different groups of the magmatic rocks have been dis-
tinguished by isotopic geochemical studies (Guo and Wilson, 2019).
The magmatic rocks in the Lhasa block are composed of the silicate
sediment. It may be directly related to the northward subduction of the
Indian plate in the upper mantle above 410 km. The flat or slightly
uplifted D410 we imaged under the Lhasa block suggest no notable
anomaly of high temperature in the MTZ. The result confirms that the
magmatic rocks in the Lhasa block originate from the upper mantle, i.e.,
lithosphere or asthenosphere. In contrast, the magmatic rocks in the
Qiangtang and Songpan-Ganze block are distributed in front of the
subducted slab rather than above the slab. This phenomenon means
that this volcanic activity was not directly formed by the dehydration of
the subducted Indian slab. Isotopic geochemical studies indicated that
these magmatic rocks are composed of the Indian carbonated melt and
the depleted MORB of the Tibetan Plateau (Guo and Wilson, 2019). The
depleted MORB components in the mantle source of the xenoliths in-
dicate native material of the deep upper mantle following mantle up-
welling to the surface. The thinner MTZ due to depressed d410 in-
dicates that the upwelling originated from the MTZ. However, the flat
d660 suggests that the mantle upwelling does not extend deeper in the
lower MTZ and low mantle. Li et al. (2016) used a thermodynamic
model to numerically simulate the continental collision of the Tibetan
Plateau. The results demonstrated that the Indian lithospheric sub-
duction into the upper mantle triggers upwelling through the upper
mantle; this upwelling can weaken the lithosphere and reach the sur-
face. Therefore, we infer that the subducted Indian plate (into the MTZ)
induced the upwelling from the MTZ, resulting in the thinning of the
MTZ and low velocity anomalies in the upper mantle.

We have proposed an improved model of upper-mantle dynamics
for the Indian—Asian collision (Fig. 11). The Indian lithosphere subducts
northward accompanying the Indian-Asian collision. Subducting into
the MTZ or even sinking into the lower mantle, the subducted Indian
lithosphere changes the temperature in the MTZ, resulting in thickening
of the MTZ under Tibet. The subduction triggers mantle upwelling from
the MTZ. The increasing temperature induces a depression of the d410
and thinning of the MTZ. This model not only shows that the Indian
plate has subducted into the MTZ, but also confirms that the magmatic
rocks exposed in the Qiangtang and Songpan-Gantze blocks originated
from the MTZ.
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5. Conclusion

To study the MTZ structures beneath the central Tibetan Plateau, we
collected as many seismic records as possible for imaging the topo-
graphies of the d410 and d660 by the receiver function and CCP
stacking methods. We corrected Ps—P time differences with 3D velocity
models to reduce the effects of upper-mantle velocity heterogeneities.
The results exhibit a thickened MTZ under the Lhasa block and a
thinned MTZ under the Qiangtang and Songpan-Ganze blocks, con-
sistent with the high velocity anomalies in the MTZ and low velocity
anomalies in the upper mantle, respectively. Based on these results
combined with the results of isotopic geochemistry and numerical si-
mulation, we suggest that the Indian plate subducted northward into
the MTZ and induced upwelling from the MTZ to the surface.
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