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The subduction of the Indian Plate beneath SE Tibet and its related volcanism in Tengchong are important 
geologic processes that accompany the evolution of the Tibetan Plateau. However, it is still not clear 
whether the subduction and volcanism are confined to the upper mantle or if they extend deep into the 
mantle transition zone (MTZ). Here, we imaged MTZ structures by using receiver function methods with 
the waveforms recorded by more than 300 temporary stations in SE Tibet. The results show significant 
depressions of both the 410-km and 660-km discontinuities and a thickened MTZ (260–280 km) beneath 
SE Tibet. The depression of the 660-km discontinuity (by 10–30 km) and the thickened MTZ correlate 
well with high P-wave velocity anomalies in the MTZ, indicating the presence of a subducted Indian 
slab within the MTZ. Significant depression of the 410-km discontinuity (by 10–20 km) beneath the 
Tengchong volcano indicates that the volcano originates from the MTZ and is closely related to the 
subducted Indian slab. Our results confirm the deep subduction of the Indian plate and the deep origin 
of the Tengchong volcano. However, it remains unknown whether a slab gap exists and contributes to 
the Tengchong volcano.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Tibetan Plateau (Fig. 1) formed from the collision of the 
Indian and Eurasian plates, which began ∼50 Ma. The tectonic 
evolution and mechanism of growth of the Tibetan Plateau have 
long been the focus of geosciences (e.g., Tapponnier et al., 2001;
Yin and Harrison, 2000). Deep mantle dynamics play an important 
role in the evolution of the Tibetan Plateau (e.g., Kind et al., 2002;
Tapponnier et al., 2001). In SE Tibet, the Indian Plate is obliquely 
subducting eastward beneath Burma (Fig. 1) with active seismicity 
occurring down to ∼200 km depth (Ni et al., 1989). However, the 
depth and extent of the slab is still under debate. Regional seis-
mic tomography has provided clear images of the subducted slab 
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as a high velocity body down to ∼300–400 km depth but has pro-
duced blurred images at greater depths (Huang and Zhao, 2006;
Huang et al., 2015b; Li et al., 2008). In contrast, teleseismic to-
mography has revealed notable high-velocity bodies in the MTZ 
(Huang et al., 2015a; Lei et al., 2009; Lei and Zhao, 2016). How-
ever, the resolution of the imaged Indian slab (especially in the 
MTZ) is relatively low because most seismic stations are located in 
the back-arc region (i.e., in Yunnan, SW China, ∼400 km away from 
the arc) (Fig. 1). Our understanding of how deep the subducted 
slab extends and its interaction with the MTZ is inconclusive. 
Correspondingly, the origin of the active Tengchong volcano (last 
erupted in 1609) is still debated. Some models suggest that it is 
a subduction-driven volcano due to dehydration of the subducted 
Indian Plate and that it originates from the MTZ (Lei et al., 2009;
Lei and Zhao, 2016). Other models prefer a shallow origin, ei-
ther induced by slab rollback (Lee et al., 2016; Ni et al., 2015;
Richards et al., 2007) or mantle flow rising from a slab window 
in the subducted Indian slab (e.g., Guo et al., 2016; Zhang et al., 
2017).

The MTZ structures, specifically the topographies of the 410 km 
and 660 km discontinuities (hereafter referred to as D410 and 
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Fig. 1. (a) Tectonics in the Tibetan Plateau and SE Asia. The purple lines denote the plate boundaries (Bird, 2003). The age of the oceanic lithosphere (Müller et al., 2008)
is shown in different colors. The black and yellow arrows denote the absolute plate-motion directions of the surrounding plates in HS3-Nuvel-1A (Gripp and Gordon, 2002)
and NNR-MORVEL56 models (Argus et al., 2011), respectively. The red triangles denote active volcanoes. TC represents the Tengchong volcano. (b) Teleseismic events used in 
the study (red dots). The three great circles denote the epicentral distances of 30◦ , 60◦ , and 90◦ , respectively. (c) Distribution of the 398 stations used in the study. Inverted 
red triangles denote the 325 portable stations deployed by the ChinArray project. Blue squares denote the 15 portable stations deployed by the Massachusetts Institute of 
Technology (MIT). Yellow circles denote the 21 permanent stations belonging to the Chinese Seismic Network (CSN). Green circles denote the 29 portable stations deployed 
by Nanjing University and the Chinese Academy of Sciences (NJU-CAS). Solid magenta lines denote major tectonic boundaries in SE Tibet. The dashed magenta lines show 
the depth of the subducted Indian slab (Ni et al., 1989). The red triangle denotes the Tengchong volcano. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
D660), provide important constraints on the depth extent of the 
slab because they are sensitive to the thermal anomalies near the 
MTZ. The D410 and D660, which describe sudden seismic veloc-
ity changes that are observed globally, reflect phase transitions of 
dominant minerals (i.e., olivine) in the mantle. The D410 is the re-
sult of the transition from olivine to wadsleyite, whereas the D660 
represents the transition from ringwoodite to perovskite and mag-
nesiowustite. Because of opposite Clapeyron slopes of the phase 
transitions at the D410 and D660, their depths vary oppositely due 
to thermal anomalies. In general, a cold slab causes a thicker MTZ 
due to an uplifted D410 and a depressed D660, while a hot plume 
leads to a thinner MTZ that results from a depressed D410 and 
an uplifted D660 (Bina and Helffrich, 1994). Global studies of MTZ 
structures have confirmed that the MTZ is thicker beneath sub-
duction zones (e.g., West Pacific, South America) and is thinner 
beneath hot spots and plumes (e.g., South Pacific, Africa) (Lawrence 
and Shearer, 2006).

