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[1] We have numerically simulated dynamic ruptures along
a “slip-weakening” megathrust fault with a subducted
seamount of realistic geometry, demonstrating that
seamounts can act as a barrier to earthquake ruptures. Such
barrier effect is calculated to be stronger for increased
seamount normal stress relative to the ambient level, for
larger seamount height-to-width ratio, and for shorter
seamount-to-nucleation distance. As the seamount height
increases from 0 to 40% of its basal width, the required
increase in the effective normal stress on the seamount to
stop ruptures drops by as much as ~20%. We further
demonstrate that when a seamount is subducted adjacent to
the earthquake nucleation zone, coseismic ruptures can be
stopped even if the seamount has a lower effective normal
stress than the ambient level. These results indicate that
subducted seamounts may stop earthquake ruptures for a
wide range of seamount normal stress conditions, including
the case of the thrust fault being lubricated by seamount-
top fluid-rich sediments, as suggested from observations in
the Japan and Sunda Trenches. Citation: Yang, H., Y. Liu,
and J. Lin (2013), Geometrical effects of a subducted seamount
on stopping megathrust ruptures, Geophys. Res. Lett., 40,
doi:10.1002/grl.50509.

1. Introduction

[2] Subducted seamounts have been suggested to act as
asperities where large thrust earthquakes nucleate [Cloos,
1992; Husen et al., 2002; Hicks et al., 2012], and as barriers
to inhibit coseismic rupture propagation [Kodaira et al.,
2000; Mochizuki et al., 2008]. Such barrier effect is charac-
terized by various conceptual models. For instance,
subducted seamounts have been suggested to increase nor-
mal stress on the thrust interface [Scholz and Small, 1997],
and such seamount-induced additionally frictional resistance
could stop coseismic ruptures [Kodaira et al., 2000]. On the
other hand, subducted seamounts have also been suggested
to cause erosion of overriding plate and to deliver fluid-
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rich sediments into seismogenic zone [Bangs et al., 2006].
The presence of entrained fluid-rich sediments in the vicinity
of a subducted seamount would reduce effective normal
stress and lubricate the thrust interface, leading to little
elastic strain accumulation and thus inhibiting coseismic
ruptures [Mochizuki et al., 2008; Singh et al., 2011]. Further-
more, it was proposed that seamount subduction may create
a complex fracture network in the overriding plate, making it
unfavorable for the generation of large earthquakes [Wang
and Bilek, 2011]. Thus, the specific mechanisms for
subducted seamounts to stop coseismic ruptures could be
complex and remain open for debate.

[3] Previous numerical studies have modeled a subducted
seamount as a patch under elevated effective normal stress
on planar subduction fault [Duan, 2012; Yang et al.,
2012], showing that the subducted seamount could slow
down or stop coseismic ruptures, acting as a barrier. If such
a barrier is broken, it may produce large concentrated
coseismic slip as suggested for the 2011 Tohoku Mw 9.0
earthquake [Simons et al., 2011; Duan, 2012]. However,
these planar subduction zone models have not considered
the geometrical irregularities caused by a subducted sea-
mount. Hence, its barrier effect is only realized by increasing
the local effective normal stress unless other heterogeneities
in friction parameters are introduced. Is it possible for a sea-
mount to stop ruptures even with a reduction in normal
stress due to the presence of fluid-rich sediments as observa-
tions in the Japan Trench and Sumatra subduction zone
imply [Bangs et al., 2006; Mochizuki et al., 2008; Singh
et al., 2011]? In this study we take into account both the
geometry and local normal stress changes on a megathrust
fault due to a subducted seamount [Scholz and Small,
1997; Bangs et al., 2006]. Specifically, we investigate how
a seamount geometrical high under either elevated or
reduced normal stress would influence coseismic rupture prop-
agation by performing numerical simulations of dynamic rup-
tures using a Computational Infrastructure for Geodynamics
open-source finite element tool, PyLith (http:/www.
geodynamics.org/cig/software/pylith) [Aagaard et al., 2008].
PyLith has been tested in a series of Southern California
Earthquake Center dynamic rupture benchmark verifications
[Harris et al., 2009].

