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Abstract The region around the Celebes Sea, SE Asia, is evolving within a convergent tectonic
environment involving the Pacific plate to the east and the Indian-Australian plate to the south. It is
arguably one of the most tectonically complex regions in the world and serves as an ideal setting to study
dynamic interactions between the Pacific and Tethys tectonic domains. The issue of which subducting
plate plays a leading role in governing the regional mantle flow is not well understood. Mantle flow can
be characterized by seismic anisotropy observations, providing clues for understanding regional tectonics.
We conducted SKS-wave splitting analysis by using data from seven seismic stations located around the
Celebes Sea. Our results, when combined with previous observations, suggest the presence of various
types of mantle flow in this area, including (a) corner flow in the mantle wedge above the westward-
subducting Molucca Sea (Sangihe) slab, (b) two-layer anisotropy related to the eastward-subducting
Molucca Sea (Halmahera) slab, (c) deflected flow due to proximity to the Sangihe slab's edges, (d) trench-
normal mantle flow beneath southeastern Borneo due to the subduction of the Indian-Australian plate,
and (e) Northwest Borneo-Palawan trough-parallel mantle flow beneath northeastern Borneo. Various
types of mantle flow indicate that the dynamic interactions of adjacent subduction zones played crucial
roles in influencing the regional upper mantle dynamics between the Tethys and western Pacific domains
since the breakup of the Gondwana supercontinent in the Mesozoic.

1. Introduction

The term “poly-island ocean” is widely used to describe the Paleo-Tethys tectonic and geographical pat-
tern (Fang, 2002; B. P. Liu et al., 1991). Among the present vast oceans, the Indonesian Archipelago
serves as one of the most typical examples of “poly-island oceans” due to its unique geologic features.
Specifically, it connects with the open western Pacific to the east and the hinterland of subduction and
collision between the Indian-Australian and Eurasian plates to the west. The latter regime inherits the
main characteristics of Tethys tectonics related to the northward subduction of the Indian-Australian
plate.

The Celebes Sea lies to the east of the Indonesian Archipelago. It is an ideal research area to study dynamic
interactions between multiple microcontinents and oceans in a “poly-island ocean” domain, owing to its
unique geologic location at the junction point of three major tectonic plates: the Indian-Australian, Phil-
ippine Sea, and Eurasian plates. In addition, the northeastern, eastern, and southern edges of the Celebes
Sea are bordered with several subduction zones, including the Cotabato and North Sulawesi subduction
zones and the double-sided subduction of the Molucca Sea plate (Figure 1). Numerical simulations have
suggested that dynamic interactions take place in an active, complex tectonic setting composed of multiple
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Figure 1. Bathymetric and topographic map showing the locations of the seven broadband seismic stations used in
this study and the tectonics of the study area. Yellow triangles mark the seismic stations. Solid red triangles denote
Quaternary volcanoes. The black sawtooth lines show the trench location. Translucent shaded regions indicate the
ranges of two areas whose crust probably originated from Australian continental fragments and extension by rollback
of the Banda slab (modified from R. Hall & Sevastjanova, 2012). Arrows indicate plate motion directions from two
different absolute plate motion models (hotspot model (white): Gripp & Gordon, 2002; no-net-rotation model (pink):
DeMets et al., 1994). Pink arrow pairs indicate convergence directions between plates or micro-plates on both sides of
the trenches (Argus et al., 2011; Bird, 2003; Lallemand et al., 1998; C. Liu & Shi, 2021). Red lines denote the locations
of velocity perturbation cross sections, which are further discussed in Figure 7. The scale for the bathymetry and
topography is shown at the bottom. AP, Australian Plate; CT, Cotabato Trench; HT, Halmahera Trench; MF, Matano
Fault; NST, North Sulawesi Trench; NW BT, Northwest Borneo Trough; PKF, Palu Koro Fault; PSP, Philippine Sea Plate;
PT, Palawan Trough; SCS, South China Sea; ST, Sangihe Trench. In the inset, red circles show M,, > 6.0 teleseismic
events with epicentral distances ranging from 85° to 135° occurring between 2009 and 2019. Green circles show the
locations of 26 teleseismic events used in the final analysis. The blue quadrilateral shows the location of the study area.

subducting slabs (e.g., Kirdly et al., 2016, 2018; Lyu et al., 2019; X. Wang et al., 2019). The upper mantle
around the Celebes Sea is also proposed to have experienced a complex deformation history due to the sub-
duction of multiple slabs in adjacent subduction zones (e.g., Di Leo et al., 2012a, 2012b; Kirély et al., 2018;
Roy et al., 2017).
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The mantle flow system can be characterized by seismic anisotropy. Seismic anisotropy is a physical phe-
nomenon in which seismic waves migrate with varying velocities in different polarization directions. Such
anisotropy in the upper mantle is generally considered to be caused mainly by the crystallographic preferred
orientation (CPO) of mantle minerals, that is, primarily olivine in the upper mantle, resulting from ductile
deformation induced by mantle flow (Christensen, 1984; Hess, 1964; Nicolas & Christensen, 1987; S. Zhang
& Karato, 1995). Hence, measurements of seismic anisotropy provide the best tool available to directly ex-
plore the flow patterns in the upper mantle.

