
1. Introduction
Since the Cenozoic (∼50 Ma), the collision between the Indian and Eurasian plates not only led to the formation of 
the Himalayan–Tibetan orogen, but also played a significant role in controlling the tectonics of SE Asia (Huchon 
et al., 1994; Tapponnier et al., 1982). The Indochina Peninsula (IP), situated adjacent to the SE Tibetan Plateau, 
mainly composes of the Shan-Thai (also referred to Sibumasu) and Indochina Blocks (e.g., Leloup et al., 2001; 
Morley, 2002), which are bounded by the South China Block to the east and the Indo-Burma microplate to the 
west (Figure 1). The continuous northward indentation of the Indian plate into the Eurasian plate is believed 
to have caused about 700 km southeastward extrusion of the IP along a series of bounding strike-slip faults 
such as the Red River Fault (RRF) and Wang-Chao Fault (WCF; e.g., Huchon et al., 1994; Leloup et al., 1995; 
Tapponnier et al., 1982). The extrusion of the IP was further proposed to have, among other processes, initiated 
the opening of the South China Sea (e.g., Tapponnier et al., 1982). Formation of the IP, which compromises 
several Gondwana fragments (Charusiri et al., 2002), can be dated back to the Late Triassic when the Shan-Thai 
Block collided with the Indochina Block along the place of the Dien Bien Phu Fault (DBPF), as evidenced by 
outcrops of oceanic subduction-related volcanic granitoid rocks (Charusiri et al., 1993; Lepvrier et al., 2004; 
Racey, 2009). Since the Cenozoic, the IP appears to have behaved as a rigid block, which has also underwent 
clockwise rotation (e.g., Achache et al., 1983; Sato et al., 2007; Tapponnier et al., 1982, 1986). However, whether 
the crust of the IP experiences significant deformations in response to tectonic events such as the southeastward 
extrusion and clockwise rotation remains unclear.

Abstract The collision between the Indian and Eurasian plates promotes the southeastward extrusion 
of the Indochina Peninsula while the internal dynamics of its crustal deformation remain enigmatic. Here, 
we make use of seismic data from 38 stations and employ the ambient noise tomography to construct a 3-D 
crustal shear-wave velocity (Vs) model beneath the Indochina Peninsula. A low-Vs anomaly is revealed in the 
mid-lower crust of the Shan-Thai Block and probably corresponds to the southern extension of the crustal flow 
from SE Tibet. Although the Khorat Plateau behaves as a rigid block, the observed low-Vs anomalies in the 
lower crust and also below the Moho indicate that the crust may have been partially modified by mantle-derived 
melts. The strike-slip shearing motions of the Red River Fault may have dominantly developed crustal 
deformation at its western flank where a low-Vs anomaly is observed at the upper-middle crust.

Plain Language Summary The Indochina Peninsula was believed to behave as a rigid block where 
significant southeastward extrusion and clockwise rotation have occurred in response to the collision between 
the Indian and Eurasian plates. Here, we employ ambient noise data to obtain the shear-wave velocity (Vs) 
images and find deformations in the interior of the crust beneath the Indochina Peninsula. A low-Vs anomaly 
is observed in the mid-lower crust of the Shan-Thai Block and represents the crustal flow from SE Tibet. The 
crust of the Khorat Plateau, the core of the Indochina Block, has been partially modified by mantle-derived 
melts. The strike-slip shearing motions of the Red River Fault have brought crustal deformation at its 
southwestern flank characterized as a low-Vs anomaly in the upper-middle crust.
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The Khorat Plateau (the core of the Indochina Block) is imaged to have a typical continental crustal thickness of 
36.9 ± 3 km and Vp/Vs ratio of 1.74 ± 0.04 (Yu, Hung, et al., 2017) and a lithospheric thickness of about 200 km 
(Chen et al., 2021; T. Yang et al., 2015), suggesting that the interior of the IP may have retained continental keel 
thus having been shielded from significant internal deformation and reworking (e.g., Takemoto et  al., 2009). 
However, crustal material from the Tibet Plateau has been proposed to escape outward by a middle-lower-crustal 
channel flow (Clark & Royden, 2000; Royden et al., 2008). One branch of the lower-crustal flow is deflected 
by the rigid Sichuan basin and flows southward into the IP (Figure 1), which may cause internal deformations 
in the crust of the IP (Bao, Sun, et al., 2015; Royden et al., 2008; L. Zhao et al., 2013). An intra-lower-crustal 
low-velocity zone (LVZ) was revealed in northern Vietnam (L. Bai et al., 2010) and terminated to the west at the 

