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Abstract

We present detailed 3-D images of whole mantle P-wave velocity structure beneath Southeast Asia and surrounding regions.
The results are obtained by applying an updated global tomographic method to invert 8 million P, pP, PP, PcP, and Pdiff
arrival times from 23,587 earthquakes recorded at 14,136 stations distributed all over the world. Our tomographic model reveals
a continuous, thin low-velocity (low-V) zone from the surface to the core-mantle boundary beneath the Hainan hotspot, which
may reflect the Hainan plume that exists in the whole mantle. Beneath the Australian slab that has subducted into the lower
mantle, a strong low-V anomaly is detected, which may reflect subslab hot mantle upwelling (SHMU) due to return flow of
the slab subduction. Our model also shows the distinct shape of subducted slabs in the upper mantle and slab remnants in
the lower mantle. In particular, a hole in the subducting Australian slab is revealed at depths of 280-430 km beneath eastern
Java. The low-V anomaly in the mantle wedge above the Australian slab is connected with the SHMU through the slab hole,
suggesting that mixture of the island arc magma and the SHMU may have caused huge eruptions of the Tambora and Rinjani

volcanoes in eastern Java.
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Key Points:

e A novel high-resolution P-wave tomographic model of the entire mantle beneath

Southeast Asia is obtained.

e The model reveals a continuous whole-mantle plume beneath the Hainan hotspot rising

from the core-mantle boundary.

e A strong low-velocity anomaly exists beneath the Australian slab, which may reflect

subduction-induced hot mantle upwelling.
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Abstract

We present detailed 3-D images of whole mantle P-wave velocity structure beneath Southeast
Asia and surrounding regions. The results are obtained by applying an updated global
tomographic method to invert ~8 million P, pP, PP, PcP, and Pdiff arrival times from 23,587
earthquakes recorded at 14,136 stations distributed all over the world. Our tomographic model
reveals a continuous, thin low-velocity (low-V) zone from the surface to the core-mantle
boundary beneath the Hainan hotspot, which may reflect the Hainan plume that exists in the
whole mantle. Beneath the Australian slab that has subducted into the lower mantle, a strong
low-V anomaly is detected, which may reflect subslab hot mantle upwelling (SHMU) due to
return flow of the slab subduction. Our model also shows the distinct shape of subducted slabs in
the upper mantle and slab remnants in the lower mantle. In particular, a hole in the subducting
Australian slab is revealed at depths of 280-430 km beneath eastern Java. The low-V anomaly in
the mantle wedge above the Australian slab is connected with the SHMU through the slab hole,
suggesting that mixture of the island arc magma and the SHMU may have caused huge eruptions

of the Tambora and Rinjani volcanoes in eastern Java.

Plain Language Summary

Southeast Asia is surrounded by plate subduction zones, and very intense seismic and volcanic
activities have been occurring there. Volcanic activity originating from the deep Earth,
represented by the Hainan hotspot, also takes place. It is known that seafloor spreading and
subduction have been repeated in the past, and the relationship between the slabs subducted
deeply into the mantle and the plate movement on the surface is an important key to
understanding the evolution history of this region. In this study, we apply an updated method of
seismic tomography to investigate the whole mantle 3-D P-wave velocity structure beneath SE
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Asia. For the first time, a continuous whole-mantle plume is revealed beneath the Hainan hotspot
with its root at the core-mantle boundary. Hot mantle upwellings above and below the
subducting Australian slab are connected through a slab hole at depths of 280-430 km beneath
eastern Java. The mixture of those hot mantle materials might have caused huge eruptions of the

Tambora and Rinjani volcanoes in eastern Java.

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 are interacting 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 particular,
the 2004 Sumatra—Andaman earthquake (Mw 9.1) that occurred on December 26, 2004 caused
230,000 deaths due to the strong ground motion and tsunami. Deep-focus earthquakes also
occurred actively, and the June 17, 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
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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 April 5, 1815, which resulted in
“the year without a summer.” 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 four-stage separation
of continental slivers from the Gondwana continent on the southern side, and their accretion to
the Eurasia continent on the northern side (Metcalfe, 2005; Muller et al., 2019). At the first stage
(the Devonian, 350 Ma), continental slivers consisted 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,
resulted in 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
subcontinent began to collide with the Eurasian continent, the SCS expanded, and the Sunda
Plate rotated clockwise. Through these histories, from the east, the Izanagi Plate subducted until
60 Ma, followed by subduction of the Pacific Plate, the Paleo-South China Sea Plate, and the

Philippine Sea Plate, etc.
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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; 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., 2021; 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). The following is an overview of the structural
features obtained by previous tomographic studies regarding the upper and lower mantle beneath
this area. More detailed reviews can be found in Zhao (2015) and Hall & Spakman (2015).

Regarding the upper mantle structure, detailed studies have been conducted by mainly using
P-wave velocity (Vp) regional tomography (Hua et al., 2022; Huang et al., 2015; Li & van der
Hilst, 2010; Li et al., 2006; Shi et al., 2020; Wei et al., 2012; 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. (2021) determined a 3-D Vs model under SE Asia
using full waveform tomography. To date, very few studies have revealed the detailed upper
mantle structure using global tomography (Pesicek et al., 2008; Zhao et al., 2021). There are also
some studies combining the tomographic results with tectonic reconstruction models or mantle
convection simulation (Hafkenscheid et al., 2001; Hall & Spakman, 2015; Jolivet et al., 2018;
Spakman & Hall, 2010; 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.
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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.,
2021; Widiyantoro et al., 2011; Zenonos et al., 2019). 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. (2021)
mentioned the relationship of the slab hole with the nearby Tambora volcano, but they did not
discuss about 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; 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.

Many global tomography models have been used to investigate the lower mantle structure
beneath SE Asia (e.g., Amaru, 2007; Burdick et al., 2017; Fukao & Obayashi, 2013; Hosseini,
2016; Hosseini et al., 2020; 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, which is inferior to that of regional tomography. Zhao et al. (2021) applied a global
tomography method with spatial resolution comparable to that of regional tomography to South

China—Indochina—SCS areas, but their model does not cover most 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 ~900-1400 km. This body is identified as slab
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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 in the existing models, and the depth at which the plume began to rise is
controversial (e.g., Hua et al., 2022; 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, and very few studies 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 updated global tomography method, 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 tomography is a method to image 3-D seismic velocity structure of the whole Earth
by inverting a great number of travel-time data of earthquakes recorded at seismic stations
distributed all over the world (Zhao, 2015). 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 shapes of velocity boundaries (such as the Moho, 410 and 660 km
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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 code 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 tomography.
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) and

the South China—Indochina—SCS region (Zhao et al., 2021).

