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Modeling the activity of short‐term slow slip events along deep
subduction interfaces beneath Shikoku, southwest Japan
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[1] We developed a model of short‐term slow slip events (SSEs) on the 3‐D subduction
interface beneath Shikoku, southwest Japan, considering a rate‐ and state‐dependent
friction law with a small cutoff velocity for the evolution effect. We assume low effective
normal stress and small critical displacement at the SSE zone. On the basis of the
hypocentral distribution of low‐frequency tremors, we set three SSE generation segments:
a large segment beneath western Shikoku and two smaller segments beneath central and
eastern Shikoku. Using this model, we reproduce events beneath western Shikoku with
longer lengths in the along‐strike direction and with longer recurrence times compared
with events beneath central and eastern Shikoku. The numerical results are consistent with
observations in that the events at longer segments have longer recurrence intervals. The
activity of SSEs is determined by nonuniform frictional properties at the transition zone.
We also attempt to model the very low frequency (VLF) earthquakes that accompany
short‐term SSEs, on a 2‐D thrust fault. We consider a local patch in which the friction
parameters are varied. In the case that critical displacement is very small at the patch, fast
multiple slips occur at the patch. In the case that the effective normal stress is high at the
patch, the patch acts as a barrier to SSEs; when it ruptures, however, rapid slip occurs.
Because the source time functions of these cases are somewhat different, it would be
possible in the future to assess if either case is an appropriate model for VLF earthquakes.
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1. Introduction

[2] Recent high‐resolution observations of crustal move-
ments have revealed the occurrence of slow slip events
(SSEs) along the deeper parts of seismogenic faults. Two
types of SSEs have been observed: long‐term SSEs with
durations of several months to several years and short‐term
SSEs with durations of several days to several weeks. In
general, long‐ and short‐term SSEs have long and short
recurrence intervals, respectively; consequently, it would be
appropriate to refer to these events as long‐ and short‐interval
SSEs, respectively.
[3] One example of long‐term SSEs is events that occur at

the deep subduction interface beneath the Bungo Channel in
the western part of the Nankai Trough, Japan [Hirose et al.,
1999; Ozawa et al., 2001; Hirose and Obara, 2005], with a
duration of several months and recurrence interval of ap-
proximately 6 years.Ozawa et al. [2002] detected a long‐term
SSE in the Tokai region, a well‐known seismic gap along

the Suruga‐Nankai Trough. The event started in March 2001
and continued until the spring of 2006.
[4] Other studies have reported the occurrence of short‐

term SSEs with a duration of several days to weeks. For
example, a silent slip of about 2 cm with a several weeks
was detected over an area of 50 × 300 km2 on the deeper
Cascadia subduction interface [Dragert et al., 2001]; the
recurrence interval of these SSEs is 14 months [Miller et al.,
2002; Dragert et al., 2004]. Obara [2002] reported non-
volcanic low‐frequency tremors (LFTs) in a subduction
zone in southwest Japan. Rogers and Dragert [2003] found
that SSEs upon the deeper Cascadia subduction interface
are accompanied by LFTs similar to those reported in the
southwest Japan subduction zone. Based on tiltmeter ob-
servations, Obara et al. [2004] and Hirose and Obara
[2005] also found that short‐term SSEs with a duration
of several days occur in association LFT activity in the
southwest Japan subduction zone; the recurrence intervals
of these SSEs are 3‐6 months.
[5] Recently, Ito et al. [2007] found that very low fre-

quency (VLF) earthquakes are accompanied by and migrate
with the activity of LFTs and short‐term SSEs. The magni-
tudes of these VLF earthquakes are M 3.1–3.5, considerably
smaller than the magnitudes of short‐term SSEs. Ito et al.
proposed a scenario for the occurrence of these VLF earth-
quakes, in which stronger coupled patches of VLF earth-
quakes are surrounded by a region of short‐term SSEs. At
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the propagation front of a short‐term SSE, the shear stress
increases at the patches of VLF earthquakes; these patches
eventually rupture at a high slip velocity once the shear
stress reaches the critical stress value. Ide et al. [2007]
determined a general scaling law for slow events from
LFTs to VLF earthquakes and SSEs. In their scaling, seis-
mic moment increases linearly with time. This scaling law
suggests that the characteristic propagation velocity increases
with decreasing event size. Shelly et al. [2007] also found that
LFT activity does not evolve in a smooth and steady fashion;
instead, it involves numerous rapid migrations over a
small distance and for a short duration, with a speed of
25–150 km/h along the dip direction. They suggested that
slip failure occur repeatedly at the stronger patches during
the continuous slip in the surrounding regions of the fault.
[6] To clarify the generation process of SSEs, it is nec-

essary to understand the environmental characteristics of the
generation zone. Dragert et al. [2004] proposed a model for
plate motion and stress accumulation across the Cascadia
subduction interface, in which short‐term SSEs extend the
transition zone from the 350°C isotherm to the 550°C iso-
therm. Based on the estimated temperature distribution
within the western Japan subduction zone [Yoshioka and
Murakami, 2007], the temperature at the location of short‐
term SSEs is inferred to lie in the range from 400 to 500°C.
Therefore, it is necessary to consider the frictional properties
of the unstable‐stable transition zone to successfully model
short‐term SSEs. As indicated by Dragert et al. [2004],
LFTs and short‐term SSEs in southwest Japan occur along
the lower limit of the coseismic rupture area estimated by
Sagiya and Thatcher [1999] for the 1944 Tonakai and 1946
Nankaido earthquakes. Therefore, when the main event
occurs in the seismogenic region, rapid rupture does not
propagate into the region of short‐term SSEs.
[7] Recent studies have suggested that pore fluid pressure