Figure 1. Topographic map of the Indochina Peninsula displaying the major tectonic provinces and station distributions (triangles). Blue, purple, and red triangles 
represent stations from IRIS, Tongji University, and the University of Tokyo, respectively. Black solid and dashed lines correspond to major faults and sutures (Leloup 
et al., 1995; Takemoto et al., 2009). DBPF, Dien Bien Phu Fault; RRF, Red River Fault; SF, Sagaing Fault; SMS, Song Ma Suture; TPF, Three Pagodas Fault; WCF, 
Wang-Chao Fault; XJF, Xiaojiang Fault; XSHF, Xianshuihe Fault. The black rectangle in the inset map shows the location of the study area. The thick and thin red lines 
represent the trenches and plate boundaries (Bird, 2003), respectively. The blue arrows depict the southeast to south-directed lower-crustal flow channels south of the 
Sichuan block, modified from D. Bai et al., 2010). The yellow shaded areas are the Cenozoic volcanic centers (Fedorov & Koloskov, 2005; Hoang & Flower, 1998).
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DBPF. The eastern branch of the LVZs in the SE Tibet exhibits strong attenuation and high-electrical conductivity 
(D. Bai et al., 2010; L. Zhao et al., 2013) and is revealed to extend southward into the IP (Bao, Sun, et al., 2015) 
based on joint inversion of Rayleigh-wave dispersion and receiver functions (RFs). Ambient noise tomography in 
the area adjacent to SE Tibet also imaged a middle-lower-crustal LVZ at the Xiaojiang Fault Zone, which crossed 
over the RRF into Vietnam (Qiao et al., 2018). However, the southern boundary of the lower-crustal flow and 
whether the interior of the IP is affected by the aforementioned flow system remain unresolved due to the lack of 
a detailed 3-D image on its crustal structure.

Whereas a large-scale 3-D shear-wave velocity (Vs) model was obtained for the South China Sea and its adja-
cent areas including part of the IP from Rayleigh-wave analysis of ambient noise and earthquake data (Chen 
et al., 2021; J. Zhao et al., 2019) while the whole IP area is not well imaged. Here, we make use of all available 
seismic broadband data to obtain a 3-D image of crustal Vs structure beneath the IP by conducting ambient noise 
tomography. Our observations indicate that the lower-crustal flow from the SE Tibet has propagated southward 
into the Shan-Thai Block and terminated at the DBPF. The core of the Indochina Block, the Khorat Plateau, has 
been partially modified by the intrusion of mantle-derived melts. Finally, the strike-slip shearing of the RRF has 
brought significant crustal deformations at its western flank.

2. Ambient Noise Data and Tomographic Inversion
2.1. Ambient Noise Data

All waveform data were collected from three sources with a total of 38 stations among which 6 portable stations 
were deployed by Tongji University in Vietnam from 2009 to 2012 (T. Yang et al., 2015), data from 26 stations 
were requested from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center 
belonging to five networks (IC, IU, MM, RM, and TM), and another 6 stations were operated by the University of 
Tokyo during 2000–2005 (L. Bai et al., 2010). We have applied similar procedures to process raw seismic data of 
the vertical components as those applied by Bensen et al. (2007) and Y. Yang et al. (2007) for the ambient noise 
tomography. All raw seismic data were first cut to 1-day segments and resampled to 1 Hz with the removal of 
instrument responses, which were then band-pass filtered within the period band of 5–100 s. The time domain 
normalization and spectral whitening were also performed to remove possible effects of earthquakes and other 
irregularities with the purpose of broadening the bandwidth of ambient noise data (Y. Yang et al., 2007).