Our understanding of anisotropic characteristics in the study region benefits from previous measurements
by using local S, direct S, and SKS-phase splitting. A series of mantle flow patterns have been revealed, such
as toroidal flow around the Celebes Sea slab and subslab mantle flow parallel to the trench beneath the
Molucca Sea (Di Leo et al., 2012a, 2012b). Fan and Zhao (2019) conducted 3-D P wave anisotropic tomogra-
phy, which primarily focused on the Philippines to the north of this study area. The analysis of source-side
sS splitting also plays a role in probing mantle wedge anisotropy, but it is mainly associated with the sub-
duction of the Indian-Australian plate along with the South China Sea and Philippine Sea plates (L. Wang &
He, 2020). Despite various efforts around the Celebes Sea and the Molucca Sea, our knowledge of the upper
mantle anisotropy is still limited due to the poor spatial coverage of seismic stations.

In this study, to better understand the deformation characteristics in the complex tectonic region, we show
upper mantle anisotropic fabrics constrained by measuring teleseismic SKS-wave splitting from new seismic
data collected from seven broadband stations, six of which have been deployed for long-term observation
(>12 years). Also, previous shear-wave splitting measurements (Di Leo et al., 2012a, 2012b; Roy et al., 2017;
L. Wang & He, 2020) and a Vp velocity model UU-PO7 by Amaru (2007) are combined to shed light on the
regional upper mantle flow patterns at the corner between the Pacific and Tethys domains.

2. Tectonic Setting

The eastern Indonesian Archipelago, SE Asia, is bordered by tectonically active zones characterized by
earthquakes and volcanic activities. Relative to SE Asia, the Eurasian plate is currently moving very slow-
ly (~1 cm/y), whereas the Indian-Australian and Pacific plates are moving toward SE Asia at faster rates
(~7 cm/y) (Bird, 2003; Bock et al., 2003; DeMets et al., 2010; Simons et al., 2007). Therefore, the tectonics
of the Indonesian Archipelago record the history of long-term subduction and collision caused by these
convergent motions during the last 180 Myr (e.g., Wan et al., 2019).

In the study area, southwestern Borneo, East Java, and western and northwestern Sulawesi have been con-
sidered as Australian continental fragments that accreted to Sundaland in the Cretaceous (e.g., Parkinson
et al., 1998; van Leeuwen et al., 2007; Wakita et al., 1996) (Figure 1). The fragmented Sula Spur southeast
of the Celebes Sea (Figure 1), as represented in tectonic reconstructions by R. Hall (1996), is considered to
have resulted from extensional fragmentation of the former Sula Spur due to rollback of the subducting
Banda slab between ~23 and 2 Ma (R. Hall, 2017). The collision and subduction zones between these mi-
crocontinents and oceanic plates in the eastern Indonesian Archipelago offer an opportunity to characterize
the convergence process and improve our understanding of oceanic closure and plate collisions, which may
shed light on similar events that occurred in the Tethys region.

At present, the area centered on the Celebes Sea plate is wedged between the Indian-Australian, Eurasian,
and Philippine Sea plates and encompasses several active subduction zones. A unique feature of the area
is double-sided subduction of the Molucca Sea plate; the western part (hereafter called the Sangihe slab) is
the oldest active subduction zone along the Indonesia-Philippine Sea plate boundary, where subduction at
the Sangihe trench initiated ~25 Ma (Jaffe et al., 2004). The subducting slab reaches a depth of ~650 km
with dips of 55-65° in the upper mantle (Cardwell et al., 1980; Tatsumi et al., 1991). The eastern part of the
Molucca Sea slab (hereafter called the Halmahera slab) is subducting eastward beneath the Philippine Sea
plate at the Halmahera trench to depths of ~200-300 km with shallow dips of 40-45° in the upper mantle
(Cardwell et al., 1980; Tatsumi et al., 1991). Subduction initiated ~7 or 10 Ma (Elburg & Foden, 1998; R.
Hall & Spakman, 2015). The two magmatic arcs produced by the double-sided subduction of the Molucca
Sea plate are currently converging at an average rate of 3-4 cm/yr (Lallemand et al., 1998), and consequent
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Table 1
List of Broadband Seismic Stations Used in This Study
Station Network Longitude Latitude Operation period
BKB GEOFON 116.90 —-1.11 June 2009—(Operating)
TOLI GEOFON 120.79 1.12 June 2008-July 2012
LUWI GEOFON 122.77 —1.04 March 2008-(Operating)
TNTI GEOFON 127.37 0.77 January 2007-(Operating)
DAV U 125.58 7.07 December 1994—(Operating)
KKM MY 116.21 6.04 February 2005-(Operating)
LDM MY 118.50 5.18 March 2006—(Operating)

arc-arc collision might thus occur at present according to geophysical and geochemical data (Elburg &
Foden, 1998; R. Hall & Wilson, 2000; Jaffe et al., 2004; E. A. Silver & Moore, 1978). This raises the question
of whether similar anisotropic fabrics can be developed in these two subduction systems that have different
dip angles and subducted slab lengths.

