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Abstract

The plate flexure and normal faulting characteristics along the Tonga, Japan, Izu-Bonin and Mariana Trenches are
investigated by combining observations and modeling of elastoplastic deformation of the subducting plate. The
observed average trench relief  is  found to be the smallest at the Japan Trench (3 km) and the largest at the
Mariana Trench (4.9 km), and the average fault throw is the smallest at the Japan Trench (113 m) and the largest
at the Tonga Trench (284 m). A subducting plate is modeled to bend and generate normal faults subjected to three
types of tectonic loading at the trench axis: vertical loading, bending moment, and horizontal tensional force. It is
inverted  for  the  solutions  of  tectonic  loading  that  best  fit  the  observed  plate  flexure  and  normal  faulting
characteristics of the four trenches. The results reveal that a horizontal tensional force (HTF) for the Japan Trench
is 33%, 50% and 60% smaller than those of the Mariana, Tonga and Izu-Bonin Trenches, respectively. The normal
faults are modeled to penetrate to a maximum depth of 29, 23, 32 and 32 km below the sea floor for the Tonga,
Japan, Izu-Bonin and Mariana Trenches, respectively, which is consistent with the depths of relocated normal
faulting earthquakes in the Japan and Izu-Bonin Trenches. Moreover, it is argued that the calculated horizontal
tensional force is generally positively correlated with the observed mean fault throw, while the integrated area of
the reduction in the effective elastic thickness is correlated with the trench relief. These results imply that the HTF
plays a key role in controlling the normal faulting pattern and that plate weakening can lead to significant increase
in the trench relief.
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1  Introduction
The subduction zone is a critical component of the earth’s re-

cycling system. During subduction, a downgoing plate sinks into
the deep mantle and bends in response to its plate flexure, pro-
ducing an extensional stress in the upper plate and a compres-
sional stress in the lower plate (e.g., de Bremaecker, 1977; Hilde,
1983; Melosh, 1978; Parsons and Molnar, 1976). Numerous stud-
ies have revealed that the normal faulting caused by plate bend-
ing in the subduction zones plays an important role in upper
mantle serpentinization, intraplate earthquakes, fluid flows in
the plate, and tsunamis induced by outer-rise faulting (e.g.,
Christensen and Ruff, 1983; Kobayashi et al., 1998; Lefeldt et al.,
2012; Masson, 1991; Ranero et al., 2003, 2005).

The normal faulting earthquakes in the subduction plates of-
ten occur close to coastlines and can thus pose great tsunami

threat. In 1933, for example, a Mw 8.4 earthquake at the Japan
Trench, which is the largest magnitude of an outer-rise normal
faulting earthquake ever recorded, triggered a tsunami in the
coastal area of Sanriku, Japan (Kanamori, 1971; Kao and Chen,
1996). In September 29, 2009, a Mw 8.1 outer-rise normal faulting
earthquake occurred at the Tonga Trench and triggered a devast-
ating tsunami (Beavan et al., 2010; Lay et al., 2010). Therefore, it
is of great importance to study the dynamic mechanism of nor-
mal faulting in the subducting plate.

The normal faults have been observed to be pervasive bet-
ween the outer rise and the trench axis. Observations revealed
that the bending-related normal faults might be reactivated
abyssal hill faults that formed at mid-ocean ridges or new faults
that were generated during plate bending (Masson, 1991). Nu-
merical modeling and analogue studies have inferred that the  
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normal faults start to form at a distance from the trench axis,
where the maximum stresses reach first and then grow toward
the trench axis (Naliboff et al., 2013; Supak et al., 2006; Zhou et
al., 2015).

Many deep trenches are located in the western Pacific, in-
cluding the Tonga, Japan, Izu-Bonin and Mariana Trenches.
There are large variations in the tectonic characteristics of these
subduction zones, including trench depth, subduction dip angle,
intra- and inter-plate seismicity, making them ideal for studying
trench dynamics and plate interactions. More importantly, high-
resolution bathymetry data are available for these trenches, mak-
ing it possible to investigate fine-scale faulting characteristics.

