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Abstract

Lithospheric flexure at subduction zones is a major contributor to induce outer rise earthquakes. Here, we modeled the
bending deformation of the subducting plate at the southern Mariana using a 3-D plate flexural model. Intraplate stresses
were investigated, with the along-strike variable boundary loadings. In order to match the observations of plate geometry,
boundary vertical loading near the Challenger Deep has to be set twice of that in other areas. We also compared results
between 2-D and 3-D models and found that the difference on estimating plate stress can exceed 20% when there is an along-
strike variation in plate bending. Finally, we found that the sharp lateral variation in the ¢ and the o corresponded to an outer
rise earthquake cluster at the southern Mariana subduction zone, indicating that along-strike variation in ¢ and ¢ may be a

significant mechanism to cause non-uniform distribution of outer rise earthquakes.
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Abstract

Lithospheric flexure at subduction zones is a major contributor to induce outer rise
earthquakes. Here, we modeled the bending deformation of the subducting plate at the
southern Mariana using a 3-D plate flexural model. Intraplate stresses were investigated,
with the along-strike variable boundary loadings. In order to match the observations of
plate geometry, boundary vertical loading near the Challenger Deep has to be set twice of
that in other areas. We also compared results between 2-D and 3-D models and found
that the difference on estimating plate stress can exceed 20% when there is an

along-strike variation in plate bending. Finally, we found that the sharp lateral variation in
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the 0%, and the o corresponded to an outer rise earthquake cluster at the southern
Mariana subduction zone, indicating that along-strike variation in ¢®,, and 0®, may be a

significant mechanism to cause non-uniform distribution of outer rise earthquakes.

Plain Language Summary

A subduction zone is a region where two tectonic plates converged. When a plate
is subducted beneath the other one and becomes bending, the accumulation of bending
stress will occur. If the bending stress exceeds the yield strength of lithosphere, it will
induce the normal faults and earthquakes at outer rise. In our study, we simulated the
bending deformation of subducted plate at the southern Mariana subduction zone and
calculated corresponding stresses using the 3-D plate bending model. We found that
there is difference between the 2-D and 3-D model on estimating plate bending stress
when there is an along-strike variation of plate bending. We further found that the plate
bending stress has very important relationship with the distribution of outer rise
earthquakes.

Key words: Mariana Subduction zone; Plate bending; Numerical simulation;

Stress; Earthquakes

1. Introduction

Widely distributed subduction zone earthquakes may trigger large tsunami and
cause significant loss of life and damage, as demonstrated by numerous examples (e.g.
Gusman et al., 2009; Lay et al., 2010). In addition to interplate earthquakes, there are

intra-plate earthquakes which could also be devastating, such as the 1977 Sumba
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Indonesia (Sunda trench, M,=8.3) (Lynnes and Lay, 1988), the 1990 Mariana Trench

(My=7.3) (Yoshida et al., 1992), the 2007 Kuril Trench (M,,=8.1) (Ammon et al., 2008), and

the 2009 Somoa-Tonga (M,,=8.1, Beavan et al., 2010; Lay et al., 2010) earthquakes. All of

these earthquakes occurred in the outer rise region seaward of trench in subduction

zones, where normal faults are generated or reactivated by plate bending

(Mortera-Gutiérrez et al., 2003; Ranero et al., 2003; 2005). An outer rise earthquake may

be triggered by a megathrust earthquake and sometimes may trigger a megathrust event

(Ammon et al., 2008; Beavan et al., 2010; Lay et al., 2010), enhancing the tsunami hazard

potential. Therefore, evaluating plate bending, stress distribution, and corresponding

earthquakes in the outer rise region are crucial to assess earthquake and tsunami hazard

in subduction zones.

Previous studies have recognized the important role of stress within the subducting

plate in outer rise earthquakes (Chapple and Forsyth, 1979; Christensen and Ruff, 1983,

1988; Scholz and Small, 1995; Emry et al., 2014; Zhou et al., 2015, 2018). For instance,

Chapple and Forsyth (1979) explained the depths of tensional and compressional outer

rise earthquakes by using the idea that plate bending can produce tensional and

compressional stress regime, separated by a neutral plane. This model was supported by

focal mechanism solutions of outer rise earthquakes, e.g. along the Mariana subduction

zone where the focal depths of normal faulting events delineate the boundary between the

extension and compression stress regimes (Emry et al., 2014). Zhang et al., (2014)

simulated the geometry of the subducted plate along the profile perpendicular to the

Mariana Trench using a two-segment effective elastic thickness (T,) flexural model. They
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suggested that the plate bending stresses could exceed the lithosphere yield strength

envelope (YSE) resulting in faulting and tensional earthquakes in the upper plate,

corresponding to the reduction in Te. Their results showed a 21-61% reduction in T, along

the Mariana.