South of the Celebes Sea, the slab itself is subducting southward beneath Sulawesi Island along the North
Sulawesi trench (e.g., Kopp et al., 1999). Subduction commenced at ~5 Ma (R. Hall & Spakman, 2015). Seis-
mic evidence suggests that the slab reaches a depth of ~250 km and collides with the Sangihe slab at a depth
of ~200 km (Cottam et al., 2011; R. Hall & Spakman, 2015; Kopp et al., 1999). Which plate subduction plays
a more important role in the upper mantle deformation, however, is not yet well understood.

At the northern edge of the Sangihe plate, the Celebes Sea slab is subducting to a depth of ~100 km be-
neath the Philippines at the Cotabato trench (Cardwell et al., 1980), and it subducted at ~18 Ma (Sajona
et al., 1997). Comparing to the subduction of the Celebes Sea slab, the Philippine Sea plate is subducting
in an opposite direction to a depth of more than 300 km beneath the Philippines at the Philippine trench,
which started subduction at ~4-5 Ma (Aurelio, 1992; Fan et al., 2017). This region is evolving with the dy-
namic interactions of multiple subducting slabs.

Farther south, the Indian-Australian slab has been subducting to depths up to 1,200 km in the Java sub-
duction zone but is flat-lying above the 660-km discontinuity in the Banda subduction zone (R. Hall, 2012).
Deeper subduction of the Java slab have induced large-scale upper mantle deformation according to anisot-
ropy analysis of source-side sS-wave splitting along these subduction zones (L. Wang & He, 2020). However,
to what extent its influence on the regional mantle dynamics is still enigmatic.

West of the Celebes Sea saw the onset of subduction of the Proto-South China Sea slab in northern Borneo
in the mid-Eocene (~45 Ma) (Hutchinson, 2006). Subduction lasted until the early Miocene (~20 Ma) (R.
Hall et al., 2008). The fossil Proto-South China Sea slab has been revealed as dipping high-velocity struc-
tures in tomographic images (e.g., Amaru, 2007; Fan et al., 2017).

3. Data and Analysis

In this study, we collected seismic data from seven long-operating broadband seismic stations, which are
available at the Data Management Center of the Incorporated Research Institutions for Seismology (Ta-
ble 1). These stations are distributed from Mindanao Island and Halmahera Island in the east to Kalimantan
Island in the west (Figure 1). We carefully analyzed 10 years (2009-2019) of recordings from three stations
in Kalimantan (BKB, KKM, and LDM), two stations in Sulawesi (TOLI and LUWI) and one station on Hal-
mahera Island (TNTI) and 12 years (2000-2012) of data for DAV in the southern Philippines.

We selected My, > 6.0 earthquakes with epicentral distances ranging from 85° to 135° so that SKS inci-
dence angles were less than 15°, avoiding any phase shift due to conversion at the surface (Nuttli, 1961).
As a result, 431 SKS waveforms at seven stations were used for splitting analysis. The event information
was obtained from the International Seismic Center (ISC) Engdahl-van der Hilst-Buland catalog (Engdahl
et al., 2020) and the ISC bulletin (Engdahl & Gunst, 1966).
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A shear wave usually splits into two orthogonally polarized shear waves when traveling through an anisotrop-
ic medium. Two splitting parameters, that is, the fast wave polarization direction (¢) and the delay time (5t)
between the fast and slow waves are commonly used to characterize seismic anisotropy. We used the multiple
frequency automatic splitting technique software package (Savage et al., 2010; Teanby et al., 2004; A. Wes-
sel, 2010) to determine ¢ and dt. Before analysis, we bandpass filtered the original waveforms at 0.02-0.2 Hz
to enhance the teleseismic SKS arrivals. After the splitting correction, in general, anisotropy measurements
are considered to be well constrained if they have the following characteristics: (a) good correlation between
the fast and slow waveforms, (b) significant amplitude on the radial component of the SKS phase, (c) good
linearization of particle motion, and (d) a small 95% confidence region. Figure 2 shows a representative ex-
ample of our splitting measurements (Figure 2a). After correcting for the anisotropic effect, the signal from
the transverse component vanishes significantly (Figure 2b), and linearized particle motion is also observed
(Figure 2d). Note that a null result can also happen when the shear wave travels in an isotropic medium or the
initial polarization (back-azimuth for SKS) coincides with the fast or slow polarization direction; in the case
of null measurements, no SKS energy is observed on the transverse component. A null measurement example
is shown in Figure 3. Following the criterions described above, our analysis yielded a total of 18 good splitting
measurements and 17 null measurements from a total of 26 teleseismic events (Tables 2 and 3; Figure 1). Most
events used in the final analysis occurred in the subduction zones of the East Pacific Rim and the oceanic ridg-
es in the Southwest Indian Ocean and the South Pacific Ocean (Figure 1). Only 8% of the whole data set give
reliable results, primarily due to the poor data quality of stations deployed on the islands (Di Leo et al., 2012b;
Hammond et al., 2010; Xue et al., 2013); however, all the valid measurements are of good quality.

4. Results

The results measured at the seven stations are summarized in Figures 4 and 5 and Tables 2 and 3. All the
analyzed stations exhibit both null and non-null results. Although null results cannot directly provide con-
straints on splitting times, the initial polarization, which for SKS waves usually corresponds to the back-az-
imuth, simply reflects the estimated fast or slow axis of the anisotropic medium. Therefore, the null results
are also informative and can offer additional constraints on the anisotropic structure.