2. Fault Model and Parameters

[4] We set up a 2-D subduction fault model in a homoge-
neous elastic half space. The subduction fault dips at 6=15°
and extends 150km in down-dip distance from the trench
(Figure la). The domains have a shear wave velocity
V¢=3.33 km/s, P wave velocity V,,=5.77 km/s, shear modulus
1=30 GPa, and Poisson’s ratio v=0.25. These parameters are
kept constant for all simulation cases. The geometry of a
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Figure 1. (a) A schematic plot of the subduction fault
model and a subducted seamount (grey). Red line denotes
the megathrust interface. wy, and Ay are basal width and
height of the seamount (not to scale), respectively. 6 is
the dip angle of the subduction fault. d; represents the
distance from the trench to the down-dip edge of the
seamount. W is the distance from trench to the up-dip
edge of the rupture nucleation zone (NZ, black bar).
(b) Schematic effective normal stress on the fault. Ac is
the perturbation in local normal stress induced by the
seamount relative to the ambient level. Dashed line
indicates that AG could be negative.

subducted seamount is characterized by two parameters, its
basal width wy, and its height % (Figure 1a). Another impor-
tant model parameter is the seamount-to-trench distance, d;.
In rate-state earthquake cycles simulations, Yang et al.
[2012] showed that, when the total subduction fault length
and the depth of earthquake nucleation are both fixed
(Figure la), d; determines whether ruptures will be
stopped or initiate on the seamount.

[s] Here we simulate dynamic rupture scenarios using a
linear slip-weakening friction law [/da, 1972], in which the
friction coefficient f'is given by

_ L=k —ta)d/dy 0 <d
f= {ﬁj a)o/do 52d0,0 0

where ¢ is slip on the fault, f; and f; are coefficients of
static and dynamic friction, and d, is the critical slip
distance. To focus on the seamount and coseismic rupture
interaction, we define the seismogenic zone to be within
vertical depth of 3 to 35km, and set an artificially large
value of ;=500 beyond the seismogenic zone to prevent
further up-dip and down-dip rupture propagation. Values
for friction parameters in the seismogenic zone are listed
in Table 1. The normal stress on the fault ¢ is assumed
to be p.gz where p. is density of crust, g is gravitational
acceleration, and z is depth. Pore fluid pressure in subduc-
tion zones has been proposed as overhydrostatic, even
near-lithostatic at the up-dip and down-dip ends of the
seismogenic zone [Saffer and Tobin, 2011]. Here we
choose a uniform ambient effective normal stress at depth

Parameters Values
Static friction coefficient, f; 0.630
Dynamic friction coefficient, fy 0.525
Effective normal stress o (MPa) 50
Initial shear stress 7o, (MPa) 28
Shear stress within nucleation zone 7, (MPa) 31.7
Critical slip distance d, (m) 0.40

for simplicity (e.g., @ = 50 MPa) [Rice, 1992]. In addition,
the effective normal stress is assumed to be time-constant,
thus does not incorporate any potential pore pressure
changes induced by dilatancy or thermal pressurization
during earthquakes [Liu, 2013; Segall et al., 2010; Noda
and Lapusta, 2010]. Coseismic ruptures are nucleated
from a 3 km segment located at W=130km, where W is
the down-dip distance between the trench axis and the
up-dip edge of the nucleation zone. The initial shear
stresses within the nucleation zone are prescribed slightly
higher than the static strength on the fault (Table 1). The
size and depth of the nucleation zone are fixed in all sim-
ulation cases; its size is just over the theoretical estimate
of crack length required for instability [Uenishi and Rice,
2003]. After nucleation, ruptures propagate spontaneously
on the fault.

[6] To adequately resolve the rupture process, grid size Ax
on the fault needs to be small enough to resolve a cohesive
zone. For a linear slip-weakening law in 2-D cases, Day
et al. [2005] derived the size of the cohesive zone for a mode
II rupture as

_9n o dy
T2l —vtg—14)

Ao 2
where 13 = f;6 and 14 = f4o are static and dynamic shear
stresses, respectively. Using the values of parameters above
and given in Table 1, we estimate 4y ~2600 m, which needs
to span at least 3—5 grids [Day et al., 2005]. In this study, we
use 4x=100 m on the fault, resulting in Ay/4x ~ 26, a much
finer resolution than the minimum requirement. Time step,
At, needs to be smaller than the time for P wave traveling
across one grid. We here use 4/=0.005s, much less than
the value of 0.017 s obtained from 4x/V},, and thus satisfying
the numerical modeling requirement.

