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We examine recently released global seismic datasets in 3D visualization to study slab configurations in the
Mindanao-Molucca region, where the present-day arc-arc collision of divergent double subduction propagates
northward and attains completion on Mindanao Island, Philippines. The activity of inter-plate thrust earthquakes
in the Philippine Trench is not significant until Mindanao (6°N) is reached, while shallow earthquakes on the
island exhibit predominantly strike-slip movements on the Cotabato and Philippine Faults. The spatial dis-
tributions of GCMT thrust-type earthquakes shallower than 60 km reveal that current collisions mostly occur
along the Central and Talaud-Miangas Ridges. ISC-EHB events deeper than 80 km, as well as Slab2 contours,
show the eastward-dipping trench of the Halmahera slab flipping to the westward-dipping Philippine Trench
northward. We identify a zone of ISC-EHB earthquakes steeply dipping to the east beneath the southern end of
the Philippine Trench (1°N-6°N) that is not modeled by Slab2. This feature of a steeply east-dipping slab is
explained by collision of the subduction arc and is consistent with steeply plunging T-axes of earthquakes. The
identification of the east-dipping slab and estimation of its extent are crucial for understanding geodynamic and
plate-boundary evolution in the Mindanao-Molucca region.

1. Introduction

The Mindanao-Molucca region is located at the complex junction of
the Eurasian, India-Australian, Pacific, and Philippine Sea plates (Fig. 1;
please refer to geographic and terrane locations in Fig. 1 hereafter). The
geodynamic evolution of this region can be represented using north-
ward distance as a proxy for time-progression of collision. The Molucca
Sea (2°S-3°N) to the south is the only present-day arc-arc collision of
divergent double subduction (Soesoo et al., 1997), as manifested by
inverted-U-shaped Wadati-Benioff zones in the upper mantle. Here, the
NW convergence rates (~9 cm/yr; Seno et al., 1993) between the
Eurasia and Philippine Sea plates were mostly accommodated by col-
lision of the Sangihe Arc to the west and the Halmahera Arc to the east.
To the north, Mindanao Island is attributed to the completion of colli-
sion with the Pliocene-Pleistocene accretion of Philippine Sea Plate
fragments against the Eurasian Margin, as documented (Quebral et al.,
1996), and with initiation of the Philippine and Cotabato Trenches. The
Mindanao-Molucca region thus provides a natural laboratory to study
the evolution of arc-arc collision, followed by subduction renewal.

On the west margin of the Molucca Sea, the Sangihe slab exhibits
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profiles of continuous Wadati-Benioff zones on top of positive P-wave
velocity anomalies (Fig. 2) laterally extending from north Sulawesi to
West Mindanao (Amaru, 2007; Hall and Spakman, 2015). On the east
margin of the Molucca Sea, however, the seismicity patterns are com-
plex and the positive P-wave anomalies are less conspicuous (Fig. 2),
coupled with discontinuous and dislocated ridge features — Halmahera
Arc, Snellius Ridge, Talaud-East Mindanao. As a result, the relation-
ships between the east-dipping Halmahera slab to the south and the
west-dipping Philippine slab to the north remain unresolved. Various
plate boundaries in this area have been proposed (Nichols et al., 1988).
Based on earthquake observations, Cardwell et al. (1980) suggested the
presence of a transform fault connecting the southern end of the Ta-
laud-East Mindanao Ridge easterly to the Ayu Trough near 133°E, and
McCaffrey (1982) suggested that a transform fault passes through or
close to Morotai but stops at the Philippine Trench. Studies of gravity,
magnetics, and seismic reflections, on the other hand, tend to conclude
that the Snellius Ridge was a northern extension of the Halmahera Arc
and the Philippine Trench south of 6°N was a recently developed fea-
ture without connection to another plate boundary (Moore and Silver,
1983; Lallemand et al., 1998; Pubellier et al., 1999). However, high-

Received 25 May 2020; Received in revised form 17 August 2020; Accepted 27 September 2020

Available online 17 October 2020

2590-0560/ © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/25900560
https://www.journals.elsevier.com/journal-of-asian-earth-sciences-x
https://doi.org/10.1016/j.jaesx.2020.100034
https://doi.org/10.1016/j.jaesx.2020.100034
mailto:bob@ncu.edu.tw
https://doi.org/10.1016/j.jaesx.2020.100034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaesx.2020.100034&domain=pdf

