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A B S T R A C T   

Bending-induced faults are often recognized as sources of extensional or compressional earthquakes in the outer 
rise region, and have been extensively investigated in 2-D plate flexural models. However, such 2D models have 
difficulty in explaining observed earthquakes caused by reactivation of pre-exsiting fabrics inherited from mid- 
ridge, especially when the fabrics is oblique to the subduction. Here, we develop a 3-D flexural model to 
investigate the plate deflection at the southernmost Mariana subduction zone. The Particle Swarm Optimization 
(PSO) method was used to invert flexural parameters of the subducting plate. It shows that the boundary loading 
near the Challenger Deep is nearly twice that in the region further east. Under this deformation, the bending 
stresses within the outer rise vary significantly along the strike of the subduction zone. We find that the location 
of abrupt stress changes coincides with the outer rise earthquakes which were considered to be reactivation of 
remnant faults. We proposed a model to illustrate the influence of along-strike variation of plate deflection on 
bending stress and outer rise earthquakes: The variation of plate deflection along the trench may cause the 
change of the direction of the maximum extensional bending stress in the variable zone which provides greater 
possibilities for reactivation of preexisting weak faults, resulting in unevenly distributed outer rise earthquakes, 
reactivation of remnant fabric or earthquake.   

1. Introduction 

Widely distributed subduction zone earthquakes may trigger large 
tsunami and cause significant loss of life and damage (e.g. Gusman et al., 
2009; Lay et al., 2010). In addition to interplate earthquakes, intra-plate 
earthquakes can also be devastating, as seen by the 1977 Sumba 
Indonesia (Sunda trench, Mw = 8.3) (Lynnes and Lay, 1988), the 1990 
Mariana Trench (Mw = 7.3) (Yoshida et al., 1992), the 2007 Kuril Trench 
(Mw = 8.1) (Ammon et al., 2008), and the 2009 Somoa-Tonga (Mw =

8.1) (Beavan et al., 2010; Lay et al., 2010) earthquakes. All of these 
earthquakes occurred in the outer rise region seaward of the trench, 
where normal faults are generated or reactivated by plate bending 
(Mortera-Gutiérrez et al., 2003; Ranero et al., 2003, 2005). There are 
also large strike-slip earthquakes within outer rise, such as the 1987 Mw 
7.9 northeastern Gulf of Alaska earthquakes (Pegler and Das, 1996), the 

2012 Sumatra great earthquakes (Mw = 8.6 and 8.2) (Duputel et al., 
2012) and the 2018 Mw 7.9 Gulf of Alaska Earthquake (Lay et al., 2018). 
These strike-slip events apparently do not match with normal faults and 
require laterally varying plate boundary conditions (Lay et al., 2018). 
Therefore, evaluating plate bending, stress distribution, and corre-
sponding earthquakes in the outer rise region are crucial to assess 
earthquake and tsunami hazard in subduction zones. 

Previous studies have recognized that the accumulation of bending 
stress may induce earthquakes (Chapple and Forsyth, 1979; Christensen 
and Ruff, 1983, 1988; Scholz and Campos, 1995; Bilham et al., 2003; 
Emry et al., 2014; Zhou et al., 2015; Zhang et al., 2018a, 2018b). For 
instance, Chapple and Forsyth (1979) explained the depths of exten-
sional and compressional outer rise earthquakes assuming that plate 
bending can produce tensional and compressional stress regimes, which 
are separated by a neutral plane. This model was supported by focal 
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mechanism solutions of outer rise earthquakes, e.g. along the Mariana 
subduction zone where the focal depths of normal and thrust faulting 
events delineate the tension-compression boundary (Emry et al., 2014). 
Zhang et al. (2014) simulated the geometry of the subducting plate 
along profiles perpendicular to the Mariana Trench using a two-segment 
effective elastic thickness (Te) flexural model. They suggested that the 
plate bending stresses could exceed the lithosphere yield strength en-
velope and thus result in faulting and extensional earthquakes in the 
upper plate, corresponding to the reduction in Te. Tomographic results 
of SV-wave velocity structure near the Southern Mariana Trench also 
supported such extensional faulting and consequent hydration within 
the incoming plate, as evidenced by distinct low velocities (3.6–4.1 km/ 
s) within the upper ~25 km of the mantle in the subducting plate (Zhu 
et al., 2021). 