Receiver function analysis (Langston, 1979) is an important tool 
for imaging high-resolution MTZ structures. It has been widely 
used to study the D410 and D660 depths and the thermal anoma-
lies within the MTZ under subduction zones, hotspots and plumes 
all over the world (e.g., Eagar et al., 2010; Li and Yuan, 2003;
Tian et al., 2016). In this study, we calculated P-wave receiver 
functions (PRFs) with the waveforms recorded by a dense tempo-
rary network (ChinArray) to obtain high-resolution D410 and D660 
topographies beneath SE Tibet. These results, together with 3-D 
P-wave velocity tomography, provide important clues for under-
standing the mantle dynamics and origin of the Tengchong volcano 
in SE Tibet.
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Fig. 2. (a) Stacked P-wave receiver functions in each 1◦-bin plotted against the epicentral distances. Red and blue colors denote the positive and negative pulses, respectively. 
Dashed lines denote the theoretical arrival times for different phases predicted with the reference 1-D AK135 model. (b) Numbers of P-wave receiver functions in different 
epicentral distances. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2. Data and methods

2.1. Waveform data

In this study, we use the waveforms from 785 earthquakes with 
Mw > 5.5 and epicentral distances of 30◦–90◦ (Fig. 1b) recorded 
at 398 three-component broadband stations (Fig. 1c). The stations 
belong to four seismic arrays. The first data set includes 325 tem-
porary stations that were deployed between October 2011 and 
August 2012 by the ChinArray Project (inverted red triangles in 
Fig. 1c). The second data set consists of records from 24 perma-
nent stations of the Chinese Seismic Network between January and 
June 2012 (yellow circles in Fig. 1c). The third data set includes 
29 portable stations that were deployed by Nanjing University and 
the Chinese Academy of Sciences between January 2003 and Au-
gust 2004 (green hexagons in Fig. 1c). The fourth data set includes 
data from 15 portable stations operated by the Massachusetts In-
stitute of Technology between October 2003 and September 2004 
(blue squares in Fig. 1c).

2.2. Receiver function deconvolution

We first removed the mean offset and linear trend of the wave-
forms, then filtered them with a Butterworth bandpass filter in the 
range of 0.05–2 Hz and rotated the horizontal components into ra-
dial and transverse components. We used the waveforms with a 
signal-to-noise ratio (SNR) greater than 7.0 dB on both the vertical 
and radial components. The SNR is calculated by:

SNR = 10 log10

(
As

AN

)2

(1)

where AN and AS are root mean squares (RMS) of the waveform in 
a 100-s time-window before and after theoretical P arrival times, 
respectively. We cut 130 s long vertical and radial waveforms (from 
10 s before to 120 s after theoretical P arrival times) with a high 
SNR and then calculated the PRFs with an iterative time-domain 
deconvolution method (Ligorría and Ammon, 1999).

We applied strict criteria to select high quality PRFs. First, the 
cross-correlation coefficients between the original and recovered 
(convolution of PRF with vertical component) radial components 
are larger than 0.8 (i.e., more than 80% recovered). Second, the 
maximum amplitudes of PRFs in a 30–120 s window after the di-
rect P (containing possible P410s and P660s phases) are smaller 
than 30% of the maximum amplitudes of the direct P phases. Fi-
nally, we manually checked all of the PRFs and removed those that 
had weak P phases, large negative amplitudes or harmonic oscilla-
tions. We obtained a total of 13,671 reliable PRFs. We sorted the 
PRFs by increasing epicentral distance and stacked them in every 
1◦ bin to visually check the move-out of the converted phases. 
The converted phases (P410s, P660s) are clear around expected 
arrival times (Fig. 2), which suggests sharp velocity contrasts at 
the D410 and D660 and indicates that the quality of our data is 
good.