Here we apply this multiscale tomographic method (Zhao et al., 2017) to SE Asia. The

absolute travel-time residuals from the ith event to the jth station (¢;;) is defined as

ty = TijOBS _ TijCAL (1)

where T;;°% and T;;“4" are the observed and calculated (theoretical) arrival times, respectively.
Tl-jCAL is calculated 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
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optimal values of the damping parameter (1; = 15) and smoothing parameters (4, = 1.05 X
1072 and A4, = 9 x 1073 for the vertical and horizontal directions, respectively) are found from
trade-off curves that are constructed by conducting many inversions with various pairs of the
damping and smoothing parameters, following the previous studies (Toyokuni et al., 2020; Zhao

etal., 2017, 2021).

The target region spans the latitudinal range of [-20°, 25°], longitudinal range of [90°, 140°],
and depth range of [0 to 2889 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 meshes 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, 1025, 1100,
1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2425, 2550, 2675, and
2800 km, and outside the target volume: 15, 50, 100, 180, 260, 340, 420, 500, 650, 800, 950,
1100, 1300, 1500, 1700, 1900, 2100, 2300, 2550, and 2800 km (Figure 2b). The number of

horizontal grid nodes at each depth is shown in Table S1.

3. Data

The data used in this study are arrival times of not only direct P waves, but also four types of
later phases, i.e., pP, PP, PcP, and Pdiff (Figure S2). The data are obtained from the International
Seismological Centre (ISC) website (http://www.isc.ac.uk/) and further selected for analysis. (1)
The data from 1964 to 2016 in the ISC-EHB catalog (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. (2) The data from 2002 to 2012 in the reviewed ISC catalog

9
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(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. (3) To
homogenize the hypocentral distribution of 242,626 earthquakes, which are the sum of the data
(1) and (2), 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 number of
earthquakes in the study volume is enhanced by adopting a smaller block size of 0.8° (horizontal)
x 10 km (depth) inside the target volume, and a larger block size of 1.5° (horizontal) x 20 km
(depth) outside the target volume. The data with travel-time residuals exceeding +5 s are not
used in the tomographic 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). The focal depth range of the extracted earthquakes inside the

study volume is 0-700 km.

The CPU time for one tomographic inversion of the selected data set is approximately 43 h
and 23 min using our workstation computer Xeon E5-2660 v3 (2.6 GHz, 1 core). The root-mean-
square (RMS) 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

Figure S5 shows the seismic ray coverage in various depth layers. The density of ray path
coverage varies throughout the study volume, which can be visualized by ray hit counts (HC),
i.e., the number of rays sampling a grid node (Figures S6—S8). To illustrate the HC distribution,

10
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areas with HC < 50, 50 < HC < 100, and HC > 100 are shown in black, gray, and white,
respectively. Robust results are expected in areas with a HC > 50, and less reliable 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
rays 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 velocity
perturbation at each depth from the velocity anomalies obtained using IASP91 (Kennett &
Engdahl, 1991) (Figure 4). Here we show our tomographic results as VVp perturbations from the
optimized 1-D model (Figures 5-8), while the Vp images relative to the original IASP91 model

are shown in Figures S9—S11.

The results are shown in map views in Figures 5 and 6. The corresponding HC distributions
are shown in Figure S6. At a depth of 100 km, high-Vp bands along the Sunda, Manila, and
Philippine Trenches, and subduction zone at the eastern end of the Banda Sea Plate 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. Spot-like
high-Vp zones are visible at the boundary between the Indian and Australian Plates. As for low-
Vp anomalies, a wide extent is observed inside the subduction zones such as beneath the Java
Sea, Sulu Sea, Celebes Sea, Banda Sea, Sunda Shelf, and Borneo Island. Spot-like low-Vp zones
are also visible at the southern end of the Yangtze Plate and beneath the joint of the Malay
Peninsula. At depths of 250—400 km, the high-Vp bands corresponding to the subducting slabs

move further behind the trenches as they subduct deeper. Beneath eastern Java, there is a

11
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prominent break (window) of the high-Vp band at depths > 280 km. The high-Vp zones beneath
northern Australia and the boundary between the Indian and Australian Plates disappear with
increasing depth. The low-Vp anomalies inside the subduction zones become less prominent at
greater depths, but instead, other low-Vp zones appear outside the Sunda Trench. Especially,
beneath the Timor Sea, a low-Vp band elongated in the east-west direction is remarkable. A low-
Vp zone is visible at all depths beneath the northern end of the Sunda Plate, i.e., beneath

southern Yangtze Plate—Hainan hotspot—Indochina Peninsula.

At depths of 430—520 km, high-Vp zones beneath the Andaman Sea, SCS, and the western
end of the Caroline Plate are prominent. The break of the high-Vp band beneath eastern Java is
still visible at depths of 430—460 km. A remarkable low-Vp anomaly appears beneath from
southern SCS to Borneo, but it disappears with increasing depth. The low-Vp band outside the
Sunda Trench is further expanded, and the low-Vp amplitudes become particularly remarkable at
its southwestern part. The low-Vp zone beneath the northern end of the Sunda Plate is confined
around Hainan Island. Spot-like low-Vp zones are also visible beneath the active volcanoes on
the central Philippine Sea Plate. At depths of 550—650 km, a vast high-Vp zone appears beneath
the Sunda Plate. Other high-Vp zones also widely exist beneath the Philippine Sea Plate and
Australian Plate, so high-Vp amplitudes dominate almost the entire study area. On the other
hand, low-Vp is only prominent at the vast crescent-shaped zone beneath the southwestern Sunda

Trench. Other low-Vp features remain just as spot-like, for example, beneath Hainan Island.

