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Abstract It is not rare to observe subduction zones transferring into collision zones. However, it is poorly
understood the lateral variation in flexural deformation. Constrained by newly published seismic reflection
data, we investigate the mechanical behavior of lithosphere from oceanic subduction to collision at the northern
Manila trench using the 3-D flexural modeling. Results show that both plate rigidity and the loadings increase
from the Manila subduction zone to the Taiwan orogenic belt. In order to fit all observations, an upward
loading was required at the transition zone from subduction to collision, which may be related to the variation
of buoyancy due to density contrast of plate from south to north. The resultant maximum bending stress is
consistent with the concentrated seismic activity at the southwest of Taiwan, suggesting that huge loading from
the orogeny and lateral density change of subducting plate play important roles in bending and seismicity.

Plain Language Summary Converge of two plates forms the subduction zone and collision

zone, causing great bending of lithosphere. Faulting and earthquakes may be induced by plate bending when
the deformation exceeds strength limit of lithosphere. Here, the flexural of the subducting plate along the
northernmost Manila trench has been simulated by a 3D model. Results show that from subduction to collision,
both surface loading coming from mountain belt and buoyancy difference between oceanic and continental
plate play critical roles in plate bending. The results also reveal that the buoyancy difference due to density
contrast between the oceanic and continental plate may generate an upward loading at the transition zone from
subduction to collision. Concentrated intraplate seismic activity at depth of ~50 km is consistent with the
maximum value of simulated bending stress and we finally proposed a concept model to illustrate plate bending
and seismicity at the transition from subduction to collision.

1. Introduction

Both subduction and collision zone have long been recognized as the convergent boundaries of tectonic plates
where the lithospheric flexural deformation occurs. Along strike, subduction zones may pass into collision zones,
such as the Sumatra-Java subduction zone that transferred to the East Java continent-arc collision zone along with
the arrival of Australia (Silver et al., 1983), the Manila subduction zone transferred northward into the Taiwan
collision zone (Huang et al., 2000). This process holds significant implications to the study of the mechani-
cal behavior of the subducted plate, including the bending stress and the distribution of the bending-related
earthquakes (Hunter & Watts, 2016; Judge & McNutt, 1991; Levitt & Sandwell, 1995; Watts, 2001; Zhang
et al., 2014, 2021; Zhou et al., 2015).

Plate bending has been widely investigated in the Manila subduction zone (Chang, Yu, Hsu, & Liu, 2012; Chang,
Yu, Lee, et al., 2012) and the West Taiwan Foreland Basin (Chang, Yu, Hsu, & Liu, 2012; Chang, Yu, Lee,
etal., 2012; Chou & Yu, 2002; Lin et al., 2003; Lin & Watts, 2002; Mouthereau & Petit, 2003; Tensi et al., 2006),
respectively. Based on a comprehensive analysis of the seismic and well data, Lin & Watts (2002) modeled the
bending shape of the West Taiwan Basin with a 2-D thin elastic plate model and found that the best-fitting T, is
13 km. Mouthereau and Petit (2003) modeled the plate flexure of the West Taiwan Basin with brittle-elastic-duc-
tile plate rheology. The results showed that T, varied in the range of ~15-20 km. Tensi et al. (2006) investigated
the timing and the origin of the lithospheric bulge in the West Taiwan Basin using well data. They gave the
calculated 7, with 10-20 km. Based on analysis of bathymetry, gravity, and seismic data, Chang, Yu, Hsu, and
Liu (2012); Chang, Yu, Lee, et al. (2012) studied the characteristics of the outer rise seaward of the Manila trench
and indicated that 7, of the subducting plate was in the range of 13—16 km. Most previous studies used a 2-D
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Figure 1. Crust structure of the northern Manila trench and Taiwan collision zone. (a) Tectonic setting of the study area and the location of seismic profiles. Dashed
lines represent continental shelf and Continent Ocean Boundary, which divide the subducted plate into continental, transitional and oceanic crust. The orange line is the
edge of forebulge from Lin and Watts (2002). EUP—Eurasian Plate; PSP—Philippine Sea Plate; LV—Longitudinal Valley; RT—Ryukyu Trench; IOS—Intra-oceanic
Subduction; IAC - Initial Arc-continent Collision and AAC—Advanced Arc-continent Collision (from Huang et al., 2000). The convergence rates and direction along
the Manila trench are from Rangin et al. (1999) and Seno et al. (1993). (b) Schematic diagram of our 3-D flexural models constructed by the seismic profiles. The size
of the model is corresponding with the black rectangle in Figure 1. Both bending moment (—M,)) and shear force (—V,) are vectors. T, (x, y) and ¢ (x, y) are effective
elastic thickness and surface loading which are allowed to vary spatially. AP: Accretionary prism; ATC: Accreted transitional crust. The basement (red lines) and Moho
(green lines) are based on previous published profiles (Eakin et al., 2014; Lester et al., 2013; McIntosh et al., 2013).

