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Abstract The Sunda Plate is a minor tectonic plate bounded by tectonically active convergent
boundaries, below which are subducting: the Philippine Sea Plate to the east and the Indo-Australian Plate
to the south and west. It is thus an ideal tectonic setting for investigating the interaction between
subduction and asthenospheric flow. To better understand mantle interactions within the two nearly
perpendicular subduction zones, we characterize seismic anisotropy by conducting a source-side sS
splitting analysis, which allows us to improve spatial resolution of anisotropic fabrics, in particular
underneath the backarc regions, which are poorly constrained by previous studies. In the backarc of the
Java-Banda subduction zone, a gradual fast-axis rotation from trench normal in the west to trench parallel
in the east is clearly observed. We attribute this rotation to the interactions between the 2-D corner flow in
the Java wedge and a squeezed asthenospheric flow by the highly arcuate Banda slab. In the backarc of the
Philippine subduction zone, the fast-axis direction transitions from trench normal in the central south to
trench oblique in the north; the trench normal is attributed to the mantle wedge corner flow, whereas the
trench oblique is likely deflected by the eastward subduction of the South China Sea Plate. Hence, the
mantle flow system beneath the Sunda Plate is composed of various types of flow developed in the mantle
wedges. Their interactions play an important role in influencing greatly the regional geodynamics in the
upper mantle above the 670-km discontinuity.

Plain Language Summary In this study, we constrained the seismic anisotropy patterns

(i.e., the variation of seismic velocities with propagating directions) in the upper mantle beneath the
backarc regions of Java-Banda and Philippines located in Southeast Asia by analyzing the fast polarization
directions of sS wave. It is generally believed that the mantle seismic anisotropy is mainly caused by the
crystallographic preferred orientation of mantle minerals such as olivine as the consequence of ductile
deformation induced by mantle flow. Therefore, measurements of seismic anisotropy are probably the best
tool available to directly probe the mantle flow patterns in the currently tectonic active regions, especially
with the importance in understanding dynamic processes such as transport of melt and volatile in the
mantle wedge above the subduction zone. Our results depicted that 2-D corner flow, which stands for

the mass circulation in the wedge-shaped mantle and is mechanically dragged by the viscously coupled
descending slab beneath, is the dominant flow pattern in three studied subduction settings. More
importantly, we noted that the 2-D corner flow interacts with the lateral flow, which is orthogonal to the
corner flow direction and induced by the highly arcuate Banda slab, and that the flow in north Philippines
appears to be deflected by the eastward subducting South China Sea Plate. Our observations reveal the
complex dynamic interactions of various types of flow in these tectonic regions.

1. Introduction

The Sunda Plate is a minor tectonic plate located in Southeast Asia; it hosts one of the most complex tectonic
units on the planet (Figure 1a). Specifically, it is surrounded by active subducting plate, which includes the
Indian-Burma Plate from the west, the Australian Plate from the south, and the opposite subduction of the
South China Sea and the Philippine Sea plates beneath the Philippine islands (Bird, 2003). Moreover, it is
bounded to the north by the Eurasian Plate. The eastern, southern, and western boundaries of the Sunda
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Figure 1. (a) Map showing events (colored stars) and sS surface bounce points (light blue circles) used in this study. The color scale for the focal depths is
shown in the right, whereas the scale for the bathymetry and topography is shown at the bottom. Dashed lines denote great circle paths for the event sS bounce
point pairs. The stations (red triangles) with their fast directions (purple bars) used in this study are presented in the top right inset map centered at our study
area. (b) Histogram of the focal depths of the events used in this study. (c) Histogram of the epicentral distances calculated for the event-station pairs used in

this study.

Plate are tectonically complex and seismically active, whereas the northern boundary is relatively quiescent
(Zahirovic et al., 2014).

An intriguing tectonic signature of the Sunda Plate is the Banda arc, which is famous for its 180° curvature
(Figure 1a). The extreme curvature of the volcanic chain and the atypical shape of the deformed slab have
been attributed to the interactions between the overriding plates, the subducting slab, and the surrounding
mantle. The Banda arc thus represents an outstanding example of large-scale deformation of the Earth's
lithosphere in response to coupling between the crust, slab, and surrounding mantle (Spakman & Hall,
2010). However, it is still enigmatic how the highly arcuate Banda slab affects the flow both above and below
the downgoing slab. In addition, the Sunda Plate is also characterized with the existence of divergent dou-
ble subduction, which is a form of plate subduction featuring subduction on both sides of one single oceanic
plate. More specifically, the Molucca Sea subduction in Southeast Asia has been considered as a Cenozoic
example of divergent double subduction, which could thus have played an important role in tectonic evo-
lution of Southeast Asia (Kiraly et al., 2018; Zhang et al., 2017). It is worth mentioning that double-slab
subduction with inward-dipping directions is also a characteristic feature of Southeast Asia; for example, the
South China Sea Plate is subducting underneath the Philippine Sea Plate, whereas the Philippine Sea Plate
is penetrating below the southern Sunda Plate (Figure 1a). Hence, it is an ideal tectonic setting to investigate
the interaction how multiple subducting slabs impact their mutual dynamical evolution. However, current
understanding of the interactions primarily benefits from numerical simulations (e.g., Kiraly et al., 2016;
Lyuetal., 2019), whereas seismic investigations are still limited due to a dearth of seismic data in this region.

The Philippine subduction zone is one of the most complex tectonic settings in the world (Figure 1). In the
northern end, the South China Sea Plate is subducting eastward; in the southern end, it is surrounded by the
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Sangihe subduction zone where the Molucca Sea Plate is subducting westward; to the central west, the Sulu
Sea Plate is subducting eastward. Hence, it is an ideal natural laboratory to study the slab-slab interactions.

