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[1] Dynamic pore pressure changes in the overriding
wedge above a shallow-dipping plate interface significantly
affect the rupture dynamics of shallow subduction zone
earthquakes and their tsunamigenesis. For a wedge on the
verge of Coulomb failure everywhere including the basal
fault, the dynamic pore pressure increase due to up-dip rup-
ture propagation leads to widespread yielding within the
wedge, which is greatly enhanced by the shallow dip of
the fault. The widespread yielding reduces the stress drop,
slip velocity, slip, and rupture velocity, giving rise to pro-
longed rupture duration, thus explaining many anomalous
features of shallow subduction zone earthquakes. Significant
inelastic seafloor uplift occurs in the case of a shallow fault
dip, with the largest uplift located landward from the trench.
Integrating this physical mechanism with existing seismic,
geodetic, and tsunami observations can provide new insights
into earthquake dynamics and deformation processes in shal-
low subduction zones. Citation: Ma, S. (2012), A self-consistent
mechanism for slow dynamic deformation and tsunami generation
for earthquakes in the shallow subduction zone, Geophys. Res.
Lett., 39, L11310, doi:10.1029/2012GL051854.

1. Introduction

[2] Unusual earthquake rupture characteristics in shallow
subduction zones were first recognized in tsunami earth-
quakes [Kanamori, 1972], which produce larger tsunamis
than expected from their observed short-period wave exci-
tation. Numerous seismic observations [e.g., Pelayo and
Wiens, 1992; Polet and Kanamori, 2000] indicate that tsu-
nami earthquakes are associated with unusually long rupture
duration, slow rupture velocity, and low stress drop.
Recently, rupture behaviors in the shallow part of the plate
interface during large tsunamigenic earthquakes, such as the
2004 Mw 9.2 Sumatra earthquake and 2011 Mw 9.0 Tohoku-
Oki earthquake, indicate that slip in the shallowest reaches
of the plate interface are similar to those of tsunami earth-
quakes [Lay et al., 2012]. Understanding these events is of
obvious societal importance for characterizing tsunami
hazards; however, we still lack a comprehensive physical
explanation for the unusual rupture characteristics these

earthquakes have and how they relate to the anomalous
tsunami generation [Lay and Bilek, 2007].
[3] Large slip extending close to the trench on a shallow-

dipping plate interface has been proposed to explain the
large tsunami generation [Satake and Tanioka, 1999]. Large
slip near the trench produces larger seafloor uplift than large
slip in earthquakes deeper on the plate interface; however,
shallow fault dips (<15�) that are strongly favored to explain
the weak excitation of seismic waves are inefficient, in an
elastic model, for causing seafloor uplift – the displacement
is predominantly horizontal. In order to explain the large
seafloor uplift in the presence of a shallow fault dip very
large slip near the trench is required. The physics of this
apparent causal relationship between dip and slip, however,
needs to be investigated.
[4] Slip on pre-existing splay faults off the plate interface

is also a viable mechanism for large tsunamigenesis [e.g.,
Fukao, 1979; Moore et al., 2007]. The steeper dip of the
splay fault would significantly increase the potential for
tsunamigenesis, which has motivated extensive theoretical
studies [e.g., Wendt et al., 2009; DeDontney et al., 2011;
Tamura and Ide, 2011] to investigate the conditions under
which a splay fault can be activated in subduction zones;
however, it does not readily explain the lack of high fre-
quency seismic radiation.
[5] Here I present an alternative mechanism, which is

motivated by the classic critical taper theory of accretionary
wedges [e.g., Davis et al., 1983; Dahlen et al., 1984]. In the
critical taper theory, material is on the verge of Coulomb
failure everywhere including the basal fault, which gives rise
to a critical wedge taper in the shallow subduction zone. In
this work, I consider a sub-critical wedge that is everywhere
close to failure. Due to the proximity to failure, dynamic
pore pressure changes caused by up-dip earthquake rupture
on a shallow-dipping plate interface significantly reduce the
effective stress, leading to widespread material yielding in
the wedge. Unlike the elastic model, the shallow fault dip in
the alternative model significantly enhances seafloor uplift
because it enhances the effect of yielding. The widespread
yielding causes the reduced stress drop, slip velocity, slip,
and rupture velocity, as well as large seafloor uplift. This
self-consistent mechanism provides a rigorous physical
interpretation for many anomalous features of shallow sub-
duction zone earthquakes. Pre-existing splay faults are not
required, in this model, to account for large tsunami generation.