At depths of 700—800 km, the high-Vp zones become less noticeable, and they remain only
beneath the Malay Peninsula, Sumatra, Java, and the west of the Philippine Sea Plate. Instead, a
vast low-Vp anomaly appears beneath Hainan—SCS—Sunda Shelf-Borneo. The crescent-shaped

low-Vp zone beneath the southwestern Sunda Trench can be seen at all depths. At depths of

12
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900—-1400 km, a vast high-Vp zone appears beneath the Sunda shelf-Borneo—Philippines with
the largest amplitudes at depths of 1000—1100 km. However, the high-Vp amplitudes gradually
decrease at greater depths, and at a depth of 1400 km, only a slight trace remains beneath Borneo.
The crescent-shaped low-Vp zone beneath the southwestern Sunda Trench is still visible at
depths of 900—1000 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.

At depths of 1500—2400 km, both the high-Vp and low-Vp amplitudes become small, and
only a few conspicuous features are visible. A weak high-Vp anomaly is found beneath the
Philippine Sea Plate at depths of 1800—2000 km. Spot-like low-Vp zones exist beneath the
southwest of the Sunda Trench only at depths of 1500—1600 km. A confined low-Vp anomaly
exists beneath around Hainan Island at depths of 1500—2200 km, while it moves toward the
southeast as the depth increases. At depths of 2600—2800 km, both the high-Vp and low-Vp
amplitudes increase again, indicating that the structural 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. On the other hand, a low-Vp band is remarkable beneath the
Timor Sea. Spot-like low-Vp anomalies can be seen beneath the western margin of the

Philippine Sea Plate and beneath the SCS on the CMB.

Vertical cross-sections of our Vp tomographic model and the corresponding HC distributions
are shown in Figures 7—8 and Figures S7—S8, respectively. In Figure 7, the C-C’ to I-I” sections
are almost orthogonal to the Sunda subduction zone, and the Australian slab subducting
northward from the Sunda Trench is clearly imaged. Among these, the D-D’ to H-H” sections
show that the slab penetrates the MTZ and sinks to a depth of ~1400 km in the lower mantle. In

the G-G’ and H-H’ sections through the break in the high-Vp subducted Australian slab at depths
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of 280—460 km beneath eastern Java (Figure 5), no earthquakes have occurred inside the break,
suggesting the existence of a hole in the slab. It is consistent with the characteristics of seismicity
in other regions of the world, where earthquakes occur in the high-Vp zone, or at the boundary
between high-Vp and low-Vp anomalies (Huang & Zhao, 2004; Mishra & Zhao, 2003; Toyokuni
etal., 2021; Yang et al., 2022). The D-D’ 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. In the J-J’ to L-L’ sections orthogonal to the boundary between the Australian and Timor
Plates, the subducted Australian slab in the upper mantle can be clearly confirmed (e.g., I-I’
section). In these sections, earthquakes occur continuously along the high-Vp slab subducting
toward the MTZ. In addition, the J-J* and L-L’ sections show the slab subduction at the boundary
between the Sunda and Molucca Sea Plates, 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 ~2000 km depth to the CMB beneath the southern part of the Philippine Sea

Plate.

In Figure 7, the c-¢’ and d-d” sections passing through the Hainan hotspot show a clear
plume-like low-Vp anomaly that rises from the CMB with the modulated low-Vp amplitudes
depending on depths. In the f-f* to h-h’ sections that are almost orthogonal to the Philippine
Trench, the Philippine Sea slab subducting westward beneath the Sunda Plate is clearly imaged
as high-Vp anomalies. Especially in the H-H’ section, a high-Vp anomaly with the same slope,
which seems to be another slab, can be seen in the lower mantle beneath the subducting
Philippine Sea slab. This high-Vp zone seems to be sinking to the CMB while rolling back
eastward. The K-K” section clearly shows the low-Vp anomaly beneath volcanoes constituting

the volcanic front of the Sunda subduction zone and the high-Vp slab beneath it. In the M-M’ to
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0O-O’ sections, a prominent high-Vp anomaly exists beneath the Australian Craton at depths <

~400 km.

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 very
likely indicate the Hainan mantle plume. The low-Vp amplitude of the conduit in the E-E’
section decreases once at depths around 1000—2000 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 ~2000 km, and then
rises again to the upper mantle where it broadens beneath the Hainan hotspot and Indochina

Peninsula.

In Figure 8, the G-G’ section shows a high-Vp zone that corresponds to the Australian slab
subducting from the Sunda Trench and sinking through the MTZ to a depth of ~1500 km. 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. Furthermore, in the I-1” section on the southeastern side, a thin high-Vp zone extending
vertically from the bottom of the U-shaped anomaly toward the CMB is clearly imaged. The J-J°

section shows a high-Vp pile deposited on the CMB.

5. Resolution tests

We performed three kinds of resolution tests, including the checkerboard resolution tests
(CRTSs) (Humphreys & Clayton, 1988; Zhao et al., 2017), restoring resolution tests (RRTS)

(Zhao et al., 1992, 2017), and synthetic resolution tests (SRTs) (Toyokuni et al., 2020; Zhao et
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al., 2017), to evaluate the ray coverage and spatial resolution of our tomographic model. To
conduct the CRTSs, we construct an input velocity model that contains alternate positive (+3%)

and negative (—3%) Vp anomalies assigned to the 3-D grid nodes. Two input models with

different grid intervals (CRT1 and CRT2, Tables 1, S2, and S3) are prepared. To conduct the
RRT, we highlight the patterns of the actual tomographic result to construct the RRT input Vp
model, i.e., at the grid nodes with the Vp perturbation (dVp) > +0.6% in the real tomographic
model, we set dVp = +1.5%, and at the grid nodes with dVp <—0.6% in the real tomographic
model, we set dVp = —1.5% in the RRT input 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 so as to confirm (1) the continuity of the Hainan mantle plume from the
surface to CMB, and (2) the reliability of high-Vp Australian slab and a hole in it, low-Vp corner
flow in the mantle wedge, low-Vp subslab hot mantle upwelling, 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 in 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 (Figure S12—-S14), CRT2 (Figure