Seismic anisotropy—the directional and polarizational dependence of the speed of seismic waves—is a
consequence of strain-induced lattice-preferred orientation (LPO) of minerals such as olivine in the upper
mantle (Christensen, 1984; Zhang & Karato, 1995). The LPO can be developed by simple shear due to flow
gradients existing in the upper mantle, resulting in a fast direction that aligns parallel to the flow direc-
tion. Its characterization is thus of importance for understanding the current pattern of asthenospheric
flow (e.g., Long & Wirth, 2013). Note that lithospheric compression leads to anisotropy with a fast direction
parallel to the strike of mountain belts (e.g., Makeyeva et al., 1992). The most efficient way to character-
ize the anisotropy in the mantle is through shear wave splitting analysis; shear wave splits into two waves,
which travel with different speeds when propagating through an anisotropic zone. Under simple shear, the
faster S wave polarization direction is often paralleled to the mantle flow direction. Shear wave splitting
analysis such as of teleseismic SKS splitting has greatly improved our understanding of mantle anisotropy
under continents (e.g., Fouch & Rondenay, 2006; Silver, 1996), whereas beneath oceans, our understand-
ing is partial due to limited stations on islands or very sparse deployments of ocean-bottom seismometers
(e.g., Bodmer et al., 2015; Lin et al., 2016; Wolfe & Solomon, 1998). Other approaches have been applied to
characterize the upper mantle anisotropy under oceans; for example, seismic refraction studies of Pn reveal
azimuthal anisotropy existing just beneath the Moho (e.g., Shearer & Orcutt, 1986). However, these leave the
asthenospheric flow undetected. SS wave splitting has been used to constrain anisotropic behaviors beneath
SS bounce points in the upper mantle (Wolfe & Silver, 1998), but SS waveforms appear to be disturbed by
crustal reverberations beneath SS bounce points (He et al., 2008; Rychert & Shearer, 2010). Phase pairs like
S-SS, S-sS, ScS-sScS, and ScS-ScSScS have been used to isolate the upper mantle anisotropy beneath sur-
face bounce points by removing the contributions from anisotropy in the upper mantle beneath stations
and sources (e.g., Farra & Vinnik, 1994; Fischer & Yang, 1994; Vinnik & Farra, 1992; Yang & Fischer, 1994),
but source, bounce point, and receiver splitting should be carefully considered in a proper order (Wolfe &
Silver, 1998).

A number of studies of mantle anisotropy have been conducted in Southeast Asia (e.g., Xue et al., 2013), in
particular underneath the Sumatra-Java-Banda and Sangihe subduction zones, using local S, direct S, and
SKS phases (Di Leo et al., 2012a, 2012b; Hammond et al., 2010). These studies provide information about the
regional mantle dynamics of subduction zone. Three-dimensional P wave anisotropic tomography results
beneath Southeast Asia (Huang et al., 2015) and central Java (Koulakov et al., 2009) and anisotropic Rayleigh
wave phase velocity tomography of the Sunda Plate (Legendre et al., 2020) have also offered new clues into
the regional mantle dynamics. However, all those studies were subject to poor spatial coverage of seismic
stations, in particular beneath the backarc regions, leading to inadequate understanding of mantle wedge
dynamics. In addition, in subduction settings, different parts of the subduction system may contribute to
the SKS splitting, including the overriding plate, the mantle wedge above the slab, the slab itself, and the
subslab mantle. Occasionally, the mantle transition zone (e.g., Chang & Ferreira, 2019; Huang et al., 2019),
the uppermost mantle (e.g., Ferreira et al., 2019; Wookey et al., 2002), and the lowermost mantle (e.g., He &
Long, 2011; Long, 2009; Nowacki et al., 2011) may also contribute, making the interpretation of SKS splitting
measurements challenging.

We aim to characterize the mantle wedge anisotropy in backarc regions of the Java-Banda and Philippine
subduction zones by source-side sS splitting analysis, which has been successfully applied to the Izu-Bonin
subduction system before (Anglin & Fouch, 2005). This technique first utilizes published SKS splitting
parameters to remove anisotropic contributions in the station-side upper mantle and then evaluates the
corrected sS splitting to characterize the upper mantle anisotropy beneath sS surface bounce points. Our
observations present new constraints on the mantle wedge anisotropy with significantly improved coverage
of the two backarc regions. In addition, a global surface wave anisotropic tomography model by Debayle
et al. (2016) and a regional Vp velocity model UU-P07 by Hall and Spakman (2015) are also incorporated to
discuss the regional mantle dynamics.

2. Data, Methods, and Analyses

Datain our study come from 30 global broadband stations (Figure 1a). We selected earthquakes that occurred
at depths greater than 400 km and used a magnitude threshold of Mw = 5.8 for all events; the reason why
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Figure 2. (a) The colored circles denote the difference between the incident angle (a) and the take-off angle (f) of the sS wave beneath its bounce point for all
focal depth-epicentral distance pairs used in this study, which is calculated according to the IASP91 model (Kennett & Engdahl, 1991) using the TauP Toolkit
(Crotwell et al., 1999). The color scale for the angle difference is shown in the right. (b) Schematic raypath geometry of the source-side sS splitting technique. If
seismic anisotropy in the upper mantle beneath the receiver (solid circle) can be well constrained by SKS splitting analysis and the lower mantle is isotropic,
then any splitting of sS wave as shown is attributable to seismic anisotropy in the upper mantle beneath its bounce point.

we restricted our analysis to deep events will be discussed further in the part of method descriptions. We
obtained 37 teleseismic sS measurements from 15 events ranging in hypocentral depth from 430 to 658 km
(Figure 1b) recorded at 30 stations with epicentral distances ranging from 40° to 80° (Figure 1c). Information
for all events used in this study is given in Table S1 in the supporting information. Anisotropic parameters of
30 stations used for removing the anisotropic contributions beneath the stations are compiled from a range
of previous publications (Barruol & Ben Ismail, 2001; Barruol & Hoffman, 1999; Chang et al., 2011, 2015;
Cherie et al., 2016; Fouch & Fischer, 1996; Hanna & Long, 2012; Helffrich et al., 1994; Huang et al., 2011;
Kirdly et al., 2012; Liu et al., 2008; Makeyeva et al., 1992; Vinnik et al., 1992; Wolfe & Vernon III, 1998). A
full list is provided in Table S2.

