
1. Introduction
Southeast (SE) Asia and its surrounding regions exhibit very complex structure and tectonics, where the Sunda 
Plate, Eurasian Plate, Philippine Sea Plate, Indian Plate, Australian Plate, and several small plates interact with 
each other (Figure 1). The Sunda Plate located in the center of the region constitutes land areas such as the 
Indochina Peninsula, Malay Peninsula, Indonesian islands (Sumatra, Java, Borneo, etc.), the Philippines, and 
broad oceanic areas such as the Sunda Shelf, the South China Sea (SCS), the Sulu Sea, and the Celebes Sea. The 
Sunda Plate is surrounded by well-developed subduction zones. Trenches of particular note are the Sunda Trench 
where the Indian Plate and the Australian Plate are subducting beneath the Sunda Plate from the west and the 
south, respectively, the Philippine Trench where the Philippine Sea Plate subducts beneath the Sunda Plate from 
the east, and the Manila Trench where the Sunda Plate subducts beneath the Philippine Sea Plate from the west.

Seismic activity in this region is extremely high, and many large earthquakes have occurred at depths <100 km 
along the Sunda Trench and the Philippine Trench (Figure S1 in Supporting Information S1). In particular, the 
2004 Sumatra-Andaman earthquake (Mw 9.1) that occurred on 26 December 2004 caused 230,000 deaths due to 
the strong ground motion and tsunami (Synolakis et al., 2005). Deep-focus earthquakes also occurred actively, 
and the 17 June 1996 earthquake off Maumere, Indonesia, recorded Mw 7.9 despite its focal depth of 587 km. 
Activity of arc volcanoes making up the volcanic front is also high in this region. For example, the Tambora 
volcano on Sumbawa Island, east of Java, caused the world's largest volcanic eruption in the recorded history on 
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5 April 1815, which resulted in “the year without a summer” (Luterbacher & Pfister, 2015). Furthermore, there 
are hotspot volcanoes on Hainan Island in the northern part of the SCS, and inland volcanic activity is also high 
around the Indochina Peninsula (Figure 1).

The tectonic evolution of SE Asia after 350 Ma can be summarized as a four-stage separation of continental sliv-
ers from the Gondwana continent on the southern side, and their accretion to the Eurasia continent on the north-
ern side (Metcalfe, 2005; Müller et al., 2019). During the first stage (the Devonian, 350 Ma), continental slivers 
consist of North China, South China, Tarim, Indochina, East Malaya, and West Sumatra were separated from 
Gondwana and drifted northwards, resulted in opening of the Paleo-Tethys on the southern side. At the second 
stage (the Lower Permian, 270 Ma), continental slivers consisted of Sibumasu and Qiangtang drifted northwards, 
resulted in opening of the Meso-Tethys on the southern side and closure of the Paleo-Tethys on the northern side 
by the Late Triassic. At the third stage (the Late Triassic, 200 Ma), continental slivers consisted of Lhasa, West 
Burma, West Sulawesi, etc. drifted northwards, and resulted in the opening of the Ceno-Tethys on the southern 
side and closure of the Meso-Tethys on the northern side by the Early Cretaceous. At the fourth stage (the Late 
Jurassic, 140 Ma), the Indian subcontinent drifted northwards, resulted in opening of the Indian Ocean on the 
southern side and closure of the Ceno-Tethys on the northern side by the Eocene. At 40 Ma, the Indian subcon-
tinent began to collide with the Eurasian continent, the SCS expanded, and the Sunda Plate rotated clockwise. In 
addition to these processes, the Izanagi Plate subducted from the east until 60 Ma, followed by subductions of the 
Pacific Plate, the Paleo-SCS Plate, and the Philippine Sea Plate, etc.

To improve our understanding of the areas with intensive seismic and volcanic activities and complex tectonics, 
it is necessary to investigate the detailed 3-D crustal and mantle structure. Seismic tomography is a powerful 
tool to obtain detailed 3-D images of the subsurface structure. Tomographic studies targeting SE Asia have 
been actively made, but most of them focused on the upper mantle structure (Filippova & Solovey, 2021; Hua 
et al., 2022; Z. Huang et al., 2015; Lebedev & Nolet, 2003; Legendre et al., 2015; Li & van der Hilst, 2010; Li 
et al., 2006; Shi et al., 2020; Wehner et al., 2022; Wei et al., 2012; Widiyantoro et al., 2011; Zenonos et al., 2019). 
The lower mantle structure beneath SE Asia has been mainly studied by global seismic tomography (e.g., Hall 
& Spakman, 2015). What follows is an overview of the previous tomographic studies and main results regard-
ing the upper and lower mantle structures beneath SE Asia. More detailed reviews can be found in Hall and 
Spakman (2015) and Zhao (2015).

Regarding the upper mantle structure, detailed studies have been conducted by mainly using P wave velocity (Vp) 
regional tomography (Hua et al., 2022; Z. Huang et al., 2015; Li & van der Hilst, 2010; H. Lu et al., 2022; Shi 
et al., 2020; Wang et al., 2022; Wei et al., 2012, 2022; Widiyantoro et al., 2011; Zenonos et al., 2019). Regional 
tomographic studies using surface-wave and S wave data have been also conducted, but the resolution of the 
obtained S wave velocity (Vs) models is lower than that of the Vp models (Filippova & Solovey, 2021; Lebedev 
& Nolet, 2003; Legendre et al., 2015; Zenonos et al., 2019). Recently, Wehner et al. (2022) determined a 3-D Vs 
model under SE Asia using full waveform tomography. To date, very few studies have revealed detailed upper 
mantle structure in the region using global tomography (Pesicek et al., 2008; Zhao et al., 2021). In addition, 
some studies combine the tomographic results with tectonic reconstruction models or mantle convection simu-
lation (Hafkenscheid et al., 2001; Hall & Spakman, 2015; Jolivet et al., 2018; Spakman & Hall, 2010; T. Yang 
et al., 2016; Zahirovic et al., 2016).

A common feature of the upper mantle tomography is that the subducting slabs are clearly imaged as high-velocity 
(high-V) zones where intermediate-depth and deep earthquakes occurred. The Indo-Australian slab subducting 
from the Sunda Trench has been investigated in detail at depths ≤660 km. Of particular interest are the bending 
of the slab beneath northern Sumatra (Hall & Spakman, 2015; Pesicek et al., 2008) and the presence of a slab 
hole with a diameter of ∼400 km at 250–500 km depths beneath eastern Java (Hall & Spakman, 2015; Wehner 
et al., 2022; Widiyantoro et al., 2011; Zenonos et al., 2019). Z. Huang et al. (2015) conducted Vp anisotropic 
tomography and suggested the existence of 3-D mantle flow through the slab hole, but they showed that the slab 
hole was located between Sumatra and Java. Wehner et al. (2022) mentioned the relationship of the slab hole 
with the nearby Tambora volcano, but they did not discuss its eruption mechanism. Other characteristic slab 
structures include a spoon-shaped bended slab beneath the Banda Sea (Spakman & Hall, 2010), and the Sangihe 
and Halmahera slabs that sink subparallel to each other with a north-south strike beneath the Molucca Sea (Hall 
& Spakman, 2015; Z. Huang et al., 2015). The continental lithosphere of the Sunda Plate surrounded by these 
subduction systems is generally imaged as low-velocity (low-V) zones in all tomographic models.
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Regarding the lower mantle structure, many global tomographic studies have been made to investigate its main 
features (e.g., Amaru, 2007; Fukao & Obayashi, 2013; Hosseini, 2016; Hosseini et al., 2020; C. Lu et al., 2019; 
Obayashi et al., 2013; Simmons et al., 2010, 2012; Zhao, 2004; Zhao et al., 2013). However, the spatial resolution 
of these models is generally >∼500 km, as shown by the results of resolution tests shown in those papers, which 
is much lower than the resolution of regional tomography. Zhao et al. (2021) investigated the whole-mantle Vp 
structure beneath the South China-Indochina-SCS region by applying an updated global tomography method, 
which adopts a finer 3-D grid in the target region and so leads to high resolution comparable to that of regional 
tomography. This method has the following advantages: (a) densification of the grid only within the target region 
significantly reduces computational costs and allows more global seismic events to be used, which improves 
resolution of the resulting tomographic images; (b) by selecting more seismic events within the target region, the 
resolution of the upper mantle becomes comparable to that of regional tomography. However, the model of Zhao 
et al. (2021) does not cover the southern part of SE Asia.