All of their work are based on 2-D flexural models, which only consider the bending

or slab pull from the direction perpendicular to the trench and assume uniform stress

along the trench. However, recent works clearly show along-strike variation in distribution

of outer rise seismicity, e.g. the southern Mariana subduction zone (Zhu et al., 2019)

where pervasive normal faults are observed (Figure 1). Moreover, observations of

strike-slip earthquakes in outer rise further indicate complex stress fields and thus require

investigations considering laterally varying boundary conditions and loadings, rather than

2-D plate bending models.

Some 3-D plate bending models have been developed to investigate the subducted

plate geometry (Manriquez et al., 2014) and boundary loading variation (Zhang et al.,

2018). However, no models have incorporated different aspects so as to provide

constraints on in-plate stress. Here we develop a 3D model by incorporating bathymetries

of the incoming plate, geometries of the subducting slab, and varying loading conditions.

We then apply this model in the southern Mariana subduction zone and derive stress

distribution within the incoming plate, for the first time. The distribution of surface elastic

stress is compared to the earthquake locations that were obtained from the recently

acquired seismic data (Zhu et al., 2019). In the end we discuss the possible relationship

between the plate bending, stress, and the distribution of outer rise normal fault
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earthquakes.

2. Data and method

2.1. Data Preparation

Three kinds of data were used in our study, including 15 arc-second resolution

global bathymetry data (Olson et al., 2014) and local multibeam data with ~150m

resolution (data from the NOAA website: https://www.ngdc.noaa.gov/maps/autogrid/),

global slabs geometry data (Slab 2.0 from Hayes et al., 2018), and newly acquired ocean

bottom seismic data (Zhu et al., 2019). Firstly, we identified the strike of the

bending-related normal faults from the multibeam data, as did in Ranero et al. (2005) for

the Mid-America and the Chile Trench. Rose diagrams of the fault strike help us to

determine the bending direction of the plate (Figurelb and d). In order to make the plate

boundary parallel to the strike of normal fault, the model area was chosen following the

bending direction (red rectangle in the Figure 1a). Then, the bathymetry data and Slab2.0

data are stitched together to provide well constraints on 3-D plate bending models.

2.2. Flexure model and inversion

It is widely accepted that the lithospheric plate is regarded as an elastic layer

floating on an inviscid layer and the flexure deformation can therefore be modeled by an

elastic thin plate under applied external forces (Watts, 2001; Turcotte and Schubert, 2014).

At subduction zones, if the strong plate bending exceeds the lithospheric yield strength, it

can result in bending-related normal faults, earthquakes and mantle serpentinization near
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the outer rise(Grevemeyeretal.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).
A plate bending model with variable flexural rigidity was therefore usually used to model
the deformation of the subducted plate (Zhang et al., 2014; Hunter and Watts, 2016;
Zhang et al., 2018).

The flexure model and inversion method used in this paper are similar to Zhang et
al., (2018). The plate deflection w was inverted by solving the 3-D plate flexure equation
with the finite difference method (FDM), as well as the Particle Swarm Optimization (PSO)
inversion method. The details of methodology have been described in Zhang et al., (2019).
For simplicity, the T was divided into two parts (T and Te™) in our model similar to
previous studies (Contreras-Reyes and Osses, 2010; Zhang et al., 2014). The T."
represents the seaward T. where the curvature of plate is zero (Contreras-Reyes and
Osses, 2010) and the T." stands for landward T, deduced by normal faults and
serpentinization. Previous studies showed that the T, of the oceanic plate at subduction
zone depends on plate age (Zhang et al., 2018). The age of subducting plate at southern
Mariana subduction zone ranges from 145 to 150 MPa (Figure la and b), the T is
therefore set to a constant (50km) in our model.

The calculated area is set to a rectangle with x axis perpendicular to the trench and
y axis along the trench (Figure 1d). The trench axis was set to be ~100km away from the
boundary and the part landward of the trench was constrained by Slab2.0. Because the
direction of trench strike is variable, if the curved trench was set to be the loading

boundary, it may not be reflective of the bending direction of plate (Figure 1d). Choosing
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the deep slab as the boundary has at least two advantages. One is that it keeps the outer

rise area away from the boundary, so the boundary effect can be avoided. The other one

is that it can help us handle the effect caused by the local topographic reliefs (such as

seamounts) better, because our aim is to model the first-order deformation of the

subducting plate and the local topographic reliefs are noise that should be removed in our

simulation. Both bending moment (Mg) and vertical shear force (Vp) vary along the

boundary. The squared RMS (root mean square) error W,y,s between the observed data

and the modeled flexure is used to find the best-fit model.