In this study, we first quantified the plate bending flexure and
normal faulting characteristics of the subducting plate along the
Tonga, Japan, Izu-Bonin and Mariana Trenches using high-resol-
ution multibeam bathymetry data. We then modeled the devel-
opment of the normal faults as elasto-plastic deformations in the
subducting plate. Finally, by comparing the modeling results
with the observations, we inverted to obtain the best-fitting solu-
tions of tectonic loading along these trenches and calculated the
reduction in effective elastic plate thickness due to plastic yield-
ing and the development of the normal faults.

2  Normal faulting observations
The Tonga, Japan, Izu-Bonin and Mariana Trenches are all

located in the western Pacific and have relatively old (more than
100 Ma) subducting plates, implying that the initial plate thick-
ness might be relatively large and varies only slightly among the
four trenches. Therefore, it is advantageous to compare their nor-
mal faulting characteristics to reveal their common features.

The normal faulting characteristics, including fault throw and
density, are the results of plastic yielding during plate bending.
We investigated the average fault throw and density from the
high-resolution multibeam bathymetry data which were ob-
tained from the multibeam bathymetry database (MBBDB) of the
NOAA National Centers for environmental information and the
global multi-resolution topography synthesis of the marine

geoscience data system (Fig. 1) (Ryan et al., 2009). We first identi-
fied the areas of abrupt slope changes as potential faults on 2-D
topographic profiles, and then confirmed these faults on 3-D to-
pographic maps. Finally, we digitized the top and bottom points
of a fault to calculate the fault throw and density. The average
resolution of the multibeam grid data is approximately 100 m. We
extracted 14, 9, 15 and 15 across-trench profiles along the Tonga,
Japan, Izu-Bonin and Mariana Trenches, respectively, to calcu-
late the average fault throw and density. The profile locations
were chosen manually considering the following factors: (1)
availability of high-resolution multibeam data; (2) ensuring that
the profiles are long enough (typically greater than 120 km) to in-
clude all of the visible faults on the topography; and (3) maintain-
ing relatively uniform spacing between adjacent profiles.

The high-resolution multibeam bathymetry data reveal that
the normal faults are pervasive at the four trenches (Fig. 1). The
average fault throw at the Tonga Trench was observed to be the
largest, with a maximum value of 420 m and a mean value of 284 m
(Fig. 2a). The fault throws at the Izu-Bonin and Mariana Trenc-
hes were similar in size, with the same maximum value of 320 m
and mean values of 238 and 148 m, respectively. The fault throw
at the Japan Trench was the smallest, with a maximum value of
210 m and a mean value of 113 m. Identifiable faults were ob-
served to initiate at 85, 80, 100 and 115 km from the trench axis at
the Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.

The normal faults were observed to be most dense at the Mar-
iana Trench and least dense at the Izu-Bonin Trench (Fig. 2b).
The fault density started to increase significantly from 80 km
from the trench axis at the Mariana Trench, but it started to in-
crease at almost 50 km from the trench axis for all other trenches.
This suggests that the normal faulting zone is the widest and the
fault density is the greatest at the Mariana Trench.

3  Numerical modeling
A finite-element modeling software fast lagrangian analysis of

continua (FLAC) (Cundall, 1989; Poliakov et al., 1993) was imple-
mented to simulate the elasto-plastic deformation of the sub-
ducting plate. The FLAC incorporats a temperature- and strain-
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Fig. 1.   Study regions with high-resolution bathymetry at the Tonga (a), Japan (b), Izu-Bonin (c) and southern Mariana (d) Trenches.
The white lines indicate the analyzed profiles.
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rate-dependent visco-elastoplastic rheology and is capable of
calculating the time-dependent stress and displacement fields at
geological time scales (Buck and Poliakov, 1998; Lavier et al.,
1999, 2000; Poliakov and Buck, 1998).

