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Dynamic Overshoot Near Trench Caused by Large Asperity Break at Depth

Encur Fukuyama! and Sesastien Hok?

Abstract—In an attempt to explain the large shallow slip that
occurred near the trench during the 2011 Tohoku-Oki earthquake,
numerical simulations of earthquake dynamic rupture were carried
out using a fault model with a subduction interface containing a
bump-shaped asperity, which might result from subduction of an
old submarine volcano or seamount. It was assumed that during the
interseismic period, slip only occurs outside the bump area and that
stress accumulates inside the bump, creating a seismogenic
asperity. We roughly evaluated the amount of slip outside the bump
during the interseismic period, assuming a constant long-term
subduction rate. Then we could estimate the accumulated stress
inside the bump. We constructed the initial stress distribution based
on the stress change caused by the slip-deficit distribution. A
constitutive relation was constructed based on a slip-weakening
friction law and was used to compute spontaneous ruptures. The
results indicate that a large slip can occur between the trench and
the bump, even though a very small amount of stress is accumu-
lated there before the rupture. This is due to an interaction between
the free surface and the fault that causes slip overshoot. On the
region of the fault below the bump, such overshoot cannot occur
because the fault is pinned by the deeper un-slipped zone. How-
ever, on the shallower side, the edge of the fault becomes free when
the rupture approaches the free surface. In this region, such a large
slip can occur without releasing a large amount of stress.

Key words: Earthquake rupture dynamics, non-planar fault,
subduction earthquake, 2011 Tohoku-Oki earthquake.

1. Introduction

The 2011 Tohoku-Oki earthquake is one of the
most important earthquakes for seismologists in many
senses. From the viewpoint of earthquake source
physics, this earthquake posed several as of yet unre-
solved questions. One such question concerns the slip
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distribution. A large number of slip models have been
proposed based on many kinds of observations (e.g.
Ozawa et al. 2011; SIMONS et al. 2011; MIYAZAKI et al.
2011; Hasummoto et al. 2012; Ipk et al. 2011; Yact and
FukanaTa 2011; Suzuki et al. 2011; LEE et al. 2011;
SHao et al. 2011; YosHipa et al. 2011; Isnn 2011; WaN
and Mori1 2011; Fu et al. 2011; MaEDA et al. 2011;
Sarro et al. 2011; SATAKE et al. 2013). These slip
models seem to vary depending on the data used in the
analysis (e.g. KokgTsu et al. 2011; Koper et al. 2011;
Yao et al. 2011; LAy et al. 2012).

Although this earthquake occurred close to one of
the best seismic and geodetic networks in the world
(KiNosHITA et al. 1998; FukuyaMma et al. 1996; OBARA
et al. 2005; Sacrya et al. 2000), the slip model does not
seem well constrained by the observations because of
the station coverage; near-distance stations are located
on land, and the trench where the rupture occurred is far
from the coast. In addition, the velocity structure in the
source region is reported to be very heterogeneous due
to the low temperature of the subducting slab (Zuao
et al. 2011). These factors make reliable estimation of
the slip distribution difficult, despite the huge amount
of available observations.

During the 2011 Tohoku-Oki earthquake, a large
slip near the trench was reported to have occurred
(e.g. Ito et al. 2011; Lk et al. 2011; Suzuki et al.
2011; Yaacrt and FukaHaTa 2011; SATAKE et al. 2013).
Sato et al. (2011) and Kipo et al. (2011) reported a
large degree of seafloor deformation above the
hypocentral region, and Funwara et al. (2011)
reported significant deformation in the trench. These
independent observations strongly suggest a large
shallow slip, which supports the kinematic slip
models with shallow slip near the trench. In the
present study, a large slip that occurred at shallow
depth is considered in addition to the large slip near
the hypocenter.
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In general, at shallow depths near the trench,
stress accumulation would be expected to be small
because of the low lithostatic stress. In such a situa-
tion, a large slip would not be expected, which
contradicts the Tohoku-Oki earthquake observations.
In fact, based on the focal mechanisms of aftershocks
that occurred just after the mainshock, a very low
level of total stress is expected to have been present
close to the trench. Many intraplate normal-fault af-
tershocks occurred, which was not the case in this
region before the mainshock (Asano et al. 2011; IpE
et al. 2011; HASEGAWA et al. 2011). Apparently, these
unusual phenomena are associated with the occur-
rence of a large slip in this region where stress
accumulation was low, which led to a drastic change
in the stress field.