The above 2-D flexural models only consider the bending from the 
direction perpendicular to the trench and imply that the flexural pa-
rameters (including axial bending moment (M0), vertical shear loading 
(V0), and in-plane stress) do not change along the trench. However, 
along-strike variation in both faulting types and depths of outer rise 
seismicity has been shown in the northern and southern Mariana sub-
duction zone (Emry et al., 2014). More importantly, a new study shows 
that at the southern Mariana, the depth of outer rise earthquakes can 
reach nearly 50 km which were considered to be caused by reactivation 
of the inherited seafloor fabrics (Chen et al., 2022). What is the mech-
anism of reactivating such deep intraplate faults? Moreover, observa-
tions of reactivated faults in outer rise further indicate complex stress 
fields and thus require investigations considering laterally varying 
boundary conditions and loadings (Emry et al., 2014), instead of 2-D 
flexural models. 

Some 3-D flexural models have been developed to investigate the 
subducted plate geometry (Manríquez et al., 2014) and boundary 

loading variation (Zhang et al., 2018b; Zhang et al., 2019). However, no 
models have provided constraints on the bending stress. Here we 
develop a 3-D model by incorporating bathymetries of the incoming 
plate, geometries of the subducting slab, and M0 and V0. We then apply 
this model in the southern Mariana subduction (Fig. 1) zone and derive 
bending stress distribution within the incoming plate. The distribution 
of bending stress is compared to the earthquake locations that were 
obtained from the recently acquired near-field seismic data (Zhu et al., 
2019; Chen et al., 2022). In addition, we discuss the possible relation-
ship between the plate bending, stress, and the distribution of outer rise 
earthquakes. 

2. Data and method 

2.1. Data Preparation 

Three datasets are used in this study, including 15 arc-second reso-
lution global bathymetry data (Tozer et al., 2019) and local multibeam 
data with ~150 m resolution (https://www.ngdc.noaa.gov/maps/a 
utogrid/), global slab geometry data (Slab 2.0 from Hayes, 2018), and 
newly acquired ocean bottom seismic data (Zhu et al., 2019). Firstly, we 
identify the strikes of the bending-related normal faults (Fig. 2a) from 
the multibeam data, as did in Ranero et al. (2005) for the Mid-America 
and the Chile Trench. Fault strike is not necessarily parallel to the 
bending axis, such as the case when abyssal hill fabric is reactivated 
(Masson, 1991). The relic spreading-parallel direction is ~20–30◦from 
the fault strike (Fig. 2b), indicating that these faults are generated by 
bending and thus reflect the bending direction. In order to select the 
plate boundary parallel to the fault strikes, the model area is chosen 
following the bending direction (red rectangle in the Fig. 1). 

Fig. 1. Seafloor bathymetry of the southern 
Mariana Trench. The red rectangle is the 
domain of our 3-D flexural model; the black 
square box is the area where the normal 
faults are identified with the multi-beam 
data (please see Fig. 2a) and the yellow 
star represents the location of the Challenger 
Deep. Yellow lines are the magnetic lineation 
based on Zhou et al. (2015). (For interpre-
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   

J. Zhang et al.                                                                                                                                                                                                                                   

https://www.ngdc.noaa.gov/maps/autogrid/
https://www.ngdc.noaa.gov/maps/autogrid/


Tectonophysics 850 (2023) 229752

3

2.2. Flexure model and inversion 

Considering the flexure of the subducted plate, the plate is assumed 
as an elastic layer on an inviscid layer. As such, the flexure deformation 
of the elastic layer can be modeled by an elastic thin plate under applied 
external forces (Fig. 3) (Watts, 2001; Turcotte and Schubert, 2014). If 
the plate bending stress exceeds the lithospheric yield strength, normal 
faults are generated and may lead to earthquakes in the outer rise 
(Grevemeyer et al., 2005; Ranero et al., 2005). This process may result in 
the loss of strength and flexural rigidity of the lithosphere (Contreras- 
Reyes and Osses, 2010). Therefore, a flexural model with variable 
flexural rigidity has often been used to model the deformation of the 
subducted plate (Zhang et al., 2014; Hunter and Watts, 2016; Zhang 
et al., 2018b). 

According to the Kirchhoff-Love of thin plate (Timoshenko and 
Woinowsky-Krieger, 1959), the governing equation about 3-D plate 
deflection w(x, y) can then be simplified to 2-D form: 

∇2( D∇2w
)
-(1-v)×

(
∂2D
∂x2

∂2w
∂y2 -2

∂2D
∂x∂y

∂2w
∂x∂y

+
∂2D
∂y2

∂2w
∂2x2

)

+Δρgw = q(x, y)

(1)  

where Δρ is the density contrast between the mantle (ρm) and water (ρw), 
q(x, y) is a spatially varying vertical surface loading, and D is the flexural 
rigidity defined as: D =

ETe
3(x,y)

12(1-ν2)
. Here E is Young's modulus and ν is 

Poisson's ratio. Generally, E and ν are constant which are set to be 7 ×
1010 Pa and 0.25, respectively, but Te is allowed to vary spatially in our 

model. Unlike 2-D model in which the boundary bending moment (M0) 
and vertical shear stress (V0) have simple forms, M0 and V0 in our model 
are vectors (All parameters are displayed in the Table 1). 

