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Abstract While the northward indentation of the Indian into Eurasian plates has been intensively
investigated, its oblique subduction beneath the Indochina Peninsula (ICP) and the role it played on mantle
structure and dynamics remain enigmatic. In this first regional-scale receiver function study of the mantle
transition zone (MTZ) discontinuities beneath the ICP and its surrounding areas, we stack ~12,000 receiver
functions recorded at 33 stations using a non-plane wave common-conversion-point stacking technique.
Systematic spatial variations of MTZ thickness with departures between —21 and +24 km from the globally
averaged value are revealed, providing independent evidence for the presence of slab segments in the MTZ
beneath the central and a slab window beneath the western ICP. The results also support the existence of
broad mantle upwelling adjacent to the eastern edge of the slab segments, which might be responsible for
the widespread Cenozoic volcanisms and pervasively observed upper mantle low velocities in the area.

1. Introduction

The collision between the Indian and Eurasian plates over the past 50 Ma not only created the Himalayan-
Tibetan orogen but also dramatically influenced the Cenozoic tectonic evolution of Southeast Asia
[e.g., Tapponnier et al., 1982; Avouac and Tapponnier, 1993]. Situated above the mantle wedge of the obliquely
subducting Indian Plate beneath the Eurasian and Sunda plates, the Indochina Peninsula (ICP), which is the
largest landmass of Southeast Asia and is mainly composed of the Shan-Thai and Indochina Blocks (Figure 1),
has experienced extrusion of at least 500 km and clockwise rotation since 35 Ma [e.g., Tapponnier et al., 1986;
Leloup et al., 1995; Steckler et al., 2016]. In contrast to typical subduction zones where the Wadati-Benioff
zone extends to the bottom of the upper mantle or even the mantle transition zone, all the magnitude >4.0
earthquakes occurred beneath the ICP between 1980 and 2016 are shallower than 200 km (Figure 1, inset).

While most seismic tomography studies reveal slower-than-normal upper mantle velocities beneath most
partofthe ICP [Lietal., 2008; Pesicek et al., 2008, 2010; Z. Huang et al., 2015; Yang et al., 2015], inconsistent results
have been reported regarding the depth, lateral extent, and integrity of the aseismic sections of the subducted
Indian Plate. Consequently, the possible roles that the subduction played on the generation of the slow upper
mantle seismic velocities and the widespread Cenozoic volcanisms found along the eastern margin of the ICP
(Figure 1) remain controversial. For instance, while some teleseismic tomography studies show evidence for
the presence of the subducted Indian slab sinking into the mantle transition zone (MTZ) under the ICP [Liet al.,
2008; Pesicek et al., 2008; Li and van der Hilst, 2010; Pesicek et al., 2010], the higher-velocity anomalies in the
MTZ beneath the ICP are not clearly revealed in some more recent and presumably higher-resolution studies
[e.g., Z Huang et al., 2015]. Similarly, whether the slab subducts as a single piece or has broken into segments
in the upper mantle and MTZ is also an unresolved issue [Pesicek et al., 2008, 2010]. Those uncertainties are
most likely the results of an unfortunate combination of the paucity of available seismic data in the area and
the intrinsic limitation of the resolving power of the seismic tomography techniques [Foulger et al., 2013].

Independent constraints on the thermal and velocity structure of the Earth’s upper mantle and MTZ can be
obtained by seismologically imaging the 410 km and 660 km discontinuities (hereafter referred to as d410
and d660), which define the top and bottom of the MTZ [Shearer and Flanagan, 1999]. The d410 and d660 rep-
resent phase transitions from olivine to wadsleyite (8 spinel) and from ringwoodite (y spinel) to bridgmanite
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Figure 1. Topographic map showing the distribution of seismic stations and major tectonic features of the study area.
Green, purple, and blue circles represent stations from IRIS, Tongji University, and the University of Tokyo, respectively.
Red solid and dashed lines are major faults and sutures modified from Leloup et al. [1995] and Takemoto et al. [2009].
The red triangular symbols are Cenozoic volcanoes. The inset shows the location of the study area highlighted by the
black rectangle. The thick red line represents the trench, and the thin red lines are plate boundaries based on Bird
[2003]. Purple circles are magnitude >4.0 earthquakes occurred from 1980 to 2016 with a focal depth >200 km.