2. Model

[6] I consider dynamic earthquake rupture on a 15� dip-
ping fault in a homogeneous half space, where the density,
P- and S-wave velocities are r = 2670 kg/m3, a = 6000 m/s,
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and b = 3464 m/s, respectively (Figure 1a). The initial
minimum effective compressive stress is assumed vertical
and depth-dependent, i.e., s3

0 = szz
0 = � (1 � l)rgz (positive

in tension), where l is the ratio of initial pore pressure to the
lithostatic overburden, g is the gravitational acceleration, and
z is depth from the seafloor. The initial maximum effective
compressive stress is assumed horizontal and equal to
s1
0 = sxx

0 = 4.7545s3
0. After resolving the stresses onto the

fault, both the initial shear and normal stresses increase
linearly with depth and the ratio of shear to normal
stresses on the fault is m0 = 0.75 everywhere.
[7] The material strength in the upper 15.53 km in the

overriding wedge (the brittle part of the continental crust) is
pressure-dependent, and can yield when stresses exceed the
Mohr-Coulomb failure criterion (Figure 1b)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s′xx � s′zz
2

� �2

þ s2
xz

s
≤ b� msm; ð1Þ

where s′xx and s′zz are the effective normal stresses, sxz is the
shear stress, sm is the mean effective normal stress, and
strength parameters b and m are functions of cohesion c and
internal frictional angle f as b = c cos f and m = sin f. No
yielding is allowed elsewhere. The internal friction is
assumed tan f = 0.98. Cohesion increases linearly with
depth as c(z) = �zszz

0 , where z = 0.1008. When the initial
pore pressure is hydrostatic the cohesion increases from 0 at
the seafloor to 24.7 MPa at 15 km depth. The cohesion and
internal friction values used here are consistent with those
inferred from Dahlen et al.’s [1984] cohesive critical taper

theory. These parameters give rise to the closeness-to-failure
parameter CF = 0.9 everywhere in the wedge, so that the
whole wedge is close to failure.
[8] During the rapid stressing of a propagating rupture the

pore pressure changes due to the pressure change in the
material can be described as in an undrained condition,
which is

Dpf ¼ B
1þ vu

3
Dsxx þDszzð Þ ð2Þ

in 2D plane strain, where B is Skempton’s coefficient and
vu is the undrained Poisson’s ratio. Undrained strength para-

meters should be used in equation (1): bu ¼ b�
Bm 1þvuð Þ

3 s0
xx þ s0

zz

� �
and mu = (1 � B)m [Viesca et al., 2008].

In this work, Skempton’s coefficient B is chosen to decrease
linearly from 0.9 at the seafloor to 0.7 at 15 km depth and to
be 0.7 below 15 km depth, to incorporate possible depth
variations of rock porosity and fluid compressibility in the
subduction zone.
[9] Earthquake rupture is nucleated by forcing it to prop-

agate at 2000 m/s from a point (70 km down dip) below the
wedge until rupture propagation becomes self-sustaining,
which happens after less than 1 s. The fault is ruptured
dynamically using a slip-weakening friction criterion
[Andrews, 1976], to describe the evolution of the shear stress
on fault with slip. I assume the static frictional coefficient
ms = 0.85, dynamic frictional coefficient md = 0.7, and crit-
ical slip-weakening distance Dc = 0.4 m over the whole fault.
No velocity-strengthening friction is used. Note that the fault

Figure 1. (a) Fault geometry. A 15� dipping, 80-km wide fault is embedded in a homogeneous half space. The red star
denotes the hypocenter (70 km down dip). The overriding wedge is shown by the gray area, where yielding can occur.
(b) The Mohr-Coulomb failure criterion. In the simulations conditions are specified such that both the wedge and fault
are close to failure, which is motivated by the critical taper theory [e.g., Dahlen et al., 1984].
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is also close to failure due to the proximity of m0 (0.75) to
ms (0.85). The dynamic stress drop without normal stress
change on the fault scales with szz

0 thus linearly increasing
with depth. The dynamic frictional coefficient is tapered at
77–80 km down dip to avoid an abrupt stopping of the
rupture.
[10] The dynamic rupture along with the elastoplastic off-

fault deformation and seismic wave propagation is solved
using a finite-element method [Ma, 2009] that has been
tested in the SCEC code verification exercises [Harris et al.,
2009]. The computational domain is discretized using
quadrilateral elements. The element size on fault is 100 m.
When the element size is halved nearly identical results are
obtained, indicating numerical convergence of solutions.
Material is allowed to yield only in shear and there is no
irrecoverable volumetric deformation.