2.3. In-plate stresses distribution

For the thin elastic plates, the components of the plane stress along the x and y axis

depending on the distance from the neutral plane (z) are given by:

1 u 0_ w |
“w |7 1IJErZ,u 1fl,u 1—1,u 0 gyvg @)
F 0o o0 1 ow

L 1| oxoy |

where E and y represent the Young's modulus and the Poisson's ratio which are set to 7
X 10™° Pa and 0.25 respectively. When we discuss the elastic core and the depth of plastic
deformation constrained by the YSE, these stress components need to be projected onto

the principal stress axes by:

2
o, +0 o, —O,
2
o, = XX W [ XX yy] i

@)
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3. Results

3.1. Statistics of fault strike at outer rise

In the southern Mariana, the magnetic lineation is obvious oblique to the trench and

the bending normal faults. So it is suggested that the bending normal faults in the

southern Mariana have no clear relationship with spreading. We identified ~260 bending

faults from the multibeam bathymetry data using the method similar to Ranero et al., 2005

(Figure 1b and c). The rose diagram shows that the main direction of the fault strike is

NEE (Figure 1c) and thus the green arrow shows that the bending direction is NNW.

These two directions help us to determine the geographical range of our model (Figure 1).

3.2. Plate bending

A series of numerical model have been performed for a range of boundary loadings

and plate effective thickness. Finally we choose the best-fitting model with the W s less

than 1.5 km. We obtained smooth model results, including the 3-D simulated plate

deformation (Figure 2b) and different profiles (Figure 2c-f). The red lines show the results

of our model and the black lines are observed data. Profiles perpendicular to the trench

showed a ~1 km deviation between observations and our modeling results within O to

100km (Figure 2c and d). This may be caused by the discontinuity of the two datasets as

the precision of Slab2.0 is much lower than that of bathymetry. However, we believe that

this deviation would not affect the accuracy of our model, because the scale of our model

is far greater than ~1km.

Along the strike of the trench, we found that the flexural depth of the subducted
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plate becomes deeper from east to west, with a sharp variation of depth at the ~150km
along the trench axis (Figure 2a, b and e). Such along-strike variation may be associated
with the deepest spot, Challenger Deep (Figure 2f). To match the plate deformation,
along-strike variable loadings were applied on the plate boundary. The bending moment
applied on the western part (near the Challenger Deep) is nearly twice as much as that of

the eastern part.

3.3. Stresses and earthquakes distribution

According to equations (1) and (2), the distribution of surface elastic stress
components 0%y, 0%y, 0°%, and the maximum principal stress o°; are calculated in the
best-fitting model (Figure 3). The 0% stands for the normal stress along the x axis (the
direction perpendicular to the trench) caused by plate bending perpendicular to the trench
and it reaches maximum close to the trench axis. The o®, represents the normal stress
along the strike of the trench mainly caused by lateral flexural deformation of the plate (the
direction along the trench). This means if the flexure morphology of the plate is invariant
along the strike of the trench, the o°, will present the same tendency with o° due to the
Poisson's ratio of materials. Conversely, if the flexure morphology of plate varies along the
strike of the trench, the o®, will change due to the lateral plate pull. The o°,, represents
the shear force also caused by the lateral plate pull. If no lateral plate pulling exists, the
0%y Will be zero.

We found that the stress distribution associated with the plate bending is

heterogeneous. In addition, the o°, increases gradually from the outer rise to the trench
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and reaches the maximum at the Challenger Deep, consistent with previous studies
(Zhang et al., 2014, 2019). The o°, variations from extension to compression (or the
opposite) and The ¢, shows a high value at ~143° E, 11-11.5°N. Among the stress
components, the o is the largest, reaching the maximum of ~5GPa. The maximum of
0°1 exceeds 6GPa. Along the red line in Figure 3d, the depth of earthquakes and the
variation of o®; were projected onto the profile in Figure 3e. It shows that from west to east,
there is a sudden drop of the 0°; at the distance ~40 - 60km (please note the stress axis is
reversed) and most of the earthquakes occur at this area. The depths of the earthquakes

vary from 0 to ~60km with the mode number of depth ~26km (the histogram in Figure 3e).
4. Discussion
4.1. Comparison between the 2-D and the 3-D model on estimating the plate stress