S15-S17), RRT (Figure S18-S22), SRT1 (Figure S23-S27), SRT2 (Figure S28-S32), SRT3
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(Figure S33-S37), SRT4 (Figure S38—S42), SRT5 (Figure S43—S48), SRT6 (Figure S49—-S52),

and SRT7 (Figure S53—S57). Regarding the CRT results, the recovery rate is defined as follows:

(dVp at the ith node of the output model) 2
RR; (%) = . . X 100 )
(dVp at the ith node of the input model)

On the map views of the CRT1 results (Figure S12), the output dVVp patterns are biased to
either high-Vp or low-Vp, and the resolution is obviously poor at shallow depths (15—140 km).
As for the recovery rate, the black-to-grey areas with poor recovery are dominant beneath the
Pacific Ocean, SCS, and Indian Ocean at depths of 15—140 km, whereas white areas are
dominant in other parts from the Earth's surface to CMB. In the vertical cross-sections (Figures
S13-S14), 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 count (Figures S7—S8). The
CRT2 results (Figures 9a and S15—-S17) are slightly severe, and the black-to-grey 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 count. 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 the resolution of
the existing global tomography models (> 500 km). The regions with a hit count < 50 have low
CRT recovery, which indicates that the regions not masked in white in the main tomographic

results (Figures 5—8) have sufficient resolution.
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In the output of RRTs (Figures 9b, 10a, and S18—S22), 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 slightly
decrease. In the output of SRTs (Figures 9¢c—9i, 10b—10f, and S23-S57), 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 previous models

First we give an overview of our model by comparing with the previous models focusing on
slab structures. Our novel Vp model clearly reveals subducted slabs as high-Vp bands at depths <
~800 km with the resolution 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 5, 11b, and
11c). However, our model shows another linear high-Vp band continuous from the south without
bending, suggesting another slab subducted from the intersecting trench (Figures 11b—11e). A
hole in the Australian slab beneath eastern Java, which was pointed out by many previous studies
(Hall & Spakman, 2015; Wehner et al., 2021; Widiyantoro et al., 2011; Zenonos et al., 2019), is
confirmed as a break in the high-Vp band at depths of 280-460 km, which is discussed in detail
in Section 6.5 (Figures 11a and 11b). 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). The Sangihe and Halmahera slabs beneath the Molucca Sea

(Hall & Spakman, 2015) are clearly separated by a linear low-Vp band sandwiched between the
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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; Huang et al., 2015) are also
confirmed in our model (Figure 11d). In the lower mantle, a high-Vp body beneath Sunda
Shelf-Borneo—Philippines at depths of 900—1400 km (e.g., Hall & Spakman, 2015) is clearly

revealed in our model (Figures 6, 11g, and 11h).

Next we compare our model with the previous global tomography models. Ten P-wave
tomographic models are used for the comparison, i.e., UU-PO7 (Amaru, 2007), MITPO08 (Li et al.,
2008), GyPSuM-P (Simmons et al., 2010), LLNL_G3Dv3 (Simmons et al., 2012), GAP-P4
(Fukao & Obayashi, 2013; Obayashi et al., 2013), SPani-P (Tesoniero et al., 2015),

Hosseini2016 (Hosseini, 2016), MITP_USA 2016MAY (Burdick et al., 2017), TX2019slab-P
(Lu et al., 2019), and DETOX-P3 (Hosseini et al., 2020). These models were downloaded from
the SubMachine website (http://www.earth.ox.ac.uk/~smachine/cgi/index.php) (Hosseini et al.,

2018).

In Figures 13 and S58—S60 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 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). The Hainan
plume in the lower mantle is also visible in Hosseini2016 and DETOX-P3, 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 are hard to see. In Figure S58 passing through Borneo and northern

Australia, the Australian slab subducting from the south can be traced to a depth of ~1400 km,
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which is common to all models. On the other hand, only our model clearly images the low-Vp
anomaly corresponding to hot mantle upwelling in the mantle wedge beneath volcanic fronts. In
Figure S59 passing through Java, Borneo, and the Philippines, a U-shaped high-Vp zone that
combines 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 Figure S60 passing through Sulawesi,
there are large discrepancies between models. Our model shows a high-Vp zone that might be
associated with slab remnants at depths > ~1500 km in the lower mantle, but similar features can
be seen only in DETOX-P3, Hosseini2016, LLNL_G3Dv3, MITP_USA 2016MAY, and
TX2019slab-P. Because TX2019slab-P is a model for which subducting slabs are introduced as a
priori information in the upper mantle, the similarity of the slab characteristics with this model

indicates the validity of our model.

6.2 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. Therefore, a high-Vp
anomaly in the tomographic images can be associated with the corresponding slab subduction, by
comparing the tomography of 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, but representative results by Lithgow-Bertelloni & Richards (1998) and Butterworth et
al. (2014) are shown in Figure S61. Using these relationships, the latest plate reconstruction by
Miller et al. (2019) is compared with the depth slices of our tomography. Figures 14 and S62
show the comparison using the age-depth relationship by Lithgow-Bertelloni & Richards (1998)

and Butterworth et al. (2014), respectively.
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The most distinctive feature of these comparisons is coincidence of the vast high-Vp body
beneath Sunda Shelf-Borneo—Philippines at depths of 900—1400 km (e.g., Hall & Spakman,
2015) with the position of the “opposite subduction zone” where plates subduct from the two
subparallel trenches facing each other. For example, in Figure 14, the high-Vp body seems
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 zone collapses, and the high-Vp body synchronously disappears. Because
the horizontal movement of the subducted slabs may be small in the opposite subduction zone,
the assumption of vertical subduction seems to be reasonable. In Figure S62, 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 zone < 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 1150—1200 km is distributed in two lines (Figure 11h). This might
be because the shapes of the two slabs subducted from the opposite subduction zone are

relatively well preserved.

6.3 The Hainan mantle plume

Zhao et al. (2021) investigated the whole mantle structure beneath South China—Indochina—
SCS and revealed a mantle plume rising from the lower mantle beneath the Hainan hotspot and
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the southeast Asia basalt province (SABP), although its low-Vp amplitude in the lower mantle
was weak and the root of the plume was unclear. For the first time, our tomographic images
clearly show that the mantle plume beneath these areas is continuous from the CMB to the

surface (A-A’ to D-D’ sections in Figure 12).