[7] In addition to considering a seamount with realistic
geometry, we assume that the seamount will change the
local effective normal stress by an amount of Ag, following
previous numerical approaches [Duan, 2012; Yang et al.,
2012]. According to the analysis by Scholz and Small [1997],
the amplitude of Ac can span a range of 0-200 MPa,
depending on the material properties of the overriding plate

Table 2. Range of Geometrical Parameters for a Modeled Seamount

ds (km) wy, (km) hs (km)
60 0 0
70 10 1
80 20 2
90 30 3
100 40 4
110

120
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Figure 2. Effects of seamount height 4, basal width wy, and down-dip distance ds on ¢* ;,(minimum AG /@ required to
stop a rupture). (a) d*=0.46, (b) d*=0.62, (c) d*=0.77, and (d) d*=0.92. d*=dy/W and w*=wy/W. V,/V, represents
rupture speed normalized by the seismic shear wave velocity. Grey area denotes the regime of positive * ,;,. Open
circles represent the results of planar subduction fault models (i.e., #;=0). Values of the seamount basal width wy, are

shown by colors.

[Yang et al., 2012]. In this study, we also allow negative
values of AG, i.e., a reduction in effective normal stress
on the seamount relative to the ambient normal stress
on the subduction fault (Figure 1b). The sizes of seamounts
that have been identified in global subduction zones
range from ~ 10to~ 50km in basal width and up to 4km
in height [Kodaira et al., 2000; Mochizuki et al., 2008;
Singh et al., 2011; Trehu et al., 2012; Hicks et al., 2012].
Therefore, we vary the values of wy, and 4 in these ranges
(Table 2). To compare and apply our results to a wide
range of subduction zone models, we adopt dimensionless
quantities for o* = AG /7 in percentage. Similarly, we use
normalized d* and w* to represent the seamount-to-trench
distance and basal width, respectively, where d*=dJ/W
and w*=wy/W. In the current model set up where the
nucleation zone size and depth are fixed, a larger d* is
equivalent to a shorter distance between the seamount and
the rupture nucleation zone.

3. Results

[8] For reference, we first determine the minimum addi-
tional normal stress ¢*.;, for a subducted seamount to
stop a coseismic rupture in a planar subduction fault
model, i.e., #=0. We run dynamic rupture simulations
given a seamount size w* and location d* with a stress
perturbation ¢*. After each simulation, we inspect the final
slip distribution on the subduction fault. Because the

rupture is nucleated down-dip of the seamount, the final
slip up-dip of the seamount would be zero if the rupture
is completely stopped by the seamount (Figure S1). Thus,
we obtain the values of ¢*,,;, for every group of seamount
location and basal width (Figure S2). Apparently the
amplitudes of o*,;, are dependent on the distance d*
and the basal width w*. The closer the seamount is to
the rupture nucleation zone (i.e., larger d*), the smaller
the o*.,;, would be required for the seamount to stop
rupture. In the cases we simulated, the largest value of
0% nmin=26% 1is associated with a seamount of d*=0.46
and w*=0.077 (Figures 2a and S2). This means that the
effective normal stress of the seamount patch has to be
at least 26% higher than the ambient background normal
stress to stop a coseismic rupture. In contrast, for a sea-
mount with the same basal width w*=0.077 but located
at d*=0.92, the required o*,;, is only 4% (Figures 2d
and S2). Furthermore, it is easier for a larger seamount
to impede a rupture. For a seamount with the identical
d*, the required normal stress perturbation on the sea-
mount *;, to stop ruptures becomes smaller if the basal
width w* increases (Figures 2 and S2), although the differ-
ence nearly diminishes as the seamount gets very close to
the nucleation zone (Figure 2d). In addition, we find that
for the cases ignoring seamount heights (i.e., 4=0), the
values of o*;, are all positive, indicating ¢ on the sea-
mount has to be higher than the ambient effective normal
stress on the megathrust fault to stop ruptures.
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Figure 3. Stress at the top of a seamount as a function of
time. The seamount has a basal width of 10 km and is located
at d*=0.77. There is no stress perturbation to the effective
normal stress, i.e., c*=0. Shear stresses are shown by solid
lines with colors representing different seamount height-
to-width ratios. Dashed lines stand for yield strength (=£;7),
a proxy of effective normal stress on the seamount. The rupture
propagates through the seamount for 4y¢/w,=0.1 (blue), but is
stopped by the seamount for 4y/w,=0.2 (red) and 0.3 (green).