is very high at deep subduction interfaces in western Japan.
Based on seismological studies, Kodaira et al. [2004] iden-
tified a highly reflective zone with a high Poisson’s ratio in
the deeper extension of the Tokai segment of the Nankai
Trough. Kodaira et al. suggested that the high pore fluid
pressure within these zones leads to the occurrence of long‐
term SSEs. Shelly et al. [2006] revealed that low‐frequency
earthquakes occur on the plate interface, which suggest that
all LFT activity also occurs on the plate interface, coincident
with the inferred zone of slow slip. The generation zone of
low‐frequency earthquakes corresponds to the area of high
vp/vs. Their results also suggest that the high pore fluid
pressure enhances the generation of short‐term SSEs.
Kamaya and Katsumata [2004] considered the mechanisms
of LFTs in western Japan using phase diagrams for repre-
sentative materials found in and around the descending slab.
They suggested that these LFTs are caused by water released
by the dehydration of chlorite, thereby forming clinopyr-
oxene in the basalt of the descending Philippine Sea Plate.
Their results also indicate that the pore fluid pressure is very
high at the deeper subduction interfaces where short‐term
SSEs occur, as assumed in the present study.
[8] Iio et al. [2002] reported that slip accelerated on the

downward extension of a seismogenic fault leading up to
large earthquakes. Linde and Sacks [2002] found that
observations of slow deformation that occurred before sev-
eral great Japanese earthquakes (the 1944 Tonankai earth-

quake and the 1946 Nankaido earthquake) can be explained
by a model of slow preseismic slip on the downward exten-
sion of the seismic rupture zone, where the short‐term SSEs
occur. From the viewpoint of earthquake prediction, it is
important to investigate fault behavior on deeper subduction
interfaces.
[9] Many previous studies have used rate‐ and state‐

dependent friction laws to model earthquake preparation
processes and cycles [e.g., Tse and Rice, 1986; Rice, 1993;
Stuart and Tullis, 1995; Ben‐Zion and Rice, 1997; Kato and
Hirasawa, 1997; Lapusta and Rice, 2003; Hirose and
Hirahara, 2004; Hori et al., 2004]. Recently, models of
SSEs have been proposed by several authors using a rate‐ and
state‐dependent friction law. SSEs can be modeled under
conditions close to the stability transition. Triggered SSEs
can be modeled considering a conditionally unstable cell.
Yoshida and Kato [2003] investigated slip behavior using a
2 degrees of freedom block‐slider model. Yoshida and Kato
found that when one block (block 1) is unstable and the
other (block 2) is conditionally unstable, SSEs can occur
within block 2. Mitsui and Hirahara [2006] also simulated
SSEs using a simplified cell model. They considered con-
ditionally unstable cells for the transition zone and the effect
of the dip angle. In these results, the amplitudes of the SSEs
decrease gradually over time.
[10] Spontaneous SSEs can be reproduced in a region that

is unstable but close to being stable. Liu and Rice [2005]
performed large‐scale three‐dimensional (3‐D) modeling
of shallow subduction sequences using the Dieterich‐Ruina
friction law, and confirmed that SSEs occur spontaneously
near the downdip end of the seismogenic zone, generated in
response to the stress concentration and transient behavior.
Kuroki et al. [2004] performed a 3‐D simulation of SSEs in
the Tokai region using a rate‐ and state‐dependent friction
law, considering realistic 3‐D configurations of the plate
interface and assigning a zone of large critical displacement
within the velocity‐weakening region. The ratio of the size
of the generation zone to the critical size of the nucleation
zone is important for the generation conditions of SSEs. Liu
and Rice [2007] reproduced short‐term SSEs using the
Dieterich‐Ruina friction law. They set an area of low effective
normal stress and velocity weakening in the transition zone,
and found that the style of slip is determined by the ratio of
the width w of the generation zone to the critical cell size h*.
Furthermore, nonperiodic, short‐term SSEs are generated at
w/h* = 7–16. Concerning an asperity model, Kato [2003a]
clarified that SSEs can occur when the value of r/rc,
where r is radius of asperity and rc is critical radius of
asperity, is 0.25 < r/rc < 0.5.
[11] The other possible generation mechanism of SSEs is