P.-F. Chen, et al.

o
o)
2
®
=

A = Pacific Cordillera
B = Agusan-Davao basin
C = Central Cordillera
D = Lanao-Bukidnon highlands and
Malindang and Ampiro mountains
E = Cotabato basin
F = Daguma Range
G = Sarangani peninsula
H = Zamboanga peninsula
Elevation (m)
98e+03 8000 6000 4000 2000

Journal of Asian Earth Sciences: X 4 (2020) 100034

126

125
Longitude

Fig. 1. Elevation (ETOPO1, Amante and Eakins, 2009) in the Mindanao-Molucca region with geographic and terrane names in the study labeled. Red triangles are
volcanoes from the Smithsonian Institution Global Volcanism Program (Siebert and Simkin, 2002). Structures in Mindanao are modified from Sajona et al. (1994).
Study area is shown by the rectangular box in the inset. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

resolution 3D P-wave tomography of regional scale recently imaged the
Philippine Sea slab along the southern Philippine Trench down to
depths of 450-600 km with an apparently overturned dip angle, and the
initiation of subduction was inferred at 20-25 Ma (Fan and Zhao,
2018).

In this study, we examine recently released global seismic datasets
in 3D visualization to study slab configurations in the Mindanao-
Molucca region. The EHB catalogue incorporates depth phases (pP, sP,
pwP) at each iteration of hypocenter determination, thus avoiding
trade-offs between depth and origin time (Engdahl et al., 1998). Re-
cently released ISC-EHB data update the catalogue to cover the
1964-2016 period (Engdahl et al., 2019). With an ~50-year accumu-
lation of well constrained earthquake hypocenters, more detailed 3D
slab configurations can be imaged. Meanwhile, the Global CMT (GCMT)
catalogue routinely inverted for centroid moment tensors of earth-
quakes (M, > ~5) that are suitable for investigating the stress states of
slabs through the P- and T-axes of earthquakes (Ekstrom et al., 2012).
Based on EHB and GCMT locations and additional constraints, such as
active-source seismic data, oceanic trenches, receiver functions, and
seismic tomography models, Slab2 was recently issued to be a com-
prehensive model for global subduction zone geometries (Hayes et al.,
2018).

2. Methods and datasets

We investigate patterns of seismic strain partitioning, which is an
indication of current relative plate motions as taken up seismically, by
plotting spatial distributions of earthquakes shallower than 60 km with
their focal mechanisms. We separate the plot of thrust events from that
of strike-slip and normal events, accompanying each with a corre-
sponding plot showing the sizes of earthquakes by scaled sizes of circles
(Figs. 3 and 4). Next, we visualize 3D configurations of slab material
below 80 km depth, using the open-source, multi-platform data analysis
package ParaView (Ayachit, 2015). By importing earthquake hypo-
centers from ISC-EHB (using all three levels of category) and subduction
zone geometry from Slab2, we are able to adjust the perspective that is
optimal for observing the slab configurations and to examine how well
the Wadati-Benioff seismicity fits Slab2. Although ISC-EHB data con-
stitute the main source for slab geometry determinations, the additional
constraints — active-source seismic data, oceanic trenches, receiver
functions, seismic tomography models — incorporated in Slab2 facilitate
3D modeling of slab structures in complex regions that are otherwise
impossible to model using locations of earthquake alone (Hayes et al.,
2018). For the complex arc-arc collision of the Mindanao-Molucca re-
gion, it is worthwhile not only to visualize the slab geometry but also to
validate Slab2 with earthquake distributions from the ISC-EHB. We
conduct the comparison for (1) the Molucca Sea slab, (2) the Philippine
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Fig. 2. East-west vertical cross-section of P-wave velocity anomalies obtained from UU-P07 global tomography model (Amaru, 2007). Locations of the six profiles are
shown on the inset map, and scale bar denotes velocity perturbations. White dots and red triangles represent earthquakes and volcanoes, respectively, within a 50 km
width on both sides of the profile. The upper panel on each profile indicates bathymetry. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Sea slab, and (3) the Molucca Sea and Philippine Sea plus Cotabato
slabs, in sequence (Figs. 5-7). Finally, in order to better delineate the
spatial variation of the east-dipping slab beneath the southern Phi-
lippine Trench, we group events into three boxes (A, B, C), based on
visual examinations of seismicity patterns. Because of the complex
seismicity distributions, the boxes are irregularly shaped and each
employs a different projection method. Box A is projected with N65°
azimuth. Seismicity (3-5°N) in Box B exhibits a slight curvature. Using
earthquakes between 80 and 110 km depth, we first fit with an arc by