The eq. (1) was solved by the finite-difference method (FDM) under 
different boundary loadings or surface loading (q(x, y)). The boundary 
conditions are given by (Fig. 3): 

Γ1 : M = M0(y),V = V0(y),
Γ2 : M = 0,V = 0,
Γ3 : w = 0,M = 0,
Γ4 : M = 0,V = 0,

(2) 

Eq. (2) shows that Γ1 is the subducting border, Γ2 and Γ4 are free 
borders relative to the deflection w and Γ3 is the fixed border. We have 
compared our model with different previous 2-D or 3-D models and the 
validity and accuracy of our 3-D model have been demonstrated in detail 
(Zhang et al., 2018b). 

Unlike elasto-plastic model (Zhou and Lin, 2018) which simulated 
faults pattern by plastic strain concentration, our model regards the 
inelastic deformation of plate (such as the brittle deformation in the 
upper extensional part) as the reduction in effective elastic thickness 
(Te). Zhou and Lin (2018) indicated that the reduction in elastic core 
modeled by pure elastic model (Zhang et al., 2014) was little greater 
than that of elasto-plastic model, while the extensional yield depth (dy) 
modeled by two models are very close. Te reduction in our model reflects 
the inelastic deformation part caused by normal faulting. 

Unlike 2-D models, M0 and V0 now become vectors rather than 
scalars, and Te becomes a matrix rather than a vector (Fig. 3). For 
simplicity, the Te is divided into two parts (Te

M and Te
m), similar to 

Fig. 2. Statistics of fault strike and seismicity at outer rise. (a) Tectonic structure of the oceanic plate. Red lines are normal faults identified from the multibeam. 
Orange lines are the magnetic lineation based on Zhou et al. (2015). Grey circles represent locations of earthquakes from Zhu et al. (2019) and focal mechanisms are 
from GCMT. (b) The rose diagram (red part) shows that the direction of strike of the bending-normal faults is ~N80◦E at the southern Marina Trench and the black 
arrow perpendicular to the fault strike shows that the bending direction is ~N10◦W. Orange line suggests that the direction of the magnetic lineation is ~N38◦E. (c) 
Histogram of outer rise earthquakes (within the distance 200 km away the trench) along the strike of trench. (d) Histogram of depth of outer rise earthquakes. It 
shows that ~25% of earthquakes occur within the depth shallower than 6 km and ~ 75% of earthquakes occur within the depth shallower than 50 km. (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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previous studies (Contreras-Reyes and Osses, 2010). The Te
M represents 

the ambient Te where the curvature of plate is zero (Contreras-Reyes and 
Osses, 2010) and the Te

m stands for landward Te deduced by normal 
faults. The relationship between Te and oceanic plate age is controver-
sial. Some studies suggest no correlation (Bry and White, 2007; Cary and 
Copley, 2014), or a weak correlation between the two (Contreras-Reyes 
and Osses, 2010); while others indicate a strong relationship (Hunter 
and Watts, 2016; Zhang et al., 2018a). At the southern Mariana sub-
duction zone, however, the calculated Te

M in different studies are close, 
~58 km (Hunter and Watts, 2016) and ~ 50 km (Zhang et al., 2014, 
2018a). We thus set the Te

M as a constant (50 km) while allow the Te
m to 

vary freely along the trench (Fig. 3). 
In order to avoid the effects of seamounts and plateau close to the 

subduction zone, the calculated area is set to a rectangle with x axis 
perpendicular to the trench and y axis along the trench (Fig. 3). 
Compared with the 3-D model of Zhang et al. (2019) which used trench 
axis as subducting model boundary, the subducting boundary (north) of 
our model is ~100 km landward of the trench (the thick red rectangle in 
Fig. 1). The best fit model was constrained by bathymetry seaward of 
trench axis and plate interface of the Slab 2.0 (Hayes, 2018) landward of 
the trench axis. The part shallower than 60 km in Slab 2.0 was taken as 
the constraint. The effects of deeper slab (beyond the red rectangle in 

Fig. 3. Schematic 3-D model used in our study. Γ1 - Γ4 represent different boundary conditions (Please see eq. 4). The M0 and V0 change along the strike of trench. 
For simplicity, the Te was divided into two parts (Te

M and Te
m). The Te

M is set to a constant (50 km) in our model (Following the work of Zhang et al., 2014) while Te
m 

vary freely along the strike of the trench. Intra-plate extensional earthquakes usually occurred in the brittle deformation domain and the compressional earthquakes 
usually occurred in the ductile deformation domain. 

