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Abstract The North Sulawesi subduction zone is characterized by southward subduction of the Celebes
Sea slab to a depth of ∼250 km, mainly overlying the Sangihe slab that subducts west from the Molucca Sea
and penetrates the mantle transition zone. The palaeo‐subducted Sula slab dips northward and partially
underlies both the Sangihe and Celebes Sea slabs. Adjacent subduction zones with horizontal overlapping
subducting slabs in the upper mantle have unclear dynamic interactions. An extensive strike‐slip fault forms
the western boundary of the active North Sulawesi subduction zone, providing an ideal setting to study
mantle flow between overlapping slabs. We use local S‐wave and teleseismic S and SK(K)S waveform
splitting analysis to measure seismic anisotropy in the northern Sulawesi region. Our observations reveal
typical mantle wedge corner flow within the Sangihe subduction system. In the Gulf of Tomini, the
observed trench‐oblique fast‐axis orientations above the Celebes Sea slab are likely a consequence of the
interaction between two subducting slabs. The southernmost measurement with an E–W‐trending fast
direction in the mantle wedge might be related to the subduction of the Sula slab. Furthermore, fault‐parallel
fast‐axis orientations of anisotropy near the southern segment of the Palu‐Koro fault are attributed to large‐
scale shearing across this lithospheric‐scale strike‐slip fault system. Overall, our observations suggest that
the strain caused by lithospheric and asthenospheric deformation is mainly confined within the microplate,
displaying a restricted flow pattern and localized effects due to the size of the plate boundaries, such as the
Palu‐Koro fault.

Plain Language Summary North Sulawesi is bordered by the Makassar Strait, Celebes Sea,
Molucca Sea, and Gulf of Tomini and hosts the Palu‐Koro fault. The region hosts two active subduction
zones: the smaller, southward dipping North Sulawesi subduction zone and the larger westward dipping
Sangihe subducting slab. Another fossilized submerged slab –Sula slab lies beneath both the Celebes Sea and
Sangihe slabs to the south. Thus, it is an ideal area to investigate how the interaction between neighboring
subduction zones can affect the upper‐mantle deformation and whether a strike‐slip fault could contribute to
the mantle dynamics. We use shear‐wave splitting analysis to measure seismic anisotropy to reveal the
lithospheric deformation and upper mantle flow patterns of this interactive area. Our results show that the
Celebes Sea slab controls mantle wedge dynamics in the North Sulawesi subduction zone, and the interaction
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between the Celebes Sea and Sangihe slabs occurs where two slabs entirely overlap. The strike‐slip fault at
the western boundary only appears to have a local influence on the regional strain field in western Sulawesi.

1. Introduction
The co‐existence of multiple subduction zones in the neighborhood of a triple junction is often observed, such as in
theMediterranean Sea (e.g., Király, Faccenna,&Funiciello, 2018;Vignaroli et al., 2008), TaiwanOrogeny (Király
et al., 2016; Lallemand et al., 2001), the Molucca Sea (e.g., Hall & Spakman, 2015; Király, Holt, et al., 2018),
Central Japan Island (e.g., Hall, 2002; Ji et al., 2017) and North Sulawesi Island (e.g., Dong et al., 2022; Hall &
Spakman, 2015). The dynamic interaction amongmultiple subducting slabs of different orientations across a range
of depths can significantly affect the development of a subduction zone, for example, by relaying stress through the
downgoing slab to the upper mantle and the overlying plate. It affects many aspects of the subduction process, such
as the intensity of upper plate deformation, the trenchmigration rate and the uppermantle flowdirection (e.g., Dong
et al., 2022; Jagoutz et al., 2015; Király et al., 2016, 2021). Beneath North Sulawesi, the interaction between
downgoing slabs in the upper mantle is likely a key driver in forming its complex and unique geology. Moreover,
one of the most active faults in the Sulawesi region—the Palu‐Koro fault, between the North Sula block and the
Makassar block, is a left‐lateral strike‐slip fault. It helps accommodate the NNW migration and the clockwise
rotation of the North Sula block and the anticlockwise rotation of the Makassar Block (Socquet et al., 2006).
Numerical modeling studies show that two downgoing slabs from two directions strongly influence upper mantle
flow, thus generates different trench retreat rates in the study region (Dong et al., 2022).

The North Sula block lies in a tectonically complex area where subduction interaction is associated with the
southward‐subducting Celebes Sea slab and the westward‐subducting Sangihe slab (Figure 1). The Celebes Sea
slab (CSS) overlies the Sangihe slab (SHS), with the former penetrating to a depth of ∼250 km, and the latter to at
least the base of the mantle transition zone based on several regional seismic tomography images (Greenfield
et al., 2021; Hayes et al., 2018; Wehner et al., 2022; Zenonos et al., 2019). SHS forms the oldest active subduction
zone along the Indonesia‐Philippine Sea plate boundary, which features a dip angle of 55–65° in the mantle
(Cardwell et al., 1980; Tatsumi et al., 1991; Zenonos et al., 2019) since ∼25 Ma (Jaffe et al., 2004). According to
previous studies, SHS produces a large mantle wedge, which forms the dominant mantle flow above the 660 km
discontinuity in the region (Cao et al., 2021; Di Leo et al., 2012a, 2012b). In contrast, the overlying CSS has been
thrust beneath the north arm of Sulawesi Island from the North Sulawesi trench, which is only∼5Ma (e.g., Hall &
Spakman, 2015; Kopp et al., 1999). The relocation of intraslab earthquakes and seismic tomographic images
suggest that the two slabs collide at a depth of∼200 km (Cottam et al., 2011; Hall & Spakman, 2015). Last but not
least, the Sula slab (SLS), a northward dipping and fully submerged subduction slab (i.e., it is not connected to the
lithosphere at the surface), is present in the southern neighborhood of the North Sula block. It resides above the
660 km mantle discontinuity, leading to a further complicated tectonic setting (e.g., Hall & Spakman, 2015;
Figure 1).