2.3. Receiver function migration

We migrated and stacked all PRFs with a common conversion 
points (CCP) method (Dueker and Sheehan, 1997; Eagar et al., 
2010). We calculated the piercing points of PRFs at 300–800 km 
depths (the step is 1 km) with the standard 1-D AK135 model 
(Kennett et al., 1995) (Model I). Fig. 3 shows good coverages of the 
Ps piercing points at 410 km and 660 km depths. We calculated 
the Ps–P differential times TPs in the spherical coordinate (Eagar 
et al., 2010):

TPs =
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Fig. 3. (a, b) Ps piercing points at 410-km (blue dots) and 660-km (red dotes) depths. Yellow triangles denote the stations. (c, d) Number of points within each circular bin 
(with radius of 75 km) at 410 km and 660 km depths. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
where Ri is the Earth’s radius for each ith depth shell (ri ), �r is 
the depth interval, pP and pPs are ray parameters of direct P and 
Ps phases, respectively, and Vp i and Vs i are P and S wave veloci-
ties in the ith layer, respectively. The amplitudes of the migrated 
receiver functions were linearly interpolated from PRFs according 
to the Ps–P differential times.

To investigate the effect of upper-mantle velocity hetero-
geneities in the RF migration, we employed a high-resolution, 3-D 
local P-wave velocity model (Huang et al., 2015a) (Model II) to 
remove potential effects of velocity heterogeneities in the upper 
mantle. The S-wave velocities are estimated based on the V p/V s

ratio in the AK135 model due to the lack of a local S-wave veloc-
ity model in the study region. The Ps–P differential times in the 
3-D model (TPs3D) are derived as:

TPs3D = TPs + �T , (3)

where �T is the time correction for the velocity perturbations in 
the 3-D velocity model.

2.4. CCP stacking

We set up grid nodes with 0.5◦ horizontal intervals (Figs. 3c 
and 3d) and searched for all of the migrated PRFs that are lo-
cated in a circular bin (with 75 km radius) around each grid node 
at 1-km depth intervals. The numbers of PRFs at the D410 and 
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D660 are larger than 300 at most grid nodes (Figs. 3c and 3d). 
We applied the bootstrapping method to resample the dataset and 
calculate the stacked amplitudes 2000 times. Then, the final mean 
PRFs and the corresponding 95% confidence level were calculated.

We searched for the P410s and P660s peaks in the mi-
grated and stacked PRFs in the depth ranges of 370–450 km and 
620–700 km, respectively. We only selected the peaks that had 
more than 60 individual PRFs at the corresponding grid nodes 
(Figs. 3c and 3d). They all have significantly positive amplitudes 
with lower boundaries above zero at a 95% confidence interval. 
We further calculated the MTZ thickness by subtracting the D410 
depth from the D660 depth at each grid node.

3. Results

3.1. D410 and D660 topographies

Fig. 4 shows the D410 and D660 depths obtained with 1-D and 
3-D velocity models. We obtained ∼400 peaks for both D410 and 
D660 from the stacked PRFs after a visual check. The D410 depres-
sion in the southwestern region is the dominant feature in both 
models. The D410 depths are generally deeper than 420 km, which 
are 10–20 km greater than in adjacent regions. In the northeastern 
region, however, the D410 depths (∼410 km) are consistent with 
global averages. The D660 topography shows a similar pattern. In 
the western region (<104◦E), the D660 depths are deeper, in the 
range of 670–690 km except for a local anomaly of <670 km un-
der the Tengchong volcano. In the eastern region, the D660 depths 
are consistent with global averages of 660 ± 10 km. In summary, 
the D410 and D660 are generally depressed in the western and 
southwestern regions of the study area where the Indian Plate 
subducts but are normal beneath the stable craton in the eastern 
regions.