thin plate model focused on trench-normal deformation but ignored lateral variation along the subduction zone.
Moreover, the 2-D model implicitly assumes that the lithospheric flexure is caused entirely by the drag of the
down-going slab. This assumption does not apply to the transition from subduction to collision, as the greater
dragging force from the lateral plate caused by huge surface loading (mountain belt) may play a critical role in
plate bending. Furthermore, in 2-D models, the plate is always assumed to be continuous and elastic along the
subduction zone. Lateral slab tears or inelastic deformations may not be recognizable in 2-D models. Therefore,
3-D models of plate bending at the transition from subduction to the collision are demanded to reveal more real-
istic deformation features of the down-going plate.

With the new published wide-angle seismic data acquired offshore Taiwan (Eakin et al., 2014; Lester et al., 2013;
Mclntosh et al., 2013), the northernmost Manila trench is therefore an ideal place to study the plate flexural
deformation from subduction zone to collision environment. In this study, we first construct a bending surface
with the seismic data. Constrained by seismic profiles, a 3-D thin plate bending model, with the lateral changes
in lithospheric parameters such as the effective elastic thickness (7,), surface loading and boundary loading, was
used to simulate the bending morphology from the Manila trench to Taiwan collision zone. Then we calculated
the bending stress of subducted plate and discussed their relationship with the distribution of the intra-plate
earthquakes. Finally, we proposed a model to illustrate the effects of upper plate on plate bending in the transition
zone from subduction to collision.

2. Geological Setting

The interactions between the Eurasian Plate and the Philippine Sea Plate have resulted in the magnificent
Taiwan Island (Figure la). In the northeastern South China Sea (SCS), the convergent belt experienced a
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transition from a subduction in the south (Manila trench) to an arc-continent collision in the north (Taiwan).
The Manila trench, located at the east of the SCS, was formed by the subduction of the Eurasian Plate beneath
the Philippine Sea Plate (Bowin et al., 1978; Hayes & Lewis, 1984; Taylor & Hayes, 1983; Yu & Kuo, 1999)
at the Middle Miocene (Wolfe, 1988) or at the Late Oligocene (Hayes & Lewis, 1984; Wang & Li, 2009).
Huang et al. (2000) pointed out that the Taiwan arc-continent collision could be divided into four geodynamic
processes: Intro-oceanic subduction (south of 21°20’ N), Initial arc—continent collision (21°20° N-22°40’N),
Advanced arc—continent collision (22°40” N—24°N), and Arc collapse/subduction (24°N—24°30" N).

From the arc-continent collision (north) to the subduction zone (south), both properties and thickness of the subduct-
ing crust vary along the strike (Kuo-Chen et al., 2012; Ludwig et al., 1967; Mclntosh et al., 2005). On Taiwan
Island, the thickness of the continental crust in the west of Taiwan is ~26 km, but up to ~55 km beneath central
Taiwan (Van Avendonk et al., 2014). The crustal thickness in the south of Taiwan (~22.7°N, T4A in Figure 1a)
is ~9-15 km (Mclntosh et al., 2013). At the Hengchun Peninsula of southernmost Taiwan, ~11-km-thick, tran-
sitional crust of the Eurasian Plate was subducted beneath a vast, rapidly growing accretionary prism (T2933 in
Figure 1a) (Mclntosh et al., 2005). Further south, at the area between ~21.5 and ~22.5°N, The crustal structure
showed characteristics of an incipient mountain belt at the earliest stage of arc-continent collision (MGL0905_27
in Figure la and Figure Sle in Supporting Information S1). The 1D velocity model suggested that the velocity
structure of the crust near the trench is consistent with the continental crust of the distal Chinese continental margin.
The distal margin crust was 10-14 km thick near the trench but thins to 6 km thick beneath the lower slope (Lester
et al., 2013). It means that normal oceanic crust has been subducted beneath the thick accretionary prism. The
Multi-Channel Seismic profile showed that the subduction of normal ocean crust might occur at the south of ~22°N
(Eakin et al., 2014). (All profiles of crust structure are displayed in Figure S1 of Supporting Information S1).