Looking to the south of these areas, a vast high-Vp body exists beneath the Sunda Shelf—
Borneo—Philippines at depths of 900-1400 km, which might be the deposition of subducted slabs
(Section 6.2). However, no apparent high-Vp anomaly is visible at depths of 1500-2200 km, and
the high-Vp zone becomes prominent again beneath Sulawesi—Philippines at depths > ~2400 km
(B-B’ and b-b’ to d-d’ sections in Figure 12). This implies that the slabs subducted beneath this
area are polarized into those that have already fallen to the vicinity of the CMB and those that

remain shallower than 1400-km depth.

In the map view of our tomography at 2800 km depth (Figure 6), a high-Vp zone beneath
Sulawesi—Philippines is surrounded by low-Vp anomalies distributed beneath the SCS and Timor
Sea. Therefore, 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 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.
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6.4 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. 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 15). 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 rises 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., 2020). For example,
Fan & Zhao (2021) obtained detailed tomographic images of the upper mantle in the world’s six
subduction zones, and suggested a possibility 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 slab due to its buoyancy. The SHMU revealed by this study seems more powerful
comparable to a hot mantle plume because it rises from the lower mantle and has large low-Vp
amplitudes. When such a powerful SHMU rises along the subducting slab and reaches beneath
the oceanic plate outside the trench axis, the oceanic plate might be thinned by thermal erosion
(a-a’ section in Figure 12). As mentioned in Section 1, SE 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.

6.5 Slab hole beneath eastern Java

Our model shows a hole in the Australian slab beneath eastern Java at depths of 280-460 km

(Figure 15). At depths of 310-400 km, low-Vp zones located inside and outside the subduction

23



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

zone seem connected through the slab hole, suggesting the existence of 3-D mantle flow as
pointed out by 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 15). Because the slab hole is considered to have formed since ~8
Ma (Hall & Spakman, 2015), the age-depth relationship by Lithgow-Bertelloni & Richards
(1998) can be applicable. Comparison of the plate reconstruction by Mdller et al. (2019) with our
tomography shows that the axis of the Sunda Trench disappears west of the slab bend at 10 Ma
(Figure 14). Therefore, we can infer that the slab hole was formed because the slab was partially
torn by a tectonic force such that shifts 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, which are the only two in this region of 25 world’s volcanoes that caused
large volcanic eruptions during the past 2500 years (Sigl et al., 2015), are located just above the
east edge of this slab hole (Figure 15). 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 (Figure 16). Considering these features together, we can infer that the catastrophic
volcanic eruptions specialized 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 Tambora
ignimbrites (De Maisonneuve & Bergal-Kuvikas, 2019) might support our interpretation, and

further support from geological and geochemical studies is needed.

24



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

6.6 Structure of the D” layer

Our model shows a high-Vp band at depths of 2600-2800 km beneath from eastern Borneo
to the Philippine Sea Plate, whereas a low-Vp band located subparallel to the high-Vp band is
remarkable beneath the Timor Sea. Comparisons with plate reconstructions show that these
bodies are located just beneath an ancient subduction zone that existed at ~200 Ma (Figures 14
and S62). 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).
Therefore, the low-Vp band beneath the Timor Sea might reflect the reworked oceanic crust,

where hot mantle upwelling could be born.

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.

(2) 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 Sulawesi—Philippines fell down to the CMB. Currently, the Hainan mantle
plume seems to have weakened because the slab remnants had almost completely dropped down

to the CMB.
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(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 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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Table 1. Information on the 10 resolution tests performed by this study.

Name Description of the initial model
Checkerboard resolution test #1. Lateral grid interval is 278 km (a great circle distance of 2.5°
CRT1 on the surface) inside the study region, and 556 km (a great circle distance of 5° on the surface)
in other regions (Table S2).
Checkerboard resolution test #2. Lateral grid interval is 167 km (a great circle distance of 1.5°
CRT2 on the surface) inside the study region, and 334 km (a great circle distance of 3° on the surface)
in other regions (Table S3).
RRT Restoring resolution test. Highlights the pattern of actual tomographic results, containing high-
V (+1.5%) and low-V (—1.5%).
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—1500 km.
(4) A hole in the Australian slab between depths 260—460 km and latitudes 110°-115° with no
SRT1 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—2800 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).
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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 =
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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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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 adopted for the tomographic inversion. In the
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target area (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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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 area. The thick black lines denote plate

boundaries.
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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 of the tomographic results at each depth
(red solid line). (Right) Depth distribution of the average velocity anomaly. The blue dotted lines

denote 410 and 660 km indicating the range of the mantle transition zone.
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860

861  Figure 5. Map views of Vp tomography at depths of 100—700 km obtained by this study. The

862 layer depth is shown at the upper-right corner of each map. The blue and red colors denote high
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863  and low Vp perturbations, respectively, whose scale (in %) is shown on the right. Areas with hit
864  counts < 50 are masked in white. The red triangles and thick black lines denote the active

865  volcanoes and plate boundaries, respectively.
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883

884  Figure 6. Same as Figure 5 but for VVp images at depths of 800-2800 km.
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886

887  Figure 7. Vertical cross-sections of VVp tomography along (top) 15 profiles in the N-S direction

888  (A-A’to 0-0’), and (bottom) 15 profiles in the E-W direction (a-a’ to 0-0’) as shown on the
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inset map. The 410-km and 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. Other labels are the same as those in Figure 5.
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909  Figure 8. The same as Figure 7 but along (top) 15 profiles in the NW-SE direction (A-A’ to O-

910  O’), and (bottom) 15 profiles in the NE-SW direction (a-a’ to 0-0°).
911
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912

913  Figure 9. Summary of the resolution tests. Map view images at a depth of 380 km of the (a)

914 CRT2, (b) RRT, (c) SRTL, (d) SRT2, (€) SRT3, (f) SRT4, (g) SRT5, (h) SRT6, and (i) SRT7.
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The input (upper panel) and output (lower panel) models are shown for each test. The Vp

perturbation scales (in %) are shown on the right.
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935

936  Figure 10. Summary of the resolution tests and comparison with the obtained real tomographic

937  result (the upper-left panel). Vertical cross-sections through a hole in the Australian slab and the
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938  Hainan hotspot for (top) actual tomography, (a) RRT, (b) SRTL, (c) SRT2, (d) SRT3, (e) SRT4,
939  and (f) SRT5. The input (upper panel) and output (lower panel) models are shown for each test.
940  The location of the cross-section and the Vp perturbation scale (in %) are shown at the top right.