3. Results

[11] When dynamic pore pressure changes are ignored
(B = 0.0) in the hydrostatic case (l = 0.3745), the rupture
velocity jumps to supershear quickly (Figure S1 in the
auxiliary material and Figure 3a), due to the proximity of the
fault to the seafloor and small fault strength at shallow
depths.1 This occurs even though the chosen S factor

(S ¼ ms � m0

m0 � md
) of 2 would not lead to supershear rupture

under classical rupture conditions [Andrews, 1976]. The
yielding occurs only near the seafloor due to the low con-
fining pressure and there is a negligible effect on rupture
propagation. Large slip velocity (8.8 m/s) and slip (55 m) are
observed at the trench (Figure 3a). Seafloor displacement is
nearly parallel with the fault, which gives rise to a large
displacement discontinuity across the trench, with the largest
uplift at the trench. The supershear rupture velocity and large
slip velocity near the trench, radiate strong seismic waves,
which is inconsistent with the observations for shallow
subduction zone earthquakes.
[12] When the undrained condition (B = 0.7 ~ 0.9) is

imposed the pore pressure within the wedge increases as the
wedge is compressed by the updip-propagating rupture. The
seafloor-reflected seismic waves due to radiation from the
deep part of the plate interface also make the wedge more
compressive – this effect is larger for shallower fault dips
[e.g., Oglesby et al., 1998; Ma and Beroza, 2008]. Such an
increase in pore pressure reduces the effective pressure to
make the material more prone to failure (Figure 1b).
Yielding occurs shortly after the rupture propagates into the
wedge and the development of plastic strain correlates very
well with the pore pressure increase (Figure 2). A yielding
zone develops within the wedge at a high angle with respect
to the seafloor, resulting in large seafloor uplift. Supershear
rupture velocity is not observed. The widespread yielding
within the wedge reduces the rupture velocity from a nearly
Rayleigh speed initially to approximately 2 km/s near the
trench (Figure 3b). It also causes the seafloor to displace
more vertically than the previous case where the dynamic
pore pressure change is neglected. The reduction of rup-
ture velocity is due to the plastic work dissipated in the
wedge that contributes significantly to the fracture energy

[Andrews, 2005]. Slip at the trench is small (Figure 3b)
such that the seafloor displacement field is nearly continuous
across the trench, with the largest uplift landward from the
trench (Figure 2). After the rupture stops the whole wedge is
less compressive than the initial state, consistent with pre-
vious simulations of reverse faulting [e.g., Oglesby et al.,
1998; Ma and Beroza, 2008].
[13] As the initial pore pressure increases the rupture and

slip velocities and slip are further reduced (Figures 3c–3f).
The low effective stress due to the large initial pore pressure
weakens the wedge. On the other hand, it reduces the stress
drop on the fault (Figure S2), which is a competing effect.
For l = 0.88, the rupture takes approximately 40 s to reach
the trench (Figure 3e), approximately 33% longer than the
hydrostatic undrained case (Figure 3b). The rupture first
decelerates from a nearly Rayleigh speed to approximately
1.3 km/s after entering the wedge, and then accelerates to
approximately 2 km/s near the trench. For l = 0.9, the rup-
ture propagates very slowly in the wedge and eventually dies
out without reaching the trench. No velocity-strengthening
friction is used in the calculation, suggesting that large initial
pore pressure in the wedge together with widespread poro-
plastic yielding can effectively prevent earthquake ruptures
from reaching the trench. Heterogeneities of pore pressure in
the wedge are likely important in controlling the extent of
shallow subduction zone earthquakes.
[14] Dynamic pore pressure changes in all of the undrained

scenarios lead to extensive yielding within the wedge and
create significant seafloor uplift in the presence of a shallow
fault dip (Figure 4). Yielding in this model represents
inelastic deformation in the mode of microcracking, fric-
tional sliding, and granular flow. Backus and Mulcahy
[1976] show that any offset from linear elasticity is a source
of seismic radiation and the accumulated plastic strain is
equal to the seismic potency density. The inelastic deforma-
tion within the wedge in fact is found to represent a signifi-
cant portion of the total moment release in all the undrained
cases and that the percentage increases as the initial pore
pressure increases.
[15] Seafloor displacement is more horizontal in the case

where dynamic pore pressure change is neglected, similar to
what is expected from an elastic model. This case also has
the largest seafloor uplift due to the largest seismic moment.
However, when the seafloor uplift is normalized by the total
seismic moment (the sum of on- and off-fault moments) the
efficiency (ratio of peak uplift to moment) of generating
uplift for all the undrained cases is significantly larger. The
efficiency increases as the initial pore pressure increases,
which suggest that the strong tsunamigenesis relative to
seismic moment for tsunami earthquakes might be due to
large pore pressure, and dynamic plastic yielding in the
wedge. The largest efficiency is obtained when l = 0.9,
which is 3.15 times more efficient than the case where the
dynamic pore pressure change is neglected, suggesting that
deep slip in the presence of large excess pore pressure can
also be very tsunamigenic.