A common feature of the lower mantle tomography is the existence of a high-V body beneath the Sunda 
Shelf-Borneo-Philippines at depths ∼900–1,400 km. This body is identified as slab remnants subducted in the 
Paleogene by studies combined with plate reconstructions (Hall & Spakman, 2015; Replumaz et al., 2004), but 
no study has been made to investigate the correspondence between the detailed slab shape and the time-dependent 
position of the subduction zones. Most of the tomographic studies have revealed a hot mantle plume beneath the 
Hainan hotspot rising from the lower mantle. However, the continuity of this plume in the lower mantle is unclear 

Figure 1. Map of our study region. The colors show the elevation whose scale is shown at the lower-left corner. The red 
triangles denote active volcanoes. The thick black lines denote plate boundaries (Bird, 2003), among which the jagged lines 
are subduction boundaries (trenches). AU, Australian Plate; BH, Bird's Head Plate; BS, Banda Sea Plate; BU, Burma Plate; 
CL, Caroline Plate; EU, Eurasian Plate; IN, Indian Plate; MO, Maoke Plate; MS, Molucca Sea Plate; PS, Philippine Sea 
Plate; SU, Sunda Plate; TI, Timor Plate; YA, Yangtze Plate.
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in the existing models, and the depth at which the plume began to rise is under discussion (e.g., Hua et al., 2022; 
Z. Huang et al., 2015; Yan et al., 2018; Zhao et al., 2021).

As outlined above, SE Asia has grown through repeating subductions and formations of various tectonic plates, 
and contains important clues to elucidate subduction dynamics and evolution of the Earth. However, previous 
studies using high-resolution seismic tomography had focused mainly on the upper mantle structure (e.g., Z. 
Huang et al., 2015; Wang et al., 2022), and no study focused on the detailed whole-mantle structure beneath 
SE Asia. The purpose of this work is to obtain a high-resolution 3-D Vp model of the whole mantle, from the 
lithosphere to the core-mantle boundary (CMB), beneath entire SE Asia using an improved global tomography 
method (Zhao et al., 2017), so as to improve our understanding of the deep structure and mantle dynamics of this 
region, in particular, the subducting slabs and upwelling mantle plumes.

2. Method
Global travel-time tomography is a method to image 3-D seismic velocity structure of the whole Earth by invert-
ing a large number of travel-time data of earthquakes recorded at seismic stations distributed all over the world 
(Zhao, 2015). The tomography results have also been utilized for mapping density and other physical parameters 
in the Earth. In this work, we use the global tomography method proposed by Zhao (2004) and updated by Zhao 
et al. (2013, 2017). Zhao et al. (1992) and Zhao (2004) developed a method that can trace seismic rays for an 
Earth model with 3-D velocity variations and complex-shaped velocity boundaries (such as the Moho, 410 and 
660 km discontinuities). The unknown parameters to be inverted are velocity perturbations from an initial 1-D 
model at 3-D grid nodes that are arranged along the latitude and longitude lines. Zhao et al.  (2013) updated 
their tomographic methodology by adopting a so-called flexible grid that is independent of the latitude and 
longitude so that the 3-D mantle structure beneath the polar regions can be also imaged well. Zhao et al. (2017) 
further proposed a multiscale grid approach that adopts the 3-D flexible grid for the whole globe but reduces 
the grid interval beneath a target region. This multiscale global tomography method is able to investigate the 
whole mantle 3-D structure beneath the target area with high resolution comparable to that of regional tomog-
raphy. Zhao et al. (2017) applied this updated method to the Izu-Bonin area to investigate the detailed geometry 
and structure of the subducted Pacific slab in and around the source zone of the 2015 Bonin deep earthquake 
(M7.9, focal depth ∼680 km). This method was further applied to image the whole-mantle structure beneath 
Greenland and its surroundings (Toyokuni et al., 2020) as well as the South China-Indochina-SCS region (Zhao 
et al., 2021). The multiscale or variable mesh-size approach can also be found in other recent tomographic studies 
(e.g., Hosseini et al., 2020).

Here, we apply this multiscale tomographic method (Zhao et al., 2017) to SE Asia. The absolute travel-time 
residuals from the 𝐴𝐴 𝐴𝐴 th event to the 𝐴𝐴 𝐴𝐴 th station (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 ) is defined as:

𝑡𝑡𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑖𝑖𝑖𝑖
OBS

− 𝑇𝑇𝑖𝑖𝑖𝑖
CAL (1)

where 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖
OBS and 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖

CAL are the observed and calculated (theoretical) arrival times, respectively. 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖
CAL is calcu-

lated by using a 3-D ray tracing technique that combines the pseudo-bending scheme (Um & Thurber, 1987) and 
Snell's law (Zhao et al., 1992). The initial 1-D model is the IASP91 Earth model (Kennett & Engdahl, 1991). 
We conduct the tomographic inversions using the LSQR algorithm (Paige & Saunders, 1982) with damping and 
smoothing regularizations. The optimal values of the damping parameter (𝐴𝐴 𝐴𝐴𝑑𝑑 = 15 ) and smoothing parameters 
(𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠 = 1.05 × 10

−2 and 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠 = 9 × 10
−3 for the vertical and horizontal directions, respectively) are selected accord-

ing to the previous studies (Toyokuni et al., 2020; Zhao et al., 2017, 2021).

The target region spans the latitudinal range of [–20°, 25°], longitudinal range of [90°, 140°], and depth range 
of [0–2,889 km] (from the surface to CMB). The horizontal grid interval is set to be fine as 55.6 km inside the 
target area (a great-circle distance of 0.5° on the surface) and to be coarse as 222.2 km outside the target area (a 
great-circle distance 2.0° on the surface) (Figure 2a). The grid nodes are placed at the following depths inside 
the target volume:15, 32.5, 50, 75, 100, 140, 180, 220, 260, 300, 340, 380, 420, 460, 500, 575, 650, 725, 800, 
875, 950, 1,025, 1,100, 1,200, 1,300, 1,400, 1,500, 1,600, 1,700, 1,800, 1,900, 2,000, 2,100, 2,200, 2,300, 2,425, 
2,550, 2,675, and 2,800 km, and outside the target volume: 15, 50, 100, 180, 260, 340, 420, 500, 650, 800, 950, 
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1,100, 1,300, 1,500, 1,700, 1,900, 2,100, 2,300, 2,550, and 2,800 km (Figure 2b). The number of horizontal grid 
nodes at each depth is shown in Table S1 in Supporting Information S1.

3. Data
3.1. Arrival Time Data

The data used in this study are arrival times of not only direct P waves, but also four types of later phases, that is, 
pP, PP, PcP, and Pdiff (Figure S2 in Supporting Information S1). The data are obtained from the International 
Seismological Centre (ISC) website (http://www.isc.ac.uk/), then they are selected and processed as follows. (a) 
The arrival times of earthquakes recorded during 1964–2016 in the ISC-EHB catalog (Engdahl et al., 2020, 1998; 
http://www.isc.ac.uk/isc-ehb/) are downloaded, and only the earthquakes containing P, pP, and PP arrival times 
are extracted. We note that the ISC-EHB catalog does not contain PcP and Pdiff arrival times. The number of 
extracted earthquakes is 170,435; (b) the data from 2002 to 2012 in the reviewed ISC catalog (http://www.isc.
ac.uk/iscbulletin/) are downloaded, and only the earthquakes containing PcP and Pdiff arrival times are extracted. 
The number of extracted earthquakes is 72,191.