Table 1 
Parameters used in flexural analysis.  

Model Symbol Description Value Unit 

Flexural model (Formula 1) 

E Young's modulus 7 × 1010 Pa 
g Acceleration due to gravity 9.81 m/s2 

ν Poisson's ratio 0.25  
ρm Mantle density 3300 kg/m3 

ρc Crust density 2700 kg/m3 

ρs Sediment density 2000 kg/m3 

ρw Water density 1030 kg/m3 

PSO inversion (Formula 3) 

c1 Individual learning rate 2  
c2 Social parameter 2  
r1 Tuning parameter 1 Random in (0, 1)  
r2 Tuning parameter 2 Random in (0,1)  
ω inertia weight From 0.9 to 0.2   

J. Zhang et al.                                                                                                                                                                                                                                   
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Fig. 1) were considered as boundary loadings (such as M0 and V0) in our 
model. This setting can help to keep the outer rise area away from the 
boundary, so the boundary effect can be neglected. It also helps us better 
to handle the effect due to local topographic reliefs such as seamounts. 
Since our aim is to model the first-order deformation of the subducting 
plate, the local topographic reliefs are noise and thus need to be 
removed in our simulation. 

2.3. Inversion strategy 

In previous 2-D inversion works, there are commonly three (Levitt 
and Sandwell, 1995) or five (Contreras-Reyes and Osses, 2010) variables 
to be inverted. It is straightforward to invert these parameters by 
minimizing the wrms between model result and the observation with the 

calculated model: WRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1
(
wobs

i − wcal
i
)2

√

, where N is the 
number of points along the profiles, wobs is the observation (bathymetry 
or gravity anomaly) and wcal is the calculated result (Bry and White, 
2007; Contreras-Reyes and Osses, 2010; Zhang et al., 2014; Hunter and 
Watts, 2016). However in the 3-D case, the M0 and V0 are vectors rather 
than single values, and Te becomes a two-dimensional matrix. In our 
study, Te

M and xr are set to be 50 km and 200 km, respectively. There are 
three groups of parameters {M0, V0, Te

m} to be inverted. The number of 
parameters depends on the nodes of the model. For example, the node 
number of model is 200 × 200, the elements number of M0 is 200 
theoretically. Here, we used the control point method (CPM) to carry out 
the inversion for brevity in which only a few control points are assigned 
values in each parameter of {M0, V0, Te

m} and the values of other nodes 
are given by interpolation. In this study we set 7 control points, the total 
number of parameters is 21. Parameters are searched by particle swam 
optimization (PSO method) (Shi and Eberhart, 1998). 

The PSO method is a group based optimization technology which 
treat the optimization as the process of birds flying and looking for food. 
In the solution space, every solution was considered as a particle (bird) 
and the “good or bad” (or the fitness) of each particle can be determined 
by the RMS error function, the smaller of RMS the better of the particle. 
Particles are not independent of each other and they can adjust their 
velocities and positions by learning the experience of themselves and 
others. 

Suppose there are n particles in an M-dimension searching space. At t 
moment (namely the tth iterations), the position of ith particle in solu-
tion space is Xi

t = (xi1
t , xi2 

t, xi3 
t, …, xiM 

t), and the velocity of the particle 
is Vi 

t = (vi1 
t, vi2 

t, vi3 
t, …, viM 

t), where i = 1, 2, 3, …, n. The position and 
velocity of the particle at next moment (t + 1) are given by: 

Vi
t+1 = ωVi

t + c1r1(Pi
t − Xi

t) + c2r2
(
Pgm

t − Xi
t)

Xi
t+1 = Xi

t + Vi
t+1

i = 1, 2, 3,…, n
(3)  

where Pi
t = (pi1

t , pi2 
t, pi3 

t, …, piM 
t) is the best position (fitness) of the i th 

particle in the whole history (from the first iteration to the present). Pgm
t 

= (pg1
t , pg2 

t, pg3 
t, …, pgM 

t) is the best position (fitness) of any of the 
particles in the whole history. c1 and c2 represent learning factors which 
are non-negative constants. c1 reflects the influence from itself and c2 
reflects the influence from the society. In general, (c1 + c2) should be no 
>4 (Shi and Eberhart, 1998). r1 and r2 are independent random numbers 
distributing uniformly in (0,1). Inertia weight ω is also a non-negative 
number, reflecting the influence of previous velocity on current veloc-
ity. If ω is large, the global search ability of particles is strong. Other-
wise, the local search ability of particles is strong. In general, ω is set to 
be within (0.1, 1). Please note that the initial Xi