4. Discussion

[16] Relatively large Skempton’s coefficients (B = 0.7 ~ 0.9)
have been used in this work, which is mainly to suppress
supershear rupture. Stress drop is everywhere positive on
the fault in the upper ~15 km. As the possible velocity-

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051854.
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Figure 2. Snapshots of pressure change, accumulated plastic strain in the wedge (in logarithmic scale), slip velocity on the
fault, and seafloor displacement field for the undrained condition (B = 0.7 ~ 0.9). The initial pore pressure is hydrostatic
(l = 0.3745). The slip velocity is shown in magenta. The seafloor displacement on the hanging wall and footwall are denoted
by red and green, respectively. The number on top of each panel on the right shows the peak seafloor uplift. Significant uplift
is induced by widespread poro-plastic yielding in response to dynamic pore pressure changes within the wedge. The seafloor
uplift increases as rupture approaches the trench, reaches its maximum at approximately 25 s (before the rupture reaches the
trench), and then drops slowly as the stresses reach final equilibrium. The seafloor on the footwall moves initially downward,
and then upward. The wedge is less compressive than the initial state after the rupture stops.
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strengthening frictional behaviour of the fault in the shallow
subduction zone or other stress-drop limiting mechanisms
are incorporated, the rupture velocity can be reduced and
this mechanism can operate efficiently even with smaller
Skempton’s coefficients.
[17] This physical mechanism bears some similarities with

the critical taper theory of accretionary wedges [Davis et al.,
1983; Dahlen et al., 1984; Wang and Hu, 2006]. Both
require widespread Coulomb failure within the wedge. In the
static case failure everywhere in the wedge gives rise to the
shape of a critical wedge taper. In this paper’s dynamic case
widespread failure leads to slow rupture propagation, small
stress drop, and large seafloor uplift. Therefore elastic dis-
location theory [e.g., Okada, 1985] may be inadequate to

explain seismic, geodetic, and tsunami observations for
shallow subduction zone earthquakes.
[18] Actual fault dips in subduction zones are shallower

than the 15� modelled here [e.g., Davis et al., 1983]. A
shallower fault dip poses challenges for numerical simula-
tions; however, it would lower the confining pressure in the
wedge and significantly enhance the effect of yielding,
which makes this physical mechanism even more plausible.
[19] Slip near the trench in all the poro-plastic cases

reported here is small, with the largest seafloor uplift land-
ward from the trench. If indeed significant slip occurs near
the trench, as inferred for the 2011 Mw 9.0 Tohoku-Oki
earthquake [e.g., Ide et al., 2011; Yue and Lay, 2011;
Fujiwara et al., 2011], it may suggest a wedge far from

Figure 3. (a–f) Time-distance plots of slip velocity and slip distributions on the fault. The white lines denote three rupture
speeds (Vr is the Rayleigh wave speed). The rupture velocity is supershear when the dynamic pore pressure change is
neglected (B = 0.0). Undrained poro-plastic yielding gives rise to slow rupture propagation and small slip velocity. Strong
reflected rupture phases are generated at the trench in the case B = 0.0, while nearly negligible reflections are observed in the
undrained cases. Slip near the trench in all the undrained cases is small.
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Figure 4. (a–f) Moment-scaled coseismic seafloor displacements and accumulated plastic strain in the wedge. The plastic
strain represents a significant portion of the total moment release in undrained cases. The seafloor displacements are scaled
by the total seismic moment for each scenario. The number on top of each panel shows the ratio between the peak moment-
scaled displacements in each case with the case B = 0.0. Widespread yielding in the undrained cases causes larger seafloor
uplift than the case B = 0.0, given the same seismic moment.
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Coulomb failure such that the effect of poro-plastic yielding
is small. It is also possible that the large inferred slip near the
trench could in fact be manifestations of large inelastic
deformation in the wedge. The limited spatial resolution of
data and/or the preconception that the moment release comes
only from the fault can lead to biases in the slip models.
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