Cross correlations of daily data from each station pair were computed and then stacked together to enhance the 
signal-to-noise ratio (SNR; Bensen et al., 2007). An example of cross correlations between station QIZ and the 
other synchronous stations (Figure S1a in Supporting Information  S1) displays clear surface wave signals at 
both positive and negative lag times with a symmetric shape. To further enhance the SNR of the stacked cross 
correlations, the positive and negative signals for each cross-correlation are averaged and stacked to generate the 
symmetric waveforms (Bensen et al., 2007). We then employed the automatic frequency–time analysis (AFTAN) 
method to extract Rayleigh-wave phase velocity dispersion curves at each station pair with two steps (Levshin & 
Ritzwoller, 2001). The waveforms were first narrow-phase filtered with a series of central frequency to create the 
energy amplitude spectrum changing with arrival time and frequency. The arrival time of maximum amplitude 
spectrum was then automatically tracked and used to calculate the group velocity, with phase velocity estimated 
by considering the phase at the group arrival time (Figure S2 in Supporting Information S1), which were finally 
recalculated after applying the phase-matched filtered AFTAN (Bensen et al., 2007). All the automatically picked 
dispersion curves were visually examined in the context of the spectrograms and by comparing with those calcu-
lated from the AK135 Earth model (Kennett et al., 1995). They were selected by considering a continuously 
traced curve of maximum amplitude energy in the amplitude spectrum without significant heterogeneities such 
as irregular shapes or obvious outliers (Figures S1b and S2 in Supporting Information S1).

Two other parameters were also employed to keep stability and accuracy of the inversion during the automatically 
selection procedure (Yao et al., 2006). First, the interstation distance of dispersion measurement at each period 
is set to have a minimum value of two wavelengths (Fan & Chen, 2019; X. Yang et al., 2021). Second, the phase 
velocities measured from cross correlations with a SNR less than 10 were dropped. The SNR is calculated by 
the ratio between the maximum amplitude within the signal window (theoretical arrival times of Rayleigh wave 
at 5 and 100 s) and the root-mean-square of noise within the window trailing the end of signal by 500 s (Bensen 
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et al., 2007). Most of the study area is covered by a reasonable number of raypaths for periods 8–30 s after quality 
control (Figures S3 and S4 in Supporting Information S1).

2.2. Phase Velocity Tomography

Rayleigh-wave phase velocity variations were obtained by adopting a linear inversion method (Tarantola & 
Valette, 1982) for each period. The model is parametrized in terms of slowness perturbations. The a priori model 
covariance function is expressed as Equation 1 and represents the covariance between two points at 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴

′ (Chen 
et al., 2014; Montagner & Nataf, 1986; Yao et al., 2006):
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where 𝐴𝐴 𝐴𝐴 is the correlation length, 𝐴𝐴 𝐴𝐴𝑐𝑐0
 is the a priori phase velocity variance, 𝐴𝐴 𝐴𝐴0 is the average phase velocity value 

at each period, and 𝐴𝐴 𝐴𝐴𝑚𝑚0
 is the prior model (slowness) error. 𝐴𝐴 𝐴𝐴 controls smoothness of the phase velocity variations 

with a spatial resolution of about 2𝐴𝐴 𝐴𝐴 and is mainly determined by considering the wavelength and raypath density 
at each period (Chen et al., 2014; Yao et al., 2006). Here, we considered that the surface wave tomography is 
based on high-frequency asymptotic ray theory and requires that the scale of the inverted anomaly body should 
be larger than the wavelength at corresponding period, implying a minimal value of ∼100 km, the approximate 
wavelength at 30 s (Yao et al., 2005). In addition, we conducted a series of checkboard resolution tests with 
different values of the correlation length, and finally set 𝐴𝐴 𝐴𝐴 to 165 km as the best compromise between resolution 
and stability in our linear inversion. 𝐴𝐴 𝐴𝐴𝑐𝑐0

 is assigned as 1% of the average phase velocity value at each period (Chen 
et al., 2014; Yao et al., 2006). A predicted phase travel time is calculated based on the great-circle path and the 
region is gridded by 𝐴𝐴 0.5

◦
× 0.5

◦ .