941  Other labels are the same as those in Figure 7.
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958

959  Figure 11. Summary and interpretation of VVp map views at depths of 300-1200 km. The Vp

960  perturbation scale (in %) is shown on the right. The coastline and plate boundaries are shown in
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gray to make the velocity images easier to see. The open circles denote local seismicity within a

+30-km depth range of each layer. SHMU = subslab hot mantle upwelling.
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981

982  Figure 12. Summary and interpretation of Vp vertical cross-sections through (left) the Hainan

983  hotspot and Indochina (A-A’ to D-D’), and (right) the Australian slab (a-a’ to d-d”), whose
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984  locations are shown on the inset maps at the bottom. The Vp perturbation scale (in %) is shown

985  on the right. Other labels are the same as those in Figure 7.
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This study LLNL_G3Dv3 Hosseini2016 DETOX-P3

GyPSuM-P UU-PO7 SPani-P

GAP-P4 MITPO8 MITP_USA_2016MAY

Figure 13. Comparison of a Vp vertical cross-section oriented in the NW-SE direction through
the Hainan hotspot obtained by this study (upper left) with 10 existing models, i.e., UU-PO7
(Amaru, 2007), MITPO8 (Li et al., 2008), GyPSuM-P (Simmons et al., 2010), LLNL_G3Dv3
(Simmons et al., 2012), GAP-P4 (Fukao & Obayashi, 2013; Obayashi et al., 2013), SPani-P
(Tesoniero et al., 2015), Hosseini2016 (Hosseini, 2016), MITP_USA_2016MAY (Burdick et al.,
2017), TX2019slab-P (Lu et al., 2019), and DETOX-P3 (Hosseini et al., 2020). All figures are
shown with the same color scale. The blue and red colors denote high and low Vp perturbations,

respectively, whose scale (in %) is shown at the bottom of each panel.
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1015

1016  Figure 14. Comparison of Vp map views obtained by this study with plate reconstructions

1017 (Muller et al., 2019) using an age-depth relationship (Lithgow-Bertelloni & Richards, 1998). The
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thin black lines denote geological blocks. The thick black lines denote plate boundaries, among
which the jagged lines are subduction boundaries. Thin arrows denote absolute plate motion

direction and speed, whose scale (in %) is shown on the right.
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1039  Figure 15. Enlarged map views of Vp tomography at depths of 190-490 km around the

1040  Australian slab. The layer depth is shown at the upper-right corner of each map. The blue and red
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colors denote high and low Vp perturbations, respectively, whose scale (in %) is shown on the
right. Areas with hit counts < 50 are masked in white. The identified hole in the Australian slab
is indicated in-between the two black solid lines. The red triangles denote the Tambora and
Rinjani volcanoes, which are only two located in this region of the 25 world’s volcanoes that
caused large volcanic eruptions during the past 2500 years (Sigl et al., 2015). The open circles

denote local seismicity within a £15-km depth range of each layer.
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1061

1062  Figure 16. Vertical cross-sections (A-A’ to C-C’) and a map view (lower right) through the hole
1063 in the Australian slab beneath eastern Java. The red triangles denote active volcanoes within a
1064  +222 km width of each section. The open circles denote local seismicity within a £111 km width
1065  of each section. Locations of the profiles are shown on the map. The map view shows the

1066  tomography at a depth of 370 km.
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Figure S1. Hypocenter distribution of 287 large earthquakes (M > 7) that occurred from January

1, 1900 to January 5, 2022 (https://earthquake.usgs.gov/). The circle size and color indicate the

magnitude and focal depth, respectively, whose scales are shown in the lower right.
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Figure S2. Schematic illustration of ray paths of P, pP, PP, PcP, and Pdiff waves. The star

denotes a hypocenter. The reverse triangles denote seismic stations.
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Figure S4. Distribution of 656 seismic stations inside the study region used in the tomographic

inversion.
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38
39  Figure S5. Distribution of seismic rays throughout the study volume. The layer depth range is

40  shown at the upper-left corner of each panel.
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Figure S6. (continued).
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Figure S6. Map view images of the ray hit count. The layer depth is shown at the lower-right
corner of each map. The color scale is shown on the right. The areas in black color with hit count

< 50 are masked in the resulting tomographic images.

Figure S7. Vertical cross-sections of the ray hit count along (top) 15 profiles in the N-S
direction, and (bottom) 15 profiles in the E-W direction. Locations of the profiles are shown on
the inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The
thick green lines on the surface denote land areas. The red triangles denote active volcanoes. The

thin black lines on the inset map denote the plate boundaries.

Figure S8. The same as Figure S7 but along (top) 15 profiles in the NW-SE direction, and

(bottom) 15 profiles in the NE-SW direction.

Figure S9. The same as Figures 5 and 6 but before subtracting the average velocity anomalies at

each depth (Figure 4) from the velocity anomalies obtained using IASP91 (Kennett & Engdahl,

1991).

Figure S10. The same as Figures 7 but before subtracting the average velocity anomalies at each

depth (Figure 4) from the velocity anomalies obtained using IASP91 (Kennett & Engdahl, 1991).

Figure S11. The same as Figures 8 but before subtracting the average velocity anomalies at each

depth (Figure 4) from the velocity anomalies obtained using IASP91 (Kennett & Engdahl, 1991).
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Figure S12. Map views showing the input model (top panels), output results (middle panels) and
the recovery rate (bottom panels) of the checkerboard resolution test with a lateral grid interval
of 278 km (CRTL1). The layer depth is shown at the upper-left corner of the top panels. The open
and solid circles denote high and low Vp perturbations, respectively, whose scale is shown on

the right. The color scale of the recovery rate (in %) is also shown on the right.

Figure S13. Vertical cross-sections of the recovery rate along (top) 15 profiles in the N-S
direction, and (bottom) 15 profiles in the E-W direction, obtained by the checkerboard
resolution test with a lateral grid interval of 278 km inside the study region (CRT1). Locations of

the profiles are shown on the inset map. Other labels are the same as those in Figure S7.