In our models, the lithosphere is assumed to be an elasto-
plastic plate with an initial effective elastic thickness, and a sub-
strate asthenosphere is modeled as a non-Newtonian Maxwell
viscoelastic layer (Fig. 3a). A horizontal domain is 1 200 km. A
vertical domain is 48 and 20 km, respectively, for the lithosphere
and the asthenosphere. A horizontal mesh size is 0.5 km for the
left 250 km, and 9.8 km for the right domain. A vertical mesh size

is 0.5 and 2 km, respectively, for the lithosphere and the astheno-
sphere. The top surface is stress free, whereas the boundary
between the lithosphere and the asthenosphere is subjected to a
lithostatic pressure with zero shear stress. The left boundary, at
the trench axis, is subjected to three types of tectonic loading: (1)
a vertical loading V0, (2) a bending moment M0 and (3) a hori-
zontal tensional force F0 (HTF). The right boundary is fixed with
zero displacement and is set at a sufficiently long distance to
minimize its effects on the model domain.

To minimize the effects of the substrate asthenosphere on the
overriding lithospheric plate, we applied an abrupt temperature
change from 450°C to 1 300°C at the boundary between the litho-
sphere and the asthenosphere. The Mohr-Coulomb yielding cri-
terion was incorporated to produce plastic yielding of the brittle
lithosphere (Jaeger and Cook, 1979): τ=C+σtanϕ, where τ is the
shear stress, C is the cohesion of the lithosphere, σ is a normal
stress, ϕ is an internal friction angle, and μ=tanϕ is the coefficient
of friction. To facilitate the formation of the normal faults, we ad-
opted a criterion that requires the cohesion to decrease with an
increasing plastic strain. The initial cohesion C0 was assumed to
decrease linearly to a residual cohesion Cr before the plastic
strain reaches a critical plastic strain εc. To facilitate the normal
faulting in the subduction zone, we set a smaller value of the crit-
ical plastic strain relative to those used in previous studies of
mid-ocean ridges (e.g., Behn and Ito, 2008; Buck et al., 2005; Po-
liakov and Buck, 1998). The other modeling parameters follow
Lavier et al. (2000) (Table 1). We ran 735 model experiments with

Table 1.   Model parameters
Parameter Description Value

Te initial plate thickness/km 48

E Young′s modulus/MPa 7.5×104

G shear modulus/MPa 3.0×104

g gravitational acceleration/m·s–2 9.81

ν Poisson′s ratio 0.25

ρ density/kg·m–3

τ shear stress/MPa

σ normal stress/MPa

μ coefficient of friction 0.6  

T temperature/°C 0–1 300

V0 vertical load/N·m–1

M0 bending moment/N

F0 horizontal tensional force/N·m–1

C0 initial cohesion/MPa 44

Cr cohesion after faulting/MPa   4

εc critical plastic strain 0.03
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Fig. 2.   The average fault throw (a) and fault density (b) per 5 km along the across-trench profiles at the Tonga, Japan, Izu-Bonin and
Mariana Trenches.
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Fig. 3.   Model setup and resulting topography, plastic strain, and
relative velocity. a. Model setup and boundary conditions. An
elasto-plastic lithosphere overlies a viscous asthenosphere. The
top surface is stress free; tectonic loading is applied along the left
boundary of the lithosphere; the right boundary is fixed with zero
displacement; and the asthenosphere is subjected to lithostatic
pressure with zero shear stress along the lithosphere-astheno-
sphere boundary; b. an example model of modeled topography;
and c. modeled plastic strain and relative velocity illustrating the
formation of normal faults under tectonic loading.
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a combination of tectonic loads for comparison with the observa-
tions at the four trenches. The parameter space of the three types
of tectonic loading includes the vertical loading in the range of
0–6.7×1012 N/m, the bending moment in the range of 0–1.2×1017 N,
and the HTF in the range of 0–9.6×1012 N/m.

