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[1] Episodic slow slip events (SSEs) typically involve a
few millimeters to centimeters of slip over several days to
months at depths near or further downdip of megathrust
seismogenic zones. Despite its widespread presence in
subduction margins, it remains unknown how SSEs interact
with the seismogenic zone and affect megathrust ruptures.
Here, I construct a 2-D thrust fault model governed
by rate-state friction to investigate how fault dilatancy
influences the amplitude and spatial distribution of
‘ coseismic slip, afterslip, and SSEs. Model results illustrate
that, under strong dilatancy and high pore pressure around
the friction stability transition, coseismic rupture stops at the
onset of SSEs. Modeled SSEs have lower velocities, longer
recurrence intervals and durations, and larger slip amounts
as dilatancy becomes stronger, demonstrating a transition
from short-term to long-term type of SSE behavior. These
results qualitatively explain the range of spatial distributions
of SSEs and megathrust ruptures observed or inferred in
natural subduction zones. Furthermore, the relative depths
of SSEs and megathrust afterslip may serve as an indicator
of dilatancy effectiveness. Citation: Liu, Y. (2013), Numerical
simulations on megathrust rupture stabilized under strong dilatancy
strengthening in slow slip region, Geophys. Res. Lett., 40,
1311–1316, doi:10.1002/grl.50298.

1. Introduction
[2] Geodetic inversions have shown that most episodic

slow slip events (SSE) in subduction zones take place
near the end or further downdip from megathrust seis-
mogenic zones [Dragert et al., 2001; McCaffrey et al.,
2008; Beroza and Ide, 2011, and references therein]. In
Cascadia and northern Hikurangi margins, where no great
thrust earthquakes have been recorded in modern history,
SSEs are distributed from partially locked to downdip
free sliding regions [Dragert et al., 2001; McCaffrey
et al., 2008], indicating that a potential megathrust rupture
would likely stop before the end of SSE zone. In south-
west Japan and Alaska subduction zones, SSEs seemed
to abut the downdip ends of past megathrust rupture
areas [Ide et al., 2007; Wei et al., 2012]. Modest spatial
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overlap is also inferred between the slip areas of some
SSEs and large thrust earthquakes in the Guerrero,
Mexico, and Costa Rica subduction zones [Beroza and
Ide, 2011]. In contrast, numerical models for the physical
mechanism of spontaneous SSEs have predicted megathrust
earthquakes would rupture the entire SSE zone and propa-
gate further downdip, because the modeled SSEs nucleate
near the downdip end but still within the seismogenic zone
and often involve near-lithostatic pore pressure which facil-
itates coseismic rupture [Liu and Rice, 2007; Shibazaki and
Shimamoto, 2007].

[3] Without introducing complex frictional property dis-
tributions such as a small stable-sliding patch embedded in
the seismogenic zone, the above observations require that
at least part of the SSE zone is frictionally unstable but
can slip aseismically during earthquakes (Figure 1a). Fault
gouge dilatancy appears to be a promising mechanism for
stabilizing slip. For fluid-saturated compact granular mate-
rials, if dilatancy occurs more rapidly than pore fluid can
flow into the newly created void space, local pore pressure is
reduced and effective normal stress is increased, which sta-
bilizes the shear slip and is called “dilatancy-strengthening”.
In particular, the stabilizing effect may become most sig-
nificant at high pore pressure [Segall and Rice, 1995; Liu
and Rubin, 2010; Segall et al., 2010], a condition implied
at SSE depths in northern Cascadia and SW Japan [Shelly
et al., 2007; Audet et al., 2009]. Motivated by the above
observational and numerical findings, this study investi-
gates how dilatancy-strengthening influences the amplitude
of coseismic slip and the spatial distribution of megathrust
ruptures, their afterslip and SSEs in the framework of rate
and state-dependent friction.