and ferropericlase, respectively [Ringwood, 1975; Tschauner et al., 2014]. Although reported magnitude of the
Clapeyron slopes associated with the phase transitions varies among different studies, it has been demon-
strated by numerous investigations that the transition occurring at the d410 has a positive Clapeyron slope
(e.g., 2.9 MPa/K in Bina and Helffrich [1994]) and that at the d660 has a negative value (e.g., —1.3 MPa/K in
Fei et al. [2004]), indicating that thermal anomalies such as those caused by subducted cold slabs and hot
mantle upwelling can lead to thicker and thinner MTZ, respectively. The existence of hydrous minerals in the
MTZ has similar effects as low temperatures and would thicken the MTZ [Litasov et al., 2005]. Therefore, vari-
ations of the depths of the d410 and d660 are in situ indicators of the thermal state and water content of the
MTZ and can provide independent constraints on the existence and spatial distribution of subducted slabs
and mantle upwellings in the vicinity of the discontinuities [Ringwood, 1975; Bina and Helffrich, 1994].

Previous MTZ studies in Southeast Asia are mostly restricted in the Hainan Island region located in the north-
eastern part of the study area (Figure 1). Most studies [Wang and Huang, 2012; H. Huang et al., 2015; Wei
and Chen, 2016] reveal an MTZ of about 25 km thinner than the normal value of 250 km in the IASP91 and
most other earth models, which is attributed to a mantle plume originating from the lower mantle. The MTZ
beneath the vast majority of the ICP has not been investigated. In this study, we present results from the
first receiver function (RF) study of the MTZ beneath the entirety of the ICP and adjacent areas based on a
non-plane wave common-conversion-point stacking procedure [Gao and Liu, 2014al. Our results provide evi-
dence for the existence of a slab window beneath the western ICP, slab segments beneath the central part,
and thermal upwelling beneath the area adjacent to the slab segments that might be responsible for the
generation of Cenozoic volcanism and slow upper mantle velocities found along a zone east of the peninsula.
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2. Data and Method

Three-component broadband data used in this study were recorded by a total of 33 stations and were
obtained from three sources, including (1) 21 stations mainly distributed in Thailand, data from which are pub-
licly available through the Incorporated Research Institutions for Seismology (IRIS) Data Management Center
(DMC) for the recording period of 2009 to 2016; (2) 6 stations in a temporary network deployed in Vietnam
by the University of Tokyo from early 2000 to late 2005 [Bai et al., 2009, 2010]; and (3) another 6 portable sta-
tions deployed in Vietnam by the Seismological Group at Tongji University for the period of 2009-2012 [Yang
etal., 2015]. Teleseismic events with an epicentral distance in the range of 30-100° are selected using a cutoff
magnitude for data requesting determined using an empirical formula reliant upon epicentral distance and
event focal depth, in order to balance the quantity and quality of the seismic data to be requested [Liu and
Gao, 2010].

Detailed descriptions of the data processing and selection procedure and criteria can be found in Gao and Liu
[2014b] for a study of MTZ discontinuities beneath the contiguous United States and are briefly summarized
below. The requested seismograms are windowed 20 s before and 260 s after the theoretical P arrival time
computed using the IASP91 Earth model and are band pass filtered with a four-pole and two-pass Bessel filter
in the frequency band of 0.02-0.2 Hz. We then apply a set of exponential functions centered on the theoretical
PP arrival, which has a strong amplitude and a different ray parameter relative to the first arrival, to reduce its
degenerating effects to the resulting RFs [Gao and Liu, 2014a]. The corrected seismograms with signal-to-noise
ratios (SNR) above 4.0 on the vertical component are employed to generate the RFs by deconvolving the
vertical from the radial components following the frequency-domain water level deconvolution procedure
[Langston, 1979; Ammon, 1991]. The resulting RFs with strong noise before the P arrival or abnormal arrivals
in the P wave coda are rejected using an SNR-based procedure. A total of 12,065 high-quality RFs from 4906
teleseismic events are obtained. The P-to-S arrivals from the d410 and d660 are clearly observed when plotted
against the epicentral distance and follow the theoretical moveout curves well (Figure S1 in the supporting
information). To our knowledge, this is the first regional-scale RF study aiming at imaging the MTZ beneath
the whole ICP.