polynomial regression (order 2) and fit the arc with a small circle
centered at O (Fig. 8). The seismicity is then projected relative to O
(Chen et al., 2004). For seismicity in Box C, we found that the projec-
tion with O results in a linear and compact slab and adopted it ac-
cordingly (Fig. 8). For the Halmahera slab, we fit the Halmahera Arc
with a small circle and determine the center D. The ISC-EBH events
(deeper than 80 km) in the area were grouped into Boxes D1 (excluding
those of Box C) and D2 and projected with center D (Fig. 9). Finally, the
GCMT deep earthquakes (deeper than 80 km) within each box (A, B, C,
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Fig. 3. (a) Distributions of thrust type earthquakes from the GCMT catalogue in the study area with depths color-keyed. (b) The size of earthquake is indicated by the
size of the circle symbol. Notice the active areas in the Central Ridge, the segment of the Philippine Trench offshore Mindanao, the Cotabato Trench, and Talaud. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Depth (km) Depth (km)
0 10 20 30 40 50 60 Mw7.5  Mw7 Mw6 Mws

Latitude
Latitude

Longitude Longitude
(a) (b)

Fig. 4. (a) Distributions of strike-slip and normal types of earthquakes from the GCMT catalogue in the study area with depths color-keyed. (b) The size of earthquake
is indicated by the size of the circle symbol. Notice the dominant strike-slip events in Mindanao and active areas in southern Halmahera and Morotai. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) Map view of earthquake distribu-
tion from the ISC-EHB with depths greater
than 80 km, and slab contours of the Molucca
slab with depths greater than 80 km on a 20-
km interval (Sangihe slab to the west and
Halmabhera slab to the east). The contour color
bar is used for the Molucca slab here and in
Fig. 7. Note how the deep portion
| | (> ~150 km) of the Halmahera contours are
sl o P i not constrained by ISC-EHB earthquakes
6.9¢+02 6.6e+02 (circle marked by I). (b) Looking from a
650 S |° o0 northward perspective with a slight dip angle.
S 51 Circles marked by I and II indicate earthquakes
o] |'s above the contours that will be later modeled
L s | las by contours of the Cotabato and Philippine
] slabs, respectively (Fig. 7). (For interpretation
of the references to colour in this figure le-
300 By e gend, the reader is referred to the web version
g ‘ s . of this article.)
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D1, D2) were sorted out and their P- and T-axes projected with geo- 3. Results
graphical coordinates (North-East-Down; Chen et al., 2001)(Fig. 10).
Thrust-type earthquakes shallower than 60 km can be categorized
into those induced by collision and those inter-plate events induced by
subduction (Fig. 3). For the former, a linear distribution from the
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Fig. 6. (a) The same as Fig. 5(a) but for contours of the Philippine slab with depths greater than 80 km on a 20-km interval. The contour color bar is used for the
Philippine and Cotabato slab here and in Fig. 7. (b) Looking from a nearly southward perspective with a slight dip angle. Note the ISC-EHB earthquakes marked by I
representing an east-dipping zone that is not modeled by contours of the Philippine slab. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Similar to Fig. 5(a) but with a ~60° counterclockwise rotation. Contours of the Molucca, Philippine, and Cotabato slabs are shown in the same fashion to
demonstrate their spatial relationships. Note that the earthquakes in the box are not modeled by Slab2.

southern end of the Central Ridge northward to the Miangas Ridge is
observed, with the strikes of the faults following the ridge trend. It is
interesting to note that the seismic activity correlates well with ridge
heights (e.g., Talaud; Fig. 3b), suggesting a ridge provenance. This
linear distribution northward deviates from the trend of the Sangihe
Arc and merges with that of the Halmahera Arc, suggesting that the
northward propagation of collision is mostly taken up on the east
branch of the Molucca slab (the Halmahera slab). However, the colli-
sion does not extend into the Pacific Cordillera on Mindanao. For the
latter, the Eurasia-Philippine Sea plate convergence in Mindanao is
taken up by inter-plate earthquakes whose fault strikes are parallel to
the trench and which dip shallowly in the subduction direction
(Fig. 3a). Both the Cotabato Trench and the Philippine Trench north of
6°N exhibit significant seismic moment release of inter-plate earth-
quakes up to 40 km depth (Fig. 3b), suggesting present-day active
subduction here. On the other hand, subduction along the Philippine
Trench south of 6°N is relatively inactive.