These profiles of velocity structure suggested that from south to north, the tectonic setting changed from the
Manila trench to Taiwan arc-continent collision zone. The crust of the Eurasian Plate varied from oceanic crust
to transitional crust, then to continent crust, with the crust thickness increasing. Although the relation between
T, and the thickness of the crust is still controversial, the morphology of basement along these profiles could
help us constrain the plate bending model. Because compared to bathymetry profiles, seismic profiles reflect
the “real” deformation of the plates and avoid the interferences of sediments, especially in the area with thick
deposit.

3. Numerical Modeling
3.1. Plate Bending

As variable T, surface (g(x, y) from the overriding wedge) and boundary loadings (the bending moment M, and
the vertical shear force V) need to be overcome during plate subducting, we use the finite difference method
(FDM) to simulate the flexural deformation of a 3-D subducted plate (Zhang, Sun et al., 2018, Zhang et al., 2021)
(Please see the Text S1 in Supporting Information S1).

Although the material in our modeling is elastic, the variable T, supports us to investigate the geometric shape of
lithospheric inelastic deformation (Contreras-Reyes & Osses, 2010). In our model, the reduction in 7, is regard
as the plastic deformation after yielding due to plate weakening caused by strong bending near the trench axis.
Contreras-Reyes and Osses (2010) pointed out that the observed bending-related faults, low P wave velocity
of the mantle and short flexural wavelength at the outer rise of the Chile trench demonstrated the plate hydra-
tion and weakening at the area close to subduction zones. In our study area, we believed that widely distrib-
uted bending-related faults and intraplate earthquakes also support the plate weakening and reduction in 7. The
change of crustal thickness from south to north (ocean to land) would cause lateral differences of both plate buoy-
ancy and mechanism state. In our model, this discrepancy can be reflected by the lateral variation in boundary
loadings (Please see the Text S1 in Supporting Information S1).

The computational domain is a rectangle between T1 and T4A profiles (Figure 1b) with a width of ~240 km
(along the strike of the Manila trench) and the length of 200 km (perpendicular to the trench). The east boundary
is a stretch of the Longitudinal Valley (LV in Figure 1a) to south, representing the boundary between the Eurasian
Plate and the Philippine Sea Plate (Wang & Lee, 2011). In order to avoid edge effects, the lengths of our models
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Figure 2. (a) 3-D simulated result, the red part represent the reduction in the effective elastic thickness (7,); (b) Inverted boundary bending moment (—M,)), vertical
force (—V,,) and the bending morphology along the S in Figure (a). (c—g) The comparison between our model and the observed data.

have been reasonably extended westward (400 km long), similar to Wang & Lee, (2011). The boundary condi-
tions are (Figure 2b and Figure S2 in Supporting Information S1):

I':

M, =-Mo, V,=-V,

In:M.=0,V,=0
I:w=0, M, =0
I'y: M.=0,V,=0

)]

Here the M|, (y) is the bending moment and V,, (y) is the boundary vertical shear force. They are both vectors and

may vary along trench.
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Using the basement morphologies of the five profiles (T1, MGL0905-27, T2, T2933, and T4A), a 3-D morphol-
ogy of the flexural plate has been constructed by interpolation method (Figure 1b). We constrained our model

n
by minimizing the root mean square error of flexure Wims(m) = 1/ - 3 |wi(m) — d;|* between the calculated
"i=0

flexure w (m) and the observed data d,, where n is the number of nodes along the modeled profiles. As there are
so many inversion parameters for conventional analysis, parameter vectors are searched by particle swam optimi-
zation (PSO) inversion method (Shi & Eberhart, 1998; Zhang et al., 2021) (Please see the Text S2 in Supporting
Information S1).