Our models predict the time-dependent topography (Fig. 3b)
as well as the plastic strain and the relative velocity (Fig. 3c). It
was observed that the normal faults in the subducting plate de-
veloped at various time frames under the tectonic loading and that
the plastic strain accumulated through time. The models will even-
tually become steady-state when the whole system reaches equilibr-
ium. The models predict a plate flexure and a fault distribution
on the surface, which are used to compare with the observations.

4  Results

4.1  Tectonic loading constrained by plate flexure and normal
faulting
The observed sea floor topography consists of various com-

ponents, including sediment thickness, subsidence due to plate
cooling, and Airy local isostatically compensated topography.

Therefore, we approximated the plate flexure by using the non-
isostatic topography (Zhang et al., 2014), in which all of the above
effects were estimated and removed from the original topo-
graphy (Figs 4a–d). We combined both the plate flexure and nor-
mal faulting characteristics to constrain the models and inverted
for the best-fitting tectonic loading for the four trenches (Fig. 4).
First, we calculated the root-mean-square (RMS) of the differ-
ence between the modeled topography and the observed plate
flexure, which allows us to isolate a group of models with relat-
ively smaller RMS values. This group of models with relatively
smaller RMS was then compared with the observed fault throw
distributions to further narrow down the best-fitting solutions.

The inverted best-fitting parameters for the four trenches are
shown in Table 2. The results show that the vertical loading V0 for
the Tonga and Japan Trenches is 26% smaller than that for the
Izu-Bonin and Mariana Trenches. The bending moment M0 is
significantly smaller for the Izu-Bonin Trench than it is for the
other three trenches. Notably, there is a large variation in the ho-
rizontal tensional force F0 among the four trenches. The HTF for
the Japan Trench is 33%, 50% and 60% smaller than those for the
Mariana, Tonga and Izu-Bonin Trenches, respectively.

Our models predicted the horizontal deviatoric stress in the
subducting plate, which is directly responsible for the develop-
ment of the normal faulting. There are two turning points in the
depth profiles of the deviatoric stress: the boundary between the
upper plastic yield zone and the middle elastic core and the
boundary between the elastic core and the lower ductile zone
(Fig. 5). The stress in the extensional yield zone generally in-
creases with depth, except at locations with individual normal
faults with fluctuating stresses. The stress varies almost linearly
with depth in the elastic core from extensional to compressional

and decreases abruptly to nearly zero in the ductile zone. The ho-
rizontal deviatoric stress at the Japan Trench is calculated to be
consistently smaller than that of the other three trenches, which
is consistent with the observation that both the mean and max-
imum fault throw values are the smallest at the Japan Trench.

4.2  Reduction in effective elastic thickness
Our models calculated the horizontal deviatoric stresses of the

subducting plate during the evolution of plate bending. On the bas-
is of the best-fitting models, the normal faulting patterns in the
subducting plates for the four trenches are predicted (Figs 6a–d).
The normal faults were calculated to develop within the upper
plastic yield zone. The results reveal that most normal faults are
dipping trenchward in the Japan, Izu-Bonin and Mariana
Trenches but both trenchward and oceanward dipping faults are
calculated for the Tonga Trench. The normal faults were calcu-
lated to be shallower in the Japan and Tonga Trenches than the
Izu-Bonin and Mariana Trenches. The available relocated outer-
rise normal faulting earthquakes within the study areas from
Emry and Wiens (2015) are all located within the calculated ex-
tensional yield zone (Figs 6b and c).