[¢] We then explore how a seamount topographic anom-
aly (hs>0) affects o*;,. To approximate the seamount
geometry, we use the two nodal points of the seamount base,
up-dip at d; — wy, and down-dip at d;, and a third point at the
seamount top (k) to create a smooth spline curve employing
the finite-element mesh generator, CUBIT. The spline curve
represents the thrust interface at the location of the
seamount. We keep other part of the megathrust fault identi-
cal to the planar fault model. An example of meshing with a
seamount is shown in Figure S3. To explore the seamount
parameter space listed in Table 2, we generate 112 mesh
models in total. We then perform dynamic rupture simula-
tions and search for o*,,;, for each model.

[10] Given the same seamount location and basal width, the
amplitude of ¢*,;, derived from a more realistic geometry
mesh monotonically decreases as the seamount height-
to-width ratio Ay/wy increases (Figure 2). In other words, it is
easier for a seamount to stop ruptures with a larger height-
to-width ratio. As shown in Figure 3, a larger seamount
height-to-width ratio hg/w, (i.e., a larger bending angle as
rupture reaches the seamount) implies larger increase in nor-
mal stress and thus higher yield strength on the seamount,
while the increase in shear stress is not sufficient to overcome
the yield strength. For example, we consider a seamount of
d*=0.77, w*=0.077, and ¢*=0, i.e., no perturbation to the
effective normal stress on the seamount. The rupture propa-
gates through the seamount with //wy, =0.1, in which the peak
shear stress on the seamount is adequately large to overcome
the yield strength when the rupture front arrived (blue curves
in Figure 3). In comparison, ruptures are stopped by the
seamount with Ag/w,=0.2 or larger (red and green curves
in Figure 3), in which the peak shear stresses are below
the yield strengths. Figure 3 clearly shows that an increased
hg/wy, sets a higher bar for the rupture to propagate through.

[11] The reduction in ¢*.;, as a function of Ay/wy also
depends on d* (Figure 2). If d* is large, e.g., 0.92
(Figure 2d), the reduction in ¢*;, appears to be nearly
a constant for all w*. The effect of w* on the o*.,;,
reduction becomes more pronounced at smaller down-dip
distance d*. For instance, at d*=0.46 (Figure 2a) and for a
small seamount of w*=0.077, o*,;, is reduced by ~ 20%
when A¢/w,, is increased from 0 to 0.4. In contrast, o* i, only
reduces by ~ 5% for a larger seamount of w*=0.308. Such
dependence of the reduction rate of o*,,;, on d* could be
attributed to the different rupture propagation speed V,/V
as a rupture approaches the seamount. At large d*, i.e., when
the seamount is located at a short distance up-dip of the
nucleation zone, the up-dip propagating rupture has not yet
progressed to its full speed and hence is easier to be stopped
(Figure 4). Therefore, the amplitude of o*,,;,, is smaller for a
larger d*.

[12] Furthermore, we find that ¢*,;, could be negative,
suggesting that a subducted seamount of realistic geome-
try could stop coseismic ruptures even with a reduction
in effective normal stress. Such cases would not be pos-
sible for a planar subduction megathrust model unless
nonuniform frictional parameters or other fluid-induced
mechanisms such as dilatancy strengthening are employed
[Yang et al., 2012; Liu, 2013; Segall et al., 2010]. It has
been proposed that seamount subduction may cause
erosion of the overriding plate and thus result in the pres-
ence of fluids in the vicinity of the seamount [Bangs
et al., 2006]. The presence of entrained fluid-rich sedi-
ments could reduce effective normal stress and lubricate
the fault [Mochizuki et al., 2008]. Our results show that
stopping ruptures is plausible even with a reduction in
normal stress when taking into account of the realistic
geometry of the seamount.
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Figure 4. Change in the rupture speed V,/V as a function
of down-dip distance d*. The rupture speed is computed at
the down-dip edge of the seamount, where the rupture has
not propagated into the seamount patch yet. Error bars indi-
cate 95% confidence interval calculated for all simulation
cases at the same d*.
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4. Discussion