3.2. Distribution of Bending Stress

Once the plate bending w was obtained, the components of plane stresses can be derived by (Turcotte &
Schubert, 2014):
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where z is the distance from the neutral plane. x and y are directions normal and parallel to the subduction-collision
zone, respectively. When we discuss the bending stress, the stress components should be projected onto the hori-
zontal coordinate axis along the direction of maximum curvature (Garcia et al., 2019), with the following princi-
pal stresses (the maximum principal stress o, and the minimum principal stress o,):
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4. Results

Constrained by the newly acquired wide-angle seismic data, a 3-D flexural model of northern Manila subducted
plate simultaneously fitting all observations was obtained (Figures 2a, 2c and 2g and Figure S3a in Supporting
Information S1). The Wy,,s between the model and the observation is ~0.47 km (Figure S3b in Supporting Infor-
mation S1). The g(x, y) increases northward from ~—1.6 x 108 N to ~—7.9 x 10® N (Figure S3c in Supporting
Information S1). Our inversion results show that from oceanic (south) to continental lithosphere (north), the
T.M changes from 19 to 33 km and the 7,™ changes from 7 to 26 km (Figure 2a and Figure S3d in Supporting
Information S1). From the subduction to collision zone, the bending moment —M, increases from 0.9 x 106
to 2.02 X 10'® Nm and the boundary vertical force —V,, changes from 3.35 x 10! to 6.25 x 10'2 N. These
values are similar to that of previous trench-bending models (Contreras-Reyes & Osses, 2010). In order to fit the
along-strike variation of plate deflection, both —M,, and —V,, are upward at ~21°30’N corresponding to the transi-
tion zone from the Intra-oceanic Subduction (IOS) to Initial Arc-continent Collision (IAC). Figure 3 displays the
variation of plate bending stress, with the red color representing extensional stress and the blue color representing
compressional stress. The bending stress increases from subduction to collision zone and reach the maximum to
the southwest of the Taiwan Island (Figure 3).

Seismic events from the International Seismological Centre (black dots in Figure 3b) and the Global Centroid
Moment Tensor (Mw > 4) are displayed in the Figure 3b and projected on two profiles (Figures 3c and 3d). The
results show that earthquakes are concentrated in the southwest of the Taiwan Island with depths 35-50 km.

5. Discussion
5.1. Along-Strike Variation of 7, in Northernmost Manila Trench

Compared with previous studies, the T,M in our study is slightly higher than those previous ones, potentially
due to three reasons. One is that most of the former researches only took into account of surface loading (accre-
tionary wedge and orogenic belt), and did not consider the boundary loading M, and V,, (Lin et al., 2003; Lin &
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Watts, 2002; Mouthereau & Petit, 2003; Tensi et al., 2006). However geophysical observations show that even in
the orogenic belt, the pull or flattening of deep subducted slab has a great effect on plate bending and distribution
of seismicity, such as the Tibetan plateau (Liang et al., 2012) and Anatolia (Govers & Fichtner, 2016). Ignoring
M, and V;; may cause an underestimate of 7. The second reason is that most previous work used a 2-D model.
This would bring deviation in estimating flexural parameters (Zhang, Sun et al., 2018). Finally, all of the former
researches used a constant T, without taking into account the bending-reduced T,. Recent observation suggests
that 7, may decrease widely close to trench by 25-75% due to normal faulting and serpentinization (Zhang, Lin
et al., 2018). T, in our model is therefore set to be a variable and the reduction in T, indicates the area of plastic
deformation after yielding (Figure 2a and Figure S3d in Supporting Information S1).

5.2. Effects of Surface Loading and Buoyancy on Plate Bending

From subduction (south) to collision (north) zone along the northernmost Manila trench, the increase in T,
indicates that the continent plate is more difficult to bend. Seismic profiles show that the deflection of the
continental plate is greater than that of oceanic plate (Figures 1 and 2), implying that a greater loading is
required at the collision zone. The M and V,, have the similar trend along the Manila trench and both require
negative values (upward M, and V) at ~21°30° N if we want to fit the profile T2 and T2933 at the same time
(Figure 2a and 2b). Otherwise, the plate along profile T2 would be pulled down by the lateral force coming
from the profile T2933. Figure 2b shows that without the upward M, and V,, at ~21°30’ N, the variation of
bending depth along the Manila trench is more smooth and inconsistent with observations (especially the
profile T2 and T2933). Previous researches suggested that the upward bending might be caused by the buoy-
ancy force resulting from the subduction of the light continental lithosphere (Chen et al., 2004; Lin, 2009) or
the break-off of the leading edge part (Wang & Lee, 2011), while seismic data didn't show evidence of leading
edge part break-off (Lo et al., 2017). Another possibility is the upward dragging of the buoyant continent on
the northern part caused by the variation of subducting plate attribution from oceanic to the continental crust.
To test this hypothesis, we designed a simple model to discuss the respective contributions of surface loading
and the buoyancy (Figure 4a). The overriding wedge with thickness H_ was simplified to a triangle (Similar
to the work of Lamb, 2006) (Figure 3a). If the difference of H from subduction to collision is AH_, then the
surface loading difference AQ is described by:

AH,x(AH,—d
AQ = pog x 2o X BH — d) )
tand

where d, is the margin relief and p, is the average density of the overriding wedge (2300 kg/m?) (Please see
Figure 3a). For the buoyancy, suppose the thickness of buoyant plate is 20 km and the crustal part changes
northward from ~6 km thick oceanic (with density 3,000 kg/m?) to ~15 km continental crust (with density
2,700 kg/m?). Then the density contrast Ap, is ~240 kg/m>. Assume that the Ap, increase from 0 to 240 linearly,
from the ocean to the continent. The buoyancy of the plate is given by:

AH, — d;

AFy, = Appg X ———— X T 5)
sinf

in which the T is the thickness of buoyant plate. According to the Equations 4 and 5, we can estimate the varia-
tions of AF,, AQ and the ration of AF,/AQ (Figure 4c). It shows that from the subduction to collision (oceanic
to continental subducting plate), both surface loading and buoyancy increase and the increase of AF, is faster at
first, then slower than that of AQ. It causes that the AF,/AQ increase first and then decrease, exceeding 1 near the
distance of 80 km. This corresponds the area with upward M, and V,,, implying that the buoyancy may be a reason
to cause plate bend upward. We find that variations of the density contrast and the buoyant plate thickness could
change the absolute value of the AF,/AQ, without changing the trend.

5.3. Bending Stress and Seismicity

We calculate the maximum principal bending stress and investigate the distribution of seismicity in the study
area (Figures 3b—3e). It shows that the high seismicity zone at a depth of 35-50 km is occurring southwest of
Taiwan Island (the blue ellipses in Figure 3). Figure 3 suggests that these concentrated earthquakes are intraplate
events. They are perfectly located where the bending stress reaches the maximum and at the transition zone where
the surface loading changes from accretionary wedge to mountain belt (Figure 3b). The focal mechanisms show
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Figure 4. The simple model to investigate the separate contributions of surface loading from the overriding wedge and the
buoyancy. (a) The sketch map of the model. (b) Variations of thickness of the overriding wedge () and the marginal relief
(d) along the subduction zone. (c) Variations of AF,, AQ and the ration of AF,/AQ along the subduction zone.

a complex stress field at the subduction-collision zone (Figures 3b—3e). The results show that most intraplate
normal earthquakes occur in the shallow part (extensional region) of the subducting plate, while some strike-slip
earthquakes occur near the neutral plane of the plate (Figures 3c and 3e). Lay et al. (2018) suggested that the
strike-slip events in outer rise required laterally varying plate boundary conditions. We speculate that the intraplate
strike-slip earthquakes may be caused by the 3-D effects of the along-strike variation of horizontal force. The
bending stress also coincides with earthquakes distributed in the outer-rise region of the IOS (Figure 3d).

We proposed a model to illustrate the mechanism of plate bending from subduction to collision zone (Figure 5).
At subduction zone, the deep slab pull caused plate bending and bending-related outer-rise earthquakes. However
at the collision zone, the combination action of surface loading coming from the orogeny and the buoyancy will
play important roles in plate bending. The huge plate deflection cause by the interaction between the upper and
subducting plate may result in intense intraplate seismicity (Figure 5).

ZHANGET AL.

8of 11



A7t |

I Geophysical Research Letters 10.1029/2022GL100474
ADVANCING EARTH
AND SPACE SCIENCE
A Arc
A '
B Arc-continent e
L1 collision ™\
Upper plate
[
) Oceanic/transition
Loading lithosphere
. —
il Continental
lithosphere
L2
P e 1]
Accretionary
wedge
N\
Bending -
Brittle failure
Zone
Figure 5. Model of plate bending from the subduction to the collision zone along the northern Manila trench.
6. Conclusion
From subduction to collision zone, both the loading and the T, of the subducted plate have changed. Along the
north Manila trench, the increase bending depth comes from the trade-off different loadings and the T, of the
subducted plate. Our flexural models show that both orogen and boundary loading plays important roles on bend-
ing of plate. We find that using a 3D elastic plate to model the flexural morphology requires an upward vertical
force at the edge of the plate between 21°30” N and 22° N. This upward force may come from lateral dragging of
plate due to density contrast between oceanic and continental plate. The combined action of orogen loading and
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