Figure 2. (a) Map view at a depth of 15 km and (b) N-S vertical cross-section along the longitude of 115° showing the 3-D 
grid nodes (red dots) adopted for the tomographic inversion. In the target region (the red box in (a)), a denser grid is arranged, 
whereas a coarser grid is set up in the surrounding crust and mantle of the Earth. The numbers atop (b) denote latitudes.
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3.2. Homogenization of Event Distribution

To homogenize the hypocentral distribution of 242,626 earthquakes, which are the sum of the data (a) and (b), the 
entire crust and mantle are divided into small cubic blocks, and in each block only one earthquake with the largest 
number of arrival times is extracted. The minimum and maximum number of arrival times per event is 5 and 
2,700, respectively. The number of earthquakes in the study volume is enhanced by adopting a smaller block size 
of 0.8° (horizontal) × 10 km (depth) inside the target volume, and a larger block size of 1.5° (horizontal) × 20 km 
(depth) outside the target volume. The data with travel-time residuals exceeding ±5 s are not used in the tomo-
graphic inversion. The number of earthquakes finally used is 23,587, and the total number of arrival time data is 
7,762,801, consisting of 7,200,864 P, 246,856 pP, 207,728 PP, 70,253 PcP, 37,100 Pdiff arrival times, which 
were recorded at 14,136 seismic stations (Figure 3). The number of earthquakes and stations inside the target 
volume is 11,344 and 656, respectively (Figures S3 and S4 in Supporting Information S1). The focal depth range 
of the extracted earthquakes inside the study volume is 0–700 km.

Figure 3. Distribution of 23,587 earthquakes (a) and 14,136 seismic stations (b) used in the tomographic inversion. The red box indicates the target region. The thick 
blue lines in (a) denote plate boundaries.
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3.3. Computational Details

The CPU time for one tomographic inversion of the selected data set is 
approximately 43  hr and 23  min using our workstation computer Xeon 
E5-2660 v3 (2.6 GHz, 1 core). The root-mean-square travel-time residual is 
1.67 s for the initial 1-D Vp model, but it is reduced to 1.37 s for the final 3-D 
Vp model obtained by the inversion with the optimal damping and smoothing 
parameters as mentioned above.

4. Results
4.1. Ray Coverage

Figure S5 in Supporting Information S1 shows the seismic ray coverage in 
various depth layers. The density of raypath coverage varies throughout the 
study volume, which can be visualized by ray hit counts, that is, the number 
of rays sampling a grid node (Figures S6–S8 in Supporting Information S1). 
Robust results are expected in areas with a hit counts ≥50, and less relia-
ble parts are masked in white in the tomographic images. Near the Earth's 
surface (depth ≤180  km), seismic rays do not crisscross well beneath the 
Pacific Ocean, SCS, and Indian Ocean. At greater depths, the ray density and 
crisscrossing beneath the Pacific Ocean and SCS improves, while the sparse 
ray coverage beneath the Indian Ocean does not improve until the bottom of 
the mantle transition zone (MTZ, 410–660 km depths). In the lower mantle 
(depth >660 km), rays crisscross well down to the CMB.

The reference velocity model is optimized by subtracting the average veloc-
ity perturbation at each depth from the velocity anomalies obtained using 
the IASP91 model (Kennett & Engdahl, 1991; Figure 4). This optimization 
makes it easier to interpret structural features obtained by the tomographic 
inversion. Here, we show our tomographic results as Vp perturbations (dVp) 

from the optimized 1-D model (Figures 5–8 and Figures S9–S12 in Supporting Information S1). Figures 5–8 
show a selected set of map views and vertical cross-sections, while the complete results are shown in Figures 
S9–S11 in Supporting Information  S1. Figure S12 in Supporting Information  S1 displays several vertical 
cross-sections including those beyond the target region to visually show the effect of different grid intervals 
on the tomographic image. Vp images relative to the original IASP91 model are shown in Figures S13–S15 in 
Supporting Information S1.

4.2. Map Views

The results are shown in map views in Figures 5, 6, and Figure S9 in Supporting Information S1. The corre-
sponding ray hit-count distributions are shown in Figure S6 in Supporting Information S1. At a depth of 100 km, 
high-Vp bands along the Sunda (Marker A, Figure 5a), Manila (Marker B, Figure 5a), and Philippine Trenches 
(Marker C, Figure 5a), and subduction zone at the eastern end of the Banda Sea Plate (Marker D, Figure 5a) 
are prominent, which clearly correspond to the subducting oceanic slabs. Almost the entire region beneath the 
northern Australian Craton is also imaged as a remarkable high-Vp zone (Marker E, Figure 5a). Spot-like high-Vp 
zones are visible at the boundary between the Indian and Australian Plates (Marker F, Figure 5a). A wide extent 
of low-Vp anomalies is observed inside the subduction zones such as beneath the Java Sea, Sulu Sea, Celebes Sea, 
Banda Sea, Sunda Shelf, and Borneo Island (Marker G, Figure 5a). Spot-like low-Vp zones are also visible at the 
southern end of the Yangtze Plate (Marker H, Figure 5a) and beneath the joint of the Malay Peninsula (Marker 
I, Figure 5a).

At depths of 250–400 km, the high-Vp bands corresponding to the subducting slabs appear to migrate in line 
with increasing depth of subduction (Marker A–D, Figures 5b–5d). Beneath eastern Java, there is a prominent 
break (window) of the high-Vp band at depths ≥280 km (Marker J, Figures 5b–5d). The high-Vp zones beneath 
northern Australia (Marker E, Figures 5b and 5c) and the boundary between the Indian and Australian Plates 

Figure 4. (left) The starting 1-D P wave velocity model (IASP91, Kennett & 
Engdahl, 1991) adopted for the tomographic inversions (black dotted line), and 
optimized 1-D P wave velocity model after subtracting the average velocity 
anomaly at each depth of the obtained tomographic model (red solid line). 
(right) Depth distribution of the average velocity anomaly beneath the target 
region. The blue dashed lines denote 410 and 660 km depths indicating the 
range of the mantle transition zone.

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024298 by C
ochrane Japan, W

iley O
nline L

ibrary on [25/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

TOYOKUNI ET AL.

10.1029/2022JB024298

8 of 29

Figure 5. Map views of Vp perturbations (dVp) at depths of 100–550 km obtained by this study. The layer depth is shown above each map. The blue and red colors 
denote high and low Vp anomalies, respectively, whose amplitude scale (in %) is shown on the right. Areas with hit counts <50 are masked in white. The red triangles 
and thick black lines denote active volcanoes and plate boundaries, respectively. The alphabetic symbols indicate the main tomographic features, which are mentioned 
in the text.
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(Marker F, Figure 5b) disappear with increasing depth (370–400 km depths). The low-Vp anomalies inside the 
subduction zones (Marker G, Figure 5b) become less prominent at greater depths (>310 km), but instead, other 
low-Vp zones appear outside the Sunda Trench (Marker K, Figures 5b–5d). Especially, beneath the Timor Sea, 
a low-Vp band elongated in the east-west direction is observed. A low-Vp zone is visible at all depths beneath 

Figure 6. Same as Figure 5 but for dVp images at depths of 650–2,800 km.
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the northern end of the Sunda Plate, that is, beneath southern Yangtze Plate-Hainan hotspot-Indochina Peninsula 
(Marker L, Figures 5b–5d).

At depths of 430–520 km, high-Vp zones beneath the Andaman Sea (Marker M, Figure 5e), SCS (Marker N, 
Figure 5e), and the western end of the Caroline Plate (Marker O, Figure 5e) are prominent. The break of the 
high-Vp band beneath eastern Java (Marker J, Figure 5e) is still visible at depths of 430–460 km. A remarkable 
low-Vp anomaly appears beneath from southern SCS to Borneo (Marker P, Figure 5e), but it disappears with 
increasing depth. The low-Vp band outside the Sunda Trench (Marker K, Figure 5e) is further expanded. The 
low-Vp zone beneath the northern end of the Sunda Plate (Marker L, Figure 5e) is confined around Hainan Island. 
Spot-like low-Vp zones are also visible beneath the active volcanoes on the central Philippine Sea Plate (Marker 
Q, Figure 5e).

At depths of 550–650 km, a vast high-Vp zone appears beneath the Sunda Plate (Marker N, Figures 5f and 6a). 
Other high-Vp zones also widely exist beneath the Philippine Sea Plate (Marker O, Figures  5f and  6a) and 
Australian Plate (Marker R, Figures 5f and 6a), so high-Vp amplitudes dominate almost the entire study area. 
Low-Vp is only prominent at the vast crescent-shaped zone beneath the southwestern Sunda Trench (Marker K, 
Figures 5f and 6a). Other low-Vp features remain just as spot-like, for example, beneath Hainan Island (Marker 
L, Figures 5f and 6a).