The linear inversion for phase velocity tomography is actually conducted by following a two-step procedure 
(Chen et al., 2014). We first determined a preliminary inversion by setting the a priori travel time misfits and thus 
the weights of all raypaths to be the same. In the second step, posterior travel time misfits of the first inversion 
were used as the priori travel time misfits in the second step; raypaths with larger posteriori travel time misfits 
thus had smaller weight. Phase velocities of 8–30 s were adopted in the inversion by considering the distributions 
of raypath density (Figure 2b) as the average SNR of phase velocities at longer periods will drop rapidly (Lin 
et al., 2008). The depth sensitivity kernel curves of average Rayleigh-wave phase velocities at different periods 
with respect to S wave velocity (Figure S6 in Supporting Information S1) show that most of the crustal and upper-
most mantle structures can be resolved based on data from the period band of 8–30 s.

2.3. Phase Velocity Maps and Resolution Tests

The averaged 1-D phase velocities (Figure 2) at short period (<22 s) predicted from the first inversion are very 
close to the IASP91 Earth model (Kennett & Engdahl, 1991), which represents typical continental structure. 
2-D phase velocity anomaly map at each period was computed relative to the average 1-D phase velocity model 
and displays close relationship with regional tectonic features (Figure 3). A localized low-velocity anomaly at a 
period of 10 s is observed in the center of the Khorat Plateau where thick sediments exist (Figure 3a). At 20 s, the 
whole Khorat Plateau is characterized by low-velocity anomalies. The Shan-Thai Block and the Khorat Plateau 
have high-velocity anomalies at the period of 26 s with low-velocity anomaly near the southern terminus of the 
DBPF in between. The Sagaing Fault appears to separate lower velocities in the west from faster velocities in 
the east at lower periods, though velocity distribution in this fault boundary area is affected by smearing at the 
longer periods.

Checkerboard tests were performed in order to evaluate the resolution of the phase velocity maps at periods of 10, 
12, 16, 20, and 26 s. The checkerboard grid interval is set as 3°. Positive and negative velocity anomalies with an 
absolute value of 5% were alternatively assigned to the 3-D grid nodes. We calculated average phase dispersion 
curves for the actual ray distribution at each period and then inverted them with the same parameters in actual 
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inversion. The checkerboard test results indicate that the input model is recovered for most of the study area at 
all periods (Figure 4). Some smearing artifacts at the margins of the model domain are visible at longer periods 
(>20 s), particularly in the westernmost area.

3. Shear-Wave Velocity Inversion
We employed the iterative least squares inversion algorithm (Herrmann, 2013) to invert for the 1-D Vs model at 
each grid point. The initial model for the inversion is based on the averaged 1-D phase velocity dispersion. At the 
end, all resulting 1-D Vs models are assembled to construct the 3-D Vs model. The phase velocity maps were 
sampled with a horizontal grid space of 0.5°. For the depth inversion, 48 layers are used with a maximum depth of 
80 km. The depth interval changes from 1 km in the upper 35 layers to 2–5 km for the lower layers by considering 
the increasing width of sensitivity kernel with longer period.