2. Model Setup and Parameters
[4] Numerical simulations are performed to resolve a

spectrum of deformation modes in subduction earthquake
cycles using a quasi-dynamic computational approach as in
previous studies [e.g., Liu and Rice, 2007]. The thrust fault
dips at 12ı and is subject to a tectonic loading of Vpl =
37 mm/yr, representative of the convergence between the
Juan de Fuca and North American plates in northern Casca-
dia. Shear stress � is described by a single-state variable rate
and state friction law [Dieterich, 1979; Ruina, 1983],

� = N� f = (� – p)
�

f0 + a ln
�

V
V0

�
+ b ln

�
V0�

dc

��
, (1)

where N� is effective normal stress, a and b are rate and state
stability parameters, dc is the characteristic slip distance over
which state variable � evolves after a velocity step, V0 is a
reference velocity, and f0 is a nominal friction when V = V0
at steady state. A regularized form of equation (1) is used at
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Figure 1. (a) Conceptual illustration of friction stability regimes, relative depths of slow slip events (SSE) (green), and
megathrust ruptures (red) in subduction zones. (b) Friction parameter a – b (black), effective normal stress N� (blue) for the
reference model. N� = 1 MPa and dc = 0.2 mm within 140–215 km defines the SSE zone.

small velocities [Rice et al., 2001]. State variable evolution
follows the “ageing” law

d�
dt

= 1 –
V�
dc

. (2)

Slip is stable when friction stability parameter a – b > 0
(velocity-strengthening, VS) and may become unstable
when a – b < 0 (velocity-weakening, VW). Following Liu
and Rice [2009], the depth distribution of a – b (Figure 1b)
is obtained by converting temperature-dependent gabbro
gouge data [He et al., 2007] using a Cascadia subduction
fault geotherm [Peacock, 2009]. The effective normal stress
N� (Figure 1b) linearly increases with depth near the trench
and is set to be a constant of 50 MPa further downdip, except
at a much lower level of 1–5 MPa near the VW-VS stability
transition. The low N� zone is defined as the SSE region in
this study. The characteristic slip distance dc is correspond-
ingly small (0.05–0.2 mm) in the SSE zone, and is 11 mm
on the rest of the fault. Supplementary Table S1 gives a
complete list and description of model parameters.

[5] Fault gouge pore dilation and compaction are coupled
to the rate and state framework, by assuming “membrane-
diffusion” for pore pressure changes across the fault zone
[Segall and Rice, 1995]. The pore pressure evolution
follows

dp
dt

= –
p – p0

tp
+
�

ˇ

1
�

d�
dt

, (3)

where p0 is a constant ambient pressure, tp is a characteris-
tic diffusion time, � is a dimensionless dilatancy coefficient
and ˇ is the rock-pore bulk compressibility. A drainage
parameter U = tp/(dc/Vpl) describes the relative timescales
for pore fluid diffusion and friction evolution. In the range
from intermediate to completely undrained conditions (U =
0.01 to 10), the total coseismic slip and downdip rupture
limit of the modeled earthquakes are similar to their refer-
ence values without dilatancy (Supplementary Figure S1).
Thus, I focus on how variation in �, measured in the lab as
the ratio between steady state gouge layer porosity change

in response to sliding velocity steps [Samuelson et al.,
2009], affects megathrust ruptures. Note that � and ˇ enter
equation (3) through the ratio �/ˇ, which has the unit of
pressure. Therefore, only �/ˇ is specified in the simulation.
Laboratory measurements of � are between (0.1–3)�10–4

for quartz gouge, Westerly granite and clay-rich Ocean
Drilling Program gouge [Marone et al., 1990; Samuelson
et al., 2009, 2011]. With a bulk compressibility ˇ = 5 �
10–4 MPa–1 [Segall and Rice, 1995], �/ˇ is within of 0.02 to
0.6 MPa.