Recordings from station DAV in the southern Philippines yield only one reliable SKS splitting measurement
with ¢ of 42 + 6.25° and &t of 1.44 + 0.05 s and three null results. Back-azimuths for null results are nearly
consistent with the fast direction of the splitting result, which encourage us to draw a conclusion of a simple
anisotropic structure in the upper mantle at DAV although the number of events is small. The NE-trending
fast direction is perpendicular to the Cotabato trench and oblique to the Philippine and Sangihe trenches.
Station TNTI on Halmahera Island also gives only one SKS splitting result and four null results. The values
of ¢ and &¢ at this station are —55 + 3° and 1.69 + 0.09 s, respectively. The fast orientation is oblique to both
the subduction direction of the Halmahera slab and the Halmahera trench (Figure 4). It appears to be in-
consistent with the back-azimuths of null results, probably indicating a more complex anisotropic structure
in the upper mantle at TNTIL.

On Sulawesi, TOLI has two splitting and one null results, and LUWT has eight splitting and four null results.
The average splitting parameter values are ¢ = —44° and 8t = 1.25 s at TOLI and ¢ = —74.88° and 6t = 1.50 s
at LUWL Events for the results at LUWI cover a good back-azimuth of raypaths between events and this
station (shown on an equal-area projection of the splitting parameters at LUWI in Figure 4). No back-azi-
muthal variation in ¢ indicates that there is one dominant horizontal layer of anisotropy (P. G. Silver & Sav-
age, 1994). Back-azimuths for null results at the two stations (TOLI and LUWI) are either parallel or normal
to the predominant fast directions, further indicating the reliability in the splitting measurements and the
presence of a simple anisotropic structure of the upper mantle. Previous SKS-phase splitting studies (Di Leo
et al., 2012a, 2012b; Figure 6) have also suggested that there is simple one layer of anisotropy beneath both
stations LUWI and TOLI.

Three stations BKB, KKM, and LDM in Kalimantan yield six SKS splitting measurements: three for BKB,
two for KKM, and one for LDM, along with five null results: three for BKB, one for KKM, and one for LDM.
The values of &t vary between 0.91 and 2.00 s. The averages of 5t at BKB and KKM are 1.35 and 1.70 s, respec-
tively, and &t of 1.69 s occurs at LDM. The fast directions at KKM, LDM, and BKB exhibit NE-SW, WNW-
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Figure 2. An example of good SKS-wave splitting measurements using the multiple frequency automatic splitting technique software package (Savage

et al., 2010) at station DAV in the southern Philippines. Event information and splitting parameters are shown at the top. (a) Three components of SKS
waveforms filtered at 0.02-0.2 Hz; (b) radial (R) and transverse (T) components before and after the splitting correction; (c) normalized fast (solid lines) and
slow (dashed lines) shear-wave waveforms before and after the splitting correction; (d) normalized particle motion; (e) results of a grid search for the optimal ¢
and 6t (cross) with the thick red contour indicating the 95% confidence interval. In panels (a and b), vertical long lines mark the arrival of the SKS phase, which
are manually picked. The two dashed lines mark the time windows for splitting measurements.

ESE, and N-S trends, respectively, while back-azimuths for null results are either sub-parallel or subnormal
to the observed fast directions. No notable back-azimuthal dependence of ¢ is observed, thus indicating one
dominant horizontal layer of anisotropy in the upper mantle beneath each station.

5. Discussion
5.1. Mantle Flow Systems in a Subduction Zone

In most subduction zones, seismic anisotropy in the upper mantle is caused mainly by the CPO of olivine,
which is induced by mantle flow controlled by slab subduction (Wolfe & Silver, 1998). It is often attributed
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Figure 3. An example of a null result at station DAV. Event information is shown at the top. (a) Radial (R) and transverse (T) components before and after the
splitting correction; (b) normalized particle motion before and after the splitting correction; (c) the contour plot of the tangential energy in 2D searching, where
the two belts marked in transparent blue indicate the two possible fast directions constrained by the null results.

to two dominant regions, including the mantle wedge above the slab and the subslab mantle below the sub-
ducting slab (C. E. Hall et al., 2000; Ribe, 1989). In addition, the overriding plate and subducting slab itself
may contribute to the anisotropy (Long, 2013). In general, corner flow in the mantle wedge is developed by
viscous coupling between the down-going slab and the overlying mantle, leading to a trench-normal fast-ax-