The variations of the Moho depths in the starting model have been considered by combing results from CRUST1.0 
model (Laske et  al.,  2013) and previous RF studies (Nguyen et  al.,  2013; Noisagool et  al.,  2014; Yu, Hung, 
et al., 2017) to constrain the Vs depth inversion. Velocity changes are allowed at the two layers adjacent to the 
Moho depths determined from previous studies (Herrmann, 2013). The corresponding Vp structures were deter-
mined by assuming the spatially variable Vp/Vs ratios from RF investigations (Nguyen et al., 2013; Noisagool 
et al., 2014; Yu, Hung, et al., 2017) and then employed to compute the corresponding density structures through 
an empirical formula (Brocher, 2005). A total of 60 iterations have been applied for the inversion. The damping 
factor is set as 0.5 for the first 10 iterations and then changed to 0.1 for the remaining 50 iterations in order to 
increase the stability of the inversion.

The effects of initial models and data uncertainties on our inversion results have been examined at two represent-
ative grid points (96.5°E, 20.5°N) and (104.5°E, 17.0°N). We have designed three alternative initial models. Two 
of them have Vs increased or decreased by 5% with respect to the standard initial model, respectively (Figure 5). 
Constant velocities were assigned for the crust and upper mantle (Figures 5a and 5c), separated by a 10 km 
gradient zone, to generate the third initial model. All the resulting theoretical dispersion curves predicted from 

Figure 2. Analysis of the starting 1-D shear-wave velocity (Vs) model and the correspondingly theoretical Rayleigh-wave dispersion curves. (a) Starting model for 
the Rayleigh-wave phase velocity inversions. The red dashed line is the initial Vs model for 1-D average Rayleigh-wave phase velocity inversion of the observations 
(magenta dots) in (b) and the subsequent resulting 1-D Vs model is displayed in blue line. The green line represents the IASP91 Earth model. (b) Theoretical dispersion 
curves computed from the corresponding (color) Vs models. The gray bars represent the number of paths for each period of Rayleigh-wave phase velocity inversion.
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these different initial models are almost the same and fit quite well with the observations, which indicates that the 
starting models have little effect on the inversion results, consistent with previous results (Cheng et al., 2013; Wei 
et al., 2020). We have generated 100 sets of dispersion data with ±1% random deviations from the observed one 
(Cheng et al., 2013; Wei et al., 2020) and employed the same procedures used for the final inversion to invert for 
the 1-D Vs models. The resulting 1-D Vs structures from the 100 inversions at the two points show quite similar 
trend of velocity variations in both the crust and mantle with the actual results (Figure 6). The main features of  the 
resulting Vs anomalies were further evaluated by conducting synthetic tests with the input models designed by 
referring to the actual inversion results (Figure S7 in Supporting Information S1).

4. Results
The resulting Vs anomalies are shown as map views (Figure 7) and in cross section (Figure 8). Low-velocity 
anomalies are revealed in the shallow crust at the center of the Khorat Plateau and the coastal areas (Figure 7a) 
where extensive sediments exist. Geological studies indicate that the Khorat Plateau has accumulated 5 km thick 
Mesozoic strata (Takemoto et al., 2009). The upper crust (Figure 7b) of both the Shan-Thai Block and the Khorat 
Plateau is imaged to have high-velocity anomalies, which are surrounded by low-velocity anomalies near the 
WCF and RRF. A low-velocity anomaly southwest of the RRF extends to a depth of about 20 km (Figure 8, 
LV3) but is not aligned with it. Another distinct low-velocity anomaly is revealed in the middle-lower crust of the 
Shan-Thai Block and terminates at the DBPF (Figure 8, LV1). In addition, we also observe a low-velocity anom-
aly in the lower crust of the Khorat Plateau (Figure 8, LV2), which is not connected to those below the Shan-Thai 
Block and situates in a much larger depth (Figures 7 and 8c).