0 and Vi
0 are given 

randomly (Shi and Eberhart, 1998). In our inversion, both c1 and c2 
equal to 2 and ω changes from 0.9 to 0.2. These parameters are empirical 
values and would affect the convergence rate of inversion but not the 
results (Zhang et al., 2019). The validity and details of inversion method 
have been described in Zhang et al. (2019). Our aim is to find a best 
fitting of combination of X0 = {M0, V0, Te

m} to minimize the RMS error 

function and each X0 is a particle in the PSO inversion. 
Compared with 2-D models, our 3-D model shows smoother results 

due that 2-D models fail to consider the effect from the dimension along 
the strike of trenches. The difference of parameter inversion between 2- 
D and 3-D model can reach ~30% when plate bending changes along the 
trench strike (Zhang et al., 2018b). However the change trend of 2-D and 
3-D model is consistent. So we used previous 2-D model results (Zhang 
et al., 2014) to help us to constrain the solution space, giving the range 
for M0, V0 and Te. Then, we adjusted the solution space through the PSO 
inversion method (Fig. 4) and finally we obtained the best one. 

2.4. Plane stress distribution 

In a thin elastic plate model, the plate bending stress changes linearly 
with depth (z), where z represents the distance from the neutral plane. 
The stress is tensional above the neutral plane and becomes compressive 
at greater depths. Therefore, the plane stress calculated at any depth 
including the plate surface, can be used to infer the stress level at other 
depths because of the linear dependence. 

The components of the plane stress along the direction normal (x) 
and parallel (y) to the trench are given by (Zhang et al., 2022): 

⎡

⎣
σ11
σ22
σ12

⎤

⎦ = −
Ez

1 + v

⎡

⎢
⎢
⎢
⎢
⎢
⎣

1
1 − v

v
1 − v

0

v
1 − v

1
1 − v

0

0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂2w
∂x2

∂2w
∂y2

∂2w
∂x∂y

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4)  

where E and ν represent the Young's modulus and the Poisson's ratio, 
which are set to 7 × 1010 Pa and 0.25, respectively (Table 1). According 
to the work of Contreras-Reyes and Osses (2010), The Young's modulus 
can be described by: E = ρVp(1 + v2), in which Vp is P-wave velocity and 
ρ is density. Serpentinization of mantle at outer rise can result in 
decrease of Vp and ρ and increase of ν (Contreras-Reyes and Osses, 
2010). Therefore the lateral variation of E may have influence on 
stresses along the bending direction but nearly no influence along the 
strike of trench. When we discuss the elastic core and the depth of plastic 
deformation constrained by the YSE, these stress components are pro-
jected onto the principal stress axes by: 

σ1 =
σ11 + σ22

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(σ11 − σ22

2

)2
+ σ12

2

√

σ2 =
σ11 + σ22

2
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(σ11 − σ22

2

)2
+ σ12

2

√ (5)  

3. Results 

3.1. Statistics of fault strike and seismicity at outer rise 

We have identified ~260 bending-related faults from the multibeam 
bathymetry data using the same method with Ranero et al. (2005) 
(Figs. 2a and b). The rose diagram shows that the main direction of the 
fault strike is ENE and thus the bending direction is NNW (Fig. 2b). 
Outer rise earthquakes are concentrated in the east of the Challenger 
Deep (~220–260 km), exhibiting an evidently non-uniform distribution 
in the along-trench histogram (within a distance of 200 km perpendic-
ular to the trench) (Fig. 2c). Nearly 25% of these earthquakes occur at 
depths shallower than 6 km and ~ 75% of earthquakes are located 
shallower than 50 km (Fig. 2d). Although focal mechanisms of most 
earthquakes in Zhu et al. (2019) are unknown, moment tensor solutions 
from the GCMT catalog exhibit strike-slip and normal faulting mecha-
nisms, indicating that some old, less-ideally oriented faults may be 
reactivated. 
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3.2. Plate bending 

A series of inversions have been performed for a large range of M0, 
V0, and Te and our best-fit model has a Wrms <1.2, yielding smooth 
model results (Figs. 4 and 5b). We compare the results with data along 
two different profiles perpendicular to trench, one profile along the 
trench (Fig. 5f), and another one along the base of slab in our model. In 
both trench-normal profiles (Fig. 5c and d) and the one along the base of 
the slab (Fig. 5e), the modeled deformation matches very well with the 
data (Fig. 5c and d). However, the fit between model and data gets 
slightly worse along the trench. Although the overall trench shape 
matches reasonably well, the model results do not completely capture 
the small-wavelength variation and underestimate the trench depth at 
certain places, including the Challenger Deep (Fig. 5e). 