3.2. Influence of 3-D velocity anomalies

To better estimate the influence of the 3-D velocity models (es-
pecially S-wave velocity or V p/V s ratio) on estimating the D410 
and D660 depths, we constructed two more 3-D velocity models 
based on Model II. In the new models, S-wave velocity anomalies 
(d ln V s) are calculated from d ln V p based on numerical simula-
tion (Cammarano et al., 2003) or global statistics (Saltzer et al., 
2001). The variations in seismic velocities in the upper mantle 
are more sensitive to temperature variations than to compositional 
changes (Cammarano et al., 2003). However, P and S wave veloc-
ity perturbations have different sensitivities to temperature varia-
tions, resulting in different ratios of P and S wave anomalies (i.e., 
d ln V s/d ln V p ratio). In Model III, we calculated S wave velocities 
based on the d ln V s − d ln V p relationship by using forward calcu-
lations from the compositional elastic modules under the pressure 
and temperature conditions within the Earth (Cammarano et al., 
2003). The corresponding d ln V s/d ln V p ratios equal approximately 
two in the upper mantle and in the MTZ. In addition, we con-
structed Model IV by estimating the S wave velocities based on 
global statistics between d ln V p and d ln V s in subduction zones 
(Saltzer et al., 2001). In this case, the mean d ln V s/d ln V p ra-
tios are 2–3 in the 0–300 km depth range and are ∼1.5 in the 
300–1000 km depth range.

Fig. 5 shows the D410 and D660 depths that were estimated 
with Models III and IV. The D410 and D660 topographies for 
the new models retain the major patterns that were generated 
in Model II, such as a significantly depressed D410 and D660 in 
the western and southwestern regions. However, both the D410 
and D660 in the northeastern region, beneath the Yangtze Craton, 
are deeper than those in Model II by ∼10 km. The Yangtze Cra-
ton is a stable craton with high-velocity anomalies in the upper 
mantle. The heat flow and temperature in the craton are much 
lower than those in adjacent regions (Hu et al., 2000). Thus, the 
d ln V s/d ln V p ratios should be smaller than those used in Models 
III and IV (Cammarano et al., 2003). Therefore, the D410 and D660 
depths obtained with Models III and IV in the northeastern region 
are overestimated.

We performed further synthetic tests to estimate the uncertain-
ties of the D410 and D660 depths beneath the Tengchong volcano. 
The input velocity model is modified from the AK135 1-D model. 
Initial −2.0% and +2.0% P-wave velocity anomalies (d ln V p) were 
added in the depth ranges of 50–410 km and 410–660 km (Fig. 6a), 
respectively. Similar S-wave velocity anomalies (d ln V s) were also 
added, but with larger amplitudes (d ln V s/d ln V p = 1.5, i.e., −3.0% 
and 3.0% in the upper mantle and MTZ, respectively). We first cal-
culated theoretical time differences between the Ps (i.e., P410s and 
P660s) and P phases (Tsyn = TPs −TP) with the constructed velocity 
model (Fig. 6a; assuming vertical rays) and then inverted the syn-
thetic data (Tsyn) for the D410 and D660 depths with different ve-
locity models that assume different d ln V (i.e., |d ln V p| from 0.0% 
to 4.0% with a step of 0.5%) and d ln V s/d ln V p ratios (from 0.5 to 
2.0 with a step of 0.05). Both D410 and D660 depths inverted with 
a simple 1-D starting model (i.e., AK135 model, d ln V = 0.0%) (e.g., 
Model I) were significantly overestimated (Fig. 6). Specifically, the 
D410 is nearly 20 km deeper than the depth in the input model 
(Fig. 6b). Taking into account the 3-D velocity anomalies while as-
suming d ln V s/d ln V p = 1.0 (e.g., Model II) improves the result, 
the D410 are still significantly deeper than expected (Fig. 6b). The 
inverted D410 and D660 depths were closer to the input values 
when the d ln V or d ln V s/d ln V p ratios increase, and even became 
shallower than expected for very large d ln V and d ln V s/d ln V p
ratios (e.g., Models III and IV in Figs. 6b and 6c).

We prefer the results of Model II to those of Models III and IV. 
The uncertainties of the estimated d ln V s/d ln V p ratios may intro-
duce additional anomalies (Cammarano et al., 2003; Saltzer et al., 
2001). In SE Tibet, the structural and thermal heterogeneities be-
neath the Tengchong volcano and the Yangtze Craton are strong. It 
is not appropriate to apply uniform d ln V s/d ln V p ratios for the 
whole region as done in Models III and IV. However, we must 
consider that the D410 and D660 depths beneath the Tengchong 
volcano may be overestimated by 10 km and 5 km, respectively, 
in Model II. In this case, the D410 depths are at least 420 km be-
neath the Tengchong volcano, still ∼10 km deeper than adjacent 
regions.