At depths of 700–800 km, the high-Vp zones become less noticeable, and they remain only beneath the Malay 
Peninsula, Sumatra, Java (Marker S, Figure 6b), and the west of the Philippine Sea Plate (Marker T, Figure 6b). 
Instead, a vast low-Vp anomaly appears beneath Hainan-SCS-Sunda Shelf-Borneo (Marker L, Figure 6b). The 
crescent-shaped low-Vp zone beneath the southwestern Sunda Trench (Marker K, Figure 6b) can be seen at all 
depths.

At depths of 900–1,400 km, a vast high-Vp zone appears beneath the Sunda shelf-Borneo-Philippines with the 
largest amplitudes at depths of 1,000–1,100 km (Marker U, Figure 6c). However, the high-Vp amplitudes grad-
ually decrease at greater depths, and at a depth of 1,400 km, only a slight trace remains beneath Borneo. The 
crescent-shaped low-Vp zone beneath the southwestern Sunda Trench (Marker K, Figure 6c) is still visible at 
depths of 900–1,000 km, but is subdivided into spot-like low-Vp zones at greater depths. Spot-like low-Vp zones 
are also visible beneath Hainan Island and its surrounding areas (Marker L, Figure 6c).

At depths of 1,500–2,400 km, both the high-Vp and low-Vp amplitudes become smaller, and only a few conspic-
uous features are visible (Figures 6d and 6e). A weak-amplitude high-Vp anomaly is found beneath the Philippine 
Sea Plate at depths of 1,800–2,000 km (Marker V, Figure 6e). Spot-like low-Vp zones exist beneath the southwest 
of the Sunda Trench only at depths of 1,500–1,600 km (Marker K, Figure 6d). A confined low-Vp anomaly exists 
beneath Hainan Island at depths of 1,500–2,200 km (Marker L, Figures 6d and 6e).

At depths of 2,600–2,800 km, both the high-Vp and low-Vp amplitudes increase again, indicating that the struc-
tural heterogeneity is stronger at these depths compared to the shallower areas. A prominent high-Vp band exists 
beneath from the east of Borneo to the Philippine Sea Plate (Marker W, Figure 6f). On the other hand, a low-Vp 
band is observed beneath the Timor Sea (Marker X, Figure 6f). Spot-like low-Vp anomalies can be seen beneath 
the western margin of the Philippine Sea Plate (Marker Y, Figure 6f) and beneath the SCS (Marker Z, Figure 6f) 
on the CMB.

4.3. Vertical Cross-Sections

Vertical cross-sections of our Vp tomographic model are shown in Figures 7–8 and Figures S10–S11 in Support-
ing Information S1, and the corresponding ray hit-count distributions are shown in Figures S7–S8 in Supporting 
Information S1. In Figure 7, the cross-sections ranging from C-C’ to I-I’ are almost orthogonal to the Sunda 
subduction zone, and the Australian slab subducting northward from the Sunda Trench is clearly imaged (Marker 
1). Among these, the D-D’ to H-H’ sections show that the slab penetrates the MTZ and sinks to a depth of 
∼1,400 km in the lower mantle. Especially, the G-G’ and H-H’ sections show the break in the high-Vp subducted 
Australian slab at depths of 280–460 km beneath eastern Java (Marker 2) (see also, Marker J in Figures 5b–5e). 
Because the break is characterized by low-Vp and no earthquakes have occurred there, it may indicate a hole in 
the slab. It is consistent with the characteristics of seismicity in other regions of the world, where earthquakes 
generally occur in high-Vp zones, or at the boundary between high-Vp and low-Vp anomalies, showing structural 
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Figure 7. Vertical cross-sections of Vp perturbations (dVp) along (top) eight profiles in the N-S direction (A-A’ to O-O’), and (bottom) eight profiles in the E-W 
direction (a-a’ to o-o’) as shown on the inset maps. The cross-section numbers are the same as those in Figure S10 in Supporting Information S1. The 410 and 660 km 
discontinuities are shown in black solid lines. The thick black lines atop each cross-section denote land areas. The red triangles denote active volcanoes. The numeric 
symbols indicate the main tomographic features, which are mentioned in the text.
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Figure 8. The same as Figure 7 but along (top) eight profiles in the NW-SE direction (A-A’ to M-M’), and (bottom) eight 
profiles in the NE-SW direction (a-a’ to m-m’). The cross-section numbers are the same as those in Figure S11 in Supporting 
Information S1.
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control on the seismogenesis (e.g., J. Huang & Zhao, 2004; Mishra & Zhao, 2003; Mohammadzaheri et al., 2021; 
Toyokuni et al., 2021; Z. Yang et al., 2022). The E-E’ to I-I’ sections clearly show low-Vp anomalies in the 
upper mantle extending toward the volcano located at the volcanic front of the Sunda subduction zone (Marker 
3). These cross-sections also show low-Vp anomalies extending from below the subducted Australian slab to the 
deep lower mantle (Marker 4). In the K-K’ section orthogonal to the boundary between the Australian and Timor 
Plates, the subducted Australian slab in the upper mantle can be clearly identified (Marker 5). In this section, 
earthquakes occur continuously along the high-Vp slab subducting toward the MTZ. In addition, the K-K’ section 
show the slab subduction at the boundary between the Sunda and Molucca Sea Plates (Marker 6), and at the 
boundary between the Bird's Head and Banda Sea Plates, respectively. In the M-M’ to O-O’ sections, a clear 
high-Vp zone can be confirmed from ∼2,000 km depth to the CMB beneath the southern part of the Philippine 
Sea Plate (Marker 7).

In Figure 7, the c-c’ section passing through the Hainan hotspot show a plume-like low-Vp anomaly that rises 
from the CMB. The low-Vp amplitudes of this anomaly are modulated depending on depths (Marker 8). In the 
h-h’ section that is almost orthogonal to the Philippine Trench, the Philippine Sea slab subducting westward 
beneath the Sunda Plate is clearly imaged as high-Vp anomalies (Marker 9). A high-Vp anomaly with the similar 
slope, which bears the hallmarks of another slab, can be seen in the lower mantle beneath the subducting Phil-
ippine Sea slab (Marker 10). This high-Vp zone seems to be sinking to the CMB while rolling back eastward 
(Marker 11). The k-k’ section clearly shows the low-Vp anomaly beneath volcanoes constituting the volcanic 
front of the Sunda subduction zone (Marker 3) and the high-Vp slab beneath it (Marker 12). In the m-m’ to o-o’ 
sections, a prominent high-Vp anomaly exists beneath the Australian Craton at depths <∼400 km (Marker 13).

In Figure 8, the E-E’ and F-F’ sections passing through the Hainan hotspot clearly show strong low-Vp anomalies 
in the upper mantle. Especially in the E-E’ section, the low-Vp conduit rising from the CMB is connected with the 
low-Vp anomaly in the upper mantle, which correlates spatially with the proposed location of the Hainan mantle 
plume (Marker 8; e.g., Hua et al., 2022; Z. Huang et al., 2015; Yan et al., 2018; Zhao et al., 2021). The low-Vp 
amplitude of the conduit in the E-E’ section decreases once at depths around 1,000–2,000 km, but the low-Vp 
amplitude in the F-F’ section increases at the same depth. These features suggest that this low-Vp conduit rises 
vertically from the CMB, meanders to the southwest direction at a depth of ∼2,000 km, and then rises again to 
the upper mantle where it broadens beneath the Hainan hotspot and Indochina Peninsula. The I-I’ section clearly 
shows the high-Vp Australian slab subducting from the Sunda Trench and sinking through the MTZ to ∼1,500 km 
depth (Marker 1), which is sandwiched by two low-Vp anomalies located in the upper mantle (Marker 3) and the 
lower mantle to the MTZ (Marker 4).

In Figure 8, the g-g’ section again shows the high-Vp Australian slab (Marker 1). In the h-h’ section, this high-Vp 
anomaly and another high-Vp zone corresponding to the Philippine Sea slab subducting from the Philippine 
Trench are combined to form a U-shaped high-Vp anomaly (Marker 14). Furthermore, in the section i-i’, which 
is located southeast of section h-h’, a thin high-Vp zone extending vertically from the bottom of the U-shaped 
anomaly toward the CMB is clearly imaged (Marker 11). The j-j’ section shows a high-Vp pile deposited on the 
CMB (Marker 7).