Even a first‐order understanding of the regional upper‐mantle dynamics beneath the study area is lacking due to
the availability of limited seismic observations. Previous studies mainly relied on data from a few permanent
seismic stations of the Indonesian network without restricted access (Cao et al., 2021; Di Leo et al., 2012a,
2012b), thus limiting their discussion to the dynamics induced by a single subducting slab, and leaving the critical
question of slab‐slab interactions unaddressed. Furthermore, the role of the Palu‐Koro fault (PKF), which marks
the boundary between the North Sula and Makassar blocks (Natawidjaja et al., 2021), in influencing regional
upper‐mantle deformation is yet to be investigated. This study employs shear‐wave splitting techniques on
teleseismic and local earthquake data. We aim to characterize lithosphere and upper mantle deformation asso-
ciated with the subducting CSS, SHS, SLS, and PKF, thereby advancing our understanding of dynamic mantle
interactions between subducting slabs and interactions between subducting slabs and major continental strike‐slip
faults.

2. Data and Method
When traveling within an anisotropic layer, a shear wave splits into two orthogonal quasi‐shear waves propa-
gating at different speeds. Two splitting parameters, that is, the fast wave polarization direction (φ) and the delay
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Figure 1. (a) Regional topographic and bathymetric map that shows the location of one permanent (green triangle) and eight temporary (blue triangles) broadband
seismic stations, along with various tectonic features. Local earthquakes are denoted by colored circles. Red triangles are Quaternary volcanoes. The gray contour lines
show the depths to the upper boundaries of the downgoing slabs with an interval of 50 km, based on SLAB2 (Hayes et al., 2018). The thick dashed line with black
triangles shows the inferred trench location of the fully submerged Sula slab (Hall & Spakman, 2015). Pink arrow pair indicates convergence directions between plates
or micro‐plates on both sides of the trenches (Liu & Shi, 2021). PKF, Palu‐Koro fault; MF, Matano fault; GF, Gorontalo fault; SSF, Sula‐Sorong fault; TGF, Tomini
Gulf fault, which is a fault inferred by a GPS velocity study (Socquet et al., 2006). Translucent shaded regions indicate the ranges of microblocks in and around the Sula
Block (modified from Socquet et al., 2006). Red lines denote the locations of velocity perturbation cross section shown in (b). In the top left inset map, red and green
circles show Mw > 6.0 teleseismic events used in the final SKS‐ and S‐phase splitting analysis respectively, and the blue rectangle indicates the study area. (b) Vp
perturbations in tomographic models by Amaru (2007). In general, the red and blue colors represent low and high Vp perturbations, respectively, whose scale is shown at
the right. White dots show earthquakes spanning from 1990 to 2020 with magnitude >5 (the catalog is from USGS) that occurred within a 20‐km width along each
profile.
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time (δt) between the fast and slow waves, are commonly used to characterize
seismic anisotropy. As shear wave splitting has grown in popularity as a tool
for measuring seismic anisotropy, different packages for splitting analysis
have been developed. In this study, we used the multiple frequency automatic
splitting technique software package (MFAST; Savage et al., 2010; Teanby
et al., 2004; Wessel, 2010) on the local and teleseismic S waves to determine
φ and δt. MFAST builds upon the eigenvalue method (Silver & Chan, 1991)
and conducts an automatic grid search for a best‐fitting solution by incre-
mental shifting the analysis window within a specified waveform segment.
This method aims to identify φ and δt, and the initial Swave polarization prior
to splitting can be found as part of this process. Therefore, it is suitable for
local S waves. For the SK(K)S waves, we additionally applied the SplitLab
toolkit (Wüstefeld et al., 2008). SplitLab offers three different methods: the
rotation correlation method (RC, Bowman & Ando, 1987), the minimum
energy method (SC, Silver & Chan, 1991), and the eigenvalue method (EV,
Silver & Chan, 1991).

We assembled local S and teleseismic S and SK(K)S waveform data from eight temporary and one permanent
three‐component broadband seismographs in and around the North Sula block for the purpose of shear wave
splitting analysis (the fast polarization direction φ and delay time δt) (e.g., Silver & Chan, 1991). The University
of Cambridge and the Institut Teknologi Bandung (ITB) deployed the temporary broadband stations between
November 2019 and March 2021. The permanent station (TOLI) forms part of the Indonesian national seismic
network, and in this case the data is in public domain. Three stations are located on the northern arm of Sulawesi,
one near Una‐Una volcano, and five on the <50 km wide land bridge that connects the north arm to central
Sulawesi (Table 1 and Figure 1). The earthquake catalog used for event location, origin time and magnitude is
provided by the National Earthquake Information Center (NEIC). To characterize upper‐mantle deformation, the
events used for local S phase splitting are limited to magnitude Mb > 4.0 recorded at stations within a 35° cone of
incidence angles (i.e., the so‐called “shear wave window”; Booth & Crampin, 1985). For teleseismic S and SK(K)
S wave splitting, the events are limited to Mw > 5.5 recorded with epicentral distances of 60° to 85° and 85° to
135°, respectively. Furthermore, only events deeper than 420 km were used for teleseismic S‐wave splitting
measurements to minimize source‐side anisotropy in the upper mantle. Teleseismic data recorded by the per-
manent station TOLI have been exploited in several previous SKS splitting studies Di Leo et al. (2012a) and Cao
et al. (2021); here we retrieve data spanning from the period 2009 to 2019 for local S splitting analysis. The
teleseismic splitting results from the previous studies noted above are also included in our subsequent analysis.