[6] Equations (1)–(3) are coupled with the quasi-dynamic
stress-slip relation to solve for slip, stress, and pore pres-
sure evolution in earthquake cycles [Liu and Rubin, 2010]. A
radiation damping term is introduced in the stress-slip rela-
tion to prevent slip velocity from going unbounded during
instabilities. Given the same model parameters, this quasi-
dynamic approximation produces earthquakes of the same
spatial extent but lower slip velocities and rupture speeds
compared to an elastodynamic approach [Lapusta and Rice,
2003]. Thus, it is an appropriate simplification for simulating
the rupture spatial limit in this study.

3. Results
[7] As a reference model, Figure 2a shows a �800-year

slip history without dilatancy. The maximum coseismic
slip reaches �13 m and rupture propagates beyond the
VW-VS transition before stopping at �230 km. Figure 2b
shows the budget of different slip modes in an earthquake
cycle. Coseismic slip accounts for all the slip in the fully
locked zone and follows a near-linear decrease to zero at
230 km. Afterslip starts to appear immediately downdip of
the earthquake nucleation zone and reaches a peak where the
coseismic slip terminates. In the 20-year postseismic period,
significant afterslip continues to accumulate downdip of the
SSE region, while relatively small afterslip takes place in the
SSE zone. Episodic SSEs occur spontaneously in the low
N� zone in the interseismic periods, with an average interval
of 1 to 1.5 years and maximum slip rates of 102 to 103Vpl
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Figure 2. (a) Slip history on the fault during two earthquake cycles, (b) slip budget, and (c) cumulative slip and maximum
slip rate, in log10(Vmax/Vpl), during four SSE episodes, of a reference model without dilatancy effect. N� = 1 MPa and
dc = 0.2 mm in the SSE zone. Figures 2(d)–2(e) are for a strong dilatancy case where �/ˇ = 0.5 MPa within the SSE zone
and 0.1 MPa on the rest of the fault. N� = 2 MPa and dc = 0.05 mm in the SSE zone. U = 1 at all depths. Black solid
lines plot interseismic slip every 50 years. Red dashed lines plot coseismic slip every 20 s. Slip becomes “coseismic” when
Vmax > 5 mm/s. The total number of SSE episodes are 267 for the non-dilatancy case and 100 for the high dilatancy case.
Non-zero SSE slip downdip from the SSE region is due to steady plate motion accumulated in the total SSE slip duration,
defined when Vmax > 2Vpl.

(Figure 2c). About 1.5 cm of slip is accumulated at 160 km
within �0.15 year. All the interseismic SSEs accommodate
about 20% of the total slip.

[8] Dilatancy in the slow slip region can stop megathrust
ruptures at shallower depths and result in different magni-
tude of coseismic slip than in the reference model. When the
SSE region alone is under strong dilatancy �/ˇ = 0.5 MPa
(0.1 MPa on the rest of the fault), coseismic rupture stops at
the onset of SSEs (Figure 2d). As shown in Figure 3a, for
each fixed (�/ˇ)SZ, megathrust rupture terminates at a shal-
lower depth as (�/ˇ)SSE increases. At (�/ˇ)SZ = 0.1 MPa,
the downdip rupture limit rapidly decreases to near the
updip of the SSE zone when (�/ˇ)SSE increases to 0.5 MPa
(Figure 3b). In natural subduction zones, both N� and �/ˇ may
vary more gradually along the fault than the abrupt steps
assumed here, implying that under strong dilatancy effect
megathrust rupture could stop further updip from the SSE
region and results in a spatial gap between the two defor-
mation modes. The range of predicted relative distances is
thus qualitatively consistent with the variations in natural
subduction zones.