Table 2
Event Information and SKS-Phase Splitting Measurements
Longitude Latitude Depth (o
Station No. Origin time (°E) (°N) (km) My BAZ 6t(s) os(s) () (°)
BKB 1 2013.1012.131153 23.37 35.53 46.9 6.4 30535 2.00 0.16 18 8.25
2 2016.1030.064019 13.10 42.83 9.6 6.1 31333 091 0.11 0 7
3 2018.0128.160303 9.68 —53.06 10 6.6 21576 1.16 0.07 -8 5.5
DAV 1 2004.0801.190309 —166.65 —63.69 10 6 155.59 1.44 0.05 42 6.25
KKM 1  2011.0401.132911 26.55 35.73 75.5 6.1 30538 1.84 0.38 62 18
2 2013.0105.085819 —134.80 55.23 3.1 6.5 3298 1.56 0.40 55 14.75
LDM 1 2011.0401.132911 26.55 35.73 75.5 6.1 30557 1.69 014 =77 3.5
LUWI 1 2009.1206.173637 33.82 —10.16 15 6 25993 153 0.14 83 3.25
2 2009.1208.030857 33.82 —9.98 10.4 6 260.10 1.5 0.078 81 1.5
3 2009.1219.231917 33.83 —10.02 14 6 260.07 194 125 —87 4525
4 2010.0411.220811 —3.48 37.01 619.6 6 312.46 1.44 0.07 =76 6
5 2011.1102.145928 —128.92 —=55.11 10 6.1 14641 1.00 1.22 —42 28.75
6  2012.1030.024901 —132.11 52.15 9.5 6.1 3717 1.84 0.06 —51 1.25
7  2015.0729.023558 —153.33 59.97 121.2 6.2 30.03 113 014 =75 2.75
8  2018.1130.172929 —149.96 61.35 46.7 7 28.78 1.56 0.05 -—71 1.25
TNTI 1 2009.1208.030857 33.82 -9.98 10.4 6 260.11 1.69 0.09 55 3
TOLI 1 2009.1208.030857 33.82 —-9.98 10.4 6 260.01 0.78 0.13 =31 7
2 2010.0411.220811 —3.48 37.01 619.6 6.3 31259 1.72 020 =57 5.5
Note. o5 and oy are the standard deviations of ot and ¢, respectively.
CAO ET AL. 7 of 17
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Table 3

Event Information and SKS-Phase Null Measurements

Station No. Origin time Longitude (°E) Latitude (°N) Depth (km) My BAZ

BKB 1 2014.0424.031011 —127.652 49.6483 9.8 6 37.8835
2 2018.0123.093142 —149.073 56.0464 25 7.9 34.0957
3 2018.1130.172929 —149.955 61.3464 46.7 7 28.7979

DAV 1 2007.0120.062105 —29.4544 —55.321 10 6.2 197.808
2 2009.1117.153046 —131.598 51.9622 8.7 6.6 37.143
3 2010.0110.002741 —124.467 40.6654 20.6 6.5 46.6073

KKM 1 2009.0416.145706 —27.0291 —60.2882 17.6 6 199.965

LDM 1 2018.1130.172929 —149.955 61.3464 46.7 7 28.8724

LUWI 1 2009.1231.092324 —150.805 —59.6401 10 6 149.5
2 2014.0310.051813 —125.087 40.7235 6.1 6.3 47.5208
3 2014.0717.114934 —140.423 60.3186 32 6 29.707
4 2018.1115.230901 —122.044 —56.2363 10 6.3 148.783

TNTI 1 2013.0616.213906 25.1864 34.4242 25 6.1 304.963
2 2013.1012.131153 23.3718 35.5277 46.9 6.4 306.286
3 2014.0604.115858 —136.779 59.0281 12.9 6 30.9909
4 2014.0717.114934 —140.423 60.3186 3.2 6 29.8237

TOLI 1 2009.1117.153046 —131.598 51.9622 8.7 6.5 36.7746

is observed in back-arc regions. The anisotropic patterns, however, are far more complex. A global compi-
lation of mantle wedge anisotropy is provided by Long and Wirth (2013). In general, the subslab mantle is
likely entrained by the subducting slab due to viscous coupling between them (Long & Silver, 2008), leading
to a trench-normal fast-axis as well. In the subslab mantle, however, both trench-normal and trench-parallel
fast directions have been observed in subduction settings (Lynner & Long, 2013, 2014; Roy et al., 2017); the
former is often attributed to strong coupling between the down-going slab and the subslab asthenosphere,
whereas the latter is caused by decoupling between them, which is likely promoted by slab rollback (Long
& Silver, 2008). Long (2013) suggested that mantle flow in the mantle wedge and subslab mantle can be af-
fected by many factors, such as the slab age, slab morphology, and surrounding flow field. Therefore, careful
investigation of mantle anisotropy is essential for understanding which factors play the dominant role in
controlling mantle dynamics in subduction zones.

5.2. Sources of Observed Seismic Anisotropy

In this study, core phase (SKS) splitting is used to characterize the seismic anisotropy, because using such a
phase has two main advantages. First, this phase travels nearly vertically through the upper mantle, leading
to a small incidence angle, which is important to minimize a distortion of waveform due to the strong inter-
action of the S wave with the free surface. Second, it is a P-to-S conversion phase at the core-mantle bound-
ary (CMB), meaning that any observed splitting must be attributed to anisotropic layers on the receiver side
between the surface and the CMB. However, SKS splitting has poor vertical resolution, leading to difficulty
in interpreting the depth range of anisotropy. To constrain the depth distribution of anisotropy, we combine
SKS splitting with other approaches such as local S and source-side S splitting (Figure 6), and then discuss
the source of observed anisotropy from our SKS splitting results in the following sections.