Nopa and Lapusta (2013) proposed a scenario in
which thermal pressurization can promote the com-
plete stress release at shallow depths during a
rupture. YosHIDA and Kato (2011) proposed a depth
dependent pore pressure distribution that forced a
large slip to occur at shallow depths. These mech-
anisms might provide a possible explanation for the
occurrence of a huge earthquake with a large slip at
shallow depths.

In the present study, another possible scenario that
can produce a large slip at shallow depths is con-
sidered. Numerical simulations are carried out using a
spontaneous rupture model in which a bump at
seismogenic depths releases a large amount of strain,
in order to study how the rupture propagates and
produces large slips between the bump and the
trench.

1.1. Fault Model and Initial Conditions

A boundary integral equation method (Hok and
Fukuyama 2011) was used for the computation of a
spontaneous rupture along a subduction interface
with a bump in a homogeneous half-space elastic
medium. This method enables spontaneous rupture
propagation to be simulated for a model of a non-
planar fault system with a free surface, which is
composed of arbitrary triangle elements.

As shown in Fig. 1, a 100 km x 100 km square
fault with a 30° dip was assumed. The upper edge of
the fault is located 0.2 km below the free surface.
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Figure 1
Fault model composed of 5,000 triangular elements. In addition,
5,000 triangular elements (located at z = 0) are used for the free
surface (not shown here). Fault dimensions are 100 km x 100 km
and the free surface area is 200 km x 200 km

These values were used in order to avoid numerical
instability. A bump region with a radius and height of
25 and 1 km, respectively, is located at the center of
the fault. The non-planar fault was discretized into
5,000 triangular elements, each with an area of
2 km?. In addition to the fault elements, 5,000 free
surface elements were assigned, covering a
200 km x 200 km area above the fault. Using the
approach of Hok and Fukuyama (2011), stress-free
boundary conditions were applied to the free surface
elements to approximate the free surface boundary
conditions there.

It should be noted that the present computations
can be scaled to a different model size, as long as the
parameter k = (Aa/u)(L/D.) is kept the same, where
Ac, p, L, D. are dynamic stress drop, rigidity,
characteristic length scale, and slip-weakening dis-
tance, respectively (e.g. AocHl et al. 2000; Fukuyama
and MADARIAGA 1998; MaDARIAGA and OLseN 2000).
For example, to make the bump two times larger, the
amount of slip and D, should be multiplied by two.

The stress change distribution was first calculated
by applying a 1-m slip to the region outside the bump.
This stress change can be considered as a stress
accumulation rate inside the bump during the
interseismic period. An additional shear stress of
10 MPa was then applied over the entire fault to
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Figure 2
Initial shear (a) and normal (b) stress distribution used for computation of dynamic rupture propagation. Cross sections of initial shear (¢) and
normal (d) stress along X-Y in (a) and (b) are shown, respectively. It should be noted that the trench is located on side X

adjust the absolute stress level. Finally, any region
with a stress of <7 MPa was assigned a value of
7 MPa. Although this was carried out mainly to
mitigate the edge effect of the stress when computing
stress change, 7 MPa is also the frictional shear stress
corresponding to the dynamic friction coefficient.
Figure 2 shows the initial stress distribution obtained
by the above procedure.

As the constitutive relation for the fault, a linear
slip-weakening relation (Ipa 1972) was used, which
is defined by three parameters: static friction coeffi-
cient (us), dynamic friction coefficient (u4) and D..
The value of D, is assumed to be 1 m for the entire
fault, and pg is assumed as 0.6. The strength excess
(i.e. the peak shear strength minus the initial shear
stress) is taken to be 0.5 and 2 MPa for inside and
outside the bump, respectively. The normal stress is

then computed using the static shear strength and .
A dynamic shear strength of 7 MPa is also assumed,
and 4 is determined by the normal stress and the
dynamic shear strength (7 MPa). It should be noted
that following Hok and Fukuyama (2011), both shear
and normal stress changes are taken into account
during spontaneous rupture propagation, i.e. as the
rupture propagates, the stress ratio (the shear stress
divided by the normal stress) follows the slip-
weakening curve.

The rupture was initiated in a circular zone with a
radius of 7.5 km, whose center was located at the
edge of the bump. Inside the initiation zone, the static
shear strength was set equal to the initial stress. When
the computation begins, the fracture condition is
immediately satisfied inside the initiation zone and
the rupture starts to propagate outwards. Finally, to
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Figure 3
Snapshots of slip velocity, slip, shear stress, normal stress and the ratio of shear stress to normal stress distribution at 3 s intervals. The trench
is located on the right hand side of each panel
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Figure 4
(a) Slip distribution at 18.5 s for model d12 and (b) corresponding perspective view. In (a), the trench is located at the right side. The solid
white circle in (a) indicates the rupture initiation point

satisfy the Courant-Friedrich-Lewy condition (e.g.
Fukuyama and MADARIAGA 1998), a time step of
0.05 s was used for this computation.