The signal‐to‐noise ratio (SNR) of the shear waves is defined by the ratio of the maximum amplitude of the signal
on the radial component inside the measurement window and the 2σ value of the amplitude on the tangential
component within the same measurement window (Restivo & Helffrich, 1999). We first band‐pass filtered the
original broadband waveforms between 0.02 and 0.2 Hz for the teleseismic S and SK(K)S and 0.1–1 Hz for the
local S phases, respectively, to enhance the SNR of the shear waves, with the exception for station SW17 where
the filter was between 0.04 and 0.15 Hz for SKS due to relatively poor SNR. Station SW17 is located on the
backarc of the North Sulawesi subduction zone, whose results are critical in constraining the mantle deformation
related to the inward dipping double‐sided subduction of the Celebes Sea and Sula slabs. Due to the coastal
basement lithology of the deployment area, the seismic waveforms are typically quite noisy (Cao et al., 2021; Di
Leo et al., 2012a, 2012b). We carefully inspected all waveforms manually, and only used the data with SNR
greater than 3. We then used the MFAST program (Savage et al., 2010; Teanby et al., 2004; Wessel, 2010) to
constrain the anisotropic seismic parameters φ and δt. Following the procedures described in Teanby et al. (2004)
andWüstefeld et al. (2008), only those results which match the following criteria are retained: (a) minimal energy
on the transverse component of SK(K)S waves or on the perpendicular component of incoming polarization
direction for local/teleseismic S waves; (b) good correlation between the fast and slow waveforms; (c) linear
particle motion; (d) a unique, well‐defined error surface. For SK(K)S splitting analysis, we preformed three
methods with the SplitLab, and chose only those results with the fast direction difference <25° for all the three
pairs between RC, SC and EV. Figures 2 and 3 shows representative examples of local S and SKS wave splitting
measurements. All splitting measurements are presented in Figures S1, S2, and S3 in Supporting Information S1.
Figure S4 in Supporting Information S1 shows stations with no apparent splitting (i.e., a null measurement). This

Table 1
Station Information

Station Lon (°) Lat (°)

SW01 120.315 − 1.426

SW05 120.049 − 1.33

SW06 120.319 − 0.977

SW07 119.811 − 0.21

SW08 121.001 0.452

SW17 121.653 − 0.1362

SW18 121.414 1.117

SW20 120.062 − 0.469

TOLI 120.794 1.121
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Figure 2. A typical example of splitting measurements from local S phases using the Multiple Frequency Automatic Splitting Technique (MFAST) software package.
Top: event origin time, station name and anisotropic parameters derived in this study. From middle left to bottom right: three components of local S waveforms filter at
0.1–1 Hz, the components of incoming polarization direction and its perpendicular for S splitting before and after the correction, measurements of φ and δt obtained
from 100 different analysis windows plotted against window number, cluster analysis with a blue cross marking the optimum cluster, with the lowest variance σ2, fast
and slow shear waveforms (top; the area with gray‐shaded background is outside the chosen measurement window) and particle motion (bottom) before (left) and after
(right) the shearwave splitting correction, and grid search map for optimal φ and δt (blue cross) along with 95% confidence region.
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can be explained by the shear wave traveling through an isotropic medium or the initial polarization (SKS back‐
azimuth) coinciding with the fast or slow polarization directions (Wüstefeld et al., 2008).

Following our selecting criteria, the analysis yielded (a) five good splitting measurements and three nulls for SKS
waves, (b) three measurements for teleseismic S, and (c) 18 local S splitting measurements. The event‐station
pairs for teleseismic S and SKS waves involve nine teleseismic events recorded at eight stations. Those for
local S waves are based on 14 local events recorded at three stations (Tables 2–4, and Figure 4). To compare with
the results from theMFAST, the EV results from the SplitLab are chosen to show in Figure 6. Measurement errors
from the MFAST represent one standard deviation (Marson‐Pidgeon & Savage, 2004), while those from the EV
of the SplitLab are set as boundaries of the minimum and maximum range of the 2‐sigma confidence region
(Wüstefeld et al., 2008) (Table 3). The F test is used to calculate the 95% confidence interval for the optimum

Figure 3. A good example of SKS‐phase splitting measurements using the SplitLab software package used in the final analysis. An extended section of radial (dashed)
and transverse (solid) components before anisotropic correction is shown at the top, together with event information and values of splitting measurements. Results are
obtained with the rotation correlation method (RC, second row), the minimum energy method (SC, third row) and the eigenvalue method (bottom row). For each row
from left to right: fast (dashed) and slow (solid) shear waveforms after the splitting correction, radial (dashed) and transverse (solid) components after correction,
particle motion before (dashed) and after (solid) correction, and results of grid search for optimal φ and δt (cross). The thick contour marks the 95% confidence interval.
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values for the two shear wave splitting parameters (φ and δt), under the assumption that the minimum of the grid‐
search surface (e.g., Et (φ, δt) or λ2 (φ, δt)) is a χ

2 variable with n degrees of freedom. The inequality contains the
eigenvalue, the inverse of the statistical F distribution and the number of degrees of freedom of the signal that is
processed (e.g., Silver & Chan, 1991; Walsh et al., 2013).