Figure 3. Maps of Rayleigh-wave phase velocity anomalies from ambient noise tomography at 10 s (a), 16 s (b), 20 s (c), and 
26 s (d) period. The background reference Rayleigh-wave phase velocity (based on regional average, see Figure 2) is labeled 
at the bottom right.
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The 3-D Vs model also provides information on the lateral variations of crustal thickness. The Moho depths inte-
grated from the CRUST1.0 model (Laske et al., 2013) and a series of RF studies (Nguyen et al., 2013; Noisagool 
et al., 2014; Yu, Hung, et al., 2017) are roughly coincident with the 4.0 km/s Vs contour in our model (Figure 8). 
The Khorat Plateau is revealed to possess a thicker crust relative to the Shan-Thai Block. The average Moho depth 
of the Shan-Thai Block is determined to be 31 km and that of the Khorat Plateau varies from 37 to 39 km accord-
ing to observations from RF investigations (Noisagool et al., 2014; Yu, Hung, et al., 2017). If we consider Vs 
reaching 4.0 km/s as the Moho depth (Bao, Song, et al., 2015), we can see that the average crustal thickness of the 
Shan-Thai Block is roughly ∼33 km and that of the Khorat Plateau is much deeper of roughly ∼40 km (Figure 8).

5. Discussion
5.1. Middle-Lower-Crustal Flow Beneath the Shan-Thai Block

LVZs in the middle-lower crust of SE Tibet (Figure 9) have been interpreted as ductile channel flows for trans-
portation of mechanically weak materials from the interior of Tibet (e.g., Bao, Sun, et al., 2015; Sun et al., 2014). 
These LVZs are also characterized as possessing high-electrical conductivity (D. Bai et al., 2010), low-Q value 
(L. Zhao et al., 2013), high heat flow (Hu et al., 2000), strong positive radial anisotropy (H. Huang et al., 2010), 
and systematic north-south crustal azimuthal anisotropy (e.g., Kong et al., 2016; C. Liu et al., 2019). In map 
view, the LVZs form two channels (Figure 9) which are aligned with the major strike-slip faults (e.g., Bao, Sun, 
et al., 2015). The widely distributed LVZ beneath the Shan-Thai Block observed by us at depths of 15–25 km 
(LV1 in Figures 7 and 8) may represent the southern extension of the eastern branch of this crustal ductile flow 
from SE Tibet. The RF analysis of L. Bai et  al.  (2010) also revealed an intra-lower-crustal LVZ at isolated 
stations in the Shan-Thai Block. The eastern branch of the crustal flow has been proposed to flow across the 

Figure 4. Checkerboard resolution tests for ambient noise tomography. The input model consists of 𝐴𝐴 3
◦
× 3

◦ checker is shown in (a) with the inverted results at periods 
of 10 s (b), 12 s (c), 16 s (d), 20 s (e), and 26 s (f).
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RRF and enter the interior of the IP based on ambient noise tomography at SW China and northern Vietnam 
(Qiao et al., 2018). High regional heat flow, shallow earthquakes, and low elastic thickness at the Shan-Thai 
Block also indicate the existence of a weak lower crust with low flexural rigidity and high temperature (Searle & 
Morley, 2011), which is further supported by isolated high Vp/Vs ratios from RF studies (e.g., Feng et al., 2021; 
Yu, Hung, et  al.,  2017). Dominant N-S fast orientations of crustal horizontal anisotropy were revealed from 
the SE Tibet to the Shan-Thai Block by a large-scale Rayleigh-wave anisotropic tomography for East Asia (Z. 
Huang et  al.,  2004), consistent with shearing directions expected from southward directed flow. In addition, 
mantle melts associated with the oblique Indo-Burma subduction (e.g., Charusiri et al., 1993; Searle et al., 2007; 
Speranza et al., 2019) may contribute to the development of the middle-lower-crustal LVZ beneath the Shan-Thai 
Block like what revealed beneath the Myanmar area where similar low-velocity anomalies were observed at 
middle- to lower-crustal depths (Wu et al., 2021). However, the absence of the expected LVZs underlying the 
Moho in our velocity model (Figure 8) may rule out the dominant role of the subduction effect. Therefore, our 
observations show that the eastern branch of the lower-crustal flow from the SE Tibet has extended into the IP 