frictional behavior around the unstable‐stable transition
zone. Shimamoto [1986, 1989] examined steady state fric-
tion around the unstable‐stable transition regime in halite by
increasing the normal stress at room temperature. It was
found that at very low velocity, steady state friction tss in-
creases with slip velocity v, whereas at low velocity tss
decreases with v, and at high slip velocity tss increases with
v. Bréchet and Estrin [1994] and Estrin and Bréchet [1996]
proposed a model for the frictional sliding of ductile material
with an N‐shaped curve for the sliding velocity dependence
of tss. Based on 3‐D modeling, Shibazaki and Iio [2003]
simulated long‐interval SSEs that occur in and below the
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deeper part of the seismogenic zone for thrust earthquakes,
using a rate‐ and state‐dependent friction law with a cutoff
velocity for the evolution effect that exhibits velocity
weakening at low slip velocity and velocity strengthening at
high slip velocity. Furthermore, by taking this frictional
property into account, Shibazaki and Shimamoto [2007]
reproduced short‐term SSEs similar to those observed.
Based on two‐dimensional (2‐D) high‐resolution modeling,
Kato [2003b] also succeeded in reproducing long‐interval
SSEs using a rate‐ and state‐dependent friction law with a
cutoff velocity for the evolution effect. Recently, Beeler
[2009] proposed a more generalized frictional constitutive
law for at very low velocity steady state friction tss increases
with slip velocity v; at low velocity tss decreases with v; and
at high slip velocity tss increases with v.
[12] Obara [2010] investigated in detail the activity of

short‐term SSEs in western Japan. On the basis of tremor
activity and the nature of SSEs beneath Shikoku, Obara
identified three distinct segments: western, central, and eastern
Shikoku. Events that occurred within longer segments were
found to have longer recurrence intervals. In the above con-
text, it is of fundamental importance to reproduce the activity
of SSEs observed in southwest Japan. Therefore, in the
present study we develop a model of short‐term SSEs
developed on the 3‐D subduction interface beneath Shikoku,
western Japan. We consider a rate‐ and state‐dependent
friction law with a small cutoff velocity for the evolution
effect, as used previously by Shibazaki and Iio [2003] and
Shibazaki and Shimamoto [2007]. It is also important to
understand the mechanism of the VLF earthquakes that
occur in association with SSEs. We therefore also inves-
tigate how VLF earthquakes can be reproduced numerically
by considering a small patch in which friction parameters are
varied.

2. Frictional Properties of the Unstable‐Stable
Transition Zone

[13] The three fundamental assumptions employed in the
present model with regard to reproducing short‐term SSEs
are summarized as follows [Shibazaki and Shimamoto,
2007].
[14] 1. At the deeper part of the subduction interface

where short‐term SSEs occur, there exists an unstable‐stable
transition zone in which the friction law exhibits velocity
weakening at low slip velocity and velocity strengthening at
high slip velocity.
[15] 2. The pore fluid pressure is very high and nearly

equal to lithostatic pressure at the deeper part of the sub-
duction interface. Therefore, the stress drop is small for
short‐term SSEs.
[16] 3. The critical displacement is very small, as short‐

term SSEs yield only small amounts of fault slip and have
short recurrence intervals.
[17] The amount of slip for short‐term SSEs recorded in

the Cascadia subduction zone is around 3 cm [Dragert et al.,
2001], and around 1 cm for those in the Nankai Trough
[Hirose and Obara, 2005]. For the Cascadia and Nankai
Trough SSEs, the stress drop is estimated to be 0.04–
0.06 MPa [Miyazaki et al., 2006] and 0.01 MPa [Ide et al.,

2007], respectively. A small stress drop indicates that the
effective normal stress is very small because of high pore
fluid pressure; otherwise, the change in the frictional coef-
ficient Dm is very small. The results of previous seismo-
logical and petrological studies suggest that pore fluid
pressure is very high at the deeper subduction interfaces
where short‐term SSEs occur; this is also assumed in the
present study. The critical displacement for the fault friction
law should be very small, as short‐term SSEs yield only small
amounts of fault slip and have short recurrence intervals.
[18] Rate‐ and state‐dependent friction laws have been

used widely for modeling earthquake generation processes
[e.g., Dieterich, 1981; Ruina, 1983]. Several types of rate‐
and state‐dependent friction laws have been proposed [e.g.,
Marone, 1998], such as slip laws and slowness laws. The
Dieterich‐Ruina friction law with cutoff velocities proposed
by Okubo [1989] is used to represent the frictional behavior
that exhibits velocity weakening at low slip velocity and
velocity strengthening at high slip velocity. Frictional resis-
tance depends on both slip velocity and state:

� ¼ ��eff
n ð1Þ

� ¼ �* � a ln
v1
v
þ 1

� �
þ b ln

v2�

Dc
þ 1

� �
ð2Þ

where sn
eff is the effective normal stress defined as the dif-

ference between the lithostatic pressure and the pore fluid
pressure Pf, v is the instantaneous sliding velocity, v1 is the
cutoff velocity for the direct effect, Q is a state variable that
characterizes the evolving state of the sliding surfaces, v2 is
the cutoff velocity for the evolution effect, andDc is a critical
displacement scaling for the evolution of the state variable. In
the Dieterich‐Ruina friction law, an evolution law for the
state variable can be written as

d�

dt
¼ 1��v

Dc
ð3Þ

[19] The steady state friction can be written as

�ssðvÞ ¼ �* � a ln
v1
v
þ 1

� �
þ b ln

v2
v
þ 1

� �
ð4Þ

[20] The rate dependence of the steady state friction can
be written as

d�ssðvÞ
d ln v

¼ a

1þ v=v1
� b

1þ v=v2
ð5Þ

For the unstable‐stable transition, we assume v2 � v1. In
this case, for v < v2, mss(v) decreases with v; for v2 < v < v1,
mss(v) increases with v. In the experimental studies per-
formed by Shimamoto [1986, 1989], v2 was found to be
around 10−5 to 10−7 m/s. The cutoff velocity v2 for the
evolution effect is an important parameter in determining the
slip velocity of SSEs.
[21] The cutoff time Q* for the evolution effect can be