Table 2
Local S Wave Splitting Results

Station

Event information Splitting results

Date Lon (°) Lat (°) Dep (km) Mag δt (s) σδt (s) φ (°) σφ (°)

SW08 2019‐12‐10 0.13 121.70 179.5 4.1 0.30 0.02 0 7

SW08 2020‐01‐01 0.19 121.56 141.3 4.1 0.32 0.01 − 14 3.5

SW08 2020‐01‐20 0.33 122.35 172.5 4.2 0.17 0.02 14 6

SW08 2020‐05‐18 0.19 121.01 158.5 4.4 0.36 0.01 − 80 3.5

SW08 2020‐07‐24 4.11 122.74 583.2 5 0.39 0.07 − 66 25.75

SW08 2020‐09‐04 3.49 122.15 596.5 4.4 0.28 0.03 − 70 11.5

SW08 2020‐10‐07 0.58 121.49 99.1 4.3 0.37 0.03 22 5.75

SW08 2020‐10‐26 0.58 121.54 90.0 5.1 0.41 0.01 34 3.5

SW17 2019‐12‐10 0.13 121.70 179.5 4.1 0.39 0.00 61 1

SW17 2020‐03‐30 0.67 121.59 99.0 4.3 0.39 0.02 16 3.25

SW17 2020‐05‐18 0.19 121.01 158.5 4.4 0.41 0.05 − 15 5.25

SW17 2020‐07‐11 0.21 120.79 109.3 4.8 0.51 0.06 − 43 8

SW17 2020‐10‐07 0.58 121.49 99.1 4.3 0.26 0.02 − 3 8.5

TOLI 2009–03.30 3.80 122.31 604 4.1 0.93 0.05 − 86 6.75

TOLI 2009‐07‐03 4.69 123.05 582 4 0.36 0.03 − 43 4.5

TOLI 2009‐10‐10 3.86 122.45 601 5.1 0.88 0.06 − 84 5.25

TOLI 2015‐04‐27 3.63 123.07 500 4.3 0.39 0.02 − 42 4.75

TOLI 2016‐05‐20 2.46 120.99 673.1 4.8 0.34 0.11 − 41 16

Note. σδt and σφ are the uncertainties of δt and φ by using MFAST, respectively.

Table 3
All Teleseismic S and SKS‐Phase Splitting Results From the EV Method

Station

Event information Splitting results

Date Lon (°) Lat (°) Dep (km) Mag δt (s) φ (°) Phase

SW01 2020/9/26 31.76 − 48.03 10 6.1 − 37 < − 20 < − 7 1.0 < 1.3 < 1.6 SKS

SW06 2021/2/24 − 22.29 63.95 10 5.6 27 < 43 < 62 1.6 < 1.8 < 2.1 SKS

SW08 2020/2/14 − 142.29 − 56.66 10 5.6 84 < − 75 < − 64 1.8 < 2.9 < 4.3 SKS

SW08 2020/10/6 − 178.48 − 18.01 634 6 − 80.0 ± 1.8 1.7 ± 0.03 S

SW17 2019/12/25 − 115.84 − 25.22 10 6.1 46 < 69 < − 76 1.3 < 2.2 < 3.4 SKS

SW18 2019/11/26 19.53 41.51 22 6.4 − 64 ± 1.2 1.0 ± 0.04 SKS

SW20 2020/6/19 − 178.92 − 17.45 535 5.6 9.0 ± 19.8 0.6 ± 1.02 S

SW20 2020/10/6 − 178.48 − 18.01 634 6 28.0 ± 16.5 1.6 ± 0.45 S

Note. Splitting results from the EV method (MFAST for teleseismic S‐wave splitting, SplitLab for SKS wave splitting) are
shown in this Table. Measurement errors from the MFAST represent one standard deviation (Marson‐Pidgeon &amp;
Savage, 2004), while those from the EV of the SplitLab are set as boundaries of the minimum and maximum range of the
2‐sigma confidence region (Wüstefeld et al., 2008). All results are provided in Figures S2 and S3 in Supporting
Information S1.
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3. Shear Wave Splitting Results
3.1. Local S‐Phase Splitting Measurements

For the local S‐phase splitting, our analyses yielded 18 reliable results, pre-
sented in Table 2 and Figure 4, 11 of which are magnified in Figure 4b for
clarity. Overall, the delay times range from 0.16 to 0.93 s. In the north (be-
tween 1.5° and 3°N) the fast polarizations are spatially parallel confined to the
North Sulawesi trench (Figure 4a), but normal to the Sangihe trench at the
regional scale. In the south normal to oblique to the North Sulawesi trench
(Figure 4b) directions are observed. Figure 5 shows the distribution of δt with
respect to source depth and latitude of the center point between the events and
stations events used in the central ellipse in Figure 4b. We observe no clear
correlation between δt and source depth but a variation with the latitude of the
center points.

3.2. Teleseismic S and SKS‐Phase Splitting

The teleseismic S and SKS phase splitting parameters (φ and δt) and null
results are presented in Figure 6 and Tables 3 and 4. All the null measure-
ments appear to be related to events coming from back‐azimuths that are
either∼parallel or∼perpendicular to the fast directions of the stations. Station
SW17, which lies near Una‐Una volcano, yields one reliable SKS splitting
measurement with a φ of 69.3° and δt of 2.2 s and one null result.

Of two temporary stations (SW08 and SW18) located on the northern arm of
Sulawesi, SW18 only has one splitting result, with φ of − 61.7° and δt of 1.0 s,
whereas SW08 has two splitting results and one null result. The average
splitting parameter values at SW08 are φ = − 77.6° and δt = 2.3 s. In this
study, only SW08 has two non‐null results. The average φ and δt are calcu-
lated based on the method of averaging directional data described by Kubo
and Hiramatsu (1998). Fast directions of anisotropy at these two stations are
all oblique to the North Sulawesi trench (or normal to the Sangihe trench).

Five stations (SW01, SW05, SW06, SW07, and SW20) are adjacent to the
PKF in the southern part of our study area. Four splitting results (one for
SW01, one for SW06, and two for SW20) and two null results for SW05 and
SW07 are obtained. However, the distribution of the φ measurements is
diverse: ∼fault‐parallel (N–S) at SW01, fault‐oblique (NE–SW or NNE–
SSW) at SW06 and SW20, and a wide range of δt between 0.6 and 1.8 s are
also obtained.

