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Abstract A high-resolution model of three-dimensional P wave tomography of the crust and upper
mantle beneath the southern part of the Philippine Trench is determined by inverting 22,960 arrival times
of 2,789 local earthquakes and 4,660 traveltime residuals of 751 teleseismic events simultaneously. The
tomographic method TOMOG3D is used to obtain the tomographic model that has a lateral resolution of 0.6°
or better, as shown by extensive checkerboard resolution tests. A model-recovery synthetic test is also
performed, which indicates that main features of our tomographic images are quite robust. Our results show
that the Philippine Sea slab has subducted down to depths of 450–600 kmwith an overturned dip angle along
the southern segment of the Philippine Trench, indicating that the subduction of the Philippine Sea Plate
along the southern segment of the Philippine Trench initiated at 20–25 Ma, contemporaneous with the
Sangihe Trench. The subduction initiation of the Philippine Sea Plate at the central Philippine Trench resulted
from the collision between the Philippines and the Palawan block at ~10 Ma. The subduction completion of
the Molucca Sea slab propagated from the south to the north at ~5 Ma, which presumably resulted in the
subduction reorganization of the Philippine Sea Plate along the southern segment of the Philippine Trench
and subduction initiation of the Philippine Sea Plate along the northern segment of the Philippine Trench.

1. Introduction

The Philippine Trench (PT) fringes the southwestern margin of the Philippine Sea Plate (PSP) on the eastern
side of the Philippine Archipelago, where the Eurasian, the Philippine Sea, and the Australian plates are
interacting with each other (Figure 1). The PSP is subducting beneath the Philippine Archipelago along the
PT, and the Celebes oceanic lithosphere is subducting beneath the Mindanao and Sulawesi islands
along the Cotabato and Sulawesi trenches, respectively, whereas the Molucca Sea Plate has subducted
beneath the Sulawesi-Sangihe and Halmahera islands along the Sangihe and Halmahera trenches, respec-
tively, and the Sangihe and Halmahera arcs are colliding (Figure 1). The tectonics in this region is rendered
particularly complex by the interplays between these subduction zones, among which the PT is accommo-
dating more than 55% of the convergence between the PSP and the Eurasian Plate (Rangin et al., 1999).
Therefore, the PT is a key component to understand the complicated tectonics in and around this region.

To date, the PT origin and evolution have been controversial. It is commonly considered that the PT origi-
nated from the flip of subduction along the Manila Trench from the west to the east (e.g., Cardwell et al.,
1980), caused by the collision between some microcontinental blocks and the Philippine Archipelago at
8–9 Ma (Marchadier & Rangin, 1990). Mainly based on the spatial distribution of earthquakes and focal
mechanism solutions, Cardwell et al. (1980) inferred that the PT southern part (2–6°N) is younger than its
northern part (12–16°N), which was also suggested by Ozawa et al. (2004) showing that the oldest volcanism
occurred at 6.6 Ma in themiddle Philippines associated with the subduction along the PT, and the subduction
was initiated from the north at 8–9 Ma and propagated to the south. However, they did not consider the
northward movement of the Philippines during the last 30 Ma (Hall, 2002). Pubellier et al. (1996) suggested
that the PT and the Philippine Fault (PF) coupled together and propagated from the north to the south, which
is also supported by Aurelio (2000) who pointed out that the PT-PF system formed under a shear partitioning
mechanism accompanied with the transformation of the relative movement of the PSP with respect to the
Eurasian Plate from a northward to a northwestward motion. Lallemand et al. (1998) proposed that the colli-
sion between the Halmahera Arc and the Mindanao Island at 4–5 Ma gave rise to the subduction initiation
of the PT central segment (6–12°N), and then the subduction propagated toward both the north and the
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south. This proposal has been supported by results of seismic tomography
(Fan et al., 2017), which show that the subducted depth of the Philippine
Sea slab is greater under the middle PT than that under the northern PT.
However, the depth of the Philippine Sea slab beneath the southern PT
was not determined by Fan et al. (2017). Therefore, our understanding of
the PT origin and evolution is very limited due to the scarcity of the mor-
phologic information of the subducted Philippine Sea slab beneath the
PT southern segment.