To match the plate deformation, both plate bending moment and 
vertical loadings (M0 and V0) are applied on the plate boundary with 
along-strike variation. The V0 applied on the western part (near the 
Challenger Deep) is nearly twice as much as that of the eastern part 
(Fig. 5f). The M0 changes from positive to negative in a narrow range 
(~100–170 km) and the Te

m changes from ~16 to 40 km at the southern 
Mariana (Fig. 3f). 

3.3. Distribution of plane stresses 

According to eqs. (1) and (2), the distribution of plane stress com-
ponents σe

11, σe
22, σe

12 (Fig. 3), and the maximum principal stress σe
1 are 

calculated in the best-fit model (Fig. 6). σe
11 stands for the normal stress 

along the direction perpendicular to the trench that is caused by plate 
bending and reaches maximum close to the trench axis. σe

22 represents 
the normal stress along trench that reflects the trench-parallel flexural 
deformation of the plate. σe

12 represents shear stress on the x-y plane, 

which also corresponded to lateral flexural deformation. If no lateral 
change in plate pulling exists, the σe

12 is zero. 
We find that the stress distribution associated with plate bending is 

heterogeneous (Fig. 6). In addition, σe
11 increases gradually from the 

outer rise to the trench and reaches the maximum at the Challenger Deep 
(Fig. 6a), consistent with previous studies (Zhang et al., 2014, 2019). 
The difference between our work and previous 2-D works is that our 
model shows a smoother result because 2-D model failed to reflect the 
real 3-D deformation. σe

22 varies along the trench and reaches the 
maximum at ~143◦E, 11–11.5◦N, corresponding to the place where M0 
and V0 change sharply (Figs. 5f and 4b). The value of σe

12 changes from 
positive to negative from east to west along the trench (Fig. 6c). Among 
the three stress components, σe

11 is the largest, reaching the maximum of 
~5 GPa. Consequently, the maximum value of σe

1 exceeds 6 GPa 
(Fig. 6d). 

4. Discussion 

4.1. Flexural parameters vary along the trench 

Along the strike of southern Mariana trench axis, both trench axis 
depth and slab depth increase from east to west, suggesting a good 
consistent between deep slab deformation and shallow plate bending 
(Fig. 5e). The exception is the area between ~100 km and ~ 180 km on 
the profile (Fig. 5e), where the trench axis depth is shallow while the 
slab depth is deep. Both the M0 and the V0 also change sharply here 
(Fig. 5f). It may be caused by the variation of the slab length along the 
trench axis. Zhu et al. (2019) showed that the length of slab shortened 
significantly near the Challenger Deep and thus may influence the depth 
of trench axis. Another possible reason is that local terrain, such as 
seamounts or plateau, results in a relatively shallow trench depth. The 

Fig. 4. Final model of the PSO inversion. (a) The observation of bathymetry (Tozer et al., 2019) and slab 2.0 data (Hayes, 2018). (b) Result of our model. (c) The 
difference between our mode and the observation. (d) RMS error function changes with the number of iterations. The boundary depth of model is close to that of 
observation overall. 
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Te
m decreases as it approaches the Challenger Deep (Fig. 5f), suggesting 

that the degree of plate weakening becomes larger from west (near the 
Guam) to east (near the Challenger Deep) (Contreras-Reyes and Osses, 
2010). This is due to the fact that the plate deflection reaches maximum 
at the Challenger Deep and generates a lot of normal faults, which bring 
more sea water into the crust and upper mantle resulting in the plate 
hydration, possibly leading to further plate weakening. 