Instead of measuring seismic anisotropy beneath seismic stations, here we aim to characterize seismic
anisotropy in the upper mantle beneath sS surface bounce points by employing the source-side sS splitting
technique. Such a technique has been successfully applied in Izu-Bonin subduction zone (Anglin & Fouch,
2005). The main procedure of this technique is to first correct for station-side upper mantle anisotropy and
then characterize the anisotropy in the upper mantle beneath sS surface bounce points. The last step is to
project the fast directions measured at the station back to the true orientation beneath the corresponding
sS bounce point, because the splitting measured at the station is from upgoing rays, whereas the anisotropy
beneath the sS bounce point is sensed by downgoing rays (Anglin & Fouch, 2005).

Here we assume that splitting parameters for upgoing and downgoing paths for sS phases are the same,
which is true when the olivine a-axis is horizontal and anisotropy does not vary significantly in the region
beneath the bounce point and also because the upgoing and downgoing paths are nearly symmetric (the
different between the incident angle [«] and the take-off angle [$] is very small; Figure 2a). According to
the assumption, we thus conclude that (i) the constrained fast directions after being projected back to the
bounce-point side can be directly taken as the fast directions in the upper mantle beneath the sS bounce
points and (ii) the delay times for the upgoing paths are equal to those for the downgoing paths, suggesting
that the delay time in the upper mantle beneath the bounce point can be approximately considered as half of
the measurement from sS splitting after corrected the station-side contribution. This approximation is also
reasonable because the analysis is restricted to sS phases from deep earthquakes (depth of >430 km in this
study), and the contributions from the structures below the source can accordingly be negligible (isotropic
or weak anisotropy).

In order to characterize the anisotropy near the source side, careful station selection is very important to
avoid potential errors from the station side. For this reason, the analysis is limited to stations only with simple
splitting pattern in the upper mantle (i.e., no strong variations with back azimuths). Those stations with
complex anisotropy are all excluded (Walpole et al., 2017). The parameters along with the corresponding
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Figure 3. An example of the source-side sS splitting measurements, measured for the event on 5 December 2016
recorded at the station LOXT. (a) Uncorrected horizontal component waveforms. The shaded gray region indicates the
time window used in the splitting analysis. (b) The diagnostic plots for the particle motions obtained by
cross-correlation method: from left, uncorrected particle motion, corrected receiver side, corrected receiver, and source
sides. (c) The map of error surface for the cross correlation (left) and the cross convolution (right) (Menke & Levin,
2003). The splitting parameters obtained (at the station) using both methods are well constrained and are in good
agreement with each other.
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references are all listed in Table S2. In addition, we consider sS phases recorded in the epicentral distances
ranging from 40° to 80°, which ensures the difference in incident angle between SKS and sS at the station
to be small enough that the correction for the upper mantle contribution of station side will be appropriate;
the errors in correction due to the difference in incident angle are generally less than the uncertainty in the
source-side splitting technique (Nowacki et al., 2012).

All records were visually inspected to ensure good waveform quality and high signal-to-noise ratios. For
the sS phases, we applied a two-pass, two-pole Butterworth bandpass filter with corner frequencies at 0.05
and 0.5 Hz—which represent the typical frequency band for teleseismic signals (He & Long, 2011)—to the
data. We visually selected arrivals by calculating the theoretical arrival times according to the IASP91 model
(Kennett & Engdahl, 1991) and manually chose a time window for the sS splitting, which encompasses one
full period of the wave and was optimized to identify the best-constrained splitting parameters.

After correcting the station-side’s contribution, the cross-correlation (Bowman & Ando, 1987) and the
cross-convolution (Menke & Levin, 2003) methods are used together to constrain the splitting parameters
(¢ and ét). We computed 95% confidence regions and rejected measurements when those derived from two
methods are not in agreement within 15° and 0.5 s for ¢ and 6t, respectively. We used those derived from
the cross-correlation method as the final splitting parameters. In addition, we applied a strict set of crite-
ria to select the optimum splitting results: (i) All horizontal component waveforms are visually inspected
to ensure good waveform quality and high signal-to-noise ratios; (ii) clear elliptical particle motion before
correction; and (iii) clear linearization of particle motion after corrected. An example of the sS splitting
measurement, measured for the event occurred on 5 December 2016 and recorded by the station LOXT, is
shown in Figure 3. For this measurement, both the cross-correlation and cross-convolution methods yield
well-constrained estimates of the splitting parameters (¢ = 68° and 6t = 1.45 s), which are measured at the
station. Finally, our analysis yields a total of 37 sS splitting measurements, in which 24 data sample the
Java-Banda subduction zones and 13 data are located in the Philippine subduction zone.

3. Results

The resulting spatial distributions of 37 individual measurements are shown in Figure 4. Details of indi-
vidual well-defined splitting parameters at sS bounce points can be found in Table S3. The resulting fast
orientations in the Java wedge are nearly N-S oriented (trench normal), which is subparallel to the abso-
lute plate motion (APM) direction of the Indo-Australian Plate calculated based on the HS3 (Pacific hot spot
reference frame) model (Gripp & Gordon, 2002) or the NNR (no-net-rotation frame) model (DeMets et al.,
1994). By contrast, a gradual rotation of resulting fast orientations from trench normal in the west to trench
parallel (more precisely, parallel to the curvature of the Banda arc) in the east is clearly observed in the
neighboring Banda wedge. In the Philippine wedge, the resulting fast orientations remain scattered; W-E
(trench normal, parallel to the APM direction of the Philippine Sea Plate) is dominant, but trench-oblique
orientations are also seen in the north.