5. Resolution Tests
We performed three kinds of resolution tests, including the checkerboard resolution tests (CRTs; Humphreys & 
Clayton, 1988; Zhao et al., 2017), restoring resolution tests (RRTs; Zhao et al., 2017, 1992), and synthetic reso-
lution tests (SRTs; Toyokuni et al., 2020; Zhao et al., 2017), to evaluate the ray coverage and spatial resolution 
of our tomographic model. Three tests are distinguished by how the input velocity model is given: the CRT input 
model contains alternating positive and negative Vp anomalies at adjacent grid nodes to examine the degree of 
resolution at given grid intervals; the RRT input model highlights the patterns of the actual tomographic result to 
examine whether realistic spatial patterns can be recovered; the SRT input model includes various artificial Vp 
anomalies to examine the degree of recovery of a specific anomaly at a particular location.

To perform the CRTs, we construct an input velocity model that contains +3% and −3% Vp anomalies assigned 
to the 3-D grid nodes. Two input models with different grid intervals (CRT1 and CRT2, Table 1, Tables S2 
and S3 in Supporting Information S1) are constructed. To make the RRT input model, we set dVp = +1.5% at 
the grid nodes with dVp > +0.6% in the real tomographic model, and we set dVp = −1.5% at the grid nodes 
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with dVp < −0.6% in the real tomographic model (Table 1). Vp perturbations at the other grid nodes are set to 
zero. To conduct the SRTs, we construct input models with dVp = +1.5% representing the Australian slab, and 
dVp = −1.5% representing hot mantle upwelling above and beneath the slab and the Hainan mantle plume. Seven 
SRT input models with different combinations of the high-Vp slab and low-Vp anomalies are constructed (SRT1–
SRT7, Table 1), which are prepared in order to confirm (a) the continuity of the Hainan mantle plume from the 
surface to CMB, and (b) the structure related to the Australian slab, that is, reliability of high-Vp Australian slab 
and the likelihood of a hole in it, low-Vp corner flow in the mantle wedge, low-Vp subslab hot mantle upwelling 
(SHMU), and low-Vp corridor connecting the two low-Vp sections. Synthetic datasets for the CRT, RRT, and 
SRT are constructed by calculating theoretical travel-times for each input model but with random errors added, 
which range between −0.2 and + 0.2 s with a standard deviation of 0.1 s, representing the picking errors of the 
observed data. In the RRTs and SRTs, we use the same grid setting as the main computation (Section 2).

Main features of the test results are summarized in Figures 9 and 10; the complete test results are shown in the 
Supporting Information for the CRT1 (Figures S16–S18 in Supporting Information S1), CRT2 (Figures S19–S21 
in Supporting Information S1), RRT (Figures S22–S26 in Supporting Information S1), SRT1 (Figures S27–S31 in 
Supporting Information S1), SRT2 (Figures S32–S36 in Supporting Information S1), SRT3 (Figures S37–S41  in 
Supporting Information S1), SRT4 (Figures S42–S46 in Supporting Information S1), SRT5 (Figures S47–S51 
in  Supporting Information S1), SRT6 (Figures S52–S56 in Supporting Information S1), and SRT7 (Figures  S57–
S61 in Supporting Information S1). Regarding the CRT results, the recovery rate is defined as follows:

RR� (%) =
(d�� at the �th node of the output model)
(d�� at the �th node of the input model)

× 100 (2)

On the map views of the CRT1 results (Figure S16 in Supporting Information S1), the output dVp patterns are 
biased to either high-Vp or low-Vp, and the resolution is obviously poor at shallow depths (15–140 km). As for 

Name Description of the initial model

CRT1 Checkerboard resolution test #1. Lateral grid interval is 278 km (a great circle distance of 2.5° on the 
surface) inside the study region, and 556 km (a great circle distance of 5° on the surface) in other 
regions (Table S2 in Supporting Information S1).

CRT2 Checkerboard resolution test #2. Lateral grid interval is 167 km (a great circle distance of 1.5° on the 
surface) inside the study region, and 334 km (a great circle distance of 3° on the surface) in other 
regions (Table S3 in Supporting Information S1).

RRT Restoring resolution test. Highlights the pattern of actual tomographic results, containing high-V 
(+1.5%) and low-V (−1.5%).

SRT1 Synthetic resolution test #1. Input model contains the following structures:

(1) Subducting Australian slab with high-V (+1.5%) at depths of 15–725 km.

(2) Hot mantle upwelling in the mantle wedge with low-V (−1.5%) at depths of 15–500 km.

(3) Subslab hot mantle upwelling (SHMU) with low-V (−1.5%) at depths of 150–1,500 km.

(4) A hole in the Australian slab between depths 260–460 km and longitudes 110°–115° with no 
velocity perturbation.

(5) A low-V (−1.5%) bridge elongated in the latitudinal direction with the width of 2° in the 
longitudinal direction between depths 260–460 km, connecting (2) and (3) through the slab hole (4).

(6) A low-V (−1.5%) conduits with a radius of 222 km (a great circle distance of 2° on the surface) 
elongated between depths 15–2,800 km beneath the Hainan hotspot.

SRT2 Synthetic resolution test #2. Input model is same as SRT1 but without (5).

SRT3 Synthetic resolution test #3. Input model is same as SRT1 but without (4) and (5).

SRT4 Synthetic resolution test #4. Input model is same as SRT1 but without (3) and (5).

SRT5 Synthetic resolution test #5. Input model is same as SRT1 but without (2) and (5).

SRT6 Synthetic resolution test #6. Input model is same as SRT1 but without (2), (3), and (5).

SRT7 Synthetic resolution test #7. Input model is same as SRT1 but without (2), (3), (4), and (5).

Table 1 
Information on the 10 Resolution Tests Performed by This Study

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024298 by C
ochrane Japan, W

iley O
nline L

ibrary on [25/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

TOYOKUNI ET AL.

10.1029/2022JB024298

15 of 29

Figure 9. Summary of the resolution tests. Map view images at a depth of 380 km of the (a) CRT2, (b) RRT, (c) SRT1, (d) 
SRT2, (e) SRT3, (f) SRT4, (g) SRT5, (h) SRT6, and (i) SRT7. The input (upper panel) and output (lower panel) models are 
shown for each test. The Vp perturbation (dVp) scales (in %) are shown on the right.
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Figure 10. Summary of the resolution tests and comparison with the obtained real tomographic result (the upper-left panel). Vertical cross-sections through a hole in 
the Australian slab and the Hainan hotspot for (top) actual tomography, (a) RRT, (b) SRT1, (c) SRT2, (d) SRT3, (e) SRT4, and (f) SRT5. The input (upper panel) and 
output (lower panel) models are shown for each test. The location of the cross-section and the Vp perturbation (dVp) scale (in %) are shown at the top right. Other labels 
are the same as those in Figure 7.
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the recovery rate, the black-to-yellow areas with poor recovery are dominant beneath the Pacific Ocean, SCS, 
and Indian Ocean at depths of 15–140 km, whereas red-to-white areas with good recovery are dominant in other 
parts from the Earth's surface to CMB. In the vertical cross-sections (Figures S17–S18 in Supporting Informa-
tion S1), the depth extent of the areas with good resolution can be confirmed more clearly, displaying less severe 
pattern of reliability shown by the ray hit counts (Figures S7–S8 in Supporting Information S1). The CRT2 results 
(Figure 9a and Figures S19–S21 in Supporting Information S1) are slightly severe, and the black-to-yellow areas 
with poor recovery can be seen beneath the Indian Ocean to a depth of 650 km, although the pattern shows almost 
the same reliability indicated by the ray hit counts. The two CRT results show that the whole mantle beneath 
the study area except for the upper mantle (depths ≤660 km) beneath the Indian Ocean, and depths ≤140 km in 
other oceanic areas has a lateral resolution of 167 km and a depth resolution of 40–75 km in the upper mantle 
and 75–125 km in the lower mantle, which are comparable to the vertical grid interval. This is more than three 
times higher than the resolution (i.e., the length scale of good recovery in the resolution tests, see Section 1) of 
the existing global tomography models (>∼500 km; Zhao, 2015; Zhao et al., 2021). The regions with hit counts 
<50 correspond well to the regions with low CRT recovery, which indicates that the regions not masked in white 
(i.e., the regions with hit counts ≥50) in the main tomographic results (Figures 5–8) have sufficient resolution.