In this work, we determine a high-resolution model of P wave velocity (Vp)
tomography of the crust and upper mantle beneath the southern PT,
which sheds new light on the deep structure and tectonic evolution of
the study region.

2. Data and Method

We used a large number of P wave arrival time data for tomographic
inversions, which were selected from the International Seismological
Center (ISC)-EHB Bulletins from 1960 to 2013 (http://www.isc.ac.uk/isc-
ehb/). The ISC-EHB bulletin is a groomed version of the ISC bulletin,
which contain teleseismically well-constrained events that are selected
and relocated using the EHB algorithm (Engdahl, 2006; Engdahl et al.,
1998) to minimize uncertainties in the hypocentral parameters. In parti-
cular, uncertainties of the focal depths are generally <15 km, thanks to
the use of arrival times of depth phases (pP, pwP, and sP; Engdahl,
2006). Our data set consists of arrival times of local earthquakes in the
present study region (Figure 2b) and teleseismic events (Figure 2c).
The local events were selected based on the following criteria: (1) Each
earthquake was recorded at more than four seismic stations in the
study region (Figure 2a) and (2) the absolute value of traveltime resi-
duals is smaller than 5.0 s. The teleseismic events located at epicentral
distances of 30° to 90° from the center of the study region were selected
(Figure 2c), so as to reduce the effects of complex structures near the
core-mantle boundary and those in the upper mantle outside the study
region (Zhao et al., 1994, 2013). As a result, our data set contains 22,960

arrival times of 2,789 local earthquakes and 4,660 arrival times of 751 teleseismic events, which were
recorded at 32 stations in the present study region (Figure 2).

Raw traveltime residuals of the local earthquakes and relative traveltime residuals of the teleseismic events
that are within ±2.0 s are simultaneously inverted for a three-dimensional (3-D) velocity model of the crust
and upper mantle under the study region using the code TOMOG3D (Zhao et al., 1994, 2012), which is an
iterative nonlinear tomographic inversion method. For the teleseismic events, theoretical traveltimes from
the hypocenter to the recording stations are first calculated using the one-dimensional (1-D) iasp91 Earth
model (Kennett & Engdahl, 1991). Then raw residuals of each teleseismic event are obtained by subtract-
ing the theoretical traveltimes from the observed ones. After removing the mean residual of each teleseis-
mic event from the raw residuals at all the recording stations, relative traveltime residuals of the
teleseismic event are obtained. By using the teleseismic relative residuals, the effects of hypocentral mis-
locations and structural heterogeneities outside the study volume can be greatly reduced (Zhao et al.,
1994, 2013).

Figure 3 shows distributions of mean relative traveltime residuals of the teleseismic events at every station.
We can see that, in all the four quadrants, early arrivals appear in the eastern and southeastern parts of
the Mindanao Island (Figure 3). This result indicates the existence of high-velocity (high-V) anomalies
beneath eastern and southeastern Mindanao, in agreement with the distribution of the PT and the
Sangihe Trench. In contrast, delayed arrivals mainly exist in the West Mindanao Island (Figure 3), possibly
due to the wide distribution of active volcanoes there. Early arrivals are also visible at stations in the

Figure 1. Tectonic background in and around the southern segment of the
Philippine Trench. The bathymetric data are from Smith and Sandwell
(1997). The saw-toothed lines denote trench axes, and the solid line shows
the active Philippine fault (PF). The black arrows and adjacent numbers
indicate the convergence rates (mm/year) along the Philippine Trench and
the Cotabato Trench, and the red arrow and adjacent number indicate the
relative rate near the boundary between the Philippine Sea Plate and the
Australian Plate (Rangin et al., 1999). The red triangles denote active volca-
noes from the Smithsonian Institution’s Global Volcanism Program (2013).
AP = the Australian Plate; EMP = the East Morotai Plateau; EP = the Eurasian
Plate; HT = the Halmahera Trench; MI = the Morotai Island; PSP = the
Philippine Sea Plate; SR = the Snellius Ridge; TI = the Talaud Island. The red
box in the inset map shows the location of the present study region.
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Halmahera Island, especially for the events in the NE and SE quadrants (Figures 3a and 3b), except for the
events in the NW quadrant (Figure 3d), which are consistent with the eastward subduction of the Molucca
Sea slab along the Halmahera Trench. The distributions of the mean relative residuals at stations in the
northeast Sulawesi Island and the Sangihe Arc are different in the four quadrants (Figure 3). Early
arrivals dominate in the southern Mindanao Island along the northern end of the Sangihe Trench,
whereas delayed arrivals are visible in the Sangihe Arc and the northeastern Sulawesi Island (Figure 3).
These remarkable differences of the teleseismic residuals reflect strong lateral heterogeneities in the
crust and upper mantle beneath the study region.