3.3. MTZ thickness

Because the velocity anomalies in the upper mantle are com-
mon factors in estimating D410 and D660 depths, the MTZ thick-
ness is independent of the velocity perturbations in the upper 
mantle and provides a better estimation of the thermal anoma-
lies in the MTZ. The synthetic tests confirm that the deviation in 
the MTZ thickness is generally half of the deviations in the D410 
and D660 depths (Fig. 6). Figs. 4 and 5 also show the MTZ thick-
nesses beneath SE Tibet that were determined with different ve-
locity models (Models I–IV). The results in these models (I–IV) are 
similar, which suggests that they are more reliable than the D410 
and D660 topographies themselves. The MTZ thicknesses gener-
ally range from 230 km to 280 km and are thicker in the west-
ern region than in the eastern region. In the western region (i.e., 
<104◦E), the MTZ thicknesses are generally greater than 260 km, 
except for a local anomaly beneath the Tengchong volcano where 
the MTZ thickness is less than 240 km. In the northeastern and 
southeastern regions, the MTZ thicknesses are ∼250–260 km and 
∼240–250 km, respectively, which is in agreement with the global 
average of ∼240–260 km (Lawrence and Shearer, 2006).
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Fig. 4. (a–c) Depths of the 410- and 660-km discontinuities and MTZ thicknesses determined with the 1-D AK135 model (I). (d-f) The same as (a–c) but for the results 
determined with the 3-D velocity model (II) (see the text for details). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
Zhang et al. (2017) also determined the MTZ structures in SE 
Tibet with a similar dataset. They constructed a 3-D model with 
P-wave velocities derived from the S-wave tomography using sur-
face wave inversion (Li et al., 2013). The V p/V s ratio was derived 
from the AK135 model, i.e., d ln V s/d ln V p = 1.0 (which is similar 
to Model II in the present study). However, the S-wave tomog-
raphy from long-period surface waves has relatively lower reso-
lution and reveals only the S-wave structures down to ∼300 km 



M. Xu et al. / Earth and Planetary Science Letters 482 (2018) 567–579 573
Fig. 5. The same as Fig. 4 but for the two other 3-D models (III and IV; see the text for details). (For interpretation of the colors in this figure, the reader is referred to the 
web version of this article.)
depth. Therefore, the velocity heterogeneities downward were not 
corrected in their model. Even so, their images are generally con-
sistent with our results to the first order. Both the depressed D410 
and D660, as well as thickened MTZ, are visible in the western 
region (<104◦E), which confirms that the major features are ro-
bust.
4. Discussion

4.1. Thermal anomalies in the MTZ

The D410 and D660 topographies and the MTZ thicknesses are 
generally controlled by the phase transition of dominant minerals. 
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Fig. 6. Synthetic tests for receiver function migration, estimating the influence of different velocity models on the calculated D410 and D660 depths. (a) The synthetic 
1-D velocity model beneath the Tengchong volcano used for calculating the synthetic (TPs–TP) data sets. (b) The inverted D410 depths (blue lines) using different velocity 
anomalies (d ln V = |d ln V p|) and d ln V s/d ln V p ratios. Red dashed lines show the input model for calculating the synthetic data. Symbols I–IV denote the approximate 
locations of the actual inversions with different velocity models in the study (see the text for details). (c) and (d) are the same as (b) but for the D660 depths and MTZ 
thickness, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Comparison of the MTZ thicknesses (contour lines) and the mean P-wave 
velocity anomalies (background colors) in the MTZ. Blue and red colors denote high 
and low velocities, respectively. Blue and red contours denote thick and thin MTZ, 
respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Temperature is the most important factor that affects the phase 
transitions and the MTZ structures. The change in the MTZ thick-
ness (δz) can be expressed as (Helffrich, 2000):

δz = δT ∗ dz

dP
∗

[(
dP

dT

)
660

−
(

dP

dT

)
410

]
(4)

where dP
dz (35 MPa/km) is the pressure gradient in the Earth, 

( dP
dT )410 (3.1 MPa/K) and ( dP

dT )660 (−2.6 MPa/K) are Clapeyron slops 
of D410 and D660, respectively (Akaogi et al., 2007). Lateral varia-
tions of 30 km in the MTZ thickness indicate a temperature vari-
ation of ∼200 K, which causes P-wave velocity anomalies by ∼1% 
(Cammarano et al., 2003; Deal et al., 1999). Thus, in the western 
region, the thickened MTZ (up to 280 km) suggests ∼200 K lower 
temperature in the MTZ and therefore an ∼1% higher P-wave ve-
locity. The predicted velocity anomalies are comparable to those 
revealed by seismic tomography (Fig. 7).

Fig. 8 compares the stacked PRFs (determined with model II) 
with the P-wave velocity anomalies (Huang et al., 2015a) along 
three profiles in SE Tibet. There are overall good correlations be-
tween the seismic images and the D410 and D660 topographies. 
The deeper and shallower D410 is found in low and high veloc-
ity zones, respectively, whereas D660 has opposite relationships 
(i.e., deeper in high velocity zones and shallower in low velocity 
zones). Because velocity anomalies result from thermal anomalies 
in general, our images closely follow the Clapeyron slopes of phase 
transitions for the dominant minerals at these discontinuities.