In the output of RRTs (Figures 9b and 10a, and Figures S22–S26 in Supporting Information S1), it can be seen 
that the pattern recovery is lower in the vicinity of the MTZ beneath the Indian Ocean. In other regions, we can 
see that the input patterns are generally recovered, although the input amplitudes tend to decrease (up to ∼70%–
80% of the original amplitudes). In the output of SRTs (Figures 9c–9i, 10b–10f, and Figures S27–S61 in Support-
ing Information S1), the features of the input models are reproduced very well, showing the robustness of the 
continuity of the Hainan plume from the surface to CMB, and the features around the hole in the Australian slab.

6. Discussion
6.1. Comparison With Known Local Structures

First, we give an overview of our model by comparing with the previous studies focusing on slab structures. 
Our novel Vp model clearly reveals subducted slabs as high-Vp bands at depths <∼800 km with the resolu-
tion comparable to the previous regional tomography (Figures 5, 6, and 11). The bending of the subducting 
Indo-Australian slab beneath northern Sumatra (Hall & Spakman, 2015; Pesicek et al., 2008) is confirmed at 
depths of 310–550 km (Figures 5c–5f, 11b, and 11c). However, our model shows another linear high-Vp band 
continuous from the south without bending (labeled as “Branching?” in Figure 11b), suggesting another slab 
subducted from the intersecting trench. A hole in the Australian slab beneath eastern Java, which was pointed 
out by many previous studies (Hall & Spakman, 2015; Wehner et al., 2022; Widiyantoro et al., 2011; Zenonos 
et al., 2019), spatially correlates with a break in the high-Vp band at depths of 280–460 km, which is discussed in 
detail in Section 6.6 (Figures 11a and 11b; Marker J in Figures 5b–5e; Marker 2 in Figure 7). The spoon-shaped 
Banda slab is also revealed at depths of 250–600 km, with a flat-lying portion at a depth of ∼600 km (Hall 
& Spakman, 2015; Spakman & Hall, 2010) (Figures 11a–11d; Marker D in Figures 5b–5f). The Sangihe and 
Halmahera slabs beneath the Molucca Sea (Hall & Spakman, 2015) are clearly separated by a linear low-Vp 
band sandwiched between the high-Vp slabs at depths 250–800 km (Figure 11a and A-A’ section in Figure 12). 
Vast high-Vp anomalies in the MTZ due to the slab stagnation (Hua et al., 2022; Z. Huang et al., 2015) are also 
confirmed in our model (Figure 11d). In the lower mantle, a high-Vp body beneath Sunda Shelf-Borneo-Phil-
ippines at depths of 900–1,400 km (e.g., Hall & Spakman, 2015) is clearly revealed in our model (Figures 11g 
and 11h; Marker U in Figure 6c).

6.2. Comparison With Previous Global Models

Next, we compare our model with the previous global P wave tomography models. Ten Vp tomographic models 
are used for the comparison, that is, DETOX-P3 (Hosseini et  al., 2020), GAP-P4 (Fukao & Obayashi, 2013; 
Obayashi et  al.,  2013), GyPSuM-P (Simmons et  al.,  2010), Hosseini2016 (Hosseini,  2016), LLNL_G3Dv3 
(Simmons et  al.,  2012), MITP08 (Li et  al.,  2008), MITP_USA_2016MAY (Burdick et  al.,  2017), SPani-P 
(Tesoniero  et al., 2015), TX2019slab-P (C. Lu et al., 2019), and UU-P07 (Amaru, 2007). These models were 
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downloaded from the SubMachine website (http://www.earth.ox.ac.uk/∼smachine/cgi/index.php; Hosseini 
et al., 2018).

In Figure 13 and Figures S62–S64 in Supporting Information S1, we compare these models with our model for 
four vertical cross-sections. Our model is shown in the upper left, and all these models are displayed using the 
same color scale. In Figure 13, passing through the Hainan hotspot, a low-Vp conduit elongated vertically from 

Figure 11. Summary and interpretation of map views of Vp perturbations (dVp) at depths of 300–1,200 km. The dVp scale 
(in %) is shown on the right. The coastline and plate boundaries are shown in gray to make the velocity images more visible. 
The open circles denote local seismicity within a ±30 km depth range of each layer. SHMU, subslab hot mantle upwelling.
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Figure 12. Summary and interpretation of vertical cross-sections of Vp perturbations (dVp) through (left) the Hainan hotspot 
and Indochina (A-A’ to D-D’), and (right) the Australian slab (a-a’ to d-d’), whose locations are shown on the maps at the 
bottom. The dVp scale (in %) is shown on the right. Other labels are the same as those in Figure 7.
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the CMB toward the Earth's surface shows up clearly in our model, which may be a hot mantle plume as pointed 
out by previous studies (e.g., Zhao et al., 2021). This feature is confirmed to be robust by the SRTs (see Section 5 
and Figure 10). The Hainan plume in the lower mantle is also visible in DETOX-P3 and Hosseini2016, but only 
our model clearly shows the plume upwelling from the CMB. In other models, the low-Vp zone extends over a 
wide area near the surface other than right beneath the Hainan area, and the characteristics of the mantle plume 

Figure 13. Comparison of a vertical cross-section of Vp perturbation (dVp) oriented in the NW-SE direction through the Hainan hotspot obtained by this study (upper 
left) with 10 existing models, that is, DETOX-P3 (Hosseini et al., 2020), GAP-P4 (Fukao & Obayashi, 2013; Obayashi et al., 2013), GyPSuM-P (Simmons et al., 2010), 
Hosseini2016 (Hosseini, 2016), LLNL_G3Dv3 (Simmons et al., 2012), MITP08 (Li et al., 2008), MITP_USA_2016MAY (Burdick et al., 2017), SPani-P (Tesoniero 
et al., 2015), TX2019slab-P (C. Lu et al., 2019), and UU-P07 (Amaru, 2007). All the images are shown with the same color scale. The blue and red colors denote high 
and low Vp anomalies, respectively, whose amplitude scale (in %) is shown at the bottom.
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are hard to see. In Figure S62 in Supporting Information S1, passing through Borneo and northern Australia, 
the Australian slab subducting from the south can be traced to a depth of ∼1,400 km, which is common to all 
models. On the other hand, only our model clearly shows the low-Vp anomaly corresponding to the hot upwelling 
in the mantle wedge beneath the volcanic front, which is a well-known feature revealed by regional tomography 
(e.g., Hua et al., 2022; Z. Huang et al., 2015; Wang et al., 2022). In a vertical cross-section passing through Java, 
Borneo, and the Philippines (Figure S63 in Supporting Information S1), a U-shaped high-Vp zone that links 
the Australian and Philippine Sea slabs appears in all models except for GyPSuM-P and SPani-P. However, in 
our model, the continuity between the U-shaped high-Vp zone and deeper high-Vp anomalies can be seen more 
clearly. In a vertical cross-section passing through Sulawesi (Figure S64 in Supporting Information S1), there 
are large discrepancies between the models. Our model shows a high-Vp zone that may reflect a slab remnant 
at depths >∼1,500 km in the lower mantle. Similar features can be seen only in DETOX-P3, Hosseini2016, 
LLNL_G3Dv3, MITP_USA_2016MAY, and TX2019slab-P. Because TX2019slab-P is a model that includes the 
subducting slabs as a priori information in the upper mantle, the similarity of the slab characteristics with this 
model indicates the validity and reliability of our model.

Figures S65–S68 in Supporting Information  S1 show comparisons of our Vp model with seven global Vs 
tomographic models, that is, GyPSuM-S (Simmons et al., 2010), SEISGLOB2 (Durand et al., 2017), SPani-S 
(Tesoniero et al., 2015), SP12RTS-S (Koelemeijer et al., 2016), S20RTS (Ritsema et al., 1999), S40RTS (Ritsema 
et  al.,  2011), and TX2019slab-S (C. Lu et  al.,  2019), which are downloaded from the SubMachine website 
(Hosseini et al., 2018). Although there should be differences between Vp and Vs models, some prominent features 
in the mantle, such as the subducting slabs, are actually revealed by both the Vp and Vs models.