5.3. Subslab Mantle Flow Caused by the Eastward Subduction of the Molucca Sea (Halmahera)
Slab

The Molucca Sea plate is a micro-oceanic plate isolated from the larger Philippine Sea plate and became
independent during westward subduction of the Pacific plate and northward drifting of the Indian-Austral-
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Figure 4. The results of all SKS-wave splitting measurements in this study. The orientation of each bar indicates the
corresponding fast direction; the bar length is proportional to the delay time. The regional tectonic configuration is
explained in Figure 1. The contour lines show depths to the upper boundaries of the subducting slabs with an interval
of 50 km from Slab2 (Hayes et al., 2018). The surrounding seven circular diagrams show the lower hemisphere, equal-
area projections of the splitting parameters at each station (as shown in yellow triangles in the map). Specifically, the
outer circle represents an incidence angle of 15°. The orientation of each bar indicates the corresponding fast direction;
the bar length is proportional to the delay time.

ian plate (R. Hall, 1996; Knesel et al., 2008). The formation and evolution of this area have been interpreted
as consequences of both Pacific and Tethys tectonic processes, where the Molucca Sea plate is subduct-
ing westward at the Sangihe trench and eastward at the Halmahera trench with slab depths of ~650 and
~250 km, respectively (Cardwell et al., 1980; Hayes et al., 2018; Tatsumi et al., 1991). The Molucca Sea plate
features an asymmetrical morphology as it descends into the upper mantle (Figure 7a). Several studies
have been undertaken to shed light on mantle convection in this region (Di Leo et al., 2012a, 2012b; Roy
et al., 2017). Di Leo et al. (2012a) carried out local S and SKS-wave splitting measurements at station MNI
above the westward-subducting Sangihe slab and several source-side S phase splitting measurements from
events beneath the Molucca Sea (Figure 6). They suggested that SKS fast directions at MNI are trench-par-
allel with one dominant horizontal layer of anisotropy. In addition, the average values of 8t from splitting
of SKS (1.53 s) and source-side S phases (1.33 s) are much larger than the average &t from splitting of
local S (0.5 s), indicating (a) that the observed anisotropy from splitting of SKS and source-side S phases
primarily originate from the subslab mantle, and (b) that the trench-parallel fast directions may reflect the
CPO of olivine caused by mantle material squeezing outward to the north and south, which is likely due to
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Figure 5. Null measurements at each station, which are plotted with a bar oriented along the back-azimuth. Other
symbols are the same as those in Figure 4.

the double-sided subduction and rollback of the Molucca Sea slab (Di Leo et al., 2012a; Figures 7 and 8).
Roy et al. (2017) also used source-side S phase splitting to characterize the subslab anisotropy beneath the
Molucca Sea slab, and similar results were obtained.

In this study, we obtained a new splitting and two null measurements at station TNTI which offer new
clues to understand the mantle flow pattern particularly associated with the eastward subduction of the
Halmahera slab. The values of ¢ and &t at this station are constrained to 55° and 1.69 s, respectively. The
fast direction appears to be inconsistent with the predictions from null measurement, probably indicating a
more complex anisotropic structure in the upper mantle. This complication can be decoded by understand-
ing what upper mantle structures are sampled by SKS-waves. The fact is that SKS-waves pass through the
upper mantle, comprising the subslab mantle, subducting slab, mantle wedge and overlying lithosphere
(Figure 7a). Although they propagate primarily through the subslab mantle, anisotropic structures above
the slab likely contribute to the observed anisotropy, probably leading to a trench-oblique fast-axis. Note
that TNTI is located in the forearc, in which the structures above a down-going slab primarily include the
mantle wedge “nose” and the overriding crust (Figure 7a). The former has been growingly recognized to be
isotropic due to its stagnant status (Uchida et al., 2020), whereas the latter's contribution to the anisotropy
is also insignificant because the global average splitting time from the crust has been suggested to be on the
order of 0.1 s (P. G. Silver, 1996). To make a conspicuous contribution to the observed anisotropy, another
model is thus required. A thin layer of sheared hydrous material like serpentine has been suggested to situ-
ate directly above the slab, which may play an important role in producing the anisotropy (Olive et al., 2014;
Wagner et al., 2013). Therefore, such a serpentine layer could contribute to the two-layer anisotropy, leading
to a trench-oblique fast-axis observed at TNTI. The presence of two-layer anisotropic structure in the upper
mantle might also explain the disagreement between the observed ¢ and null measurements. However, due
to limited events, we are not able to characterize the anisotropy in each layer. Note that the subslab mantle
may still serve as the main source of anisotropy, because a similar order of splitting time was observed at

CAO ET AL.

10 of 17



V od |
AGU

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009700
110° 115° 120° 125° 130° 135°E
15° [ 1

N 2.0 sdelay
O SKS (DiLeo etal., 2012a; 2012b;
Xue et al., 2013; Hammond et al., 2010)

Null SKS splitting (Xue etal., 2013)
8 Source-side sS (Wang and He, 2020)
D Source-side S (DiLeo etal., 2012a)
o s
1 0 B sKSin this study

Null SKS splitting in this study

50
OO
-5°
-10°
Source-side §
-15° A Volcano A\ Station ¥ Event

Figure 6. Comparison of average SKS-wave splitting observations in this study (purple bars) and previous splitting
results. Bars are oriented in the fast direction and colored for different studies (yellow for the SKS-wave splitting
measurements of Di Leo et al. (2012a, 2012b), Xue et al. (2013), and Hammond et al. (2010); green with dotted line
for the source-side sS-wave splitting study by L. Wang and He (2020); green with solid line for the source-side S-wave
splitting study by Di Leo et al. (2012a); gray and pink without a border for null SKS-wave results of Xue et al. (2013)
and this study, respectively. Their lengths are proportional to delay times. Red arrows denote the expected corner flow
direction induced by subduction of the Sangihe slab and the Indian-Australian slab. White and pink arrows indicate
plate motion directions from two different absolute plate motion models: hotspot model by Gripp and Gordon (2002)
and no-net-rotation model by DeMets et al. (1994). The inset cartoon illustrates raypaths of different shear waves.