calculated by Q* = Dc/v2. The cutoff time is the character-
istic time of the healing process [Bréchet and Estrin, 1994;
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Estrin and Bréchet, 1996; Nakatani and Scholz, 2004a,
2004b; Beeler, 2009]. There exist several cutoff times, de-
pending on the mechanism of the healing process that occurs
under different conditions [Nakatani and Scholz, 2004b].
The predominant cutoff time for healing processes in the
unstable‐stable transition regime where SSEs occur is pos-
sibly longer than that in the unstable seismogenic region. As
discussed by Beeler [2009], under low effective normal
stress, a long time is required for an increase in contact area
between asperities. Until the required time has passed, no
logarithmic change occurs. Therefore, when pore fluid pres-
sure is high and effective normal stress is low, the cutoff time
becomes long and cutoff velocity becomes low.

3. Slow Slip Events on a 3‐D Subduction Plate
Boundary

3.1. Activity of SSEs and Low‐Frequency Tremors
Beneath Shikoku

[22] The activity of short‐term SSEs in western Japan has
been investigated in detail by Obara [2010]. Here, we
briefly summarize the results of this study in terms of the
activity of short‐term SSEs beneath Shikoku. Three distinct
segments along the deep subduction zone are recognized
based on tremor activity: western, central, and eastern
Shikoku. The activity beneath western Shikoku is the
highest in all of southwestern Japan. The length of this

segment is around 100 km, the recurrence interval of events
is around 3–6 months, the propagation velocity of SSEs is
around 10 km/d, and the moment magnitudes and fault slips
of SSEs are around 6.0 and 1–2 cm, respectively. Beneath
eastern and central Shikoku, the length of the segment is
around 50 km and the recurrence interval of events is around
2–3 months. An observed characteristic of low‐frequency
tremors is that their area (length and width) in the segment
beneath western Shikoku is greater than that beneath central
and eastern Shikoku. This difference may affect the occur-
rence of SSEs at each segment.

3.2. Loading Processes and Elastic Interactions

[23] To investigate the activity of SSEs observed beneath
Shikoku, we develop a model of short‐term SSEs on the 3‐D
subduction interface. The assumed configuration of the plate
interface is shown in Figure 1. In developing this configu-
ration, we referred to depth contours of the distribution of
intraplate earthquakes in the Philippine Sea Plate, as pro-
vided by Nakamura et al. [1997]. For depths of 25–35 km,
we use the contour lines provided in this earlier study, in
which a discontinuity is reported in the depth contour of
intraplate earthquakes at a depth of 40 km beneath Shikoku.
Therefore, we modified the contour line at a depth of 40 km
to be smooth near the site of the discontinuity. Because
Nakamura et al. [1997] did not construct contour lines at
depths greater than 40 km in the model region, we added a

Figure 1. Configuration of the plate interface employed in modeling SSEs. Curved solid lines represent
isodepth contour lines on the plate interface with the depth of 20 to 40 km. Dots indicate the epicenters of
LFTs, as determined by Obara [2010]. The inset shows the location of the area.
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contour line at a depth of 45 km by smoothly extrapolating
the plate interface (25–40 km) downward to this depth. We
then subtracted 5 km from each depth, as the contour lines
proposed by Nakamura et al. [1997] represent the depth of
intraplate earthquakes, whereas the actual depth of the plate

interface is shallower. The dip angle of the plate interface
increases from central to western Shikoku. In the present
study, we model SSEs but do not consider interactions
between SSEs and large megathrust earthquakes. Therefore,
we do not take into account the entire seismogenic region:

Figure 2. Map views of 3‐D plate interface for modeling SSEs. X and Y axes indicate distances along
the W‐E and S‐N directions. (a) SSE zone, stable zone, and unstable zone. Red dots indicate the epicen-
ters of LFTs, as determined by Obara [2010]. SSE zone includes the high‐activity region of LFTs and is
divided into three segments: western (WS), central (CS), and eastern (ES). (b) Triangular meshes for the
western segment.
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the depth range of the model space is limited to between 20
and 40 km.
[24] At the Nankai subduction zone, the Philippine Sea

Plate is subducting beneath the Amurian Plate toward from
N55W to N60W at a relative velocity of around 6 cm/yr
[Heki and Miyazaki, 2001; Miyazaki and Heki, 2001]. A
curved plate interface as shown in Figure 1 is divided into
triangular elements. Now we consider a long‐term average
relative slip velocity at each element. We take the x axis to
be the W‐E direction and the y axis to be the S‐N direction
as shown in Figure 2a. Z axis is taken to be an upward
direction. The long‐term average relative slip velocity of the
ith element has three components: vpl,i = (vpl1,i, vpl2,i, vpl3,i).
The term ∣vpl,i∣ is fixed at vpl = 6 cm/yr for all elements.
Based on the direction of plate convergence, vpl1,i/vpl2,i =
−tan 55° is assumed. Furthermore, vpl,i must be parallel to
the surface of a triangular element. Given the three condi-
tions outline above, vpl,i can be determined.
[25] We fix the direction of fault slip to be vpl,i/vpl.