1.2. Computation Result

Three different simulations were carried out,
referred to as Models d12, d13 and d14, in which
only the location of the initiation was different.
Snapshots of the stress and slip distributions for
model d12, where the rupture was initiated at the
deeper edge of the bump, are shown in Fig. 3, and the
final slip distribution is shown in Fig. 4. From Fig. 3,
it can be seen that the rupture propagated inside the
bump region (i.e. asperity) first. After the rupture
propagated over the entire bump region, it started to
extend outside. When the rupture front reached the
free surface, slip started to grow between the bump
and the trench. The evolution of the slip and stress
across the center of the bump perpendicular to the
trench is shown in a more quantitative manner in
Fig. 5. At about 12-13 s, when the slip is accelerat-
ing at the shallow part of the bump, no such
acceleration is seen between the bump and the trench
(a lower friction area). Quite interestingly, the slip
between the bump and the trench becomes large after
the rupture has reached the trench (after 17 s). This

could be due to a hanging wall becoming free at the
trench where the rupture intersects the free surface, so
that the fault can slip between the bump and the
trench without releasing a significant amount of stress
(see Fig. 5).

Because of the numerical instability at the trench,
it was not possible to compute the entire rupture
process, and the simulation does not fully extend to
the final stage. This is the reason why the stress does
not drop close to the trench in Fig. 5. Since this
numerical instability is intrinsic (independent of the
numerical parameters) and cannot be solved without
introducing artificial damping such as Laplacian
smoothing, which might alter the computation result,
the computation was stopped just before the numer-
ical instability occurred at the trench.

Figure 6 shows the quasi-final slip distribution for
model d13 and model dl4, in which the rupture
initiated at the shallower edge of the bump and at the
northernmost edge, respectively. The behavior is the
same as that for the deep initiation case. In all cases, a
large slip begins to appear when the rupture reaches
the trench (free surface). This behavior is similar to
that reported by OGLESBY et al. (1998). However, they
did not discuss the effect of a heterogeneous stress
accumulation along the fault. The results of the
present simulation show that the existence of a large
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Slip (a) and stress (b) evolution across the cross section of the bump perpendicular to the trench (along X-Y line in Fig. 1). Note that the trench
is located on the right side of each graph. Each line is drawn at an interval of 0.5 s

stressed patch (asperity) at a seismogenic depth, amount of stress between the asperity and trench. The
which was created by the bump structure, can large slip at a shallow depth could be interpreted as a
generate large slip without releasing a significant slip overshoot enhanced by the asperity.
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Figure 6
Slip distribution for model d13 at 15 s (a) and model d14 at 18 s (¢) and their corresponding perspective views (b, d) are shown. Solid white
circles in (a) and (c) indicate the rupture initiation points. In (a) and (c), the trench is located on the right side

2. Discussion

As mentioned in the introduction, the slip model
for the 2011 Tohoku earthquake includes some
uncertainties in the slip distribution at the shallow
depth near the trench. In the present study, although
the slip becomes large between the bump and the
trench, it cannot exceed the amount of slip inside the
bump. It should be noted, however, that heterogeneity
in the velocity structure was not considered, but
instead a homogeneous elastic medium was assumed.
Mikumo et al. (1987) pointed out that due to a

heterogeneous velocity structure, slip at a shallow
part of the fault can be magnified. If a heterogeneous
structure was taken into account to achieve a more
realistic condition, the slip near the trench could be
explained by the proposed model.

It is worth noting that according to the numerical
simulation results, a high stress drop region is required at
the bottom of the large slip region to generate a large
shallow slip near the trench. In the present simulation,
the high stress drop patch is modeled as a subducting
bump on the plate interface. A similar situation could
occur if there was an equivalent structure that could
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store the strain at the bottom of the high slip region (e.g.
Duan 2012). If a high stress region does not exist at the
bottom of the high slip region, the interface could not
sustain high stress concentration at deep parts of the
fault, and aseismic slip would instead occur during the
interseismic period.

3. Conclusion

Simulations using a model of a plate interface
containing a bump were found to be capable of repro-
ducing a region of large slip near the trench, which has
been reported for the 2011 Tohoku-Oki earthquake.
This indicates that subduction of such an interface
could be one possible mechanism producing this
earthquake. Since this mechanism is rather general, in
any subduction zone where alocked region exists due to
subduction of a bump, slip overshoot can occur during
coseismic slip, leading to enhanced generation of tsu-
namis by magnifying deformation near the trench.
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