MNI by Di Leo et al. (2012a), where the subslab mantle was suggested as the dominant source of observed
seismic anisotropy (Figures 6 and 7a). In summary, all the observations consistently suggest the presence of
a vigorous subslab mantle flow beneath the Molucca Sea, which plays the dominant role in governing the
regional dynamics in the upper mantle.

5.4. Mantle Flow Above, Below, and Around the Westward-Subducting Molucca Sea (Sangihe)
Slab

We conducted SKS splitting measurements at three stations, namely, TOLI, LUWI, and DAV. TOLI is situ-
ated above the westward-subducting Sangihe and southward subduction Celebes Sea slabs, and LUWI and
DAV are located at the southern and northern edges of the Sangihe slab, respectively. Anisotropic results for
these three stations can provide important clues to understanding regional mantle dynamics in the west-
ward-subducting Sangihe subduction system.
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Figure 7. Interpretations of mantle flow patterns with the aid of Vp velocity perturbations in tomographic models by Amaru (2007). Mantle flow patterns
along five vertical profiles (as shown in Figure 1) are presented. In general, the red and blue colors denote low and high Vp perturbations, respectively, whose
scale is shown at the top right. White dots show earthquakes that occurred within a 20-km width along each profile. Yellow triangles represent stations used in
this study shown in Figure 1 and station MNI from Di Leo et al. (2012b) shown in Figure 6. White dots show local seismicity spanning from 1990 to 2020 with
magnitude >5 (the catalog is from USGS). Dotted lines delineate raypaths of SKS phases in the upper mantle defined by the source-receiver pairs. Topography
is also depicted above each profile by the black areas. The gray bent arrows, and the circles with a cross and with a dot indicate the interpreted mantle flow

patterns.

A NW-SE-trending fast-axis, oblique to the North Sulawesi trench and normal to the Sangihe trench, is
observed at station TOLI, which is consistent with the previous results from Di Leo et al. (2012b), who
suggested that the anisotropic fabrics are likely influenced by the subduction of both the Sangihe and Cel-
ebes Sea slabs. Here, three types of flow are likely to explain the observed anisotropy including: (a) mantle
wedge flow above the subducting Celebes Sea slab, (b) subslab flow below the subducting Celebes Sea slab,
and (c) mantle wedge flow above the subducting Sangihe slab. To help understand which type of flow may
play the main role in governing the regional mantle dynamics, the upper mantle tomographic model UU-
P07 given by Amaru (2007) is incorporated (Figure 7b). The seismicity within the subducting Celebes Sea
slab along with the tomographic images clearly shows that the TOLI station lies ~60 km above the Celebes
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direction at the station, and the bar length is proportional to the average delay time. The SKS-wave raypaths in the upper mantle are delineated with curved

black lines.

Sea slab (Figure 7b), which is also suggested by the Slab2 model (Hayes et al., 2018) (Figure 6). Thus, the
subducting Celebes Sea slab is thought to play a minor role in influencing corner flow within the mantle
wedge due to its shallow subduction. This observation is consistent with several studies of mantle wedges
beneath shallow subduction zones such as New Zealand (Morley et al., 2006) and Java-Sumatra (Hammond
et al., 2010), which suggested that corner flow-induced deformation is not strong enough to develop coher-
ent CPO in such a shallow mantle wedge. Note that the observed fast direction appears to be sub-parallel
to the arcuate North Sulawesi trench, which may be explained by the subslab mantle flow facilitated by
slab-mantle decoupling. However, the raypaths of SKS waves seemingly sample the subslab mantle margin-
ally. The observed anisotropy may thus be partly influenced by the subslab mantle flow if a vigorous flow
indeed takes place below the down-going Celebes Sea slab. In contrast, the Sangihe slab has reached a depth
of 600 km or more, and a large mantle wedge has readily developed. Accordingly, corner flow is expected
to occur in the large mantle wedge (Figure 7b), which is highly consistent with the observed trench-normal
fast-axis with respect to the Sangihe trench at station TOLI Therefore, we infer that the large mantle wedge
flow associated with subduction of the Sangihe slab might contribute more to the observed anisotropy.

Station DAV is located in a region where multiple slabs are subducting. Specifically, the Philippine Sea and
Celebes Sea plates are subducting westward and eastward, respectively, and both dip toward the center of
the Mindanao Peninsula (Figure 7d; Amaru, 2007; Hayes et al., 2018). Meanwhile, the northern edge of the
Sangihe slab reaches a depth of ~650 km beneath the northern region of Mindanao. The fast wave polariza-
tion direction (NE-SW) at DAV is consistent with the results by analyzing source-side S-wave splitting using
the nearby events with depths between 30 and 50 km (green bars in Figure 6; Di Leo et al., 2012a). The delay
time (1.44 s) observed here from SKS splitting is much larger than the average delay time of 0.37 s from
local S splitting for events shallower than 200 km (Di Leo et al., 2012a), which imply that the mantle below
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200 km depth must make a significant contribution to the observed anisotropy. The observed NE-SW fast
direction is perhaps a result of interactions of dynamic processes associated with the three subducting slabs.