On the basis of the calculated horizontal deviatoric stress, we

Table 2.   Comparisons of the model results for the Tonga, Japan,
Izu-Bonin and Mariana Trenches

Tonga Japan Izu-Bonin Mariana

V0/1012 N·m–1 4.3 4.3 5.8 5.8

M0/1016 N 9.6 7.7 3.8 9.6

F0/1012 N·m–1 4.8 2.4 6.0 3.6

W0/km 3.5 3.0 4.2 4.9

Mean fault throw/m 284 113 238 148

Cumulative fault throw/m 2 993     1 118     1 714     3 121    

Area of Te reduction SΔTe/km2 1 120     1 028     1 143     1 289    
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Fig. 4.   Comparisons between the observed average non-isostatic topography (black lines) and best-fitting model topography (red
lines)  as  a  function  of  the  across-axis  distance  from  the  trench  axis  (a–d),  and  comparisons  of  the  fault  throws  between  the
observations (black curves) and the best-fitting models (red curves) (e–h). The gray lines indicate the errors in the observations.
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calculated the resulting effective elastic plate thickness Te due to
plate bending and normal faulting (Figs 6e–h), following the
methods of Hunter and Watts (2016) and Turcotte and Schubert
(2014). The results reveal that the effective plate thickness de-
creases gradually toward the trench axis, with a maximum Te re-
duction of 25, 24, 22 and 26 km at the Tonga, Japan, Izu-Bonin
and Mariana Trenches, respectively. We then calculated the area
of the Te reduction SΔTe by integrating the Te reduction over the
across-axis distance. SΔTe was calculated to be the largest for the
Mariana Trench and the smallest for the Japan Trench. Mean-
while, the width of the Te reduction region was calculated to be
the largest for the Japan Trench and almost the same for the oth-
er three trenches. Thus, the mean Te reduction was the smallest

for the Japan Trench and the largest for the Mariana Trench.
The observed trench relief W0 is, on average, 3.5, 3.0, 4.2 and

4.9 km for the Tonga, Japan, Izu-Bonin and Mariana Trenches,
respectively. The observed trench relief W0 is generally positively
correlated with SΔTe (Fig. 7a). This result implies that the plate
weakening (i.e., SΔTe) can lead to the significant increase in the
trench relief.

5  Discussion

5.1  Uncertainties in data analysis
In this study, we have conducted comprehensive experiment-

al runs with a large range of combinations of the three types of
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tectonic loading to compare with the observations of plate flex-
ure and normal faulting characteristics. As each model typically
took tens of hours to complete, we have chosen reasonable para-
meter intervals to reach a balance between the model resolution
and computational time: 0.48×1012 N/m for the vertical loading,
1.92×1016 N/m for the bending moment, and 0.6×1012 N/m for
the HTF. Therefore, these parameter intervals were used as the
error bars of the best-fitting models (Fig. 7). However, there are
also uncertainties associated with the observations. We manu-
ally extracted profiles perpendicular to the trench axis and calcu-
lated their average values. Since there are large variations among
the individual profiles, the error bars of the observed normal fault
throws and plate flexure are relatively large (Fig. 4).

5.2  Importance of horizontal tensional force
Most of the studies that utilized the thin plate flexure theory

have recognized the importance of the vertical loading and the
bending moment. However, few studies have investigated the
importance of the horizontal tensional force (e.g., Garcia-Castel-
lanos et al., 2000; Zhou et al., 2015; Zhou and Lin, 2018). Our pre-
vious study reveals that the HTF is crucial for explaining both the
plate flexure and the fault throw, particularly in controlling the
across-axis distance of the maximum fault throw (Zhou et al.,
2015). Here, we illustrate that the calculated HTF correlates pos-
itively with the observed mean fault throw of the four trenches
(Fig. 7b). This result indicates that larger HTF facilitates the de-
velopment of larger normal faults in the subducting plate. On the
basis of the above results, we infer that the HTF plays a key role in
controlling the normal faulting pattern. Since this study only in-
vestigated the subduction zones of relatively old plates, further
studies are needed to test if the above inference still holds true for
young subducting plates.