Discrepancies between models as described above are due to the advantages and disadvantages of each tomogra-
phy method, differences in model parameterization, types of data used, etc. For example, the frequency depend-
ence of travel time, spatial extent of wave sensitivity, and the effect of wavefront healing are not considered in 
the ray-based tomography we used here. However, it can determine structural models up to a shorter wavelength 
using a finer 3-D grid and a huge amount of data, thanks to its computational efficiency. It is also free from the 
problems from which waveform-based tomography is always suffered, such as the uncertainty of the source 
time function and strong trade-off between Vp, Vs, and density due to the lack of data constraints (e.g., Hosseini 
et al., 2020; Wehner et al., 2022). When discussing the 3-D mantle structure in more detail, it is necessary to take 
into account the characteristics and limitations of each tomographic model.

6.3. Comparison With Plate Reconstruction

Assuming vertical slab subduction and mantle viscosity at a specific value, the depth of a slab subducting from 
the trench is proportional to the subduction age (Butterworth et al., 2014; Lithgow-Bertelloni & Richards, 1998; 
Sigloch & Mihalynuk, 2013, 2017; Steinberger et al., 2012; van der Meer et al., 2010, 2018). Therefore, a high-Vp 
anomaly in the tomographic images may be associated with a given subduction zone, by comparing the tomog-
raphy at a particular depth with the reconstructed plate position in a particular age. The relationship between the 
subduction age and slab depth differs depending on the study, and a recent study has pointed out that 3-D subduc-
tion must be taken into account for reliable estimation (Peng & Liu, 2022). Here, we attempt to interpret our 
tomographic results using two age-depth relationships based on the vertical sinking approximation (Butterworth 
et  al.,  2014; Lithgow-Bertelloni & Richards,  1998; Figure S69 in Supporting Information  S1). According to 
these relationships, the latest plate reconstruction by Müller et al. (2019) is compared with the depth slices of our 
tomography. Figure 14 and Figure S70 in Supporting Information S1 show the comparison using the age-depth 
relationship by Lithgow-Bertelloni and Richards (1998) and Butterworth et al. (2014), respectively. Note that the 
age-depth relationship by Lithgow-Bertelloni and Richards (1998) is adopted because it matches well with the 
slab ages in the upper mantle beneath SE Asia (Hall & Spakman, 2015, see Section 6.6), and that by Butterworth 
et al. (2014) is chosen because it provides a global average of the slab ages in the lower mantle.

The most distinctive feature of these comparisons is coincidence of the vast high-Vp body beneath Sunda 
Shelf-Borneo-Philippines at depths of 900–1,400 km (Figures 14d–14h; Marker U in Figure 6c; e.g., Hall & 
Spakman, 2015) with the position of the “opposite subduction zones” where plates subduct from the two subpar-
allel trenches facing each other. For example, in Figures 14d–14h, the high-Vp body seems to be located in a 
region sandwiched between two opposing trench axes at 33–75 Ma, and the area of the high-Vp body decreases 
as the times go back and this region narrows. Before 90 Ma, the opposite subduction collapses, and the high-Vp 
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Figure 14. Comparison of map views of Vp perturbations (dVp) obtained by this study with plate reconstructions (Müller 
et al., 2019) using an age-depth relationship (Lithgow-Bertelloni & Richards, 1998). The thin black lines denote geological 
blocks. The thick black lines denote plate boundaries, among which the jagged lines are subduction boundaries. The azimuth 
and length of the thin arrows denote the absolute plate motion direction and rate, respectively, whose scale (in cm/yr) is 
shown on the right.

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024298 by C
ochrane Japan, W

iley O
nline L

ibrary on [25/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

TOYOKUNI ET AL.

10.1029/2022JB024298

23 of 29

body synchronously disappears. Because the horizontal movement of the subducted slabs may be small in the 
opposite subduction zones, the assumption of vertical subduction seems to be reasonable. In Figure S70 in 
Supporting Information S1, location of the high-Vp body shows good agreement with the opposite subduction 
at 69–100 Ma, but at 108 Ma, the opposite subduction collapses and the high-Vp body disappears. Due to the 
difference in the age-depth relationship, the correspondence of ages and trench locations vary between the two 
comparisons. However, both comparisons commonly suggest that the high-Vp body is originated from the slab 
subducted from the opposite subduction zones <100 Ma.

Since the internal structure of the high-Vp body was not resolved in the conventional tomography models, this 
body has been interpreted as a slab complex subducted from various subduction zones (Hall & Spakman, 2015). 
However, in our tomography model, the central part of high-Vp body at depths of 1,150–1,200 km is distributed 
in two lines (Figure 11h). This might be because the shapes of the two slabs subducted from the opposite subduc-
tion zones are relatively well preserved.

6.4. The Hainan Mantle Plume

Zhao et al. (2021) investigated the whole mantle Vp structure beneath South China-Indochina-SCS and revealed 
a mantle plume rising from the lower mantle beneath the Hainan hotspot and the southeast Asia basalt province 
(SABP). But the Hainan low-Vp anomaly is weak in the lower mantle and its root is unclear in their model. In 
contrast, our tomographic images clearly show that the mantle plume beneath Hainan and SABP is continuous 
from the CMB to the surface (A-A’ to D-D’ sections in Figure 12; Marker 8 in Figures 7 and 8).

A large high-Vp body exists beneath the Sunda Shelf-Borneo-Philippines at depths of 900–1,400 km, which 
might be the deposition of subducted slabs (Section 6.3). However, no apparent high-Vp anomaly is visible at 
depths of 1,500–2,200  km, and the high-Vp zone becomes prominent again beneath Sulawesi-Philippines at 
depths >∼2,400 km (B-B’, c-c’, and d-d’ sections in Figure 12). These features suggest that the slabs subducted 
beneath this area are divided into those that have already fallen to the lowermost mantle and those that remain 
shallower than ∼1,400 km depth, although they seem weakly connected in some vertical cross-sections (e.g., 
B-B’ and d-d’ sections in Figure 12; Marker 11 in Figures 7 and 8).

In the map view of our tomography at 2,800 km depth (Figure 6f), a high-Vp zone beneath Sulawesi-Philippines 
is surrounded by low-Vp anomalies distributed beneath the SCS and Timor Sea. We think that the hot mantle 
plume that formed the Hainan hotspot and SABP might be driven by the downward mantle flow when the slabs 
currently lying on the CMB beneath Sulawesi-Philippines subducted, but now its power has weakened because 
the slab portions has completely fallen down to the CMB. A geochemical study pointed out that the ascending rate 
of the Hainan mantle plume is likely to be very slow (<1 cm/yr), and the supply of hot mantle materials is close 
to be depleted (Zou & Fan, 2010), which is in good agreement with the inference from our tomographic results.

6.5. Subslab Hot Mantle Upwelling (SHMU)

Our tomography model shows that the Australian slab, imaged as a distinct high-Vp zone, is penetrating into the 
lower mantle through the MTZ (a-a’ and b-b’ sections in Figure 12; Marker 1 in Figures 7 and 8). Another notable 
feature is the existence of a strong subslab low-Vp zone extending from the lower mantle toward the Indian Ocean 
and Timor Sea (a-a’ to d-d’ sections in Figure 12; Marker 4 in Figures 7 and 8). Hereafter we call the low-Vp 
zone “subslab hot mantle upwelling (SHMU)”, which may be return flow generated as the slab subducts into the 
lower mantle, and guided by the slab.