The sample average () with the standard deviation (¢) of the 37 §¢is 0.96 + 0.36 s, in which 0.90 + 0.33 s
occurs to the Java-Banda wedge, whereas 1.00 + 0.44 s occurs to the Philippine wedge. The summary of
5t is presented in Figure S1. The resulting average 6t is slightly smaller than the average value (1.25 s)
from oceanic islands calculated by Kiraly et al. (2012) from the Global Splitting Database (http://www.gm.
univ-montp2.fr/splitting/) (Wustefeld et al., 2008) but which is in reasonable agreement with previous local
studies, for example, 0.90 + 0.14 s in the southernmost Indochina Peninsula (Yu et al., 2018), ~1 s in the
Sumatra wedge (specifically, measurements are made for the stations located above the 150-km slab con-
tour) (Hammond et al., 2010), and 0.34-1.08 s in the Banda wedge measured from local S splitting (Di Leo
et al., 2012a). The larger 6¢ (of 1.6-2.4 s in Sumatra, Collings et al., 2013; ~1.6 s in Java, Hammond et al.,
2010; and 1.13-1.38 s in Banda, Di Leo et al., 2012a) has been primarily attributed to subslab mantle flow,
rather than the flow in the mantle wedge, and the larger 6t all comes from SKS splitting measurements.

We emphasize here that our data set (34 out of 37 event-station pairs) largely exhibits that each event has
been recorded by multiple stations (one-to-many type); only remaining three event-station pairs belong to
one-to-one type. The one-to-many type of pairs allows us to examine the consistency of measurements.
Because the same event was recorded by multiple stations with different anisotropic parameters, it can
reflect the good reliability of our measurements if the constrained parameters are in reasonable agree-
ment between each other. In addition, 14 pairs (14 out of 37) show that multiple events were recorded by
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Figure 4. All splitting results in this study are plotted at sS surface bounce points (light blue circles). Bars are oriented
in the fast direction, and their lengths are proportional to the delay times. Colored stars are seismic events. The color
scale for the focal depths is shown at the bottom. Solid red triangles denote Quaternary volcanoes. The black sawtooth
lines show major plate boundaries. The contour lines show depths to the upper boundaries of the subducting slabs
with an interval of 100 km from Slab2 (Hayes et al., 2018). Arrows indicate plate motion according to absolute plate
motion (APM) models (HS3: Pacific hot spot reference frame, Gripp & Gordon, 2002, denoted with sienna arrows;
NNR: no-net-rotation frame, DeMets et al., 1994, denoted with light sea green arrows).

one station (many-to-one type), which offers another way to examine the consistency of measurements.
For this purpose, we plot the 34 measurements of one-to-many type (Figure S2) and 14 measurements
of many-to-one type (Figure S3) to examine its consistency, and the quantitative comparisons are sum-
marized in Figures S2b and S2c. This strongly supports the reliability of our measurements. In addition,
these tests show that in general, no significant variations in observed splitting are observed as a func-
tion of event-to-station azimuth (although the azimuth range is limited), which indicates relatively simple
anisotropic structure beneath many sS surface bounce points.

Determining the primary source of anisotropy that contributes to sS splitting can be difficult, because the
observed splitting is an integrated result along the raypath defined by the source and receiver. Hence, any
part of the anisotropic layers in the Earth's interior, which sS has traveled through, can be possible source
for the observations. If we assume that the contribution from the station-side upper mantle has been fully
accounted and corrected by SKS splitting, then remaining source regions are all residing in the upper mantle
beneath the sS bounce point, including the overlying lithosphere, the mantle wedge, and the slab itself. We
can readily exclude the subslab mantle as a contributor, thanks to the source-receiver geometry.

4. Seismic Anisotropy in Subduction Zones
4.1. Mechanisms and Sources of Seismic Anisotropy
The primary cause of seismic anisotropy in the upper mantle is the LPO of olivine (e.g., Zhang &
Karato, 1995), which can develop in the upper mantle due to shearing induced by mantle flowing
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(e.g., Wolfe & Silver, 1998). In a subduction zone environment, where the mantle wedge may be hydrated by
water released from downgoing slab, B-type olivine LPO may develop. In B-type olivine fabric, which devel-
ops under water-rich conditions, the [0 0 1] direction is parallel to the flow direction, and the (0 1 0) plane is
parallel to the flow plane, which have been invoked to explain trench-parallel anisotropy. More specifically,
in a flow field, the crystallographic fast axis of B-type olivine is oriented perpendicular to flow. Therefore,
fast-axis values would be rotated 90° from other types of olivine (e.g., Jung & Karato, 2001; Karato et al.,
2008; Katayama & Karato, 2006), but B-type olivine is dominant in the forearc, whereas A-type olivone—the
well-known fabric developed under water-poor conditions, in which the [1 0 0] axis is subparallel to the
shear direction and the (0 1 0) plane is subparallel to the shear plane—is still pervasive in the backarc (Karato
et al., 2008; Zhang & Karato, 1995). Hence, we consider A-type olivine LPO fabrics in the asthenosphere as
the leading candidate to explain our observations. In the following parts, we will explain why we rule out
other anisotropic contributions from the slab itself, the overriding plate, the subslab mantle, and the mantle
below the source.

The sS bounce points are abundantly located underneath seas such as the Java Sea, Banda Sea, and Sulu
Sea (Figure 1). The overlying lithosphere is thus known for being thin (its thickness is about 50 km or less
given by a P wave tomographic result of Huang et al., 2015, and a Rayleigh wave phase velocity image of
Legendre et al., 2020). This equates to an approximate delay time of 0.4 s assuming 4% anisotropy and an
S wave velocity of 4.6 km/s (e.g., Eakin et al., 2010). In reality, the resulting 6¢ could be much less than
0.4 s because 0.1-0.3% anisotropy is imaged in the overlying lithosphere by the P wave and Rayleigh wave
azimuthal anisotropy tomography (Huang et al., 2015; Legendre et al., 2020). It therefore seems unlikely
that the constrained 6t of 0.96 + 0.36 s in this study is generated primarily from the overlying lithosphere,
although we cannot rule out its contribution.