The study area is evenly divided into overlapping circular bins with a radius of 1°, which is approximately the
size of the first Fresnel zone of shear waves at the MTZ depth, and with a distance of one geographic degree
between the center of neighboring bins. RFs with ray piercing points (computed at the middle of the MTZ)
within the same bins are moveout corrected based on the IASP91 Earth model and are stacked to form depth
series under the non-plane wave assumption [Gao and Liu, 2014a]. Such a common-conversion-point proce-
dure considers the fact that the ray parameters for the direct P wave and the converted S wave are different
and thus can more accurately determine the discontinuity depths and improve the stacking amplitude of the
P-to-S arrivals from the discontinuities.

Bins with less than eight RFs are rejected to minimize the possibility of misidentifying the arrivals from the
targeted discontinuities. The mean and standard deviation of the MTZ discontinuity depths are obtained by
applying a bootstrap resampling approach with 50 iterations [Efron and Tibshirani, 1986]. Note that as the 1-D
IASP91 Earth model is utilized for moveout correction and time-depth conversion, the resulting discontinuity
depths are apparent rather than true depths. To obtain the true depths (e.g., as demonstrated in Gao and Liu
[2014b] for the contiguous United States), well-determined V,, and V; velocity models with sufficient spatial
resolution covering the entire upper mantle and MTZ are needed. Unfortunately, such velocity models are not
available in our study area, and thus, in the following the apparent depths will be used. As evidenced below
and by the vast majority of MTZ studies, which used 1-D models for the time-depth conversion, the apparent
depths and MTZ thickness can provide valuable information about the thermal structure of both the upper
mantle and MTZ.

3. Results

The resulting depth series from each bin were visually examined to reject those with weak arrivals or ambigu-
ous peaks in the anticipated depth ranges of the MTZ discontinuities. All the 172 bins with at least one of the
two MTZ discontinuities are shown in Figure 2 along the 16 latitudinal profiles, among which 161 bins possess
reliable d410 peaks, 143 demonstrate clearly observable d660 arrivals, and 132 have both from which MTZ
thickness can be measured. The number of RFs used for moveout correction and stacking of each bin ranges
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Figure 3. (a) Spatial distribution of the resulting apparent depths the d410. (b) Same as Figure 3a but for the d660. (c) Resulting MTZ thicknesses. The red
triangles indicate Cenozoic volcanic centers, and the purple dashed lines divide the area into four regions based on observed characteristics of MTZ
discontinuities. Region A is occupied by the subducting Indian slab, Region B contains a slab window, Region C contains slab fragments in the MTZ, and Region
D is dominated by thermal upwelling. (d) Average P wave velocity anomaly in the MTZ calculated from the tomography model of Li and van der Hilst [2010].

from 8 to 2621 with a mean of 225. The robustness of the d410 and d660 arrivals is most clearly demonstrated
when the stacked depth series are arranged according to the apparent depth of the d410 (Figure S2b) and
that of d660 (Figure S2c).

To the first order, the resulting apparent depths of the d410 and d660 are generally deeper than the theoretical
values of 410 km and 660 km in the IASP91 Earth model, with an average of 419.4 + 8.4 km and 670.0 + 6.4 km,
respectively (Figure 3), while the MTZ has a normal thickness of 250.0 + 8.0 km. The d410 is the shallowest
(393 km) in the central part of the study area, and the maximum d410 depth of 450 km is found beneath
the Hainan area. The depth of the d660 ranges from 654 km beneath the southwestern part of the Indochina
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Block to 686 km around the middle coastal area of Vietnam. The cross-correlation coefficient (XCC) between
the apparent depths of the d410 and d660 is about 0.39. In comparison, the XCC for the contiguous United
States is as high as 0.84 [Gao and Liu, 2014b]. The lower XCC suggests that relative to the latter area, the upper
mantle velocities, which affect the apparent depths of both discontinuities, are less heterogeneous beneath
the study area. Similarly, it may also indicate stronger lateral velocity variations in the MTZ, which only affect
the apparent depths of the d660.

Significant lateral variations of the MTZ thicknesses are revealed, ranging from 229 km beneath Hainan to
274 km beneath the central ICP, i.e., —21 to +24 km from the global mean of 250 km. The central and western
parts of the ICP are predominantly characterized by a thicker-than-normal MTZ, the southwestern and espe-
cially eastern edges of the Peninsula are dominated by a thinner-than-normal MTZ, while the rest of the area
possess mostly normal (within +2.5 km) MTZ thickness (Figure 3c).