Recently, the importance of SHMU in the upper mantle that exists directly beneath the subducting slab has begun 
to be recognized (Fan & Zhao, 2021; Wang et al., 2022). For example, Fan and Zhao (2021) obtained detailed 
tomographic images of the upper mantle in six of the world's subduction zones, and suggested that the occurrence 
of giant megathrust earthquakes (M > 8.5) was affected by the upper-mantle SHMU because it may change the 
shape of the overlying slab due to its buoyancy. The SHMU revealed by this study seems more significant and 
comparable to a hot mantle plume because it rises from the lower mantle and has large low-Vp amplitudes. When 
such strong SHMU rises along the subducting slab and reaches beneath the oceanic plate beyond the trench axis, 
the oceanic plate might be thinned by thermal erosion (a-a’ section in Figure 12). As mentioned in Section 1, SE 
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Asia has grown by the separation of continental slivers from the southern hemisphere and their movement to the 
northern hemisphere, which might be driven by SHMU in addition to normal mantle convection.

6.6. Slab Hole Beneath Eastern Java

Our model shows a hole in the Australian slab beneath eastern Java at depths of 280–460 km (Figures 15c–15i). 
At depths of 310–400 km (Figures 15d–15g), low-Vp zones located inside and outside the subduction zone seem 
connected through the slab hole, suggesting the existence of 3-D mantle flow induced by the slab geometry as 
pointed out by Z. Huang et al. (2015). The reliability of these features is confirmed by seven SRTs (SRT1–SRT7; 
Figures 9 and 10, also see Section 5). The existence of the slab hole is also supported by the lack of slab seismicity 
there (Hall & Spakman, 2015).

In our tomography, bending of the slab can be confirmed near the bottom end of the slab hole at a depth of 
490 km (Figure 15j). Because the slab hole is considered to have formed after ∼8 Ma (Hall & Spakman, 2015), 
the age-depth relationship by Lithgow-Bertelloni and Richards  (1998) is applicable. Comparison of the plate 
reconstruction by Müller et al. (2019) with our tomography shows that the axis of the Sunda Trench disappears 
west of the slab bend at 10 Ma (Figure 14b). Therefore, we can infer that the slab hole was formed because the 
slab was partially torn by a tectonic force that shifted the trench axis at ∼10 Ma. An alternative interpretation is 
that the slab hole was formed by subduction of seamounts (Hall & Spakman, 2015). Further research is needed 
regarding the origin of the slab hole.

There are two interesting features related to the slab hole. One is that the Tambora and Rinjani volcanoes are 
located directly above the eastern edge of the slab hole (Figure 15). These volcanoes are the only two in this 
region among 25 world volcanoes that had huge eruptions in the past 2,500 yr (Sigl et  al., 2015). The other 
feature is that the strong SHMU rising from the lower mantle seems connected with the upper-mantle corner 
flow in the mantle wedge through the slab hole (Figures 15d–15g and 16). Considering these features together, 
we can infer that the catastrophic volcanic eruptions localized to only in this area were driven by the supply of 
hot mantle materials from the deep mantle comparable to a hot plume. A prominent K-rich feature of the Tamb-
ora ignimbrites (De Maisonneuve & Bergal-Kuvikas, 2020) might support our interpretation, although further 
support from geological and geochemical studies is needed.

6.7. Structure of the D” Layer

Our model shows a high-Vp band at depths of 2,600–2,800 km extending beneath from eastern Borneo to the 
Philippine Sea Plate (Marker W in Figure 6f), whereas a low-Vp band located subparallel to the high-Vp band is 
noted beneath the Timor Sea (Marker X in Figure 6f). Comparisons with plate reconstructions show that these 
bodies are located just beneath an ancient subduction zone that existed at ∼200 Ma (Figure 14o and Figure S70 
in Supporting Information S1). A recent study suggests that high-V zones in the lower mantle and the D” layer (a 
200–300 km thick layer above the CMB) reflect the subducted slabs, whereas (at least parts of) the low-V zones 
there may reflect the subducted oceanic crust materials (Jones et al., 2020). Similarly, we propose that the low-Vp 
band beneath the Timor Sea might reflect the reworked oceanic crust, might be the site of hot mantle upwelling.

Figure S71 in Supporting Information S1 shows comparisons of our model with 10 previous global Vp models at 
2,800 km depth. Our model displays similar features as Hosseini2016 (Hosseini, 2016), although there are some 
differences in the dVp amplitude.

7. Conclusions
A detailed 3-D P wave velocity (Vp) model of the whole mantle beneath SE Asia and surrounding areas is 
obtained by inverting a large number of high-quality P wave arrival-time data recorded by seismic stations 
distributed all over the world. The 3-D Vp structure from the lithosphere to the CMB is effectively resolved. The 
novel tomographic model reveals the following new features.

1.  It has become clear for the first time that the hot mantle plume beneath the Hainan hotspot is rising 
from the CMB. This hot plume may have been generated as a return flow as the slab remnants beneath 
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Sulawesi-Philippines fell down to the CMB. Currently, the Hainan mantle plume seems to have weakened 
because the slab remnants had almost completely descended to the CMB.

2.  A strong low-Vp anomaly is revealed beneath the Australian slab that has subducted into the lower mantle. 
The low-Vp anomaly may reflect hot mantle upwelling due to return flow of the slab subduction. We call it 

Figure 15. Enlarged map views of Vp perturbations (dVp) at depths of 190–490 km around the Australian slab. The layer depth is shown above each map. The blue and 
red colors denote high and low Vp anomalies, respectively, whose amplitude scale (in %) is shown on the right. Areas with hit counts <50 are masked in white. The two 
black bars show a hole in the subducting Australian slab. The two red triangles denote the Tambora and Rinjani volcanoes, which are the only volcanoes in this region 
among the 25 world volcanoes that had huge eruptions during the past 2,500 yr (Sigl et al., 2015). The open circles denote local seismicity within a ±15 km depth range 
of each layer.
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subslab hot mantle upwelling (SHMU). The SHMU confined to the upper mantle has been found in many 
subduction zones in the world, but the one in this area is unusual because it originates from the lower mantle 
and has large low-Vp amplitudes.

3.  The subducted slabs are revealed very clearly in both the upper and lower mantle. In particular, a hole in the 
subducting Australian slab is clearly identified at depths of 280–460 km beneath eastern Java. In and around 
the slab hole, 3-D mantle flow may exist. Corner flow in the mantle wedge and the SHMU might be mixed 
through this slab hole, causing large-scale volcanic eruptions in eastern Java.
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Data Availability Statement
P wave velocity model obtained by this study is available in Zenodo (https://doi.org/10.5281/zenodo.6934569). 
The arrival-time data are downloaded from the ISC-EHB Bulletin (http://www.isc.ac.uk/isc-ehb/search/arriv-
als/) and the ISC Bulletin (http://www.isc.ac.uk/iscbulletin/search/arrivals/). The seismic event data shown in 
Figure S1 in Supporting Information  S1 are downloaded from the USGS database (https://earthquake.usgs.
gov/earthquakes/search/). The vertical cross-sections of other tomography models as shown in Figure 13 and 
Figures S62–S68 in Supporting Information S1 are downloaded from the “Tomography: Cross-sections” page 
in SubMachine website (http://www.earth.ox.ac.uk/∼smachine/cgi/index.php?page=cross_section). The map 

Figure 16. Vertical cross-sections (A-A’ to C-C’) and a map view (lower right) through the slab hole beneath eastern Java. The red triangles denote active volcanoes 
within a ±222 km width of each section. The open circles denote local seismicity within a ±111 km width of each section. Locations of the profiles are shown on the 
map. The map view shows the Vp tomography at 370 km depth.

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024298 by C
ochrane Japan, W

iley O
nline L

ibrary on [25/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.6934569
http://www.isc.ac.uk/isc-ehb/search/arrivals/
http://www.isc.ac.uk/isc-ehb/search/arrivals/
http://www.isc.ac.uk/iscbulletin/search/arrivals/
https://earthquake.usgs.gov/earthquakes/search/
https://earthquake.usgs.gov/earthquakes/search/
http://www.earth.ox.ac.uk/%7Esmachine/cgi/index.php?page=cross_section


Journal of Geophysical Research: Solid Earth

TOYOKUNI ET AL.

10.1029/2022JB024298

27 of 29

views of other tomography models as shown in Figure S71 in Supporting Information S1 are downloaded from 
the “Tomography: Depth slices” page in SubMachine website (http://www.earth.ox.ac.uk/∼smachine/cgi/index.
php?page=tomo_depth). The GMT (Wessel et al., 2013) and GPlates (Müller et al., 2018) software packages are 
used in this study.
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