4. Discussion
4.1. Sources of Observed Seismic Anisotropy

In most regions of the upper mantle, seismic anisotropy is mainly caused by
the crystallographic preferred orientation (CPO) of mantle minerals, that is,

Table 4
Null Measurements From SKS Waves

Station

Event information

Date Lon (°) Lat (°) Dep (km) Mag Dist (°) Baz (°) Phase

SW05 2020/1/6 0.23 − 16.99 10 5.6 137.03 268.91 SKS

SW07 2021/1/11 − 58.05 − 9.84 10 5.5 109.65 205.77 SKS

SW17 2020/1/6 0.23 − 16.99 10 5.6 138.64 270.19 SKS

Figure 4. (a) All the local S‐wave splitting measurements, and (b) a zoom‐in
of the results shown in the magenta rectangle in (a). Splitting measurements
are plotted at the center point (circles colored according to the focal depth)
between the events (gray circles) and stations (blue triangles). The
orientation of each bar is parallel to the measured fast polarization of
anisotropy and the length is scaled according to delay time. The depth
contours of the Celebes Sea (black) and Sangihe (gray) plate interface (in
km) are from Hayes et al. (2018). The orange dotted ellipse encloses the
results with fast directions normal to the strike of the CSS.
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primarily olivine, induced by mantle flow due to slab subduction (Wolfe &
Silver, 1998). The classical model for the mantle flow field in subduction
zones is two‐dimensional and is associated with two dominant regions. One is
the mantle wedge, characterized by viscous coupling between the downgoing
slab and the mantle above the subducting slab, resulting in corner flow. The
other is the mantle below the slab, where entrained flow occurs (Hall
et al., 2000; Ribe, 1989). In general, plate motion‐parallel fast directions are
predicted in the mantle wedge by this model (Long & Silver, 2008), which,
however, deviates from complicated observations from most subduction
zones: for example, trench‐parallel beneath Tonga (Smith et al., 2001), Costa
Rica (Hoernle et al., 2008); both trench‐parallel and ‐normal beneath Ryukyu
(Long & van der Hilst, 2006) and Japan (Long & van der Hilst, 2005); and
trench‐oblique beneath the north of the Philippine (Wang & He, 2020). In the
subslab mantle, trench‐parallel mantle flow might exist below the subducting
slab in the case of slab rollback (Long & Silver, 2008). Long (2013) suggested
that mantle flow in the mantle wedge and subslab mantle may be entangled by
many factors, for example, slab age, slab morphology, and surrounding flow
field, can affect the overall flow pattern. Therefore, a single model cannot
adequately explain all observations across different regions, especially in our
study area, mantle deformation likely results from the combined effects of
multiple subduction zones.

In most subduction regions, mantle deformation has been inferred by measuring the splitting of shear waves and
carefully analyzing the potential sources of seismic anisotropy with different phases. The core‐refracted SKS

Figure 5. (a) Depth versus δt values (blue squares with black bars denote the
delay times and their errors) at stations SW08 and SW17 shown in the orange
dotted ellipse in Figure 4b; (b) Latitude of the center point between the
events and stations versus δt values for the same events in (a). The yellow
arrow indicates the trend of δt values with respect to latitude.

Figure 6. The results of all teleseismic S and SK(K)S‐wave splitting (red bars), and null (light blue bars) measurements
obtained from this study, along with previous results at TOLI from SKS‐phase splitting by Di Leo et al. (2012a) and Cao
et al. (2021; splitting and null measurements shown as yellow and gray bars, respectively). All results are plotted at the
location of stations (blue triangles). The orientation of each red bar indicates the corresponding fast polarization orientation
and its length is proportional to the delay time. The contours of plate interface depths (in km) are from Hayes et al. (2018).
The thick dotted line shows the inferred position of the trench associated with the fully submerged Sula slab (Hall &
Spakman, 2015). PKF: Palu‐Koro fault; MF: Matano fault.
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phases sample integrated anisotropy along the path from the core‐mantle boundary to the station, covering the
subducting slab, overriding crust, mantle wedge and subslab mantle. Local S phases originating from slab
earthquakes mainly sample anisotropy in the overriding lithosphere and mantle wedge. Teleseismic S from deep
earthquakes can be carefully used, assuming that the source‐side seismic anisotropy in the transition zone and
lower mantle is weak and neglected (Long & van der Hilst, 2005; Lynner & Long, 2014; Marson‐Pidgeon &
Savage, 1997). In addition, source‐side S phases originating from slab earthquakes are sensitive to anisotropy in
the sub‐slab mantle after the signal from anisotropy beneath the receiver is accounted for (Lynner & Long, 2013,
2014; Roy et al., 2017).

A regional scale 3‐D P wave anisotropic tomography study found Sangihe trench‐normal anisotropy beneath the
Celebes Sea at 150 km depth (Huang et al., 2015), in contrast to trench‐oblique anisotropy in Hua et al. (2022)'s
results. Beneath the North Sulawesi, the resolution of P azimuth anisotropy may not be good enough to resolve the
lateral variation of mantle deformation associated with the interaction of multiple subducted slabs (Hua
et al., 2022; Huang et al., 2015). To better constrain sources of anisotropy in complex subduction systems, a key
method is analyzing shear wave splitting in various waveforms originating from different depths.