The stress distribution of the flexural lithosphere could be predicted by the curvature
of the 2-D profile perpendicular to the trench (Hunter et al., 2016; Zhang et al., 2019). The
plate stress distribution can further help us constrain the lithospheric yield zone, the depth
of outer rise earthquakes and mantle serpentinization (Emry et al., 2014; Zhang et al.,

2019). Garcia et al. (2019) suggested that the amount of strain € (as well as the stress o)

. o’w . . .
of a flexural plate can be described by: ¢ = -Za—.z, where X’ is a horizontal coordinate
X

axis along the direction of maximum curvature. If the flexural parameters (such as My and
Vp) are invariant along trench, the direction of maximum curvature is perpendicular to the

trench and the plate stress estimated by the 2-D model is nearly equal to that estimated
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by the 3-D model. However, if the flexural parameters vary along trench, the direction of
maximum curvature will change and point to the lowest place of the three-dimensional
space. At this situation, the plate stress estimated by the 2-D profile curvature may be
underestimated.

Figure 4 is an example that illustrates how along-strike variable Vo generates the
underestimated 2-D plate stress. Here, the Vj is set to sectioned linear variation along the
strike, which means that the V, change from Vo' to Vg2 linearly within a variation distance
L (Figure 4a). As we only consider the effects of the along-strike variable V,, the T, was
set to a constant value (35km) here. Then we compared the difference between the 2-D
and the 3-D model on estimating plate stress (Figure 4c). After employing dozens of
different calculation models, we found that both the change in V, and the variation
distance L (we used L/L, in Figure 4d, where Lm is the width of our model) can affect the
difference between the 2-D and the 3-D model. It shows that the difference between the
2-D and 3-D the model on estimating plate stress increases with change of V, and
decrease with the variation distance L (Figure 4d). Considering the Mariana Trench, if the
L/Ly, equals to 0.1 and VoIV is set to 2, the difference between the 2-D and the 3-D

model can exceed 20% (Figure 4).

4.2. Surface elastic stress and the YSE

The in-plate stress of the elastic plate is linearly correlated with the distance from
the neutral plane of the plate (z) (Equation 1). It means that the stress varies linearly from

the maximum compressive stress to the Maximum tensile stress along the traversal
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section of a bending plate. However, the lithosphere is not perfect elastic. It will be yield
and generate plastic deformation (such as normal fault) when the stress exceeds the yield
strength of the lithosphere.

The stress distributions along different profiles at the South Mariana Trench in our
model are shown in Figure 5a. If the subducted plate is the ideal pure elastic material, the
surface elastic stress can reach ~3GPa. While the actual plate bending stress is of limited
by the YSE. The YSE used in our study is combination of Beyerlee (1978), Mei et al.
(2010) and Hirth and Kohlstedt (2003) (Figure 5b). In Figure 5b, the grey line represents
the elastic stress profile at the location pointed by the red arrow in Figure 5a. ¢° is the
surface elastic stress and dy is the depth of the yield zone. Clearly, the dy is linearly
positively correlated to the o°. It means that if the o° is given at anyplace, the d, can be
estimated easily. Therefore, we can use the simulated surface elastic stress to constraint

the potential first fracture zone and the distribution of outer rise earthquakes.

4.3. Lateral variation of in-plate stress and outer rise earthquakes

Along the strike of the Mariana trench, the distribution of outer rise earthquakes is
always non-uniform (Zhu et al., 2019). Christensen and Ruff (1988) proposed a model by
considering the regional and plate bending stress to explain such phenomena. They
indicated that although the lithospheric bending played a major role in inducing outer rise
tensional earthquakes by placing the shallow region of outer rise in extension and causing
brittle deformation, the regional compressional stress caused by the interaction between

the upper and subducted plate can reduce the possibility of outer rise extensional events,
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such as the alternation of tensional and compressional outer rise earthquakes along the
Kuril subduction zone (Ammon et al., 2008). However, previous studies have
demonstrated a weak plate coupling at the southernmost Mariana Trench (Gvirtzman and
Stern, 2004; Emry et al., 2014). It is unlikely that the uneven distribution of outer rise
earthquakes located by Zhu et al., (2019) can be explained by the coupling between the
upper and subducted plates.