4. Discussion

The systematic spatial distribution of the apparent depths of the d410 and d660 and the MTZ thickness pro-
vides constraints on a number of important and previously unresolved issues related to the subducted Indian
slab and its influence on the Cenozoic tectonic development of the ICP.

4.1. Slab Segments in the MTZ

Beneath the ICP, an outstanding spatial correspondence is found between the area with the thickest MTZ
(Figure 3c) and the area with the highest P wave velocity anomaly in the MTZ revealed by Li and van der Hilst
[2010] (Figure 3d). Specifically, the NW-SE trending zone in the central part of the study area possesses an
MTZ that is up to 24 km thicker than the normal value of 250 km, as well as a prominent V, anomaly of about
+19%. If we use a scaling parameter of dV,,/dT = —4.8 x 10~ km s~' K~ [Deal et al., 1999], the corresponding
temperature anomaly is about —200 K. For a Clapeyron slope of +2.9 MPa/K for the d410 [Bina and Helffrich,
1994] and —1.3 MPa/K for the d660 [Fei et al., 2004], the temperature anomaly leads to an MTZ thickening of
24 km which is perfectly consistent with the observed magnitude of the thickening. Because the high-velocity
anomalies disappear in the layers below the MTZ [Li and van der Hilst, 2010], the simplest explanation of the
above observation is that the slab segments are deflected horizontally in the MTZ and have not penetrated
into the lower mantle (Figure 4). The spatial distribution of the MTZ thickness measurements is consistent
with some of the seismic tomography studies [e.g., Li et al., 2008; Pesicek et al., 2008; Li and van der Hilst, 2010;
Pesicek et al., 2010] but is inconsistent with others that did not reveal high-velocity anomalies in the MTZ [e.g.,
Huang and Zhao, 2006; Z. Huang et al., 2015].

In principle, the thickening of the MTZ observed in Area C (Figure 4) can also be caused by the presence of
water [e.g., Litasov et al., 2005]. However, some previous studies have suggested that under normal pressure-
temperature conditions, water can lead to a low-velocity anomaly and broaden the interval of the phase
transition associated with the d410, leading to anomalously low stacking amplitude [Wood, 1995]. Both pre-
dicted anomalies are not observed. Instead, seismic tomography studies have revealed a high-velocity zone
corresponding to the zone of thickened MTZ [Li and van der Hilst, 2010], and no anomalies in the stacking
amplitudes are observed in this zone (Figure 2). Thus, the amount of water in the MTZ beneath the study area
is probably minor.

4.2. A Slab Window Beneath the Western ICP

Some seismic tomography studies suggest that the eastward subducting Indian slab has broken off and left
a slab window beneath the western ICP [Pesicek et al., 2008], while others find it to be a continuous feature
[Pesicek et al., 2010]. The existence of a slab window is in line with geochronological and geochemical studies,
which have proposed a mechanism of upwelling asthenosphere induced by a break-off slab to explain the
mafic and intermediate dykes observed in the western margin of the Indochina Block [e.g., Arboit et al., 2016].

A slab window can explain the apparent normal and slightly thinner-than-normal MTZ thicknesses in Area
B, which is the area between the two areas with thicker-than-normal MTZ located in the western and cen-
tral parts of the study area (Areas A and C, respectively; Figure 3c). It might also be responsible for the
hotter-than-normal upper mantle velocities revealed by seismic tomography studies [Li and van der Hilst,
2010] as indicated by the apparent depression of both the d410 and d660 (Figures 3a and 3b) that are found
in Area B (Figure 3c). In addition, in the area where the slab window is suggested, the d410 has a greater
apparent depression than the d660, which can be more clearly observed in the westernmost three traces
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Figure 4. A schematic diagram showing the major features of the upper mantle structure and dynamic processes
beneath the ICP and surrounding areas constructed based on our observations and previous seismic tomography
results from Pesicek et al. [2008], Li and van der Hilst [2010], and Huang [2014]. The dark blue bodies are slab segments,
the red columns represent thermal upwelling, triangles indicate volcanoes, and the open dots show the earthquakes.

in Figure 2k. This feature can be the result of the upwelling of hotter material from the MTZ to the upper man-
tle through the slab window (Figure 4). A numerical simulation study suggests that this upwelling is part of
a return flow system induced by actively sinking slab segments and is capable of producing decompression
melting in the upper mantle [Faccenna et al., 2010]. A similar mechanism is involved in a recent RF study to
explain low upper mantle velocities and Cenozoic volcanism in southwestern China, directly to the north of
our study area [Zhang et al., 20171].