[9] The phase diagram of the maximum coseismic slip
can be approximately divided into three regimes (Figure 3c).
In Regime I, (�/ˇ)SZ < 0.1 MPa and (�/ˇ)SSE < 0.2 MPa,
coseismic slip can become much higher than its no dilatancy
level, suggesting that dilatancy does not necessarily reduce
earthquake slip. Gigantic earthquakes could slip nearly twice
of the no dilatancy level due to the incomplete energy release
by previous small earthquakes (Figure S2). In Regime II,
(�/ˇ)SZ < 0.1 MPa and (�/ˇ)SSE > 0.2 MPa, coseismic slip
remains relatively constant but slightly less than the no dila-
tancy value. In Regime III, (�/ˇ)SZ > 0.1 MPa, coseismic
slip is independent to (�/ˇ)SSE but drops drastically with the
increase of (�/ˇ)SZ. For (�/ˇ)SZ > 0.2 MPa, slip is aseismic
everywhere on the fault, which agrees with the theoretical
analysis of conditions for stable slip under dilatancy [Segall
et al., 2010]. Therefore, it is dilatancy within the seismo-
genic zone itself, not of the SSE zone, that can significantly
reduce the total coseismic slip.

[10] Dilatancy in the slow slip region also has profound
influence on SSE properties. Figure 4 shows the depen-
dence of SSE maximum slip velocity, slip amplitude
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Figure 3. (a) Downdip rupture limit and (c) maximum coseismic slip dependence on �/ˇ in the seismogenic zone (SZ) and
slow slip zone (SSE). Red cross is the case shown in Figures 2d–2f. White crosses are cases shown in Supplementary Figures
S3 and S4. Figures 2b and 2d: (�/ˇ)SZ = 0.1 MPa. Thick and thin bars show 25–75 and 10–90 percentile, respectively.
Median values for cases with ( N� )SSE = 1, 3, and 5 MPa are shown by red circles, blue, and green lines, respectively.
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Figure 4. Dependence of SSE source properties (a) maximum slip velocity, (b) cumulative slip at the center of the VW
SSE zone (160 km), (c) recurrence period, and (d) duration on the dilatancy level �/ˇ in the SSE zone. The legend in
Figure 4a shows four sets of N� (MPa) and dc (mm) used in the SSE zone. Each point is computed from �100 years of
SSE sequences. The symbols represent the maximum likelihood values and the error bars represent the minimum and
maximum ranges.

and duration, and recurrence period on the level of dilatancy
in the SSE region. SSE velocity decreases by two orders of
magnitude or more and remains between 2.5 to 100Vpl as �/ˇ
becomes non-zero, consistent with previous studies [Liu and
Rubin, 2010]. On the other hand, slip amplitude, duration,
and recurrence period all increase with dilatancy. For the
strong dilatancy case in Figure 2f, SSEs repeat every 3 years,
each episode with an average slip of 4 cm and duration of
1.5 years. The range of SSE properties under strong dila-
tancy are similar to the long-term SSEs observed in Tokai
and Bungo Channel, SW Japan [Hirose and Obara, 2005;
Miyazaki et al., 2006].

4. Discussion
[11] In this study simulations using different levels of N�SSE

(1, 3, and 5 MPa) result in essentially the same downdip
rupture limit and maximum coseismic slip (Figures 3b and
3d). This implies the level of N�SSE, at least in a range
that produces SSEs with recurrence intervals (1–5 years),
does not affect the megathrust downdip rupture limit. Thus,
although the present model is constructed using a Cascadia-
like geometry and geotherm, it can also be applied to assess
the dilatancy effect in other subduction zones where differ-
ent SSE intervals may indicate different effective normal
stresses [Liu and Rice, 2007].
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[12] From a slip budget perspective, the relative depth
distribution and amplitude of SSEs and afterslip exhibit dis-
tinctive features as dilatancy varies (Figures 2b and 2e).
With none or low dilatancy effect, the peak of afterslip is
reached downdip of the SSEs, whereas at high dilatancy,
large afterslip spatially overlap with SSEs. Furthermore, at
high dilatancy, a larger amount of afterslip (�50%) is accu-
mulated in the first postseismic year, in contrast to �30%
at none or low dilatancy. Such relative depth and amplitude
distributions of afterslip and SSEs, if available from seismic
and geodetic inversions, would be valuable indicators for
whether dilatancy is indeed effective in the slow slip region
and thus shed lights on potential rupture extent. The long-
term SSEs in Bungo Channel are in the depth range where
the afterslip of the 1946 Nankai megathrust earthquake took
place, and the mainshock rupture was updip from both the
afterslip and SSEs [Sagiya and Thatcher, 1999; Hirose and
Obara, 2005]. The complementary distribution of coseismic,
afterslip, and SSEs there is qualitatively consistent with the
model predictions under high dilatancy. Similarly, geode-
tic inversions have suggested the postseismic slip of the
1964 Alaska megathrust earthquake and recent slow slip
events took place downdip from its central and northern
rupture area [Wei et al., 2012]. We do note that the 1946
Nankai Trough coseismic slip model derived from the level-
ing survey [Sagiya and Thatcher, 1999] may contain some
afterslip signature, which if subtracted would result in shal-
lower coseismic slip and hence a “gap” in depth to SSEs.
In our current model, for simplicity, the high dilatancy zone
coincides with the SSE region, which dictates that megath-
rust ruptures always stop just updip of the SSE zone under
strong dilatancy. A spatial “gap” could be realized by pre-
scribing high dilatancy in a depth range immediately updip
of the SSE zone.