Another possible source of anisotropy comes from the slab itself. Oceanic lithosphere develops frozen-in
anisotropy as it matures (e.g., Debayle & Ricard, 2013), and its magnitude seems to positively correlate with
the spreading rate in the mid-ocean ridge (e.g., Gaherty et al., 2004; Song & Kim, 2011). It has been sug-
gested that oceanic lithosphere can retain the frozen-in anisotropy through subduction (e.g., Audet, 2013;
Chen et al., 2015) but slab anisotropic magnitude varies from region to region; for example, Chen et al.
(2015) suggested the contribution to shear wave splitting from the downgoing Philippine Sea Plate in Tai-
wan to be 0.13 to 0.45 s, and Huang et al. (2011) estimate the anisotropic magnitude contributed from the
subducting Pacific Plate in Japan to be minor (0.10 to 0.32 s). It is noteworthy that, although ¢ up to 0.45 s
has been occasionally detected, the events used to observe such a large 6t are all at intermediate depths.
At these depths, hydrated faults—Ilikely developed in the trenches due to slab bending—have played an
important role in producing the observed slab anisotropy (e.g., Abers, 2000; Faccenda et al., 2008). How-
ever, the events used in this study are all from the depths deeper than 300 km; thus, it is unlikely to produce
such a strong anisotropy within a downgoing dry slab. This scenario is supported by an observation of
insignificant deep slab anisotropy (6t < 0.15 s ) in Tonga (Kaneshima, 2014). Moreover, a careful analysis
of local S and teleseismic SKS splitting in the southern Italy subduction system also revealed that the main
source of anisotropy in the subduction zone is the asthenosphere and the slab is a weakly anisotropic region
(Baccheschi et al., 2011). All these observations seemingly support insignificant anisotropy from the
subducting plates, in particular at deep depths.

Strong anisotropy in the subducting Nazca slab has been observed beneath Peru, but it was attributed to
overprinted fossil fabric during subduction, instead of the frozen-in anisotropy formed at the mid-ocean
ridge. To produce such a strong anisotropy, the deformed slab must therefore be sufficiently weak so that
its original fabric can be modified. However, the issue as to whether other subducting slabs behave also
similarly to the Nazca slab remains mostly unaddressed. Song and Kim (2011) have observed a 2- to 6-km
subcrustal layer with ~7% anisotropy preserved in the subducting Cocos Plate beneath central Mexico. A
subsequent receiver function study by Audet (2013) also suggested the presence of strong anisotropy within
uppermost mantle of subducting oceanic plates, but the observed anisotropy is characterized with more
variable parameters in thickness and anisotropic magnitude in the forearcs of Nankai, Cascadia, Mexico,
and Costa Rica subduction zones. It appears that the existence of such a strong anisotropic layer within the
downgoing slabs is all limited to shallow subduction zones; the issue as to whether this anisotropic layer also
occurs in other subduction zones requires further investigations. Hydrated faults in the subducting oceanic
plate have been suggested to explain the trench-parallel fast axes of seismic anisotropy but which are only
measured at stations in the forearc (Abers, 2000; Faccenda et al., 2008). Again, there are seemingly no direct
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observations to support the existence of strong anisotropy within the downgoing slabs at depths deeper than
300 km. With all the evidence, we therefore conclude that the main source of observed splitting is the mantle
wedge asthenosphere and the contribution from the slab or the overriding lithosphere is negligible.

In addition, we also plot the measured 6t as a function of focal depth (Figure S4) to examine if there exists
a depth-dependent signature. It demonstrates that no notable depth-dependent 6t is observed, suggesting
that the anisotropic contributions to sS splittings are primarily confined in the upper mantle (above 430-km
depth), whereas that below 430-km depth is insignificant. Otherwise, we may expect to see a positive cor-
relation between focal depth and 6t (i.e., 6t increases with deepening of events). It in turn suggests that the
constrained parameters can adequately represent the upper mantle anisotropic characteristics beneath the
sS bounce point. Lack of strong depth-dependent signature does not fully exclude the existence of anisotropy
in the lower mantle transition zone (LMTZ) and uppermost lower mantle, which has been suggested to take
place in subduction zones (e.g., Chang & Ferreira, 2019; Faccenda, 2014; Faccenda et al., 2019; Ferreira et al.,
2019; Huang et al., 2019). The reason for this is because the number of events in the LMTZ used in this study
is very limited and also, no events are from the uppermost lower mantle. Another possible reason is that
ringwoodite (the dominant mineral in the LMTZ) seemingly has a different slip systems compared to olivine
(e.g., Miyagi et al., 2014); increasing the raypath length through the LMTZ may thus not simply enhance the
sS splitting magnitude. Moreover, flow directions in the upper mantle and transition zone would be differ-
ent from each other, which may further complicate the interpretations. It is also worth mentioning that a
seismological study pointed out that the LMTZ is largely isotropic (e.g., Fouch & Fischer, 1996), which has
been corroborated by another mineral physics study by Ohuchi et al. (2014).

4.2. Flow Models in Subduction Systems

In a subduction system, the classical flow model is composed of a simple 2-D corner flow in the mantle
wedge (i.e., above the subducting slab), which is induced by viscous coupling between the downgoing slab
and the overlying mantle, along with an entrained flow (i.e., beneath the subducting slab) when a strong
coupling exists between the downgoing slab and subslab mantle (e.g., Long & Silver, 2008). The anisotropy
resulting from the 2-D corner flow or the slab-entrained flow often exhibits trench-normal fast directions
(more precisely, parallel to the APM of subducting slabs). However, due to the influences from a number of
factors such as trench migration, proximity to slab edges, slab morphology, existence of slab window, local
thermal anomaly, and volatile distribution, the resultant flow pattern and anisotropic parameters exhibit a
large variations worldwide (see a more detailed review by Long, 2013); specifically, small-scale flow and 3-D
toroidal flow have been found in subduction zones (e.g., Faccenna & Becker, 2010; Venereau et al., 2019), and
trench-parallel flow also exists below the subducting slabs (e.g., Russo & Silver, 1994). In addition, slab-slab
interaction between two neighboring subducting plates (e.g., Kiraly et al., 2018) also likely plays a role in
complicating the flow fields in subduction zones. Hence, careful analysis of the observed anisotropic param-
eters by jointly considering splittings from different types of waves, such as P wave, local S wave, source-side
S wave, teleseismic SKS, and surface wave, is important to lead to correct interpretations, because they are
characterizing with different resolutions in vertical and horizontal directions.