To conduct tomographic inversions, we set up a 3-D grid with a horizontal grid interval of 0.5° and a ver-
tical grid interval of 15–100 km (at depths of 5, 20, 50, 100, 150, 200, 250, 300, 400, 500, 600, and 700 km).
Vp perturbations at the grid nodes from a 1-D Vp model are taken as unknown parameters. The LSQR
algorithm (Paige & Saunders, 1982) with damping and smoothing regularizations is used to solve the sys-
tem of observation equations that relate the traveltime data to the unknown parameters (Zhao et al.,
1994, 2012). The starting 1-D Vp model (Figure 4) is derived from the CRUST1.0 model (Laske et al.,
2013) for the crustal velocities and the Moho depth, the WPSP01P model (Wright & Kuo, 2007) for velo-
cities from the Moho to 210-km depth, and the iasp91 Earth model (Kennett & Engdahl, 1991) for

Figure 2. Distribution of (a) seismic stations (blue triangles), (b) local earthquakes (colored dots), and (c) teleseismic events
(blue dots), which are used for tomographic inversions in this study. The colors in (b) denote the focal depths. The other
symbols are the same as those in Figure 1.
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velocities deeper than 210 km. A number of tomographic inversions are conducted (Figures S1–S12 in the
supporting information), and the optimal values of the damping and smoothing parameters are found to
be 100.0 and 2000.0, respectively (Figure 5), based on the trade-off curve between the root-mean-square
traveltime residuals and norms of the obtained 3-D Vp models (Eberhart-Phillips, 1986; Zhao, 2015). For

the optimal 3-D Vp model, the root-mean-square traveltime residual
is reduced from 1.003 s before the inversion to 0.881 s after a joint
inversion of the local and teleseismic data.

3. Resolution Tests and Tomographic Images

A number of checkerboard resolution tests (CRTs) are conducted to
evaluate the resolution of the obtained tomographic images. In the
CRT, an initial checkerboard model with Vp perturbations of ±4% at
alternate 3-D grid nodes is used to calculate synthetic traveltimes. The
numbers and locations of seismic stations, events, and arrival times
are the same as those in the observed data set. Random noise with a
standard deviation of 0.1 s is added to the synthetic traveltimes to simu-
late the picking errors in the arrival time data. The synthetic data are
then inverted to obtain an output 3-D Vp model. The resolution of the
tomographic image can be evaluated by comparing the input checker-
board model with the output Vp model.

Figures 6, 7, and S13 show the results of two CRTs with lateral grid intervals
of 0.6° and 1.0°, respectively. The input checkerboard models are well

Figure 3. Distributions of mean relative traveltime residuals at every stations from all the teleseismic events (e) and from the events in the (a) NE, (b) SE, (c) SW, and
(d) NW quadrants. The blue and red circles denote early and delayed arrivals, respectively, whose scale is shown at the bottom right.

Figure 4. The 1-D starting Pwave velocity model used in this study (red line),
the iasp91 Earth model (blue line; Kennett & Engdahl, 1991), and the
WPSP01P model (green line; Wright & Kuo, 2007).
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recovered at most depths of the study region (Figure S14), except for the 5 km depth, where the resolution is
good only beneath the Mindanao Island, being consistent with the distribution of ray density (i.e., the
number of rays at grid node; Figure 8). The CRT results indicate that our tomographic model has a lateral
resolution of 0.6° or better.