For normal-type earthquakes in the Mindanao-Molucca region, we
note that those outer-rise earthquakes east of the Philippine Trench are
significantly reduced south of 6°N. Together with lack of significant
inter-plate earthquakes and shallowing of bathymetry (Lallemand et al.,
1998), this suggests that this segment of trench is in an incipient stage
of subduction. There are three moderate earthquakes located on Da-
guma Range SW Mindanao (Fig. 4a), where NW orientations of re-
activated normal fault earthquakes were interpreted as back-arc ex-
tension behind the Cotabato Trench (Pubellier et al., 1991). However,

these three events show NE orientations. The majority of shallow
earthquakes (depth < 20 km) on Mindanao exhibit a type of strike-slip
mostly distributed along Agusan-Davao and the Cotabato Basin in a left-
lateral sense on the Philippine Fault and Cotabato Fault, respectively,
with some shallow events occurring diffusely in between (Fig. 4a).
These strike-slip events suggest that the Eurasian-Philippine Sea plate
convergence rates are starting to be taken up by strike-slip movements
in Mindanao, but they are still less dominant than inter-plate events in
the Philippine and Cotabato Trenches (Fig. 3b and 4b). There are a
significant number of strike-skip earthquakes distributed along the
Central to Miangas Ridge, in the Morotai Basin, and on northern Hal-
mahera Island (Fig. 4a). How these events relate to the scenarios of
northerly propagating collision remains to be investigated.

Next, we focus on earthquake hypocenters and slab contours deeper
than 80 km, in order to visualize 3D configurations of slab material in
the Mindanao-Molucca region. The west-dipping Molucca plate litho-
sphere (Sangihe slab) beneath the Sangihe Arc exhibits a substantial
planar slab zone extending deeply to ~700 km depth and latitudinally
from O°N to 9°N (Fig. 5), as far as beneath offshore N Mindanao (Bohol
Sea). We derive the average strike and dip as being ~190° and ~50°,
respectively, adopting the method of Chen et al. (2004). The east-dip-
ping Molucca plate lithosphere (Halmahera slab) beneath the Halma-
hera Arc exhibits convex curvature following the arc, with greater and
deeper seismicity (no deeper than 300 km in general) toward the
northern segment of the Halmahera Arc (Fig. 5). The average dip angle
is about 45°. The west-dipping Philippine slab follows the Philippine
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Fig. 8. (Left) Distributions of ISC-EHB earthquakes deeper than 80 km with shapes of grouping boxes A, B, C indicated. The center (O), with longitude and latitude
indicated, of small circle is determined by fitting the cyan arc in Box B, which in turn is a result of 2nd-order polynomial regression using earthquakes between 80 and
110 km in Box B (double dashed lines in profile B). Those deeper than 240 km west of 126°E are not shown in the figure. (Right) Projection profiles of ISC-EHB
earthquakes along the center of each box for the three boxes. Only those deeper than 80 km (dashed lines) are depth-color keyed. While Box A is projected on N65°E
azimuth, Boxes B and C are projected using center O. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 9. Similar to Fig. 8 but for the Halmahera slab. Note that in D1 only those within the solid lines are included. Those in NE Halmahera are grouped into Box C and

excluded from Box D1.

Trench, extending southward to ~5°N with depth no more than 200 km
and average dip angle ~40°. According to Slab2, this west-dipping slab
extends southerly to Morotai Island and East Halmahera (1°N), but
contours greater than 80 km are missing in between (3°N-6°N) (Fig. 6).
Adding contours of the Cotabato slab and assembling together all
contours in the region (Fig. 7), those events above the Sangihe slab

~6°N are fit by the contours of the Cotabato slab and those beneath
Morotai (2°N-3°N) exhibit a pattern with the west-dipping Philippine
slab on top of the east-dipping Halmahera slab.