4.2. Comparison between 2-D and 3-D models on estimating the bending 
stress 

Garcia et al. (2019) suggested that the amount of strain ε (as well as 
the stress σ) of a flexural plate can be described by:ε = -z ∂2w

∂x'2 , where z is 
the distance from the neutral plane and x’ is the horizontal coordinate 
axis along the direction of maximum curvature. The bending stress is 
given by: σ = - E

1− u2 ε. It shows that if the z is a constant (e.g. at the upper 

surface of the plate), the amplitude of bending stress relies only on the 
bend curvature of plate. However, it's difficult to identify in 2D whether 
a selected profile is along the direction of maximum curvature even the 
profile is perpendicular to the trench. In 3D models, we calculate the 
magnitude and direction of maximum curvature by projecting the di-
rections of arbitrary orthogonal curvature to the directions of the 
maximum and minimum curvature (Zhang et al., 2021). If M0 and V0 are 
invariant along trench, the direction of maximum curvature is perpen-
dicular to the trench and the bending stress estimated by the 2-D model 
is nearly equal to that estimated by the 3-D model. Otherwise, the di-
rection of maximum curvature will change and point to the lowest place 
in a three-dimensional space. In this situation, the bending stress esti-
mated by the 2-D profile curvature may be underestimated. 

We built a test model to illustrate how along-strike variable V0 leads 
to an underestimate of 2-D bending stress (Fig. 7). In the test model, V0 
changes from V0

1 to V0
2 linearly within a distance L along strike, and the 

Te is set to a constant value (35 km) (Fig. 7a). We carry out 21 different 

Fig. 5. Result of our model. (a) Observed plate bending of the study area. The observation comes from the combination of the global 15 arc-second resolution 
bathymetry data (Tozer et al., 2019) and the Slab 2.0 data (Hayes et al., 2018). (b) 3-D flexural model results. Pro. A, B, C, and D represent the profiles shown in 
Fig. 5c-e. The Pro. D is along the trench axis. (c) - (e) Comparisons between our model and observed data along different profiles in Fig. 5(b). The dashed lines 
represent the observation and the solid lines are results of our model. (f) The variation of inverted M0 (blue line) and V0 (orange line) along the plate boundary. (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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calculation models in which the ratio V0
2/V0

1 and L/Lm are set to different 
values (every red dot in Fig. 7d represents one model). We then find that 
the changes in both V0 and the variation distance L (we used L/Lm in 
Fig. 7d, where Lm is the width of our model) can affect the results, in 
which the bending stress increases with V0 and decreases with L 
(Fig. 7d). Considering the Mariana Trench, if the L/Lm equals to 0.1 and 
V0

2/V0
1 is set to 2, the difference between 2-D and 3-D models can exceed 

20% (Fig. 7). 

4.3. Trench-parallel of plane stress and outer rise earthquakes 

Non-uniformly distributed outer rise earthquakes have been 
observed along various subduction zones (Ranero et al., 2005; Ammon 
et al., 2008; Lay et al., 2018). For example at the northeastern Alaska 
subduction zone, the USGS National Earthquake Information Center 
(NEIC) catalog shows that most of outer rise events larger than magni-
tude 4.5 since 1900 were distributed near the Kodiak Island (Lay et al., 
2018). Here we show the variation in bending deformation and plane 
stress of the outer rise region. Such trench-parallel variation in plane 
stress may be a mechanism for the non-uniform distribution of outer rise 
earthquakes. In the southern Mariana Trench, the along-trench varia-
tions of σe

22 and σe
12 are more dominant than σe

11 (Fig. 6). The location of 
the drastic changes in σe

22 and σe
12 coincides with an earthquake cluster 

in the outer rise of Mariana (Zhu et al., 2019) (Fig. 6b and c), indicating 
a possible relationship. Such along-trench variation in stress distribution 

may be correlated with outer rise earthquake distribution in other 
subduction zones (Sandiford et al., 2020; Ye et al., 2021; Craig et al., 
2022). We believe that greater bending stress may increase the possi-
bility of outer rise seismicity. 

In addition to normal faulting earthquakes, strike-slip earthquakes 
have been reported at the outer rise of subduction zones, such as the 
1940 Mw 7.3 Mariana earthquake (Okal et al., 2013), as well as some 
strike-slip outer rise earthquakes with Mw 5–7 at southern Mariana 
subduction zone (Emry et al., 2014). Lay et al. (2018) suggested that the 
strike-slip events in outer rise required laterally varying plate boundary 
conditions, such as the ~52 mm/yr of transform motion along the Queen 
Charlotte Fault along the eastern boundary in in the Gulf of Alaska 
(Brothers et al., 2020). Besides, Chen et al. (2022) located ~2000 
earthquakes using the machine-learning-based earthquake detection 
method and depicted a normal fault by an outer-rise sub-cluster. This 
normal fault penetrated to a depth of 50 km and may be cause by the 
reactivation of the inherited fabrics (Chen et al., 2022). Here, we pro-
pose a possible mechanism that the laterally varying plate deflection can 
generate heterogeneous stress distribution in the outer rise region, 
resulting in unevenly distributed outer rise earthquakes and reactivation 
of remnant fabric. Preexisting weak faults, such as abyssal hill faults, 
may be reactivated and may exhibit strike-slip faulting mechanism due 
to such stress heterogeneity (Fig. 8). If plate deflection does not change 
along trench, bending stress would be uniform along the trench. It will 
more likely generate new trench-parallel normal faults instead of 