Figure S14. The same as Figure S13 but along (top) 15 profiles in the NW-SE direction, and

(bottom) 15 profiles in the NE-SW direction.
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Figure S15. The same as Figure S12 but for the checkerboard resolution test with a lateral grid

interval of 167 km inside the study region (CRT2).

Figure S16. The same as Figure S13 but for the checkerboard resolution test with a lateral grid

interval of 167 km inside the study region (CRT2).

Figure S17. The same as Figure S14 but for the checkerboard resolution test with a lateral grid

interval of 167 km inside the study region (CRT2).

36



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

145  Figure S18.



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

000 110°

146 Figure S18. (continued).



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

dvp (%)
1.5

100° 110°

147 Figure S18. (continued).

39



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

1800 km

20" Y
15"

1900 km

W

2000 km

In 2

100° 110°

148 Figure S18. (continued).

40



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

80° 100" 110" 120" 130° 140°

= O U
= _

-

{

)
{

80° 100" 110" 120° 130" 140°

Figure S19.

149

41



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

dVp (%)
: 15

) 80" 100" 110" 120° 130" 140°
150  Figure S20.
42



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

ONMLKSITHG -5
90" 100" 110" 120" 130" 140°

o O

F'?
ONMLKJI I H’G'p

) 90" 100" 110" 1207 130° 140°
151 Figure S21.
43



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

avp (%)

) 80° 100" 110" 120" 130" 140°
152 Figure S22.
44



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

Figure S18. Map views showing the input model (upper panels) and output results (lower
panels) of the restoring resolution test (RRT). The layer depth is shown above the upper panels.
The blue and red colors denote high and low Vp perturbations, respectively, whose scale (in %)

is shown on the right.

Figure S19. Vertical cross-sections showing (top) the input model and (bottom) output results

of the restoring resolution test (RRT) along 15 profiles in the N-S direction. Locations of the

profiles are shown on the inset map. The 410-km and the 660-km discontinuities are shown in

black solid lines. The thick black lines on the surface denote land areas. The red triangles denote

active volcanoes. The thin black lines on the inset map denote the plate boundaries.

Figure S20. The same as Figure S19 but along 15 profiles in the E-W direction.

Figure S21. The same as Figure S19 but along 15 profiles in the NW-SE direction.

Figure S22. The same as Figure S19 but along 15 profiles in the NE-SW direction.
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Figure S23. The same as Figure S18 but for the synthetic resolution test with (1) high-Vp
subducting Australian slab, (2) low-Vp hot mantle upwelling in the mantle wedge, (3) low-Vp
subslab hot mantle upwelling (SHMU), (4) a hole in the Australian slab at depths of 260—460 km
and latitudes 110°—115°, (5) a low-Vp bridge connecting (2) and (3) through the slab hole, and

(6) low-Vp whole-mantle Hainan plume (SRT1).

Figure S24. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT1 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S25. The same as Figure S24 but along 15 profiles in the E-W direction.

Figure S26. The same as Figure S24 but along 15 profiles in the NW-SE direction.

Figure S27. The same as Figure S24 but along 15 profiles in the NE-SW direction.
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Figure S28. The same as Figure S23 but for the synthetic resolution test without a low-Vp

bridge through the slab hole (SRT2).

Figure S29. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT2 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S30. The same as Figure S29 but along 15 profiles in the E-W direction.

Figure S31. The same as Figure S29 but along 15 profiles in the NW-SE direction.

Figure S32. The same as Figure S29 but along 15 profiles in the NE-SW direction.
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Figure S33. The same as Figure S23 but for the synthetic resolution test without a hole in the

Australian slab and a low-Vp bridge through the slab hole (SRT3).

Figure S34. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT3 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S35. The same as Figure S34 but along 15 profiles in the E-W direction.

Figure S36. The same as Figure S34 but along 15 profiles in the NW-SE direction.

Figure S37. The same as Figure S34 but along 15 profiles in the NE-SW direction.
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Figure S38. The same as Figure S23 but for the synthetic resolution test without a low-Vp

subslab hot mantle upwelling (SHMU) and a low-Vp bridge through the slab hole (SRT4).

Figure S39. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT4 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S40. The same as Figure S39 but along 15 profiles in the E-W direction.

Figure S41. The same as Figure S39 but along 15 profiles in the NW-SE direction.

Figure S42. The same as Figure S39 but along 15 profiles in the NE-SW direction.

81



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

avp (%)
1.5

0.0

-1.5

284  Figure S43.



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

dvp (%)

0.0

-1.5

100° 110°

285  Figure S43. (continued).



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

1025 km 1100 km

1700 km
£ )

avp (%)
1.5

0.0

-1.5

100° 110°

286  Figure S43. (continued).



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

1800 km 1900 km 2000 km
e 3 % ()

In

2200 km

2550 km 2800 km
& ]

avp (%)
1.5

0.0

-1.5

100° 110°

287  Figure S43. (continued).

85



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

A.'C E g K-'M"o.
80° 100" 110° 120" 130" 140"

0 L R O L
ACEGT KMO
90° 100" 110° 120° 130° 140°

288  Figure S44.
86



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

| '
P = dVp (%)
2= o 15
C e d..c'
10°1¢ 728,
9% h-9

o
i X:—
.
L]aaY
o
L3 IATY
o3
°
o

i
-1
i R
o
LK
n

dVp (%)

e
'~ 1.5

< f':.g'.
! h;c\i 0.0

I' k,

— M

n'sip

- o

80° 100" 110° 120" 130" 140"

289  Figure S45.

87



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

IS oxasZ0
8 & & o 2 g
£

90° 100" 110" 120" 130° 140°

IS xasZ0
8 & & o 2 g
2

90" 100" 110" 120° 130" 140°

Figure S46.

290

88



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth
'w ¥
'
jw | |
'
k I m’
JaBcd et

i
m
W daT gn dvp (%)

A,

"9k
90" 100" 110" 120" 130" 140"

40" 100" 110" 120° 130" 140°

291  Figure S47.
89



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth

Figure S43. The same as Figure S23 but for the synthetic resolution test without a low-Vp hot

mantle upwelling in the mantle wedge and a low-Vp bridge through the slab hole (SRT5).