The station's location, slab morphology, geometry of the trench, and hypocentral location of the earthquake are all
important in determining the contribution of different domains. It has been suggested that the average crustal
contribution is on the order of 0.1 s globally, and the contribution from the lower mantle and transition zone is less
than 0.2 s (Silver, 1996). The typical values of δt from SKS splitting in this study are more than 1 s, indicating that
anisotropy primarily comes from the upper mantle beneath the Moho (Silver, 1996). More specifically, the
average value of δt from SKS is 1.6 s, and more than 88% of values are larger than 1 s. A thin crust along the
western part of the north arm of Sulawesi with about 20–25 km thickness has been proposed based on the receiver
function analysis (Fauzi et al., 2021; Linang, 2023). Previous investigations in subduction zone settings support
our inference that the dominant contributor of seismic anisotropy in the upper mantle is mantle wedge flow (e.g.,
Cao et al., 2021; León Soto & Valenzuela, 2013; Long &Wirth, 2013; Wang & He, 2020), though the upper plate
crust and subducting slab may also contribute. However, it is likely to insignificant in comparison, as discussed
above, unless the upper plate is of cratonic origin (Yuan et al., 2011), which is not the case here. Although the
upper mantle is likely to be the primary source of anisotropy, careful analysis must be taken to infer anisotropic
fabrics in different domains in such a complex tectonic setting caused by slab‐slab interaction. For this purpose,
we comprehensively compare anisotropic parameters from local S and teleseismic S/SKS/SKKS waves in this
study and previous source‐side S splitting (Di Leo et al., 2012b).

4.2. Corner Flow in the Sangihe Subduction Zone

Generally, corner flow within the mantle wedge, developed by viscous coupling between the down‐going slab and
the overlying mantle, produces trench‐normal fast directions in back‐arc regions (Long & Wirth, 2013). Eight
deep events from our local S‐phase splitting measurements affiliated with the SHS show a ubiquitously coherent
fast direction pattern normal to the Sangihe trench (Figure 4a). This can be readily attributed to corner flow within
the mantle wedge above the westward subducting SHS (Long & Wirth, 2013). Based on intraslab seismicity
(Hutchings & Mooney, 2021) and tomographic images (Hall & Spakman, 2015; Wehner et al., 2022; Zenonos
et al., 2019), the SHS has reached the mantle transition zone, resulting in a large volume of mantle wedge above.
The development of a large mantle wedge is suggested by numerical modeling (e.g., Dal Zilio et al., 2017). Our
local S splitting results at SW08 and SW18 reconcile with the fast directions of anisotropy from teleseismic S and
SKS at TOLI and source‐side S to the east of these two stations from previous studies (Cao et al., 2021; Di Leo
et al., 2012a, 2012b). They are mainly normal to the strike of the westward subducting Sangihe slab. The large δt
of >2.0 s was observed at SW08, possibly due to joint contributions from both mantle wedge flows with similar
flow patterns above the SHS and the CSS. In addition, the average value of δt from source‐side S phases (0.74 s;
Di Leo et al., 2012b) is much larger than the average δt (0.35 s) from local S of events shallower than 200 km. In
summary, the upper‐mantle flow pattern beneath the CSS within the Sangihe subduction system is dominated by
the trench‐normal mantle wedge flow above the SHS (Arrow #1 in Figure 7).

4.3. Corner Flow in the North Sulawesi Subduction Zone

Although the North Sulawesi subduction zone (NSSZ) is smaller compared to the Sangihe subduction zone, the
trench‐normal fast polarization of anisotropy from the SKSmeasurement is also dominant (Figure 4). The pattern
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of fast polarization orientations observed in the mantle wedge of the NSSZ (Figure 4b) (the 11 local S‐wave splits
from SW08 and SW17) can be divided into three sub‐regions (north, central and south; Figure 4b): the north
includes three measurements mainly corresponding to the onshore part of the North Sula block, the central
consists of seven measurements (as shown in the orange ellipse in Figure 4b, the offshore region between the
island and the Una‐Una volcano), and the south has only one measurement very close to the Una‐Una Volcano.

When excluding the four measurements in the north and south, the seven measurements in the center do not
exhibit either trench‐normal or trench oblique (relative to the North Sulawesi trench) orientation; instead, they
show fast directions normal to the strike of the CSS (the contours shown in Figure 4). The fast axis orientations of
anisotropy could be attributed to the crust and/or deformation of the mantle wedge. The maximum compressive
stress (SHmax) direction in the overlying crust obtained from moment tensor solutions is found to be normal to the
trench (Greenfield et al., 2021), which for the case of EDA (Extensive Dilatancy Anisotropy), where anisotropy is
controlled by fluid filled cracks aligned to SHmax (e.g., Crampin, 1994), would result in fast axis orientations of
anisotropy to also be trench‐normal (e.g., Matharu et al., 2014). However, axis orientations of anisotropy in the
forearc region are not perpendicular to the North Sulawesi trench. Close inspection shows that from east to west,
the fast axis gradually rotates and closely follows the arcuate depth contours of the CSS, especially in the west,
which indicates that the fast axis is normal to the previous trench strike, which is caused by clockwise retreat of
the Sulawesi trench over the past 5 Myrs. Such a slab strike‐dependent signature is predicted by many numerical
models (e.g., Honda & Yoshida, 2005; Wada, 2021), which suggests that the mantle wedge inflow patterns above
the downgoing slab are mainly influenced by the slab, with flow direction related to arcuate geometry of the
subducted CSS based on the depth contours of the CSS interface (Figure 4). As shown in the central region where
SHS influence is minimal, the induced mantle flow pattern with fast directions normal to the depth contours of the
CSS interface is clearly influenced by the subduction of the CSS (Arrow #2 in Figure 7).