Four vertical cross sections and 12 map views at different depths of the obtained Vp tomography are
shown in Figures 9 and 10, respectively. Prominent high-V anomalies are revealed, which are inferred
to be the subducted Celebes Sea slab along the Cotabato Trench, the Philippine Sea slab along the PT,
and the Molucca Sea slab along the Sangihe and Halmahera trenches, respectively, which generally coin-
cide with the Wadati-Benioff deep seismic zones. The Celebes Sea slab is visible down to ~150-km depth
along the Cotabato and Sulawesi trenches in cross sections AA0, BB0, and CC0 (Figures 9a–9c), indicating a
subduction duration of ~7 Myr assuming a constant convergence rate of ~35 mm/year and a low dip
angle of ~35°, which is consistent with the Late Miocene to Pliocene age of the Cotabato Trench
(Yumul et al., 2008). The Molucca Sea slab may have subducted down to ~650- and ~150-km depths
along the Sangihe and Halmahera trenches, respectively (Figures 9a, 9b, and 9d), in accordance with
the previous tomographic results (Hall & Spakman, 2015; Huang et al., 2015). The high-V anomalies asso-
ciated with the subducted Philippine Sea slab are traceable to depths of 450, 550, and 600 km with an
overturned dip angle in cross sections AA0, BB0, and CC0, respectively (Figures 9a–9c), being consistent with
the tomographic results of Fan et al. (2017). However, the Philippine Sea slab is not visible in cross section
DD0 (Figure 9d), probably due to the lower resolution of the tomographic model in that area. The over-
turned Philippine Sea slab presumably ascribes to the westward subduction of the Molucca Sea slab
along the Sangihe Trench. Numerical models (Holt et al., 2017) show that when two plates subduct in
the same direction, the mantle dynamic pressure would be elevated due to the subduction of the front
slab (the Molucca Sea slab) to result in an overturned geometry of the rear slab (the Philippine Sea slab),
which can explain the morphology of the Philippine Sea slab revealed by our tomography. Low-velocity
(low-V) anomalies are revealed above the Molucca Sea slab and parallel with the volcanic front in the
Sangihe Arc (Figures 9b–9d and 10a–10c), which may reflect the transition from subduction to collision
along the Sangihe and Halmahera trenches (Silver & Moore, 1978).

The reliability of tomographic results can be further confirmed by performing amodel-recovery synthetic test
(Zhao, 2015; Zhao et al., 1992), which is similar to the CRT, but the input model contains main features of the
obtained tomographic image. We performed such synthetic tests (Figures 11 and S15), and the results show
that the input anomalies can be recovered very well at all depths beneath the study region (Figures 11 and
S15), though slight smearing occurs in some areas because of the imperfect ray coverage and so a lower reso-
lution there. These resolution tests indicate that the main features of our tomographic images are
quite robust.

Figure 5. Trade-off curves between the norm of the 3-D velocity model and the root-mean-square (RMS) traveltime resi-
dual, with different values (the numbers beside the triangles) of (a) the damping parameter and (b) the smoothing para-
meter. The squares denote the optimal values of the damping and smoothing parameters.
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Figure 6. Results of a checkerboard resolution test with a lateral grid interval of 0.6°. The layer depth is shown at the lower left corner of eachmap. The open and solid
circles denote low and high Vp perturbations, respectively, whose scale is shown at the bottom.
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Figure 7. The same as Figure 6 but the lateral grid interval is 1.0°.
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Figure 8. Density distribution of P wave rays at different depths. The layer depth is shown at the lower left corner of each
map. The ray density scale is shown at the bottom.
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4. Discussion
4.1. Maximum Depths of the Slabs and Comparison With Previous Results

The existence of several trenches and the complexity of earthquake distribution make it difficult to identify
the subducted slabs beneath the study region. In our tomographic images (Figures 9 and 10), the subducted
Molucca Sea and Celebes Sea slabs along the Sangihe and Cotabato trenches can be identified, but the sub-
ducted Molucca Sea and the Philippine Sea slabs along the Halmahera Trench and PT are not very clear.