In the eastern region (>104◦E), the D410 and D660 are flat 
without visible deviations from the global averages, although P-
wave images also show significant velocity anomalies. A possible 
explanation is less thermal activity in the MTZ under the eastern 
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Fig. 8. Comparison of the stacked P-wave receiver functions and the P-wave velocity anomalies (Huang et al., 2015a) along the three profiles shown in the bottom-right figure. 
Blue and red colors in background denote high and low velocities, respectively. Black and gray lines denote the average P-wave receiver functions and their 95% confidence 
level, respectively, obtained from 2,000 bootstrapping iterations (see the text for details). Red and blue colors denote the significant positive and negative pulses, respectively. 
Two dashed horizontal lines denote the 410 km and 660 km depths for reference. The red triangle denotes the Tengchong volcano. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
region (in general, under the Yangtze Craton) than under the west-
ern region (in the subduction domain), as discussed later.

4.2. Subduction of the Indian Plate

The tectonic evolution of the Indo-Burma range is dominated 
by the oblique subduction of the Indian Plate beneath SE Tibet 
(Ni et al., 2015, 1989), which is a transition zone from oceanic 
subduction along the Sunda Arc in SE Asia to continental colli-
sion between the Indian and Eurasian plates (Huang et al., 2015b;
Li et al., 2008; Pesicek et al., 2010; Wei et al., 2012). Seismic im-
ages argue whether the subducted slab in SE Tibet reaches the 
MTZ or whether it is confined to the upper mantle. Our CCP stack-
ing images show that D660 is depressed and the MTZ is thick-
ened significantly in SE Tibet, which is similar to observations in 
other subduction zones such as the NW Pacific (Li and Yuan, 2003;
Tian et al., 2016). The most plausible explanation for the depressed 
D660 is a lower temperature within the subducted slab, which is 
imaged as high velocity bodies in the MTZ. The thickened MTZ in 
the study region is mostly caused by the D660 depression. In this 
case, the ∼30 km depressed D660 indicates that the temperature 
near D660 is 400 K lower than in adjacent regions. It would cause 
∼+2% perturbations in P-wave velocity, which correlates well with 
seismic tomography (Fig. 8).

Water content may also significantly affect the D410 and D660 
depths (Helffrich, 2000; Higo et al., 2001; Litasov et al., 2005). 
Studies on ultra-deep diamonds have indicated that stagnant slabs 
lying in the MTZ could release water into the surrounding man-
tle (e.g., Harte, 2010; Pearson et al., 2014). The ringwoodite-to-
perovskite transition occurs at greater depths if hydrous ringwood-
ite exists (Higo et al., 2001). A water content of 2.0 wt% in the 
subducted slab may induce a D660 depression by ∼15 km (Cao 
and Levander, 2010). Therefore, the significant depression of D660 
in the western region (<104◦E) is also possibly affected by water 
that was released from the subducted Indian slab.

Zhang et al. (2017) attributed the depressed D660 and high 
velocity anomalies to the presence of detached lithosphere in SE 
Tibet. Fig. 9 shows a 3-D distribution of the high (d ln V p ≥ 1.0%) 
and low velocity (d ln V p ≤ −1.0%) bodies in the upper mantle and 
MTZ beneath SE Tibet. It shows some indications of the detached 
lithosphere, but the corresponding high velocity body is very lim-
ited and is only constrained to be shallower than 500 km. There-
fore, we prefer that the high velocity bodies at the bottom of the 
MTZ represent the subducted Indian slab, rather than the detached 
lithosphere.