Therefore, we only consider the shear stress ti on the
i element along the direction of vpl,i/vpl on the fault. The
shear stress ti on the i element is accumulated by the delay
of the fault slip uis from the motion vplt:

�i ¼
X
is

ki�is vplt � uis
� �� G

2�

dui
dt

ð6Þ

where ki−is is the elastostatic kernel that is the stress at the
center of gravity of the i triangular element caused by uni-
form slip along the direction vpl,i/vpl over the is triangular

element. The centers of gravity of the triangular elements are
taken to be the nodes (collocation points). We use the pro-
gram for calculating the kernel for triangular elements used
by Stuart et al. [1997]. The first term in the equation
represents the tectonic loading due to relative plate motion;
the second term is the seismic radiation damping introduced
byRice [1993]. For a slip velocity of 10−6m/s, the value of the
second term is around 4 Pa; therefore, in the present case this
term is negligible. For simplicity, we do not consider the
effect of normal stress changes. By solving the coupled
constitutive equations (1)–(3) and the equation of tectonic
loading (6) using the Runge‐Kutta method [Press et al.,
1992], the slip velocity and shear stress histories can be
obtained. We assume that no slip occurs outside the model
fault area shown in Figure 2a.

3.3. Parameter Setting

[26] Figure 2a shows the distribution of LFTs obtained by
Obara [2010], along with the generation zone of SSEs,
unstable zone, and stable zone. Figure 2b shows the triangular
mesh for the western segment. The number of mesh points in
the entire region in Figure 2a is 100 (dip direction) × 160
(horizontal direction) = 16,000. Therefore, the region con-
tains 32,000 triangular elements. The distances between
nodes in adjoining triangular elements change with position,
but are less than around 1.2 km for most elements, although
larger distances are found in the deeper part beneath western
Shikoku (maximum, 1.49 km).
[27] Figure 3 shows the depth distribution of the consti-

tutive law parameters a, b, Dc, and pore fluid pressure Pf at

Figure 3. Depth distributions of (a) the constitutive law parameters a, b, (b) critical displacement Dc,
and (c) the pore fluid pressure Pf at X = 60 km in Figure 2a. The thick solid line and dashed line in
Figure 3a show the depth distributions of dmss (v)/d ln v at v = 10−10 m/s and 10−5 m/s, respectively. The
thick solid line and dashed line in Figure 3c shows the pore fluid pressure and the lithostatic pressure.
The SSE zone is defined as the depth range from d1 and d2, which corresponds to the range between Y1
and Y2 in Figure 2a.
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X = 60 km in Figure 2a. The effective normal stress sn
eff is

defined as the difference between lithostatic pressure and
pore fluid pressure Pf , as shown in Figure 3c. The depth
range is taken to be 20–40 km. In the present case, the zone
of main slips of SSEs lies in the depth range of d1 to d2,
where dmss(v)/d ln v ≈ a − b < 0 for a low slip velocity, but
dmss(v)/d ln v ≈ a > 0 for a high slip velocity. A frictional
stable zone exists below the SSE zone. For simplicity, we
use the same values of Dc and sn

eff for the stable zone as used
for the SSE zone. Y1 and Y2 in Figure 2a correspond to d1
and d2 in Figure 3. Figure 2a was created by mapping SSE
zone (defined by the depth range from d1 to d2) on the XY
plane.
[28] We set the three generation segments of SSEs based

on the LFT distribution such that the segments contain many
LFT epicenters by changing d1 and d2 with horizontal
distance X. The western segment is the largest in terms of
length and width, and appears to contain patches with very
high tremor activity; however, these patches are not isolated.
Therefore, we take the western segment to be a single large
segment. The central and eastern segments appear to be
isolated; consequently, we set narrow widths for the con-
necting zones between the western, central, and eastern
segments.
[29] Table 1 lists the parameters employed for the gen-

eration zone of SSEs. The effective normal stress sn
eff, the

cutoff velocity v2 for the evolution effect, and the critical
displacement Dc are the important parameters characterizing
the occurrence of SSEs.We set the value of the cutoff velocity
v2 to 10

−6.5 m/s, higher than the average slip velocity of SSEs
(around 10−7 m/s) [Hirose and Obara, 2005].
[30] When considering a rate‐ and state‐dependent friction

law, the stress drop defined as the difference between the
initial and final stresses can be approximated by Dt ≈
−(a− b)sn

eff ln(vmax/vini), where vmax and vini are themaximum
slip velocity and initial slip velocity, respectively. We as-
sume that vmax = 10−7 m/s and vini = 10−10 m/s. When Dt =
0.01 MPa [e.g., Ide et al., 2007], (b − a)sn

eff is estimated to
be 0.0014 MPa. Assuming that b − a = 0.004, sn

eff is esti-
mated to be around 0.35 MPa. In the present study, we set

sn
eff to 0.42 MPa. Nakata et al. [2008] estimated the value of

asn
eff to be 0.0013 MPa for the SSE zone in eastern Shikoku.