5. Comparisons With Previous Studies

5.1. Comparison With SKS Splitting Results

Because no SKS splitting analyses have been performed before in the Philippine subduction zone, the com-
parison here will only focus on the Java-Banda subduction zone (Figure 5). The SKS splitting measurements
in this region are mainly given by Di Leo et al. (2012a) and Hammond et al. (2010), in which the measure-
ments of Hammond et al. (2010) are abundantly measured at stations in the arcs, whereas the results of
Di Leo et al. (2012a) are primarily from the stations in the backarcs or beyond. As we mentioned above, all
the SKS splittings have been attributed to mantle flow beneath the slabs. As aresult, the 6t from SKS splitting
is slightly larger than that of 0.90 + 0.33 s in the mantle wedge given by this study; specifically, 1.22 + 0.40 s
occurs to the stations in the arcs (Hammond et al., 2010), whereas 1.23 + 0.48 s is corresponding to the
stations in the backarcs (Di Leo et al., 2012a).

Notably, a sharp fast-axis transition from trench normal in Sumatra to trench parallel in Java and Banda
is observed in the SKS splitting measurements by Hammond et al. (2010), and a similar observation was
observed from source-side S wave splitting studies (Lynner & Long, 2014; Roy et al., 2017; Walpole et al.,
2017). This abrupt change in fast axis may be associated with the variations of slab dipping angle from
Sumatra to Java (Srijayanthi & Kumar, 2019). For the measurements of Di Leo et al. (2012a) from the stations
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Figure 5. Comparison of sS splitting observations in this study (blue bars) and previous SKS splitting results. Bars
represent orientation of the fast direction, and its color represents different studies (lavender for SKS results of Di Leo
et al., 2012a; green for SKS results of Hammond et al., 2010; orange for SKS results of Yu et al., 2018; and cyan for fast
SV directions of Debayle et al., 2016, at a depth of 100 km). Their lengths are proportional to delay times, and the
length of the cyan bars is proportional to the maximum amplitude of azimuthal anisotropy at this depth. The arrow
(sienna and light sea green) convention is similar to that in Figure 4.

away from the arcs, the fast-axis orientations are more variable, but the dominant pattern can still be seen:
trench normal in the west (Java) and trench parallel in the east (Banda). Overall, this pattern is in reasonable
agreement with that we observed in this study (Figure 5), but our observations show a smoother transition
from trench normal in Java to trench parallel in Banda. We will discuss what possible mechanisms can
produce such a rotational pattern in fast directions in the following sections.

5.2. Comparison With Local S and Source-Side S Splitting Results

Local S wave splitting measurements are abundant from the stations in the arcs (approximately located
above the 100- to 150-km slab contour) (Figure 6). Fast directions are mostly oriented in trench parallel in the
Java subduction zone, whereas 6t exhibits a large variations in 0.1-1.3 s (92% < 0.6 s) (Hammond et al., 2010).
In the south Philippine subduction zone (where the Sangihe subduction zone is located in the west), 5t varies
from approximately 0.34-0.53 s measured at the stations located in the arcs to approximately 0.53-0.65 s
measured at the stations located above the deeper slab contour (more than ~380 km), and fast directions
change from trench parallel to trench normal (Di Leo et al., 2012b). This trench-normal fast direction pattern
is also observed to the north from our measurements. In both subduction zones, trench-parallel fast direc-
tions are attributed to aligned, possibly melt-filled cracks beneath the volcanic arcs and fossil anisotropy in
the overlying lithosphere (Di Leo et al., 2012a, 2012b; Hammond et al., 2010).

Source-side S splitting measurements are primarily performed along the highly arcuate Banda arc (Figure 6);
the fast axis displays orientations in line with the curvature of the arc, and é¢ varies between 0.50 and
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Figure 6. Comparison of sS splitting observations in this study (blue bars) and previous local S and source-side S
splitting results. Bars are oriented in the fast direction and colored by different studies (honeydew for local S
measurements of Di Leo et al., 2012a; goldenrod for local S results of Di Leo et al., 2012b; medium orchid for
source-side S study of Di Leo et al., 2012a; hammond pink for local S measurements of Hammond et al., 2010; and

cyan for fast SV directions of Debayle et al., 2016, at a depth of 100 km). Their lengths are proportional to delay times
The arrow (sienna and light sea green) convention is similar to that in Figure 4.

1.70 s. This observation is consistent with that from SKS splitting measurements (Figure 5); existence of
trench-parallel subslab mantle flow was suggested to explain this signature (Di Leo et al., 2012a)

6. Discussion
6.1. Mantle Flow in the Java-Banda Subduction Zone

The most striking tectonic feature in the Java-Banda subduction zone is the Banda arc, which is famous for
its 180° curvature; it has been attributed to rollback of the Banda slab (Spakman & Hall, 2010). The Banda
arc thus serves as an exceptional example of large-scale deformation of the Earth's crust in response to the

coupling between crust, slab, and surrounding mantle (Spakman & Hall, 2010), but how this arcuate Banda
slab affects the flow, both above and below the slab, has not been fully understood

Trench-normal fast directions are clearly seen in our measurements in the Java subduction zone, and
the directions gradually become trench oblique to the east (Figure 4). A slab gap within the downgoing
Indian Plate has been suggested to exist between Sumatra and Java and induce a 3-D trench-parallel flow
in the Sumatra mantle wedge (Huang et al., 2015). However, it appears that the trench-normal orientations
observed here have not been affected by this slab gap. In addition, this trench-normal signature is also evi-
dent in the surface wave anisotropic tomography results given by Debayle et al. (2016) (Figures 5 and 6). We
attribute these trench-normal fast directions to the simple 2-D corner flow in the mantle wedge induced by
viscous coupling between the downgoing Indian slab and the overlying mantle
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-10°