5.3  Normal faulting depths and mantle serpentinization
The normal faults in the subducting plate could provide po-

tential channels for fluids penetrating into the crust and mantle,
causing serpentinization of the upper mantle (e.g., Grevemeyer
et al., 2005, 2007; Key et al., 2012; Ranero et al., 2003, 2005;
Tilmann et al., 2008). Multi-channel seismic surveys have re-
vealed that the bending-related normal faults can penetrate the
Moho with a maximum depth of over 20 km below the sea floor
(e.g., Han et al., 2016; Ranero et al., 2003; Ranero and Sallares,
2004).

From the calculated normal faulting patterns of the best-fit-
ting models (Figs 6a–d), the normal faults could penetrate into

maximum depths of 29, 23, 32 and 32 km below the sea floor for
the Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.
If we assumed a normal crustal thickness of 6 km, the calculated
normal faults would cut through 23, 17, 26 and 26 km into the up-
per mantle for the four trenches, thus potentially causing massive
mantle serpentinization.

We also calculated the cumulative down-dip fault lengths
(i.e., the sum of the individual identifiable faults) to be 240, 260,
360 and 450 km for the Tonga, Japan, Izu-Bonin and Mariana
Trenches, respectively. Through a seismic reflection study at the
Cascadia Trench, Han et al. (2016) estimated the width of a wa-
ter-penetrated fault zone surrounding an individual fault to be in
a range of ~75–600 m. Assuming the same fault zone widths as
Han et al. (2016), we estimated the volumes of the water-penet-
rated fault zone to be 18.0–144.0, 19.5–156.0, 27.0–216.0 and
34.0–270.0 km2, yielding percentages of mantle serpentinization
of 0.4%–3.4%, 0.4%–3.1%, 0.6%–5.1% and 1.4%–10.8% for the
Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively.
This result implies that the degree of mantle serpentinization of
the Mariana Trench may be significantly larger than that of the
other three trenches, which is equivalent to 350% of both the
Tonga and Japan Trenches and 230% of the Izu-Bonin Trench.

If the serpentine minerals near the fault zones in the mantle
are chemically bound with 13 wt% water as suggested by previ-
ous studies (e.g., Faccenda, 2014; Ranero et al., 2003), then the
serpentinized mantle regions would contain 0.052%–0.44%,
0.052%–0.40%, 0.078%–0.66% and 0.18%–1.40% mass fraction of
water, which is equivalent to columns of 0.035–0.290, 0.026–0.200,
0.060–0.500 and 0.140–1.060 km of water per unit length of the
trench axis of the Tonga, Japan, Izu-Bonin and Mariana Trench-
es, respectively. The above estimations are of the same order of
magnitude as the estimations for the Cascadia Trench (0.023–
0.18 km, Han et al., 2016) but are less than that for the Middle
America Trench (0.17–1.7 km, Ranero et al., 2003).

6  Conclusions
(1) The tectonic loading for the Tonga, Japan, Izu-Bonin, and

Mariana Trenches were inverted by comparing the observed
plate flexure and normal faulting characteristics with the
elastoplastic models, revealing that the horizontal tensional force
for the Japan Trench is 33%, 50% and 60% smaller than that of the
Mariana, Tonga, and Izu-Bonin Trenches, respectively.

(2) The normal faults were modeled to penetrate to a maxim-
um depth of 29, 23, 32 and 32 km below the sea floor for the
Tonga, Japan, Izu-Bonin and Mariana Trenches, respectively,
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Fig. 7.   The relationship between tectonic loading and observation. a. The relationship between the calculated area of Te reduction
SDTe and the observed trench relief W0, the error bars are shown as crosses; b. the relationship between the observed mean fault
throw and the calculated horizontal tensional force F0.
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which is consistent with the depths of relocated normal faulting
earthquakes in the Japan and Izu-Bonin Trenches and implies
the significant serpentinization of an upper mantle layer.

(3) The calculated horizontal tensional force and the area of
the effective elastic thickness reduction are in general positively
correlated with the observed mean fault throw and trench relief,
respectively, implying that the HTF plays a key role in controlling
the normal faulting pattern and that the plate weakening can
lead to the significant increase in the trench relief.
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