Figure 5. Dependency test of initial models on Vs inversion from two typical locations in the study region. The coordinates 
of these two points are shown in the top right. (a, c) Display the initial (dashed lines) and inverted (solid lines) 1-D Vs 
models. Green and black dashed lines were designed as +5% and −5% deviations from the optimal initial model (red dashed 
line), respectively. The blue dashed line was assigned with constant Vs values in the crust and mantle, separated by a gradient 
zone. (b, d) The theoretical Rayleigh-wave dispersion curves based on the corresponding initial models in (a) and (c), 
respectively. Blue circles represent the real observations.
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Figure 6. Examinations of random errors on the Vs inversion at two typical points with coordinates shown in the top right. The 
red lines in (a) and (b) are the inverted Vs models from the correspondingly 100 Rayleigh-wave dispersion curves (red dots) in 
the inset map generated by adding random deviations (in the range of −1% to +1%) of the observations (green dots). The blue 
solid lines indicate the final Vs model with the predicated dispersion curves (blue solid lines) shown in the insert map.

Figure 7. Contour maps of the resulting Vs anomalies at typical depths of 8 km (a), 16 km (b), 21 km (c), and 35 km (d). 
The background reference Vs is shown at the bottom right.
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and terminated at the DBPF (possibly blocked by the rigid Khorat Plateau), 
leading to the development of a mechanically weak crust as revealed by the 
intra-middle-lower-crustal LVZ beneath the Shan-Thai Block.

5.2. Crustal Modification Beneath the Khorat Plateau

The Khorat Plateau, acting as the core of the IP, has been considered as a 
rigid block without obvious crustal or lithospheric thinning during the south-
eastern extrusion of the IP since the Cenozoic (e.g., Takemoto et al., 2009; T. 
Yang et al., 2015; Yu, Hung, et al., 2017). The resulting low-velocity anom-
alies (LV2 in Figure  8) in the lower crust (depths of 25–35  km) indicate 
that the crustal structure beneath the Khorat Plateau may have been partially 
modified. A similar low-velocity anomaly is also revealed from the 3-D Vs 
model of the South China Sea and adjacent areas from joint inversion of 
ambient noise and earthquake surface wave dispersions though the resolu-
tion is not high (Chen et al., 2021). Basaltic rocks associated with intraplate 
volcanism dating at early Pleistocene have been reported in the interior of 
the Khorat Plateau and were further determined to include asthenospheric 
materials (Zhou & Mukasa,  1997). An asthenospheric source is also 
proposed to explain the Cenozoic volcanism of Southeast Asia (Fedorov & 
Koloskov, 2005). In contrast to what is observed beneath the Shan-Thai Block, 
the observed low-velocity anomaly in the lower crust of the Khorat Plateau 
seems to connect to a region of lower velocities in the mantle (Figure  8c 
around 50 km depth at 100°–103°E). A slab segment is revealed to exist in 
the mantle transition zone directly beneath the Khorat Plateau (Li & Van 
Der Hilst, 2010; Pesicek et al., 2008; Yu, Gao, et al., 2017; Yu et al., 2018). 
Dehydration melting and downwelling of this slab segment can trigger mantle 
upwelling, which supports the shallow volcanism (Yu, Gao, et  al.,  2017; 
Yu et  al., 2018) and is consistent with the localized low-velocity anomaly 
in the top asthenosphere (150–230 km) beneath the Khorat Plateau (Chen 
et al., 2021; D. Zhao et al., 2021). However, the crust of the Khorat Plateau 
is characterized as possessing a generally felsic-to-intermediate composi-
tion based on observations from RF inversions (Noisagool et al., 2014; Yu, 
Hung, et al., 2017) and there is a lack of extensive volcanism in the interior 
(Figure 1). Thus, we propose that the crust of the Khorat Plateau has been 
partially modified from mantle-derived melts from an asthenospheric source. 
The absence of extensive volcanism at the Khorat Plateau is possibly due to 
the thick and rigid properties of its crust, which prevents substantial intru-
sions of mantle-derived melts.