In any case, we confirm the deeply subducted slab in the MTZ 
or even in the lower mantle. However, it is not clear whether the 
subducted slab in the MTZ is connected with the subducted Indian 
slab in the upper mantle. It may also represent a remnant Tethyan 
slab during the closure of the paleo Tethyan ocean (e.g., Van der 
Voo et al., 1999). The receiver function study in the Indochina 
Peninsula show that the D660 depression continues southward in 
a N–S belt until ∼12◦N (Yu et al., 2017) where seismic tomogra-
phy clearly revealed a continuous subducted slab from surface to 
the MTZ (Huang et al., 2015b; Pesicek et al., 2010). Therefore, it is 
more appropriate to relate the slab beneath SE Tibet to the present 
subduction of the Indian Plate. SE Tibet is located in a transition 
region from oceanic subduction in SE Asia to continental subduc-
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Fig. 9. (a) 3-D illustration of the high velocity bodies (d ln V p ≥ 1.0%) in the upper mantle beneath SE Tibet. Colors denote the depths using the scale shown at the bottom. 
Yellow lines denote the province boundaries in China. Red squares show the Tengchong volcano (TC) and its projection at a 410-km depth for reference. (b) 3-D illustration 
of the low velocity bodies (d ln V p ≤ −1.0%) in the upper mantle beneath SE Tibet. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
tion (or collision) in south Tibet. The subducted slab seems broken 
beneath SE Tibet (e.g., Huang et al., 2015b; Pesicek et al., 2010;
Wei et al., 2012), so that the oceanic part of the Indian Plate prob-
ably continues to sink deeply in the MTZ while the Indo-Burma 
ranges are formed by the accretionary tectonics associated with 
continental subduction. The age of the oceanic lithosphere in the 
northeastern Indian Ocean is ∼100 Myr and is comparable to that 
in Java (Müller et al., 2008) (Fig. 1a). It is not surprising that the 
subducted oceanic Indian slab sinks into the MTZ when it is driven 
by the ongoing northeastward motion of the Indian Plate; how-
ever, it is difficult for the continental part of the Indian Plate to 
subduct into the deep mantle because it generally has a lower 
density. Thus, the slab may be torn, forming a gap between the 
subducted continental slab in the upper mantle and the subducted 
oceanic slab in the MTZ. However, the present-day dataset for this 
region is insufficient to locate the potential slab gap.

4.3. Origin of the Tengchong volcano

The origin of the Tengchong volcano is still under debate. One 
model argues that the dehydration of the deeply subducted In-
dian slab induces mantle upwelling from the MTZ (Lei et al., 2009;
Lei and Zhao, 2016; Zhao et al., 2007, 2009). In contrast, other 
models prefer that the rollback of the Indian slab or slab-tearing 
which creates a slab window, allowing sub-slab hotter mantle to 
rise to the Tengchong volcano (e.g., Ni et al., 2015; Zhang et al., 
2017). The significant D410 depression is predictable according 
to the first hypothesis due to heat anomalies or fluids beneath 
the active volcano but is not predictable in the latter models. In 
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Fig. 10. Synthetic tests for smearing effects of the low velocity body beneath the 
Tengchong volcano. (a) Locations of the stations (inverted triangles) and the veloc-
ity anomalies (A and B). (b, c, d) Cross sections of three different synthetic tests. 
Left and right figures show the input models and output results, respectively. The 
horizontal dashed lines denote the Moho, D410 and D660.

this study, we found a significant localized D410 depression by 
10–20 km (Figs. 4 and 5) beneath the Tengchong volcano. Our 
comprehensive synthetic tests exclude the influence of the 3-D 
velocity heterogeneities and confirm that the D410 depression is 
reliable (Fig. 6), suggesting that the Tengchong volcano originates 
from the MTZ or at least from the D410.

Although seismic tomography is not capable of producing reli-
able seismic images in the upper mantle beneath Myanmar due to 
the poor station coverage, the present dataset could provide some 
constraints on the origin of the volcano. Because most stations are 
located to the east of the volcano, the ray paths from teleseismic 
events generally incline eastward and induce strong smearing ef-
fects. Fig. 10 shows synthetic tests with teleseismic ray paths that 
were recorded by the seismic stations (see Huang et al., 2015a for 
details). If the Tengchong volcano is caused by sub-slab flow from 
a slab gap at ∼200 km (e.g., Zhang et al., 2017), there should be 
an eastward-inclined low velocity body that connects the volcano 
and the slab gap (Fig. 10c). However, the actual inversion reveals 
a westward-inclined low velocity body; a high velocity body at 
200–400 km depths to the west of the volcano is necessary to pro-
duce such seismic images (Fig. 10d). Therefore, the Tengchong vol-
cano is not related directly to a slab gap at ∼200 km. Instead, an 
apparent eastward-inclined low velocity body is found beneath the 
eastern Himalayan Syntax (∼300 km northward) (Fig. 9b), which 
may be indicative of a slab gap. However, it is difficult to associate 
it with the Tengchong volcano.