[13] The transition from short-term to long-term SSEs
behavior as dilatancy increases (Figure 4) provides insights
to constructing a model that can produce both types of SSEs
simultaneously with properties similar to those observed
in Tokai and Bungo Channel [Hirose and Obara, 2005;
Miyazaki et al., 2006; Matsuzawa et al., 2010]. For example,
if strong dilatancy is limited to the updip portion of the SSE
zone while the rest of the SSE zone remains under low dila-
tancy, it is possible to produce less frequent, slower slipping
long-term SSEs in the updip part and more frequent, faster
slipping short-term SSEs in the downdip part. Short-term
SSEs may overlap spatially and temporally with long-term
SSEs. One such example is shown in Supplementary Figure
S5. However, it is beyond the scope of this study to introduce
more heterogeneous frictional and hydraulic properties on
the fault to quantitatively match various aspects long-term
and short-term SSE observations.

[14] The current model does not incorporate the effect of
shear heating induced thermal pressurization [Rice, 2006;
Segall and Bradley, 2012], which is a weakening mecha-
nism particularly effective under fast shear rates. However,
thermal pressurization alone would lead to higher seis-
mic velocity, faster propagation speed and consequently
more seismic slip in the SSE and further downdip stable-
sliding region, which is opposite to the observations in many
subduction zones. It remains to be explored how megath-
rust earthquake characteristics and potential interaction with
SSEs are affected under the competition between dilatancy
strengthening and thermal pressurization mechanisms.

5. Conclusion
[15] In summary, our numerical results illustrate that

dilatancy-strengthening in the slow slip region is an effec-
tive mechanism for damping or completely stopping the
downdip propagation of megathrust rupture. Under strong
dilatancy and near-lithostatic pore pressure around the VW-
VS friction stability transition, megathrust rupture stops at
the onset of SSEs. A range of downdip rupture limit can be
predicted under different levels of dilatancy, which is repre-
sented by a dilatancy parameter �/ˇ with values estimated
from available lab experiment data. Modeled episodic slow
slip events have much lower slip velocity, longer duration,
and larger slip amount, longer recurrence interval as dila-
tancy effect becomes stronger, demonstrating a transition
from short-term to long-term type of SSE behavior. These
results qualitatively explain the range of spatial distributions
of SSEs and megathrust rupture areas observed or inferred
in natural subduction zones, without arbitrarily introducing a
stable-sliding segment in the seismogenic zone. The distinc-
tive depth and amplitude of SSEs and afterslip may serve as
an indicator for the importance of dilatancy on a subduction
fault. The total coseismic slip is significantly reduced under
high dilatancy in the updip seismogenic zone. The poten-
tial damage by a megathrust earthquake, which is affected
by both the amount and spatial extent of the coseismic slip,
could thus be mitigated by the operation of dilatancy in both
the seismogenic and SSE regions.
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