Variation from trench‐normal to slab‐strike‐normal anisotropy is also observed at other subduction settings along
the Pacific plate boundary (e.g., León Soto & Valenzuela, 2013; Long & Wirth, 2013; Wang & He, 2020). It
demonstrates that the most dominant flow type within a subduction zone is generally the corner flow, which

Figure 7. Schematic cartoon illustrating the tectonic setting of multiple subduction zones (based on a model shown in Hall & Spakman, 2015) and interpreted mantle
flows (red arrows) and lithospheric‐asthenospheric deformation (blue arrow) in the study region. Arrows #1 and #2 indicate corner flows induced by the subduction of
the larger Sangihe and smaller Celebes Sea slabs, respectively. Arrow #3 denotes a similar corner flow to #1 related to subduction of the SHS, but this branch flows into
the mantle wedge above the subducting CSS. Arrow #4 shows combined anisotropy from both the lithospheric scale PKF and possible N‐S asthenospheric flow
underneath. Arrow #5 represents flow associated with the submerged Sula slab. The names of slabs in and around North Sulawesi are adopted from Hall and
Spakman (2015).
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depends on the downgoing direction of the dipping slab. Its influence gradually fades away with distance,
particularly at the slab edges as we will demonstrate by the remaining four measurements in the north and south
regions of the mantle wedge of the NSSZ, where slab‐slab interactions influence the results.

Delay times from seven local S‐wave splitting measurements in the central region (Figure 4b) range from 0.17 to
0.51 s, with an average value of 0.34 s, similar to the average results obtained at several other subduction zones
around the Pacific (Long & Wirth, 2013). In the center of the corner flow of the NSSZ, the δt values show a
decrease in strength of anisotropy from south to north, which can be corroborated by numerical modeling (e.g.,
Dal Zilio et al., 2017; Dong et al., 2022; Gérault et al., 2012). Given that the global average splitting time of
continental crust is on the order of 0.1 s (Silver, 1996), we suggest that mantle wedge flow is the main source of
local shear‐wave splitting at intermediate depth, with potentially a certain degree of anisotropy also coming from
the subducting slab and overriding lithosphere. Overall, we argue for the critical role of mantle wedge flow in
explaining local S‐wave splitting, as has been well established by other subduction zone studies (e.g., Cao
et al., 2021; León Soto & Valenzuela, 2013; Long & Wirth, 2013; Wang & He, 2020).

Multi‐layered anisotropy is suggested to explain some complex anisotropy patterns in a subduction system (Long
& Silver, 2009; Silver & Chan, 1991). In a specific case like SW08 (Figure 6), as mentioned above, a two‐layer
model with similar fast directions is seemingly required largely due to the presence of a double orthogonal
subduction system involving the horizontal overlap of two slabs. The raypaths from medium (<200 km) and deep
events (>500 km) to SW08 come from northeast and east‐to‐south, respectively, which cannot constrain the
subslab mantle flow. A previous seismic anisotropy study has suggested that the SKS‐wave splitting measure-
ments at TOLI may be explained by most contributions from mantle wedge flow in the Sangihe subduction zone,
with a minor influence of the corner flow in the Celebes mantle wedge (Cao et al., 2021). Still, for each subduction
zone, the mantle wedge flow is the leading cause of upper‐mantle seismic anisotropy. The nature of the slab‐slab
interactions illuminated in this study will be discussed further in the following subsection.

4.4. Upper Mantle Deformation Related to Dynamic Interaction Between Two Subduction Zones

Numerical experiments suggest that two (or more) adjacent slabs interact via forces transmitted through the
lithosphere and the underlying mantle (e.g., Király et al., 2016, 2018b, 2021). Consequently, slab‐slab interaction
can mutually influence the subduction evolution, mantle flow and stress propagation through the mantle (Király
et al., 2016). How one downgoing slab can dynamically act on another downgoing slab in the upper mantle is not
well constrained by observations, especially in terms of the complexity of corner flows induced by adjacent
subducting slabs. In our study area, the North Sulawesi subduction system is located at the southwest margin of
the Sangihe subduction system, and the subduction directions of the two plates are nearly perpendicular. To the
south of the North Sulawesi subduction system, the SLS has subducted to more than 600 km depth. The slab‐slab
interaction between the CSS and the SHS, and between the CSS and the SLS affect the upper mantle deformation,
which could be investigated through seismic anisotropy observations.

The southward subducting CSS alone does not explain our three local S‐wave splitting results. The fast polari-
zation orientations of the three northernmost measurements are not normal to the strike of the slab (Figure 4b).
Therefore, we attribute the largely trench‐oblique fast polarizations to flow in the mantle wedge above the CSS,
which was deflected by the eastward corner flow of the subducting SHS (Arrow 3 in Figure 7). This is plausible
because the two downgoing slabs overlap in space, evidenced by the region's seismicity and tomographic images
(Figure 1; Hall & Spakman, 2015; Hutchings & Mooney, 2021). However, it is important to understand why the
signature of the interactions can only be detected in these three measurements. This may be explained by the
corner flow associated with the SHS diminishing eastward as it becomes hindered by southward flow above the
CSS. In addition, numerical modeling (e.g., Dal Zilio et al., 2017; Dong et al., 2022; Gérault et al., 2012) also
suggests that the return flow above a slab decreases toward the trench, which may help produce a flow interaction
that attenuates from west to east, as observed here.

From the center of the NSSZ to the south, the fast polarization orientation of anisotropy changes from normal to
the strike of the subducting CSS to parallel to its strike. The southernmost measurement (SW17) has an ENE–
WSW‐trending fast polarization direction of anisotropy that cannot be explained by the southward subduction of
the CSS alone. We attribute this observation to the interaction between the CSS and the SLS. Based on the
distribution of seismicity and recent tomographic images (Hall & Spakman, 2015; Hutchings & Mooney, 2021),
the subducted SLS resides above the 660 km discontinuity. Considering the extinct north‐dipping slab (the fully
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submerged SLS), the fast polarization orientation of anisotropy observed at station SW17, largely parallel to the
strike of the SLS, may suggest that the corner flow associated with the subduction of the CSS was blocked by the
SLS (Arrow #5 in Figure 7). Based on the observations above, we infer that the inward subduction of two
neighboring slabs could affect the mantle flow between them only when the two slabs are either close enough that
one slab blocks the mantle flow induced by the other slab or partly overlapping.