Fig. 6. The components of the bending stress. The white circles represent the location of outer rise earthquakes proposed by Zhu et al. (2019) and the magenta circles 
are outer rise earthquakes from Chen et al. (2022). Variable radiuses of circles represent the event magnitudes. Focal mechanism solutions come from GCMT. (a) The 
distribution of σe

11, the normal stress along the direction perpendicular to the trench. The yellow star stands for the location of the Challenger Deep. (b) The dis-
tribution of σe

22, the normal stress along the strike of the trench, and (c) The distribution of the plane shear stress σe
12. (d) The distribution of the maximum principal 

stress σe
1 (Please see the eq. (2)). (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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reactivating preexisting weak faults, when preexisting faults have a 
angle (> 25◦) oblique to the trench axis (Red and blue arrows in Fig. 8) 
(Billen et al., 2007). Otherwise, it may cause the change of the direction 
of the maximum extensional bending stress in the variable zone which 
may provide greater possibilities for reactivation of preexisting weak 
faults (Green arrows in Fig. 8). When the direction of the maximum 
bending stress differs from the strike of preexisting weak faults, it may 
cause strike-slip movement on the fault. In addition, extensional strain 
in the red square area is larger than that in the green square area, sug-
gesting a higher likelihood of fault activation in the red square region 
(Fig. 8). 

4.4. Reasons causing variation of plate bending stress and outer rise 
seismicity 

Previous studies showed that regional stress caused by the resistance 
of overriding plate played an important role in the distribution of outer 
rise seismicity by changing the plate bending stress (Ward, 1984; 
Christensen and Ruff, 1988; Ammon et al., 2008). Some other works 
suggested that seamount subduction could influence the seismicity 
(Kodaira et al., 2000; Mochizuki et al., 2008; Wang and Bilek, 2014). 
However in our study area, there is only a small seamount close to the 
trench and the locations of this cluster of earthquakes seem to have no 
clear relation with the seamount. 

Our simulations show that the change of plate deflection along the 
strike of the trench may be another reason to cause variation of bending 
stress and outer rise seismicity. Through analysis of the well-located 
seismicity using near-field OBS data, Zhu et al. (2019) found that 

length and dip angle of the subducting slab increased from SW to NE 
along the trench. We infer that the variation of plate bending defor-
mation may result from the combination of slab pull and interface 
resistance. 

5. Conclusion 

By analyzing the results of plate bending deflection, plane stress, and 
the distribution of outer rise earthquakes at the southern Mariana 
Trench, the following conclusions are obtained:  

(1) The variable boundary loadings along the strike of southern 
Mariana Trench can cause not only along-strike variation in plate 
deflection, but also in plane stresses. The boundary loading 
applied at the Challenger Deep area is nearly twice as much as 
that of other areas. Under this situation, the difference on esti-
mating the bending stress exceeds 20% between 2-D and 3-D 
models by considering curvature of the trench.  

(2) The plane maximum curvature of the plate reflects the stress 
distribution of bending plate and well matches the outer rise 
earthquake cluster in the southern Mariana subduction zone, 
suggesting that the variation of plane stress may influence the 
distribution of extensional earthquakes in outer rise.  

(3) We propose a 3-D flexural model, considering the along-strike 
variable plate deflection and its influence on plane deforma-
tion. It shows that lateral plate deflection can cause the change of 
the direction of the maximum extensional bending stress which 
may result in reactivation of preexisting weak faults, providing a 

Fig. 7. The difference between the 2-D and the 3-D model on estimating the bending stress. (a) Schematic 3-D model to illustrate the along-strike variable V0. L is the 
variation distance of V0 and Lm is the width of our model. (b) The 3-D bending stress distribution under the loading shown in Figure a. The difference of the bending 
stress between the 2-D and the 3-D model along the profile A-A' in Figure b. (d) Plotting difference between the 2-D and the 3-D model on estimating bending stress 
versus the change of V0 (V0

2/V0
1) and the L/Lm. 
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possible mechanism to generate the outer rise strike-slip 
earthquakes. 
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