Figure 7. Interpretations of mantle flow with the help of Vp velocity model by Hall and Spakman (2015) in the

Banda subduction zone. Two vertical profiles along AA" and BB' are presented in the inserts (a and b), respectively.
Earthquakes (M > 5 and spanning from 1990 to 2019, and the catalog is from USGS) are denoted with stars. The bent
arrow in the insert (a) denotes the 2-D corner flow in the wedge, and the circle with a cross in the insert (b) represents
westward moving flow squeezed by the subduction of the highly arcuate Banda slab. The fast anomalies with seismicity
clearly delineate the downgoing slabs; the slow anomalies describe the asthenospheric materials in the mantle wedge.

The most striking observation in this study is that a directional rotation from trench normal to trench par-
allel is clearly observed from Java to Banda (Figure 4). The trench-parallel (more precisely, in line with the
curvature of the Banda arc) fast directions have been attributed to oblique supraslab shear layers in the
Banda mantle wedge in Banda (Di Leo et al., 2012a). Here we propose that they are probably developed by
a lateral flow due to asthenospheric materials squeezed out of the mantle wedge with limited space caused
by the subduction of the highly arcuate Banda slab. This scenario can be approximately treated as squeezing
flow by two oppositely dipping and adjacent subducting slabs.

To better understand this process, a previous tomographic model UU-P07 provided by Hall and Spakman
(2015) is incorporated to help with interpretations (Figure 7). The fast anomalies with seismicity clearly
delineate the downgoing slabs, and slow anomalies possibly reflecting the asthenospheric materials are evi-
dent in the mantle wedge; the asthenospheric materials trapped in the mantle wedge can be squeezed as a
result of double subduction of two oppositely dipping and adjacent subducting slabs. Figure 7b displays this
process as to how the lateral flow can be developed when the subduction of the highly arcuate Banda slab
occurs. We further attribute the smooth transition in fast directions from trench normal in Java to trench
parallel in Banda as a result of the interactions between the 2-D corner flow in the west and the lateral flow
(probably westward moving) in the east. The interpreted 2-D corner flow and deflected lateral flow in this
area are both displayed schematically in Figure 8. Our observations thus demonstrate that dynamic interac-
tions between asthenospheric flows are actively taking place in the complex tectonic region. In addition, the
subslab mantle flow around the highly arcuate Banda slab as suggested by Di Leo et al. (2012a), if it exists,
may also take part in the interactions.
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Figure 8. Map showing the rose diagram of fast axis of anisotropy from the source side sS splitting for different
segments of subduction zones (bin size 15°). The interpreted mantle flows are denoted with pink arrows, in which the
curved bar with one arrow denotes the squeezed lateral flow by the highly arcuate Banda slab and the straight bar with
one arrow displays the deflected flow due to edge effect of the eastward subduction of the South China Sea Plate,

whereas the bars with two arrows denote the 2-D corner flow. The arrow (sienna and light sea green) convention is
similar to that in Figure 4.

Although the Banda subduction zone has experienced slab rollback as suggested by Spakman and Hall
(2010) and slab rollback additionally facilitates trench-parallel mantle flow below the subducting slabs
(e.g., Long & Silver, 2008), interpretations of trench-parallel fast directions need to be treated with cau-
tion. The reasons lie in that (i) at shallow depths (<50 km) trench-parallel fast directions are possibly due
to trench-parallel faults associated with faulting and hydration by slab bending within the slabs (Faccenda
et al., 2008; Walpole et al., 2017), and (ii) at deeper depths (50-250 km) trench-parallel fast directions can be
explained by tilted transverse isotropy with a slow symmetry axis pointing normal to the plane of the slab.
This scenario can be produced by subducting oceanic asthenosphere with weak azimuthal but strong radial
anisotropy in steep subduction settings (Song & Kawakatsu, 2012, 2013) like the Banda subduction zone.
Hence, observations of trench-parallel fast directions may not be directly associated with trench-parallel
subslab flow (Walpole et al., 2017). As a result, the issue as to whether trench-parallel mantle flow exists
beneath the subducting Banda slab may not be conclusive.

6.2. Mantle Flow in the Philippine Subduction Zone
According to our observations, the fast directions change from trench normal in the central Philippine sub-

duction zone to trench oblique to the north, where they are in close proximity to the edge of the eastward
subducted South China Sea Plate. The trench-normal signature is consistent with that observed in the local S
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Figure 9. The same as Figure 7 but for the Philippine subduction zone. The bent arrow in the insert (a) denotes the
flow associated with the edge of the eastward subducted South China Sea Plate, whereas that in the insert (b) displays
the 2-D corner flow driven by the westward subduction of the Philippine Sea Plate. Notably, the isolated seismicity in
the mantle transition zone (presented in the insert (b)) likely belongs to the westward subducted Molucca Sea Plate
from the Sangihe trench, suggesting that the Molucca Sea Plate may play an important role in influencing the regional
mantle dynamics attributable to its deep subduction.

wave splitting measurements from deep events (Di Leo et al., 2012b), which has been associated with the
westward Sangihe subduction process. The trench-normal fast directions observed in this study can be read-
ily developed by the 2-D corner flow in the mantle wedge controlled by the westward subduction of the
Philippine Sea Plate, and the westward deep subduction of the Molucca Sea Plate perhaps further enhances
the trench-normal flow (Zhang et al., 2017). The subduction of the Molucca Sea Plate may thus play an
important role in influencing the regional mantle dynamics due to its deep subduction. By contrast, the east-
ward Sulu subduction may have no impact on this corner flow process due to its present subduction state
characterized by lack of active seismicity and the absence of a high-velocity anomaly beneath the Sulu Sea
(Hall & Spakman, 2015). To the north, the fast directions from our observations become more diverse, and
trench oblique is evident. This scattered phenomenon is likely caused by the interaction between the west-
ward Philippine Sea Plate and eastward South China Sea Plate, whereas the trench-parallel fast directions
may be a result of the edge effect; the mantle flow has long been recognized to be deflected due to close
proximity to the edges of subducting slabs. Such a toroidal flow around lateral slab edges has been suggested
in both numerical simulations (e.g., Honda, 2009; Jadamec & Billen, 2010; Kneller & van Keken, 2008) and
analog models (e.g., Buttles & Olson, 1998; Schellart, 2004).