Here, we proposed another possible mechanism which causes the variable
distribution of outer rise earthquakes - the lateral variation of in-plate stress. If there is a
variable boundary loading caused by deep slab pull, it will lead to the along-strike variable
bending depth as well as the variable plate bending stress at outer rise. We propose that
the bending stresses exceed the yield strength of the lithosphere due to the variable
loading, corresponding to the variable distribution of outer rise seismicity. Here the
bending stress includes not only the stress along the direction perpendicular to the trench
but also the stress along the strike of the trench (o®, and 0°%y) caused by the laterally
plate pull. Actually, we found that the along-strike stress plays an unneglectable role in
deciding the distribution of outer rise earthquakes. For example at the southern Mariana
Trench, it is hard to explain the concentrated outer rise seismicity only by the extensional
stress along the direction perpendicular to the trench. However, a sharp variation of the
normal stress along the strike of the trench (0%, ) occurred just at the concentrated

seismic zone (Figure 3b).
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5. Conclusion

By analyzing the results of plate bending simulation, in-plate stress, and the

distribution of outer rise earthquakes, we show that the variable boundary loadings along

the strike of southern Mariana Trench caused by deep slab pull can cause not only

along-strike variation in degree of plate bending, but also the along-strike variant in-plate

stresses. The boundary loading applied at the Challenger Deep area is nearly twice as

much as that of other areas, which can make the difference between the 2-D and the 3-D

model on estimating the plate stress exceed 20%. An outer rise zone with concentrated

earthquakes in the southern Mariana subduction zone corresponds to the sharp variation

in the along-strike normal stress and the plane shear stress. It is therefore suggested that

the 3-D effect of plate bending can be a mechanism to cause non-uniform distribution of

outer rise earthquakes along trench.
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Figures

Figure 1. (a) 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 Figure 1b) and the yellow star
represents the location of the Challenger Deep. Yellow lines are the magnetic lineation
based on Zhou et al., (2015). (b) Tectonic structure of the oceanic plate. Red lines are
normal faults identified from the multibeam. (c) The rose diagram (red part) shows that the
direction of strike of the bending-normal faults is NEE at the southern Marina Trench and
the green arrow perpendicular to the fault strike shows that the bending direction is NNW.
(d) Schematic 3-D model to illustrate the bending stresses of subducted plate under
along-strike variable loadings (bending moment (Mg) and vertical shear force (V) caused
by deep slab pull). ox and o,y represent the stresses on vertical profiles. 0%y, 0%y, and
o°y are surface elastic stresses (The meaning of surface elastic stress is shown in Figure

6).

Figure 2. Result of our model. (a) Observed plate bending of the study area. (b) 3-D plate

bending model results. Pro. A, B, C, and D represent the profiles shown in Fig 2c-f. The
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Pro. D is along the trench axis. (c)-(f) Comparisons between our model and observed data

along different profiles in Figure 2(b).

Figure 3. The components of the surface elastic stress (the meaning of the surface elastic
stress is shown in Figure 5). The white circles represent the location of outer rise
earthquakes proposed by Zhu et al., (2019) and the grey crossing in Figure (a) are historic
outer rise earthquakes in this area (from USGS). (a) The distribution of o°, the normal
stress along the direction perpendicular to the trench. The yellow star stands for the
location of the Challenger Deep. (b) The distribution of o®,, the normal stress along the
strike of the trench, and (c) The distribution of the plane shear stress o°,. (d) The
distribution of the maximum principal stress o%; (Please see the equation (2)). (e) The ¢°;
and depth of outer rise earthquakes along the profile A-A’ in Figure (d). It shows that the
sharp variation of the o°; along the strike of trench corresponds well to the concentrated

seismic zone. The histogram represents the variation of seismic depths.

Figure 4. The difference between the 2-D and the 3-D model on estimating the plate
stress. (a) Schematic 3-D model to illustrate the along-strike variable Vy. L is the variation
distance of Vg and Ly, is the width of our model. (b) The 3-D plate stress distribution under
the loading shown in Figure a. The difference of the surface elastic 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 plate stress versus the change of Vo (Vo?/Vol)

and the L/L,,
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Figure 5. The relationship between the surface elastic stress and outer rise earthquakes.
(a) Profiles with different direction along the southern Mariana and their bending stress
distributions. The red arrow is the location of the profile shown in Figure (b). (b) The YSE
used by Hunter and Watts (2016) which is a combination of the rheology laws of Byerlee
(1978), Mei et al. (2010), and Hirth and Kohlstedt (2003). The plate age at the southern
Mariana Trench is nearly 160 Ma with a mechanical thickness of ~59km. The grey line
represents the plate elastic stress profile and the red line represents the real stress profile
due to plastic deformation. The o° is the surface elastic stress (a theoretical value in the
model) and the dy is the yield depth. It is suggested that bending-related normal fault
(earthquake) occurred shallower than this depth. It shows that the o is positively
correlated with the dy and therefore the o® can be used to constrain the potential first

fracture zone.
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