5.3. Crustal Deformation Near the RRF

The RRF is a lithospheric scale strike-slip fault that represents bound-
ary between the IP and the South China Block (H.-H. Huang et al., 2013; 

Legendre et al., 2015; X. Yang et al., 2021). The resulting low-velocity anomaly in the upper-middle crust is 
mostly revealed in the south-western flank of the RRF near the Song-Ma suture area (LV3 in Figures 7 and 8) 
and agrees well with those determined from recent Rayleigh-wave tomography of a regionally dense array in 
northern Vietnam (Legendre et al., 2015; Qiao et al., 2018; X. Yang et al., 2021). Such a low-velocity anomaly 
may be associated with an intense deformation from the strike-slip shear motions of the RRF, which is supported 
by the significant fault-parallel azimuthal anisotropy at the upper-middle crust (Legendre et al., 2015). Structural 
geological analysis along the RRF shear zone suggested that there is simple shearing within the brittle to ductile 
transition at mid-crustal levels, promoting the development of deformation structures, microstructures, and fabrics 
(J. Liu et al., 2012). High Vp/Vs ratios (Yu, Hung, et al., 2017) and the absence of extensive earthquakes may 
also indicate a ductile crust (L. Bai et al., 2010). Combined analyses of structural geology, metamorphic petrol-

Figure 8. Vertical sections of the topography (top panel) and Vs structure 
(lower panel) along the three profiles in Figure 7d. The red rectangles 
highlight the low-velocity anomaly zones beneath the Shan-Thai Block. The 
red lines display the Moho depths combined from Nguyen et al. (2013), 
Noisagool et al. (2014), Yu, Hung, et al. (2017), and the CRUST 1.0 model 
(Laske et al., 2013).
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ogy, and  40Ar/ 39Ar thermochronology along the RRF deciphered prograde 
metamorphism associated with high temperature and crustal melting (Leloup 
et al., 1999, 2001). A low-velocity anomaly and thin lithosphere is imaged in 
the upper mantle at the western flank of the RRF (H.-H. Huang et al., 2013; 
Mi et al., 2021; Vu et al., 2021; T. Yang et al., 2015), which possibly indicates 
partial melting, which could lead to accumulation of mantle-derived melts in 
the overlying crust, where it could contribute to the observed low-velocity 
anomaly in the upper-middle crust. Coupled deformation between the litho-
sphere and asthenosphere is revealed from the shear-wave splitting analysis 
in northern Vietnam where the absolute plate motion partially works as an 
essential role (Yu et al., 2018). The petrogenesis of Cenozoic basalts in north-
ern Vietnam also favors the model of decompression melting in the shallow 
upper mantle induced by mantle upwelling (Hoang & Flower, 1998; Hoang 
et al., 2013).

6. Conclusion
In this study, we have presented a 3-D shear-wave velocity model of the crust 
beneath the IP by conducting an ambient noise tomography based on data 
from a total of 38 stations and periods 8–30 s. The resulting velocity model 
resolves crust and uppermost mantle to a depth of 40–50 km for most of the 
areas (especially under the Khorat Plateau) with a lateral resolution of about 
300 km. The model reveals a continuous middle-lower-crustal low-velocity 
anomaly in the Shan-Thai Block, which we interpret as evidence that 
lower-crustal flow from SE Tibet has extended into the Shan-Thai Block. A 
similar low-velocity anomaly is also revealed in the middle-lower crust of 
the Khorat Plateau, the core of the Indochina Block, and implies the pres-
ence of mantle-derived melts when combined with previous geochemical and 
geophysical results. Crustal deformation of the crust at the west flank of the 
RRF is inferred from the resulting low-velocity anomaly in the upper-middle 
crust and mostly induced by the strike-slip shearing with partially contrib-
uted from mantle-derived melts.
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