The fast directions observed here at LUWI are predominantly WNW-ESE-trending, which are different from
the predominant NE-SW fast direction from four measurements detected by Di Leo et al. (2012b). The only
same event on December 8, 2009 used in both studies has quite similar splitting results (¢ = 81° in this study
and ¢ = 77° by Di Leo et al., 2012b). In addition, our splitting results are also consistent with predictions
of our null measurements. Therefore, the predominant fast-axis is most likely to be WNW-ESE-trending.

It is worthwhile to mention that LUWI is located near the southern edge of the subducting Sangihe slab,
and numerical modeling has suggested that the mantle flow is deflected due to proximity to the edges of
down-going slabs (Q. Zhang et al., 2017). Therefore, the edge effect must have a non-negligible influence on
the observed anisotropy (Figures 7 and 8). A similar scenario due to the edge effect may also take place at
DAV, because it is located near the northern edge of the subducting Sangihe slab.

5.5. Mantle Flow Beneath Eastern Borneo

Two stations KKM and LDM are located on northeastern Borneo. The fast direction at KKM is parallel to
the Northwest Borneo-Palawan trough, whereas that at LDM is subnormal to the Northwest Borneo-Pala-
wan trough. The SKS splitting measurements of Xue et al. (2013) show similar results at KKM but only null
results at LDM. Our measurement at LDM provides the first splitting result, suggesting that the underlying
mantle is not isotropic.

The observed fast wave polarization direction at LDM is oriented trench-normal with respect to the west-
ward-subducting Sangihe slab, which has subducted as deep as ~650 km depth. This scenario can be ex-
plained by the existence of corner flow within the large mantle wedge developed by such a deep subduction,
and development of a corner flow in the big mantle wedge with similar scale has been corroborated by
numerical modeling (Dal Zilio et al., 2018). However, the direction observed at KKM is slightly different
from that at LDM, which indicates that a dynamic process in the upper mantle has deflected the mantle
flow. One possible mechanism is the presence of an extinct slab in the upper mantle because a high-velocity
anomaly is observed in the upper mantle between KKM and LDM by tomographic imaging (Figure 7e; Am-
aru, 2007). Geological observations suggested that a paleoslab (the Proto-South China Sea slab) subducted
beneath northern Borneo along the Northwest Borneo-Palawan trough (an extinct subduction trench) dur-
ing the Paleogene (Hamilton, 1979). The subducted Proto-South China Sea plate has also been verified by
the Cenozoic geological history of Borneo (R. Hall, 2013; Hutchison, 1996). Therefore, the subduction of
the Proto-South China Sea plate played an important role in influencing the regional dynamics in the upper
mantle beneath station KKM.

Station BKB is located on southwestern Borneo, and fast direction from three splitting results trends con-
sistently NNE-SSW, which is normal to the Java trench. Previous SKS-wave splitting by Di Leo et al. (2012b)
shows two splitting results at BKB: one is consistent with our results, but the other is quite different (Fig-
ure 6). Note that in this study, we not only present more measurements, but also present null measurements,
and what is more important is that all our results are consistent. These fast directions are consistent with
the results measured at nearby locations from source-side sS splitting by L. Wang and He (2020) (Figure 6),
which reflects the mantle wedge corner flow in the back-arc region of the Java subduction zone. Again, like
that observed at LDM, corner flow is recognized to play a very important role in influencing the regional
dynamics in the mantle wedge.

6. Conclusion

The upper mantle deformation beneath the eastern Indonesian Archipelago has witnessed complex region-
al tectonic activity since the Mesozoic, with the northward drifting of the Indian-Australian plate and the
westward subduction of the Pacific plate. By analyzing SKS splitting measurements at seven stations around
the Celebes Sea at the junction of multiple subduction systems between the Pacific and Tethys domains, we
present additional constraints on the dynamics in the regional upper mantle associated with interactions
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among multiple microcontinents and oceanic plates. Combining our observations with previous results, we
suggest that active, complex mantle flow patterns have taken place in the study area, including trench-nor-
mal corner flow caused by the westward-subducting Molucca Sea (Sangihe) slab, two-layer anisotropy re-
lated to the eastward-subducting Molucca Sea (Halmahera) slab, deflected mantle flow around the southern
edge of the Sangihe slab, and mantle flow associated with the combined effects of multiple subducting slabs
on the northern edges of the Sangihe slab. In addition, beneath northeastern Borneo, anisotropy signatures
probably reflect mantle flow induced by the subducted Proto-South China Sea plate. Moreover, corner flow
in the Java mantle wedge, which are induced by the subduction and rollback of the Indian-Australian plate,
probable impact a broad region hundreds of kilometers away, even into southeastern Borneo.

Data Availability Statement

All waveforms in the horizontal components used in this study can be accessed from https://zenodo.org/
record/4486193.
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