Upon projections of ISC-EHB events in Boxes A, B, and C, we ob-
served that earthquakes greater than 80 km depth illuminate a steeply
east-dipping slab between 1°N and 6°N (Fig. 8). For those in the
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Fig. 10. Projection of P- and T-axes of GCMT earthquakes with depths deeper than 80 km within the five boxes in Figs. 8 and 9, using North-East-Down coordinates.
Note that those shallower than 200 km in Boxes A, B, and C exhibit steeply plunging tension axes, that those greater than 200 km mostly occur in Box C with
relatively small sizes exhibiting ~45° plunge with either SE T-axes or west P-axes, and that those in the Halmahera slab (Box D1) exhibit consistently down-dip

extension.

Halmahera, we observed that seismicity patterns differ on the two sides
of 128°E. To the left (N Halmahera), these are curved with the Hal-
mahera Arc and are grouped into Box D1 (Fig. 9). To the right (NE
Halmahera), these appear connected northerly with deep earthquakes
beneath Morotai Island and are grouped into Box C (Fig. 8). Results of
projected P- and T-axes for GCMT earthquakes greater than 80 km for
Boxes A, B, C show three patterns - (1) down-dip extension for the
majority of earthquakes between 80 and 200 km, (2) a few NNW azi-
muths with relatively shallowly plunging extension for earthquakes
between 120 and 140 km, (3) in Box C, earthquakes greater than
200 km with relatively small size exhibiting SE azimuths with relatively
shallowly plunging extension (Fig. 10). Those in the northern Halma-
hera slab (Box D1) show consistently SSE azimuth T-axes with around
45° plunge, in a down-dip extension pattern, while those in Box D2 are
too few to be conclusively described (Fig. 10).

4. Discussion

Detailed analysis of spatial variations of ISC-EHB deep earthquakes
(deeper than 80 km) between East Mindanao and Halmahera (Figs. 8
and 9) reveal a result that is not modeled by Slab2 - east-dipping
seismicity between 3°N and 6°N (Boxes A and B) — along with another
result that differs from Slab2 - east-dipping seismicity between 1°N and
3°N (Box C). For the latter, Slab2 treated seismicity of Box C as part of
the present-day Halmahera slab and modelled them together with
continuous contour lines. In this study, we separate them from

earthquakes of the Halmahera slab (Fig. 8) and use the center (O), as
inverted from events in Box B, for projection. Our treatment of deep
earthquakes in Box C as a slab northerly continuous with those in Boxes
B and A, instead of the Halmahera slab, can be justified by comparison
with projections using center O and center D, respectively. Projection
with center O clearly exhibits a more compact slab feature than pro-
jection with center D (Fig. S1).

To explain the nature of the east-dipping slab deeper than 80 km
between 1°N and 6°N, we adopt the interpretation that the Snellius
Ridge is the northern extension of the Halmahera Arc terrane (Moore
and Silver, 1983) and the basement of east Mindanao is strati-
graphically linked to the Halmahera Basement Complex (Hall, 1987).
Accordingly, the east-dipping slab deeper than 80 km between 1°N and
6°N (Fig. 8) and the present-day Halmahera slab (Fig. 9) both belong to
the east-dipping subduction of the Molucca Sea slab. The main differ-
ence is that the former represents deep relicts of earlier subduction, of
which the shallow part (less than 80 km) has been significantly blurred
by arc-arc collision of various degrees. Essentially, in a state of incipient
collision, natural reduction of slab dip angle by process of slab rollback
(trench retreat) must cease as buoyant continental or arc material ap-
proaches the trench. Slab dip angle then increases due to the negative
thermal buoyancy of the slab, possibly enhanced by negative petrolo-
gical buoyancy arising from equilibrium thermal uplift of the wad-
sleyite-forming “410-km” phase transition (Bina et al., 2020). Such slab
steepening under the influence of such negative buoyancy forces in-
duces an increasingly down-dip extensional stress regime within the
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slab (Bina et al., 2020), and it also drives mantle return flow beneath
the slab (Magni et al., 2012). These effects, together with consequent
rheological weakening near the slab hinge, yield a period of trench
advance (followed by subduction locking and ultimately succeeded by
slab necking and detachment), and dynamical models generating such
trench advance of order 100-200 km (Magni et al., 2012; Bina et al.,
2020) seem consistent with the observed extent of trench dislocation in
this region.