Assuming a value for a of 0.008, sn
eff is calculated to be

0.16 MPa. Therefore, the assumed value of sn
eff is largely

consistent with the results of Nakata et al. [2008]. The
value of the critical displacement is set to be sufficiently
small for the reproduction of the SSEs. At larger values of
critical displacement, the SSEs become very slow or stable
slidings occur.
[31] The critical nucleation size is calculated using the

equation h* = 2GDc/[p(b − a)sn
eff] [Rice, 1993], and the

nucleation length scale is calculated by Lb ≈ GDc/bsn
eff

[Dieterich, 1992; Rubin and Ampuero, 2005]. Node intervals
must be less than these values. In the present case, h* = 3.4 km
and Lb = 1.79 km. The largest node interval in the present
study is 1.49 km; all intervals are less than Lb = 1.79 km.

3.4. Numerical Results

[32] Figure 4 shows the results of a numerical simulation
of the slip velocity distribution on the curved plate interface
over time from t = 2.99108 to 3.67773 years. During this
period, two large SSEs occur within the western segment. A
very slow slip region (dark blue region in Figure 4) represents
the locked seismogenic region. Around t = 3.04764 year, a
larger slow slip event nucleates at the western segment and
propagates bilaterally. The maximum slip velocity reaches
10−6 m/s. This event also propagates to the east and slow slips
occur at the central and eastern segments (t = 3.05734, and
3.08938 years). The slip velocity then becomes very low in
the region where the SSE occurs. At t = 3.33277 years, a
small event occurs at the left‐hand edge of the western
segment, and then, at t = 3.36981 and 3.41019 years, small
events occur in the central and eastern segments. The slip
velocity for these smaller events is low compared with that
for the larger events within the western segment. It should
be noted that the eastern part of the western segment remains
unruptured although small SSEs occurred in the surrounding
region. At t = 3.49420 years, another large SSE nucleates at
the western segment and propagates bilaterally. The recur-
rence interval of larger events at the western segment is
around 6 months. The recurrence interval for smaller events
at the central and eastern segments is around 3 months,
shorter than that for larger events.
[33] Figures 5a and 5b shows the changes in slip velocity

over time (from t = 1 to 6.5 years) along the lines of depths
of 31.5 and 33 km. The very narrow straight zones with
white to red colors indicate SSEs. Dark blue zones indicate
low‐slip‐velocity zones during inter‐SSE periods. From
Figure 5b, we can confirm the stable slips between the
western and central segments and the central and eastern
segments. SSEs have different characteristics in the three
segments. In the eastern and central segments, events with a
relatively small length (around 50 km) occur at intervals of
2–3 months. The larger SSEs in the western segment are

Table 1. Model Parameters at the Generation Zone of SSEs in the
3‐D Simulation

Symbol Parameter Value

v1 Cutoff velocity for the direct effect 1.0 m/s
v2 Cutoff velocity for the evolution effect 1.0−6.5 m/s
Dc Critical displacement 0.3 mm
sn
eff Effective normal stress 0.42 MPa

a Parameters for rate‐ and state‐dependent friction law 0.008
b 0.012
G Rigidity 30 GPa
vpl Relative velocity of plate motion 6 cm/yr

Figure 4. Snapshots of slip velocity distribution from t = 2.99108 to 3.67773 years on the curved plate interface at each
time step (year) for several SSEs. (top) The slip velocity distribution at t = 3.04977 years is shown with the spatial scale and
the scale of slip velocity. The X and Y axes indicate the distances in the W‐E and S‐N directions, respectively. (bottom) The
numbers represent the time in years. Dark blue color indicates the locked region with low slip velocity. In the shallower part
(i.e., seismogenic region), the slip velocity is constantly very low. In the deeper part, the slip velocity is close to the velocity
of relative plate motion. Yellow and red colors indicate high‐slip‐velocity regions within which SSEs are generated.
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indicated by L1–14. Slow slip events in the western
segment have longer recurrence intervals (3–8months) than
those in the central and eastern segments. The length of the
SSE reaches 100 km in the western segment. Some SSEs
rupture both the western and central segments or the central
and western segments. Rare SSEs (L1 and L5) rupture all
three segments.
[34] Figure 6a shows temporal changes in the moment

rate, defined as G
P
i
viDSi, where vi and DSi are the slip

velocity and the area of the ith triangular element, respec-
tively, as located in the SSE zone. The L1–14 SSEs, which
have a maximum moment rate greater than 2.0 × 1012 Nm/s,
occur with a recurrence interval of 3–8 months. L1–14
correspond to those shown in Figure 5. Figure 6b shows the
cumulative moment obtained by integrating the moment
rate. We can confirm that small steps in the cumulative
moment correspond to the occurrences of the L1–14 SSEs.
The amount of moment release for the L1–14 SSEs is
around 1.0 × 1018 Nm, for which the moment magnitudes

are Mw 5.9, consistent with observed values. During the
intervals between larger events, we can confirm some small‐
amplitude events that correspond to the small events in the
western, central, and eastern segments.
[35] Figure 7 shows the depth distribution of slip with

time at x = 60 km. Slips at t = 3 years were set to zero. The
amount of fault slip for larger events is around 1 cm. In
deeper regions, slip increases steadily with time, the amount
of which is nearly equal to vplt. The fault is locked in the
upper seismogenic zone; therefore, the total amount of fault
slip within the SSE zone is much less than the relative plate
motion vplt. We observe that at t = 3.05, 3.50, and 4.05 years,
larger events (L5–7) that rupture the entire zone of SSEs
occur. From 6a, the maximum moment rates of these events
exceeds 2.0 × 1012 Nm/s. During the intervals between these
events, very small SSEs occur at t = 3.34 and 3.8 years. The
maximum moment rates of these events are very small
compared with those of L1–14. For observed SSEs in the
western segment, tremor activity for which SSEs are not