In order to better understand the dynamic processes, the tomographic model UU-P07 of Hall and Spakman
(2015) is also employed in this area to help with interpretations (Figure 9). Figure 9 clearly shows that
the 2-D corner flow associated with slow anomaly of asthenospheric materials can be readily developed by
the westward subduction of the Philippine Sea Plate; it also demonstrates that a cluster of earthquakes is
located in the mantle transition zone, which likely belong to the stagnant slab of the westward subducted
Molucca Sea Plate from the Sangihe trench (Zhang et al., 2017). The deep Sangihe subduction may thus
play a role in influencing the regional dynamics. By contrast, to the north, there is no deep subduction as
suggested from the seismicity distribution along the downgoing slabs (Figure 9b). As a result, the 2-D corner
flow may not be well developed, but the low-velocity anomalies in the upper mantle located in between
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the South China Sea Plate and Philippine Sea Plate are clearly imaged by the tomography result. We thus
envisage that a lateral flow could also be developed by squeezing the asthenospheric materials between the
two oppositely dipping and adjacent subducting slabs. It is notable that the trench-parallel fast direction in
this area (Figures 5 and 6) is evident by the surface wave tomographic result (Debayle et al., 2016), which
appears to favor this hypothesis. This envisaged scenario certainly needs to be verified by more investigations
in the future. Moreover, as we suggested above, we attribute the trench-parallel flow to the edge effect by
the eastward subducted South China Sea Plate. It is possible that the flow is wrapping around the slab edge
as suggested to occur in other subduction zones like in Alaska (e.g., Venereau et al., 2019) and Ryukyu (Kuo
et al., 2012) but which needs more observations to draw a conclusion. The interpreted 2-D corner flow and
deflected flow due to edge effect in this area are both displayed schematically in Figure 8. Our observations
thus demonstrate that slab-slab interactions actively occur in the complex tectonic region.

6.3. Mantle Flow Systems Beneath the Sunda Plate

Several different flow features beneath the Sunda Plate have been inferred. According to our observations,
simple 2-D corner flow induced by viscous coupling between the downgoing slab and overlying mantle is
observed in both the Java and Philippine subduction zones; it will certainly play a dominant role in mak-
ing up the flow systems beneath the Sunda Plate. The lateral flow developed by highly arcuate subducting
slab in Banda and trench-oblique flow caused by the eastward subduction of the South China Sea Plate in
Philippines will additionally contribute to the flow systems. Moreover, other flows with different geometry
will certainly serve as important components in the flow systems, including nearly trench-normal-oriented
flow (Figure 6) (more likely a 2-D corner flow) induced by the eastward subduction of the Indo-Burman
plate observed beneath the southern Indochina Peninsula (Yu et al., 2018); a 3-D toroidal flow around lateral
slab edges of the Celebes Sea slab suggested by Di Leo et al. (2012a); and a 3-D toroidal flow in the Sumatra
mantle wedge associated with slab tear observed by Huang et al. (2015). The subslab mantle flow around
the highly arcuate Banda slab, if it exists, may also contribute to the flow systems beneath the Sunda Plate.
A future study on the subslab anisotropy below the subducting Philippine Sea Plate and South China Sea
Plate is also necessary to understand how the subslab mantle flow will influence the mantle flow systems
beneath the Sunda Plate.

In addition, the flow geometry beneath the South China Sea has barely been investigated, in particular that
associated with the Hainan mantle plume (e.g., Liu et al., 2018; Mériaux et al., 2015; Yu et al., 2018), which
has not been detected. A future investigation of mantle flow beneath the South China Sea is thus important
to understand how the Hainan plume has been influencing the flow systems beneath the Sunda Plate.

Figure S5 illustrates the main conclusions from our study. It shows the dynamic processes driving seismic
anisotropy at the Banda-Java subduction zone and the central to north Philippine subduction zone, in which
aslab tear is suggested to exist in the downgoing Indian Plate beneath the Sumatra-Java border (Huangetal.,
2015; Srijayanthi & Kumar, 2019) and a subslab flow around the highly arcuate Banda slab driven by slab
rollback is suggested by Di Leo et al. (2012a). Therefore, the flow systems beneath the Sunda Plate appear
to be primarily controlled by its surrounding subduction plates.

7. Summary

We have performed a source-side sS splitting study of backarc regions in the Java-Banda and Philippine
subduction zones, and our results present new constrains on the mantle dynamics in the study area. A
total of 37 measurements is obtained. Overall, the delay times vary from 0.4 to 2.0 s with an average of
0.96 s and a standard deviation of 0.36 s. The fast directions abundantly exhibit either trench normal or
trench parallel. For both the subduction zones, the trench-normal fast directions in mantle wedge could be
developed by 2-D corner flow. A fast direction rotation from trench normal to trench parallel is observed in
the Java-Banda subduction zone, which is a result of interactions between a 2-D corner flow and a squeezed
asthenospheric flow by the highly arcuate Banda slab, whereas the trench-oblique signature is observed
in the north Philippine subduction zone, which may be deflected due to the eastward subduction of the
South China Sea Plate. The flow system beneath the Sunda plate may thus be a result of the interactions
of different types of flow in the subduction zones. The resultant flow system may have an influence on the
mantle dynamics under the adjacent South China Sea. More importantly, our observations will complement
the global compilation of mantle wedge anisotropy in subduction zones by Long and Wirth (2013).
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