Figure 9. Vertical cross sections of P wave tomography obtained with a lateral grid interval of 0.5° along four profiles (a–d)
shown in the inset map (e). The surface topography along each profile is shown above the cross sections. The red and blue
colors denote low- and high-velocity perturbations, respectively, whose scale is shown at the bottom right. The white
dots and red triangles show the background seismicity and active volcanoes, respectively, within a 30-km width of each
profile. The black dotted lines show the estimated morphologies of the subducted Celebes Sea slab (CSs), the Molucca Sea
slab, and the Philippine Sea slab (PSs). The red horizontal dashed lines denote the 410- and 660-km discontinuities.
T = trench; CT = the Cotabato Trench; HT = the Halmahera Trench; PT = the Philippine Trench; ST = the Sangihe Trench;
SUT = the Sulawesi Trench. The other symbols are the same as those in Figure 1.
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Figure 10. Map views of P wave tomography (a–l). The layer depth is shown at the lower left corner of each map. The red triangles denote active volcanoes. The red
and blue colors denote low- and high-velocity perturbations, respectively, whose scale is shown at the bottom. The white dots denote seismicity within a depth
range of 15–50 km of each layer. The other symbols are the same as those in Figure 1.
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Lallemand et al. (1998) suggested that the Snellius Ridge (Figure 1) might represent a remnant of the
northern Halmahera Arc that extended to the southeast offshore of the Mindanao Island, indicating that
there must be the subducted Molucca Sea slab in the upper mantle north of the current Halmahera

Figure 11. The same as Figure 9 but (a–d) the input model and (a0–d0) output results of a synthetic test (see text for details).
The two horizontal dashed lines denote the 410- and 660-km discontinuities. The velocity perturbation scale is shown at
the bottom.
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Trench. The high-V anomalies around the 410-km discontinuity in cross sections AA0 to CC0 (Figures 9a–9c)
are possible candidates of the slab, which seem not connected with the slab shallower than 200-km depth.
This result suggests that the subducted Molucca Sea slab along the Halmahera Trench has detached, which
has not been supported by any other results so far. In addition, this feature is not consistent with the trend of
the hypocentral distribution. Hence, we think that the high-V anomalies around the 410-km discontinuity in
cross sections AA0 to CC0 reflect the subducted Philippine Sea slab along the PT. In cross section DD0

(Figure 9d), the morphology of the subducted Philippine Sea slab is not very clear, because it is located at
the edge of our model. Therefore, it is necessary to use a regional or a global tomographic model to know
the depth of the subducted Philippine Sea slab along cross section DD0, but such a large-scale tomographic
model has a lower resolution.

To data, there have been many studies on the 3-D mantle tomography beneath Southeast Asia in regional
(e.g., Hall & Spakman, 2015; Huang et al., 2015) and global scales (e.g., Li et al., 2008; Obayashi et al., 2013;
Zhao et al., 2013). Our tomographic images are generally consistent with the previous results, such as the
high-V anomalies related to the subducted Malucca Sea slab (Figure S16). However, due to the lower resolu-
tion (1.0° or larger) in the crust and uppermost mantle, the slab-related high-V anomalies above ~200-km
depth are not revealed by the whole mantle P wave tomographic model GAP_P4 (Figure S16), including
the subducted Celebes Sea slab along the Sulawesi Trench, where a widespread low-V zone exists. In addi-
tion, it is difficult to estimate the morphology of the Philippine Sea slab due to the lower resolution of the
GAP_P4 model (Figure S16). Our tomography has a higher resolution enabling to reveal detailed morpholo-
gies of the subducted slabs (Figure 9), which shows that the Philippine Sea slab has subducted to depths of
450, 550, and 600 km in cross sections AA0, BB0, and CC, respectively.

The earthquakes in cross section DD0 have a maximum of ~250 km, suggesting that the Philippine Sea slab
has subducted to at least that depth. A large low-V anomaly exists beneath the Philippine Sea slab in cross
section DD0, which is a reliable features verified by the synthetic tests (Figures 11 and S15). Combining our
results (Figure 9) with the global tomography (Figure S16) and the cutoff depths of deep seismicity in all
the four cross sections (Figure 9), we deem that the maximum depth of the subducted Philippine Sea slab
in cross section DD0 is ~450 km.