4.3. Thermal Upwelling Adjacent to Slab Segments in the MTZ

An approximately N-S elongated zone of thinner-than-normal MTZ is revealed to the east of the ICP, adja-
cent to the slab segments inferred from the thick MTZ and high MTZ velocities (Figure 3c). This zone is also
home to pervasive Cenozoic volcanisms (Figure 3c) and is characterized by an apparent depression of the
d410 of about 15-20 km (Figure 3a). If we assume that the true depth of the d410 is 410 km, the appar-
ent depression suggests an overall lower-than-normal upper mantle and crustal velocities with magnitude
of —1.1% to —1.5% [Gao and Liu, 2014a], a value that is comparable to results from seismic tomography
investigations [e.g., Montelli et al., 2004; Li et al., 2008, 2009; Wang and Huang, 2012; Le et al., 2015; Xia et al.,
2016]. The maximum MTZ thinning of 21 km is found beneath southern Vietnam, corresponding to a thermal
anomaly of about +180 K. The amount of thinning in the Hainan area is about 15 km, which is similar to those
reported in previous studies covering this area [Wang and Huang, 2012; Huang, 2014; H. Huang et al., 2015;
Wei and Chen, 2016].

Isotopic studies of basalts in the Hainan area suggest a source depth in the MTZ or possibly lower mantle [Zou
and Fan, 2010]. However, investigations on petrogenesis of Cenozoic basalts from Vietnam favor a model with
mantle upwelling induced by decompression melting in the shallow upper mantle [Hoang and Flower, 1998;
Hoang et al., 2013]. In general, most of the geochemical studies are not supportive of a classic plume from the
lower mantle as the source of the volcanoes [e.g., Hoang and Flower, 1998; Hoang et al., 2013].

Three main observations, including the thinner-than-normal MTZ observed beneath the area east of the ICP,
its immediate proximity with the inferred eastward extension of slab segments in the MTZ, and previously
revealed lateral and vertical distribution of low-velocity anomalies in the upper mantle and MTZ, support a
model of slab-induced thermal upwelling probably originating from beneath the slab (Figure 4). This model
postulates that sinking of the slab segments deflects underlying mantle flow and induces thermal upwelling
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through the MTZ and upper mantle, giving rise to a zone of high temperature that results in the observed thin
MTZ. Continuous upwelling of the hot material in the upper mantle led to low seismic velocities and ultimately
resulted in volcanism observed above the zone of thin MTZ. The mechanism of such upwelling is similar to
subduction-triggered magmatic pulses observed in the back-arc region and around the edges of the slab,
as indicated by geodynamic modeling [Faccenna et al., 2010]. Similarly, basaltic magmatism observed above
slab segments beneath Yellowstone [James et al., 2011] and NE China [Tang et al., 2014] has been attributed
to slab-induced thermal upwelling.

5. Conclusions

This first regional-scale receiver function investigation of mantle transition zone discontinuities beneath the
Indochina Peninsula and surrounding areas provides clear evidence for the presence of slab segments in the
MTZ beneath the central part of the peninsula. The slabs produce a temperature anomaly up to —200 K which
results in a thickening of the MTZ by about 24 km. Hotter-than-normal upper mantle temperature and a gap
in MTZ thickening are found beneath the western part of the peninsula and may correspond to a previously
proposed slab window that separates the broken-off slab segments in the MTZ and the subducting younger
section of the Indian slab. Sinking of the broken-off segments may have deflected underlying mantle flow
and led to its upward movement, which in turn might be responsible for the observed up to 21 km thinning
of the MTZ and low upper mantle seismic velocities revealed beneath a zone adjacent to the eastern edge of
the slab segments. This study clarifies a number of long-standing controversies regarding the geometry and
integrity of the Indian slab beneath the Indochina Peninsula and proposes a mechanism for the formation of
the low upper mantle velocities and Cenozoic volcanisms pervasively observed to the east of the Peninsula.
The subduction of the Indian slab beneath the Indochina Peninsula strongly influenced mantle structure and
dynamics as well as Cenozoic tectonic features such as volcanisms observed on the surface.
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