4.5. Lithospheric Deformation Along the Strike‐Slip Palu‐Koro Fault

Another goal of this study is to understand to what extent the PKF accommodates regional crustal and upper‐
mantle deformation. In the western Sula block, the N–S‐trending fast polarization of anisotropy from SKS‐
splitting, subparallel to the PKF, is observed at station SW01, which is consistent with the sinistral strike‐slip
motion between the North Sula block and the Makassar block (Socquet et al., 2006). The delay time of 1.3 s
observed at SW01 is larger than the global average value of ∼1.0 s typically attributed to mantle lithosphere
deformation (Silver, 1996). It is, however, smaller than measurements from the Alpine fault system in New
Zealand, where similar strike‐parallel anisotropy measurements have an average value of 2 s (Savage et al., 2004;
Zietlow et al., 2014). Savage et al. (2004) attributed this large average splitting time to strong coupling between
the surface and the deeper mantle.

Global positioning system (GPS) measurements indicate that the motion of the western segment of the North Arm
of Sulawesi relative to the Sunda plate is faster than the eastern segment (Socquet et al., 2006; Walpersdorf
et al., 1998). The PKF, located on the western boundary of the NSSZ, accommodates the rotation of the North
Arm and the trench retreat, with the GPS velocities east of the PKF being nearly twice the GPS velocities to the
west (Socquet et al., 2006). Tomographic models (Hall & Spakman, 2015; Wehner et al., 2022) indicate a large
lithospheric thickness variation across the PKF, with much thinner lithosphere in the east. This is supported by the
fact that lithosphere of Gondwana origin flanks the PKF on the west, whereas the east comprises fragmented
microcontinent from the Sula Spur (Hall & Sevastjanova, 2012; Song et al., 2022). The PKF is therefore most
likely a lithospheric‐scale boundary, and the thinner lithosphere in the east with higher GPS velocity would
accommodate large N‐S lithospheric deformation, contributing to the large splitting measurement at station SW01
(Arrow 4 in Figure 7).

An anisotropic lithosphere of ∼200 km thickness with 2% anisotropy may result in a splitting time of 1 s (Sil-
ver, 1996). The lithospheric thickness beneath the PKF is significantly less than 200 km (Figure 11 in Wehner
et al., 2022), thus the 1.3 s delay time at station SW01 may require substantial lithosphere and asthenosphere
coupling. A N‐S directed mantle flow beneath station SW01 may also be required to contribute to the 1.3 s fault‐
parallel anisotropy. Fault‐oblique (∼45°) fast polarization orientations of anisotropy observed at SW06 and
SW20, in line with the back‐azimuth of the null result at SW07, appear to be parallel to the strike of the Celebes
Sea slab. At the western edge of the NSSZ, downgoing CSS induced corner flow might not be vigorous enough to
influence this observation. Therefore, we first attribute these observations to edge effects because they are close to
the western edge of the subducting CSS. Additionally, the fast directions oblique to the strike of the fault could
also be attributed to the N–S‐trending mantle flow, inferred to be present beneath station SW01, which is
deflected by thicker lithosphere on the west side of the PKF (e.g., Figure 11 inWehner et al., 2022), and channeled
in a N‐S direction beneath the fault system.

In the immediate vicinity of the fault, however, the nulls at SW05 and SW07 may be due to a combined effect of
the complex but localized deformation systems underneath the fault zone: that is, the north‐south oriented fault
system; asymmetric lithospheric deformation away from the fault (see above for stations SW01); and the eastward
thinning (e.g., Wehner et al., 2022) of the lithosphere across the fault. These systems might lead to cancellation of
their corresponding anisotropic signals. Alternatively, it may be due to back‐azimuths parallel or perpendicular to
the initial polarization directions. The discussion above is based on our analysis of the splitting results and the
known geometry of the subducting slabs in the region. A more quantitative analysis would necessitate numerical
modeling of mantle flow.

5. Conclusions
In this study, we attempt to understand the dynamic interactions of mantle wedge flow in the Sangihe, North
Sulawesi subduction zones and around the edge of the Celebes Sea slab affected by the Palu‐Koro strike‐slip fault.
To achieve this, we employ shear‐wave splitting analysis of local S and teleseismic core‐refracted phases to
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characterize the regional upper‐mantle anisotropy. The inferred upper‐mantle seismic anisotropy corresponds
well with the regional deformation in North Sulawesi, where the adjacent slab‐slab interaction more strongly
influences the mantle flow pattern. The regional microtectonic boundary, the Palu‐Koro fault, influences the
measurement considerably by confining the lithosphere‐scale deformation within the North Sula block. This
suggests that the Palu‐Koro fault is a microtectonic boundary that accommodates the differential motion between
the North Sulawesi block and Makassar block.

We also suggest that seismic anisotropy patterns in this region can be mainly attributed to deformation in the
mantle wedge of the Sangihe and North Sulawesi subduction zones and along the Palu‐Koro fault, particularly in
consideration of the Celebes Sea slab geometry and fault movement directions. Furthermore, consistent with the
findings of numerous structural geology studies that the Palu‐Koro fault represents the suture boundary between
two drifting microblocks, we here demonstrate that it is possible to identify a concealed tectonic boundary using
shear‐wave splitting analysis.

Data Availability Statement
All raw waveforms in the three components used in this study can be provided by Cao et al. (2024), which will be
openly accessible at the public repository of Zenodo via https://zenodo.org/record/7758460#.ZBpqRxRBxdg.
Two shear waves splitting analysis software packages used in this study — SplitLab (Wüstefeld et al., 2008) and
MFAST (Teanby et al., 2004) can be obtained via http://github.com/IPGP/splitlab and http://mfast‐package.geo.
vuw.ac.nz/, respectively. Some figures were prepared using the Generic Mapping Tools (Wessel & Smith, 1991).
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