4.2. Tectonic Evolution of the Southern PT

Supposing that the convergence rate decreases linearly from ∼32 mm/year at ∼7°N to ∼17 mm/year at ∼0°N
(Figure 1), the convergence rates at cross sections AA0 to DD0 can be interpolated to be 32.0, 30.9, 29.9, and
21.3 mm/year, respectively. If the convergence rate along the PT southern branch is constant during subduc-
tion, it would take 16.8, 20.3, 22.3, and 21.0 Myr for the Philippine Sea slab to reach 450-, 550-, 600-, and 450-
km depths, respectively, with overturned near-vertical dip angles in the four cross sections. Sajona et al.
(1997) studied geochronology (40K-40Ar dating) of igneous rock samples from the Eastern Mindanao and
found that the oldest age of the magmatic rocks is ~18 Myr, suggesting that the initiation time of the subduc-
tion beneath the Eastern Mindanao is 20–25 Ma considering the time interval between the subduction initia-
tion and the development of arc volcanoes. According to the plate reconstruction models (e.g., Gaina &
Müller, 2007; Hall, 2002), the Eastern Mindanao was located in the south at 20–25 Ma (Figure 12) and has
moved northward to its present location since then, suggesting that the oldest magmatism in the Eastern
Mindanao was caused by the subduction along the PT southern segment, being consistent with our
tomographic results.

Lallemand et al. (1998) estimated that the subduction of the Molucca Sea slab along the Sangihe Trench
began at ~30 Ma, whereas Hall and Sparkman (2015) suggested that its initiation time was at ~20 Ma.
Despite of the discrepancy between them, it is reasonable to consider the age of the Sangihe Trench to be
older than 20 Myr. In addition, Hall (2012) argued that at ~5 Ma, the subduction of the Molucca Sea slab
was almost complete and the Halmahera and Sangihe arcs were about to collide, which resulted in the sub-
duction initiation along the PT (Lallemand et al., 1998). However, GPS measurements show that the Molucca
Sea collision zone accommodates most of the convergence between the PSP and the Eurasian Plate south of
Mindanao, and the rest is mainly absorbed far to the west (Rangin et al., 1999). This result suggests that the
Sangihe Trench and the PT southern branch should be contemporaneous rather than a genetic relationship
between them, as revealed by our tomography.

10.1029/2018GC007685Geochemistry, Geophysics, Geosystems

FAN AND ZHAO 4623



Although many previous studies have provided significant constraints on the PT origin and tectonic
evolution (e.g., Aurelio, 2000; Cardwell et al., 1980; Hall, 1987; Lallemand et al., 1998; Pubellier et al.,
1996; Ozawa et al., 2004), they are incongruous with our tomographic results that suggest that the sub-
duction initiation of the PSP along the PT was from the south and not younger than 20–25 Myr. At
~25 Ma (Figure 12a), the Australian Plate subducted beneath the Eurasian and the PSP along the proto
Java Trench. During 25–20 Ma (Figure 12b), the Australian Plate started to collide with the Eurasian
Plate and the PSP, resulted in the eastern part of the proto Java Trench to be a left-lateral strike-slip
fault and the subduction initiation of the Molucca Sea Plate along the Sangihe Trench (Hall, 2002,
2012), as well as the subduction initiation of the PSP beneath the East Philippines along the PT south-
ern segment. The northward movement of the East Philippines (Hall, 2002) engendered the northward
propagation of the subduction along the PT. At ~10 Ma (Figure 12c), the Molucca Sea slab subducted
to ~660-km depth. The block of the 660-km discontinuity resulted in the subduction termination of the
Molucca Sea plate at the Sangihe Trench and its subduction initiation at the Halmahera Trench. The
West Philippines began to collide with the Palawan block (e.g., Marchadier & Rangin, 1990) rifted from
Mainland Asia (e.g., Holloway, 1982), accompanied with the collision between the West and East
Philippines (Hall, 2002). The subduction of the PSP initiated at the central PT and propagated northward
(e.g., Fan et al., 2017). Considering the fact that the volcanism in the Philippines near the PT northern

Figure 12. Schematic reconstruction of tectonic evolution around the Philippine Trench (PT) at (a) 25, (b) 20, and (c) 10 Ma.
AP = the Australian Plate; EP = the Eurasian Plate; E-PHS = the East Philippines; Hal = the Halmahera Island; HT = the
Halmahera Trench; JT = the Java Trench; MSP = the Molucca Sea Plate; NSU = the north Sulawesi Island; Pa = the Palawan
block; PJT = the proto Java Trench; PSP = the Philippine Sea Plate; SCS = the South China Sea; ST = the Sangihe Trench; W-
PHS = the West Philippines. The other symbols are the same as those in Figure 1.
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segment started at 6.6 Ma, Ozawa et al. (2004) suggested that the subduction initiated at 8–9 Ma at the
northern PT and then propagated southward. However, they overlooked the northward movement of
the East Philippines during the last 30 Myr (Hall, 2002). All the volcanic rocks show adakitic character-
istics (Ozawa et al., 2004), indicating that the PT northern part has been at the stage of subduction
initiation since ~10 Ma, which is reflected in our reconstruction model (Figure 12).