The depressed D410 and westward-inclined low velocity bod-
ies extending down to ∼400 km beneath the Tengchong volcano 
(Figs. 8 and 9) confirm that the volcano is sourced deeply from 
the MTZ, rather than a shallow origin at ∼200 km. Because of the 
depressed D410 but normal D660, the MTZ thicknesses beneath 
the Tengchong volcano are ∼230–240 km, which are 10–20 km 
thinner than the global average. The D410 depression indicates 
a hot thermal anomaly according to the positive Clapeyron slope 
of the olivine-to-wadsleyite transition (Bina and Helffrich, 1994). 
The D410 depression by 20 km suggests a hot thermal anomaly 
of ∼200 K near the D410 under the Tengchong volcano accord-
ing to equation (4). Another influence may be elevated water 
content in the MTZ beneath the Tengchong volcano, which was 
released from the subducted Indian slab. The dehydration reac-
tions in the MTZ cause significant fluid transportation and gen-
erate a hot melt layer above D410 (Hebert and Montési, 2013;
Zhao et al., 2007). We also observed negative converted phases 
above D410 in our images (Fig. 8). The negative Ps phases are 
more visible and show double phases under the Tengchong vol-
cano compared with surrounding regions. Therefore, the double Ps 
phases indicate more water release and transportation under the 
Tengchong volcano, which may be related to the subducted Indian 
slab (e.g., Lei and Zhao, 2016; Zhao et al., 2007, 2009). Numerical 
simulations also prove that mantle upwelling could be induced at 
400–500 km by the subducted slab into the MTZ; the subducted 
crust plays an essential role in triggering this upwelling (Li et al., 
2011).

Some geochronological and geochemical studies have observed 
mafic and intermediate dykes along the western margin of the 
Indochina Block (e.g., Arboit et al., 2016). They proposed mantle 
upwelling to explain partial melting from the enriched astheno-
spheric mantle (e.g., Arboit et al., 2016; Guo et al., 2015). As 
mentioned earlier, SE Tibet is located at the transition point from 
oceanic subduction in SE Asia to continental subduction in south 
Tibet. There is probably a slab window between the subducted In-
dian slab in the upper mantle and the stagnant slab in the MTZ. 
The sinking slab segment is capable of producing decompression 
melting in the upper mantle and induced the mantle upwelling 
in a return flow system (Faccenna et al., 2010). We have shown 
that the subducted Indian slab is continuous in the upper mantle 
(down to 400 km). The slab window, if it exists, is probably lo-
cated in the MTZ. Accordingly, mantle upwelling through the slab 
window could lead to a depressed D410 and thinner MTZ (Yu et 
al., 2017). Although seismic tomography revealed an apparent slab 
window in the MTZ beneath the Tengchong volcano (Fig. 9), it is 
more likely caused by the vertical smearing from tomographic in-
version. More stations in Myanmar are necessary to better reveal 
the slab structures.

An important and interesting result is that the D410 and D660 
depressions are not located immediately beneath the Tengchong 
volcano but are ∼100 km and ∼200 km eastward, respectively 
(Fig. 8). It is consistent with the westward-inclined low-velocity 
body in the upper mantle. The images indicate that mantle up-
welling is dynamically influenced by approximately westward-
directed horizontal flow in the upper mantle. One straightforward 
mechanism is the rollback of the subducted Indian slab and in-
duced horizontal return flow toward the trench in the upper man-
tle (e.g., Ni et al., 2015). It may also account for the partial melting 
composition from the enriched asthenospheric mantle observed in 
geochemical studies (e.g., Lee et al., 2016).

5. Conclusions

We used the receiver function CCP stacking method to reveal 
MTZ structures beneath SE Tibet. We determined the MTZ struc-
tures with both 1-D and 3-D velocity models. The 3-D models are 
important to remove the influence of velocity anomalies in the up-
per mantle. The most important results are the depressed D410 
and D660 as well as thickened MTZ in the western region where 
the Indian Plate subducts into the MTZ.

The D410 is generally deeper (>420 km) in the southwest than 
that in the northeast (∼410 km). The D410 depressions corre-
late well with the low velocity zones in the upper mantle (from 
the surface to a 400-km depth) beneath the volcano. The D660 is 
deeper than 680 km in a broad region beneath the Tengchong vol-
cano, where the MTZ is thickened by ∼20 km (i.e., 260–290 km). 
The depressed D660 and thickened MTZ are consistent with the 
high velocity anomalies in the MTZ and indicate the presence of a 
cold slab at the bottom of the MTZ. The images confirm that the 
subducted Indian slab in the MTZ affects the structures near D660. 
The depressed D410 suggests that the Tengchong volcano origi-
nates from the MTZ and is closely related to the subducted Indian 
slab.
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However, it is not clear whether the subducting Indian slab in 
the upper mantle is connected with the stagnant slab in the MTZ. 
A slab window may exist and may contribute to the Tengchong 
volcano. Unfortunately, the present-day stations cannot image the 
slab structures clearly. More stations need to be deployed in Myan-
mar to improve our understanding of the upper mantle structures 
and dynamics in SE Tibet.
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