Figure S44. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT5 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S45. The same as Figure S44 but along 15 profiles in the E-W direction.

Figure S46. The same as Figure S44 but along 15 profiles in the NW-SE direction.

Figure S47. The same as Figure S44 but along 15 profiles in the NE-SW direction.
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Figure S48. The same as Figure S23 but for the synthetic resolution test without a low-Vp hot
mantle upwelling in the mantle wedge, a low-Vp subslab hot mantle upwelling (SHMU), and a

low-Vp bridge through the slab hole (SRT6).

Figure S49. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT6 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S50. The same as Figure S49 but along 15 profiles in the E-W direction.

Figure S51. The same as Figure S49 but along 15 profiles in the NW-SE direction.

Figure S52. The same as Figure S49 but along 15 profiles in the NE-SW direction.
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Figure S53. The same as Figure S23 but for the synthetic resolution test without a low-Vp hot
mantle upwelling in the mantle wedge, a low-Vp subslab hot mantle upwelling (SHMU), a hole
in the Australian slab between depths 260—460 km and latitudes 110°-115°, and a low-Vp

bridge through the slab hole (SRT7).

Figure S54. Vertical cross-sections showing (top) the input model and (bottom) output results

of the SRT7 along 15 profiles in the N-S direction. Locations of the profiles are shown on the

inset map. The 410-km and the 660-km discontinuities are shown in black solid lines. The thick

black lines on the surface denote land areas. The red triangles denote active volcanoes. The thin

black lines on the inset map denote the plate boundaries.

Figure S55. The same as Figure S54 but along 15 profiles in the E-W direction.

Figure S56. The same as Figure S54 but along 15 profiles in the NW-SE direction.

Figure S57. The same as Figure S54 but along 15 profiles in the NE-SW direction.
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Figure S58. Comparison of a VVp cross-section oriented in the NW-SE direction through Borneo
and Australia obtained by this study (upper left) with 10 existing models, i.e., UU-P07 (Amaru,
2007), MITPO8 (Li et al., 2008), GyPSuM-P (Simmons et al., 2010), LLNL_G3Dv3 (Simmons
et al., 2012), GAP-P4 (Fukao & Obayashi, 2013; Obayashi et al., 2013), SPani-P (Tesoniero et
al., 2015), Hosseini2016 (Hosseini, 2016), MITP_USA 2016MAY (Burdick et al., 2017),
TX2019slab-P (Lu et al., 2019), and DETOX-P3 (Hosseini et al., 2020). All the images are
shown with the same color scale. The blue and red colors denote high and low Vp perturbations,

respectively, whose scale (in %) is shown below each panel.

Figure S59. The same as Figure S58 but for a Vp cross-section oriented in the NE-SW direction

through Java, Borneo, and Philippines.

Figure S60. The same as Figure S58 but for a Vp cross-section oriented in the NE-SW direction

through Sulawesi.
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391  Figure S61. The age-depth relationships of a subducted slab obtained by (red) Lithgow-
392  Bertelloni & Richards (1998) and (blue) Butterworth et al. (2014). We note that the relationship
393 by Butterworth et al. (2014) only holds for the lower mantle.
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399
400  Figure S62. The same as Figure 14 but for the age-depth relationship by Butterworth et al.

401 (2014).
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402 Table S1. Number of grid nodes at each depth, which are arranged for conducting the
403 tomographic inversion.
Depth (km) The number of grids
15.0 18,717
325 8,929
50.0 18,612
75.0 8,751
100.0 18,284
140.0 8,679
180.0 17,848
220.0 8,370
260.0 17,388
300.0 8,185
340.0 16,992
380.0 7,976
420.0 16,580
460.0 7,786
500.0 15,961
575.0 7,451
650.0 15,101
725.0 7,093
800.0 14,425
875.0 6,741
950.0 13,711
1025.0 6,389
1100.0 12,989
1200.0 6,015
1300.0 12,001
1400.0 5,570
1500.0 11,055
1600.0 5,124
1700.0 10,158
1800.0 4,700
1900.0 9,434
2000.0 4,300
2100.0 8,597
2200.0 3,913
2300.0 7,796
2425.0 3,509
2550.0 6,794
2675.0 3,117
2800.0 6,018
Total 391,059
404
405
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406  Table S2. Number of grid nodes at each depth for the checkerboard resolution test with a lateral

407 grid interval of 278 km inside the target region (CRT1).
Depth (km) The number of grids
15.0 1,964
325 393
50.0 1,954
75.0 391
100.0 1,946
140.0 389
180.0 1,887
220.0 383
260.0 1,866
300.0 376
340.0 1,841
380.0 351
420.0 1,724
460.0 346
500.0 1,703
575.0 339
650.0 1,642
725.0 313
800.0 1,533
875.0 306
950.0 1,466
1025.0 300
1100.0 1,366
1200.0 272
1300.0 1,300
1400.0 265
1500.0 1,183
1600.0 231
1700.0 1,107
1800.0 214
1900.0 1,003
2000.0 203
2100.0 948
2200.0 185
2300.0 853
2425.0 175
2550.0 732
2675.0 148
2800.0 666
Total 34,264
408
409
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410  Table S3. Number of grid nodes at each depth for the checkerboard resolution test with a lateral

411 grid interval of 167 km inside the target region (CRT2).
Depth (km) The number of grids
15.0 5,404
325 1,048
50.0 5,373
75.0 1,035
100.0 5,328
140.0 1,029
180.0 5,217
220.0 982
260.0 5,013
300.0 969
340.0 4,883
380.0 959
420.0 4,822
460.0 908
500.0 4,659
575.0 897
650.0 4,366
725.0 839
800.0 4,224
875.0 794
950.0 3,976
1025.0 770
1100.0 3,745
1200.0 722
1300.0 3,466
1400.0 667
1500.0 3,185
1600.0 614
1700.0 2,921
1800.0 566
1900.0 2,774
2000.0 520
2100.0 2,527
2200.0 475
2300.0 2,288
2425.0 431
2550.0 1,968
2675.0 385
2800.0 1,724
Total 92,473
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