[13] Our numerical experiments of dynamic ruptures are
specifically designed to investigate the roles of realistic
geometry of a subducted seamount in stopping ruptures.
Therefore, we have ignored a few factors that may also influ-
ence rupture propagation. First, material contrast across the
megathrust fault interface and off-fault damage may change
the propagation speed of coseismic rupture and the rupture
mode (crack versus pulse) [Li et al., 2007; Yang and Zhu,
2010; Huang and Ampuero, 2011; Yang et al., 2011].
Although the amplitude of o*,,;, might be different due to
heterogeneous material properties, which are ignored in this
study, the qualitative behaviors such as ruptures impeded by
the seamount are similar. Second, we have assigned an arti-
ficially large value of fault strength at shallow depths to min-
imize the free surface effect. Previous numerical studies
have shown that the free surface may strongly influence
rupture propagation [Kaneko and Lapusta, 2010]. If a
subducted seamount is close to the trench, then such free
surface effect needs to be considered.

[14] Our model set up is similar to previous investigations
of fault bending, branching, and off-fault failure induced by
a dynamic rupture [Duan and Oglesby, 2005; Rice et al.,
2005; Bhat et al., 2007], in which the rupture on the
megathrust main fault is “branched” into slip along the
curved top surface of the seamount. Our results have shown
that d* and hy/w, are critical parameters to determine the
stress level for a seamount to stop ruptures. The rupture
speed inversely correlates with d* as a rupture approaches
the seamount (Figure 4). Previous studies have suggested
the rupture speed is an important factor to determine whether
a dynamic rupture continues on the main fault or deviates to
the branch. The Ay/w,, approximately equivalent to a
branching or bending angle, determines the changes in shear
stress and yield strength on the fault (Figure 3). When Ay/w,,
increases, the peak shear stress at the rupture front may not
be sufficient to overcome the yield strength, thus a rupture
may be stopped by the seamount (Figure 3). If a rupture is
stopped by the seamount, both the shear stress and the yield
strength on the seamount are increased (Figure 3). However,
the difference between the yield strength and the shear stress
is reduced to a value smaller than that before the rupture.
Therefore, it would be easier to for the next rupture to prop-
agate through, as observed from simulation results in multi-
ple earthquake cycles [Duan and Oglesby, 2005; Yang et al.,
2012]. Such process may also make the seamount a potential
nucleation site for the next earthquake.

[15] Wang and Bilek [2011] have suggested that seamount
subduction may generate a complex network of fractures in
the overlying plate and that such a network of fractures
and the associated heterogencous stresses are unfavorable
for the generation and propagation of large ruptures. Prelim-
inary results of numerical modeling of seamount subduction
with realistic geometry have shown that formation of large-
scale thrust and normal faults in the overlying plate is plau-
sible in the vicinity of the subducted seamount [Ding and
Lin, 2012]. Although our results here cannot be used to
directly evaluate the above fracture network model, we have
quantitatively shown that coseismic ruptures can be stopped
by a seamount even without a network of fractures in the
overlying plate or elevation of effective normal stress near
the seamount.

5. Conclusions

[16] We have performed slip-weakening dynamic rupture
simulations considering seamount topographic features that
are carried on the megathrust fault into subduction zones.
For fixed depth and size of the earthquake rupture nucleation
zone, our simulation results clearly show that a subducted
seamount can act as a barrier, and such barrier effects are
dependent on the seamount-to-nucleation distance and the
seamount height-to-width ratio. The required additional
effective normal stress to stop rupture is decreased as the
seamount height-to-width ratio increases. This study demon-
strates that when a seamount is subducted adjacent to the
rupture nucleation zone, coseismic ruptures can be stopped
even if the seamount has a lower effective normal stress than
the ambient level. These dynamic modeling results indicate
that subducted seamounts may stop earthquake ruptures for
a wide range of seamount normal stress conditions, includ-
ing the case of megathrust fault lubricated by seamount-top
fluid-rich sediments. Our results suggest that realistic geom-
etry of such topographic features needs to be considered
when evaluating the roles of seamounts in affecting subduc-
tion zone earthquakes.
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