Figure 5. Slip velocity distribution along the horizontal curved line from t = 1 to 6.5 years at depths of
(a) 31.5 km and (b) 33 km. The very narrow straight zones with white to red colors indicate SSEs. Blue
regions represent low‐slip‐velocity zones. L1–14 are large events that correspond to the moment rate
functions shown in Figure 6a.
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observed by tiltmeters occurs during the periods between
large SSEs that are observed by tiltmeters. Our model can
reproduce the modes of the SSEs similar to those observed
beneath Shikoku.
[36] Figure 8 shows the changes in slip velocity for the

four SSEs (L2, 5, 7, and 13). The L2 event nucleates slowly
in the western part of the western segment, and propagates
unilaterally to the east at a speed of 10–20 km/d. It takes
around 6 days for this event to reach completion. In actual
SSEs, a nucleation phase appears to occur when tremor
activity is high within a certain limited area over a period of
several days [Obara, 2010]. The L5 event starts in the center
of the western segment and propagates bilaterally with a
speed of 50 km/d, and it propagates to the central segment at
a speed of 10 km/d. Subsequently, a small SSE occurs
within the eastern segment. The L7 event starts in the
eastern part of the western segment and propagates slowly
and bilaterally at a speed of 5 km/d. This SSE is complex:
two subevents occur during its propagation to the west. The
L13 event starts in the western segment and propagates to
the central segment at a speed of 25 km/d. In actual
observations, SSEs sometimes extend over two or three
segments. For example, Obara [2010] reported that some
actual SSEs rupture both the western and central segments
or the central and western segments. Rare SSEs rupture all
three segments.
[37] We also consider a relatively simple case in which the

width of the generation zone of SSEs is set such that it is
wider beneath the western part of Shikoku than beneath the
central and eastern parts. This configuration is able to
reproduce events beneath western Shikoku with longer
lengths in the along‐strike direction and longer recurrence
times, as well as events beneath eastern and central Shikoku
with smaller lengths in the along‐strike direction and smaller
recurrence times. The simulated activity is similar to that

Figure 6. (a) Temporal changes in moment rate, as calculat-
ed by summing the moment rate at the elements in the entire
SSE zone. (b) Cumulative moment obtained by integration of
the moment rate. L1–14 indicate large events that correspond
to those in Figure 5.

Figure 7. Temporal changes in the fault slip distribution with depth at X = 60 km in Figure 2a. In the
deepest portion, fault slip shows a near‐constant increase. In the shallower part, slip is close to zero.
Between these two regions, SSEs occur repeatedly. SSEs at t = 3.05, 3.50, and 4.05 years correspond to
L5–7 in Figure 5. Between theses events small very slow events are observed at t = 3.34 and 3.8 years.
The amount of fault slip for large SSEs is around 1 cm.
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observed; however, in the model results there is no clear
segmentation beneath central and eastern Shikoku. Multi-
segment events occur frequently in the case where we
increased the widths of connecting zones between the
western, central, and eastern segments. Therefore, in mod-
eling the realistic activity of SSEs, it is necessary to consider
nonuniform frictional properties inferred from the distribu-
tions of LFTs.
[38] We examined how the solutions varied in response

to slight changes in the node intervals, and found that the
solutions arrived at after several years of the simulation are
different from those shown in Figure 5. However, even
with changes in the node intervals, we reproduced SSEs
with the same characteristics in terms of recurrence interval,
velocity, slip velocity, etc. The differences observed in the
solutions may reflect the fact that the node intervals were not
enough small. In the case of a triangular mesh, changes in
node intervals result in slight changes in the form of the
plate interface. This may be another possible cause of the
differences among the solutions obtained with different node
intervals.

4. Two‐Dimensional Modeling of Low‐Frequency
Earthquakes

[39] We also attempt to model the VLF earthquakes
observed by Ito et al. [2007], which were accompanied by
short‐term SSEs. They proposed a possible scenario for the
occurrence of these VLF earthquakes, in which relatively

strongly coupled patches of VLF earthquakes are sur-
rounded by a region of short‐term SSEs. Ide et al. [2007]
proposed the scaling law in which the moment M0 of slow
earthquakes is proportional to duration T. They discussed
scaling laws between the characteristic propagation velocity
and event size. In the case where the stress drop is constant,
fault slip Du increases with event size L. In this case, M0 /
L3 / T; therefore, L/T / 1/L2 . In the case where fault slip
Du is constant, M0 / L2 / T; therefore, L/T / 1/L. These
results suggest that the characteristic propagation velocity
L/T increases with decreasing event size. Although this
relationship has not been confirmed from observations, VLF
earthquakes are assumed to be a local high‐speed rupture,
and are expected to represent events with much higher slip
velocity than that for SSEs, as these events radiate seismic
energy. To model a local high‐speed rupture with high slip
velocity, it is necessary to vary the constitutive law para-
meters at the patch of VLF earthquakes. Because we require
a small grid size, we consider a 2‐D model and set a local
patch in which the constitutive law parameters are varied.