On the other hand, ISC-EHB earthquakes shallower than 80 km
between 1°N and 6°N exhibit west-dipping slab traceable upward to the
Philippine Trench (Fig. 8) and comply with the Slab2 model of the
Philippine slab (Fig. 6). Given that the Philippine Trench here was a
newly developed feature (Lallemand et al., 1998; Pubellier et al., 1999),
we deem the changing polarity of dip angle near 100 km depth to be a
present-day example of flipping subduction polarity (Su et al., 2019).
While the east-dipping Molucca slab ceased subduction due to arc-arc
collision, the west-dipping Philippine slab initiated subduction to ac-
commodate regional Eurasian-Philippine Sea relative motions. Because
polarity flipping occurred only since the Late Tertiary, the relict Mo-
lucca slab still retains its cold temperatures and apparently dehydrates
to produce east-dipping intermediate-depth earthquakes. The inter-
twined earthquakes from subduction of opposing polarities also hin-
dered the assessments of earlier studies, using data available ~40 years
ago, by which Cardwell et al. (1980) inferred the absence of east-dip-
ping slab north of 3°N and McCaffrey (1982) identified an east-dipping
slab separated from the Halmahera slab but ending at about 3.5°N.

The explanation of the steeply east-dipping slab between 1°N and
6°N (Fig. 8), with the majority of earthquakes between 80 and 200 km
exhibiting predominantly steeply plunging T-axes (Fig. 10), is analo-
gously consistent with observations (Chen et al., 2015, 2020) and
models (Bina et al., 2020) of the present-day arc-continent collision in
NW Mindoro at the southern end of the Manila Trench. However, the
explanation is contradictory with the suggestion of Fan and Zhao
(2018) that the entire Wadati-Benioff zone belongs to the Philippine
slab with an apparently overturned dip angle and that subduction in the
Philippine Trench south of 6°N initiated at 20-25 Ma. In geodynamic
models, an overturned dip of the slab is only observed under special
circumstances, typically involving viscous coupling of the slab tip with
the top of the lower mantle (Cizkova and Bina, 2015). Here, however,
the suggested overturn at a depth of ~100 km disallows interaction
with the 660-km discontinuity to generate bending stresses for over-
turn. Although the dynamics of double slab subduction (Holt et al.,
2017) was invoked by Fan and Zhao (2018) as a potential mechanism
for slab overturn, how the subducting Sangihe slab and Philippine Sea
slab correspond to the model remains to be established.

There are some aspects of observation not well explained by our
flipping subduction polarity hypothesis as well. (1) Small earthquakes
deeper than 200 km in Box C deviate from steeply plunging T-axes
(Fig. 10). One speculative explanation is that the depth-extent of the
slab is increasing from N to S, resulting a more negative buoyant slab in
the S than in the N. (2) The spatial relationship between seismicity
(greater than 80 km) in N Halmahera (Box D1) and that in NE Hal-
mahera (Box C) is also intriguing. GCMT earthquakes shallower than
60 km offshore NW Morotai Island exhibiting consistently NW-striking
nodal planes with right-lateral strike-slip may partly explain the offset.
As a final remark, orientations of B-axes (Fig. S3) reveal that a simple 2-
D geodynamic model is reasonably applicable for Boxes A and B by
their largely horizontal ~NS B-axes (Bina et al., 2020). On the other
hand, the pattern becomes more complicated in Box C, suggesting a
more 3-D set of driving forces is becoming significant, which may relate
to the apparent transition of the arc from roughly linear to clearly
curved.

5. Conclusions

Recently released seismic datasets and 3D visualization techniques
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together allow us to analyze the northerly transition from arc-arc col-
lision to flipping subduction polarity along the Philippine Trench. For
earthquakes shallower than 60 km, distributions of thrust-type GCMT
events suggest present-day collision mostly occurs along the Central
Ridge and Talaud-Miangas Ridge. At Mindanao, while inter-plate
earthquakes are large and abundant in the Philippine Trench, earth-
quakes on the island are dominantly of strike-slip type. For earthquakes
deeper than 80 km, we identify a steeply east-dipping zone beneath the
southern end of the Philippine Trench (1°N-6°N), where those shal-
lower than 200 km exhibit dominantly steeply plunging T-axes, con-
sistent with the characteristics of a slab upon incipient collision. The
west-dipping Philippine slab above it presents a present-day example of
flipping subduction polarity.
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