In cross sections AA0–CC0 (Figures 9a–9c), the high-V anomalies associated with the Philippine Sea slab are
disconnected at ~200-km depth, being consistent with the maximum focal depths and water depths there
but different from those in cross section DD0 (Figure 9d). Assuming a constant convergence rate of
~32 mm/year, it would take ~6.25 Myr for the Philippine Sea slab to reach that depth (~200 km). This may
indicate subduction reorganization of the Philippine Sea slab at 6–7 Ma, in agreement with the magmatism
gap between 6 and 4.5 Ma (Sajona et al., 1997). At ~5 Ma, the subduction of the Molucca Sea slab was almost
complete and the collision between the Sangihe and Halmahera arcs was about to begin (Hall, 2002, 2012),
followed by the relative movement variation of the PSP with respect to Eurasia from a northward to a north-
westwardmotion at ~4Ma (Aurelio, 2000), both of which resulted in the subduction reorganization and initia-
tion of the PSP along the PT southern and northern segments, respectively.

4.3. Tectonic Evolution of the Collision in the Molucca Sea

In our tomographic images, low-V anomalies exist above the subducted Molucca Sea slab in all the four
cross sections (Figure 9), which indicate the collision between the West Mindanao-Sangihe Arc and the
East Mindanao-Snellius Ridge-Halmahera Arc (Hall, 2002, 2012). It is visible that the low-V anomalies
above the subducted Molucca Sea slab in cross section AA0 (Figure 9a) are less significant than those
in cross sections BB0–DD0 (Figures 9b–9d), implying that the completion of the Molucca Sea subduction
along the Sangihe Trench propagated from the south to the north. This feature is also consistent with
the distribution of deep earthquakes whose distance from the Sangihe Trench to the south is larger than
that to the north at depths of 200–600 km (Figures 10f–10k), suggesting that the Molucca Sea slab is
steeper in the north than in the south, further indicating that the Molucca Sea slab in the south has sunk
into the deeper upper mantle. Therefore, the termination of the Molucca Sea slab subduction along the
Sangihe Trench may be earlier than 5 Ma.

4.4. Origin of the Central and Southern PF

At depths of 400–600 km (Figures 9i–9k), similar to the deep seismicity, the high-V anomalies associated with
the subducted Molucca Sea slab are far north of the northern end of the Sangihe Trench at the same latitude
of the southern segment of the PF. Both of the features suggest that the central and southern segments of
the PF possibly originated from the subduction termination of the Molucca Sea slab along the Sangihe
Trench at ~5 Ma (Aurelio, 2000), coinciding with the discontinuity of the low-V anomalies at 20-km depth
(Figure 10b) and the abrupt change of low-V to high-V anomalies at 50-km depth (Figure 10c) beneath the
PF and the Sangihe Trench.

5. Conclusions

In this work we investigate the detailed 3-D P wave velocity structure of the crust and upper mantle beneath
the PT southern branch. Our results provide new constraints on the PT tectonic evolution and the subduction
termination of the Molucca Sea slab along the Sangihe Trench. The subducted Philippine Sea slab is visible
down to 450- to 600-km depths with an overturned dip angle along the PT southern segment. Assuming a
constant convergence rate along the PT southern branch, it would take ~15 to ∼23 Myr for the Philippine
Sea slab to reach 450- to 600-km depths. Combining our tomographic results with geochronology of the
igneous rocks from the Eastern Mindanao with the oldest age of ~18 Myr, we think that the subduction along
the southern segment of the PT possibly initiated at 20–25 Ma, which indicates contemporaneity between
the PT and the Sangihe Trench. At ~10 Ma, the collision among the West Philippines, the Palawan block,
and the East Philippines induced the subduction initiation of the PSP at the central PT and propagated north-
ward. The subduction of the Molucca Sea slab along the Sangihe Trench possibly completed progressively
northward from ~5 Ma, which may be the cause of the subduction reorganization and initiation of the PSP
along the PT southern and northern segments, respectively.
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