4.1. Loading Processes and Elastic Interactions

[40] We now consider a quasi‐dynamic analysis that as-
sumes a thrust fault in a 2‐D elastic half‐space, as illustrated
in Figure 9. The fault plane is located along the x axis, and
the direction of slip is along the x direction. The free surface
is located on the z = 0 plane. A fault plane is divided into cells
of lengthDx . The i cell occupies the region (i − 1) Dx ≤ x ≤
iDx (i = 1,� � �M). The slip is assumed to be constant within

Figure 8. Slip velocity distribution over time at a depth of 31.5 km for events (a) L2, (b) L5, (c) L7, and
(d) L13.
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each cell. The shear stress ti on the i cell on the fault is
accumulated by delay of the fault slip u(is) from the relative
plate motion, following equation (6). In this case, ki−is in
equation (6) is the elastostatic kernel, which is the stress at
the center of the i cell caused by the uniform slip over
the is cell. Because VLF earthquakes are seismic events, the
term that represents radiation damping is important in con-
sidering the approximate effect of inertia.

4.2. Parameter Setting and Numerical Results

[41] As an example, we consider an Mw 3.5 VLF earth-
quake with a seismic moment of 2.24 × 1014 Nm. When
assuming a circular crack model and Ds = 0.01 MPa, the
crack radius a is calculated to be 2140 m using a formula of

M0 = (16/7)Dsa3. Assuming the duration to be 20 s, rup-
ture velocity is calculated to be around 100 m/s. The fol-
lowing relationship between maximum slip velocity and
rupture velocity was obtained theoretically by Ida [1973]
under the condition that a mode 2 shear rupture propagates
at a constant velocity vr: _umax = (gDsb/G)vr, where g is an
order of unity and Dsb is the breakdown strength drop,
defined as the difference between the peak stress and fric-
tional stress. Assuming Dsb = 2Ds, _umax = 3 × 10−5 m/s. In
this case, _umax is 100 times faster than the cutoff velocity
used in the SSE modeling.
[42] WhenDs = 0.1 MPa, crack radius a is calculated to be

993 m. In this case, rupture velocity is calculated to be around
50 m/s. AssumingDsb = 2Ds, _umax = 1.5 × 10−4 m/s. In this

Figure 9. Model space of a thrust fault in a 2‐D elastic half‐space. The x axis is taken to be the downdip
direction of the fault. The fault plane is divided into equal segments ofDx = 0.018 km. The depth range of
the fault zone is taken to be 20–40 km. The generation zone of SSEs is taken to be 28 to 38 km. There
exists a small patch in the zone of SSEs for VLF earthquakes.

Figure 10. Depth distributions of (a) the constitutive law parameters a, b, (b) critical displacement
Dc, and (c) the pore fluid pressure Pf. The thick solid line and dashed line in Figure 10a show the depth
distributions of dmss (v)/dln v at v = 10−10 m/s and 10−5 m/s, respectively. The generation zone of SSEs is
taken to be 28 to 38 km. The thick solid line and dashed line in Figure 10c show the pore fluid pressure
and the lithostatic pressure.
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case, _umax is 500 times faster than the cutoff velocity used in
the SSE modeling. In the present study, we consider a 2‐D
fault, and the fault patch length of VLF earthquakes is set to
3.86 and 1.55 km.
[43] The depth range of the fault zone for the simulation is

taken to be 20–40 km (Figure 9). The depth range of SSEs is
approximately 28–38 km. We take the grid size and grid
number to be 18 m and 4000, respectively; dip angle is 15°.
Figure 10 shows the depth distributions of the constitutive
law parameters a, b, critical displacement Dc, and pore fluid
pressure Pf. In these distributions, the patch of VLF earth-
quakes is not considered. The values of the constitutive law
parameters for the generation zone of SSEs are the same as
those listed in Table 1.
[44] There are several ways to reproduce locally high‐

speed rupture. Table 2 lists the investigated cases, in which
the size and constitutive law parameters of the patch are
varied. First, we take a smaller critical displacement for the
patch. Second, we take a larger cutoff velocity for the patch;
however, in this case, if we do not take a smaller critical
displacement for the patch the rupture velocity shows no
significant increase. Therefore, we take a smaller critical
displacement. Third, we take a larger effective normal stress
for the patch, maintaining the same value of critical dis-
placement. In addition, we take a smaller patch size. In this
case, the fracture energy of the fault becomes highest at the
patch.

[45] For these three approaches to produce local high‐
speed rupture, the values for the ratio of w/h* (ratio of the
length of the patch of the VLF earthquake to the critical
size) need to be relatively high: 22.7 (case 1); 11.4 (case 2);
and 4.6 (case 3). Liu and Rice [2007] confirmed that seismic
events occur at higher values of w/h*. In the present model,
we reproduce VLF earthquakes considering a local patch
with high values of w/h* , that is located between SSE
zones.
[46] Figure 11 shows the spatiotemporal development of

the SSE in case 1, including VLF earthquakes. First, a fast,
local event occurs at the local patch with a propagation
velocity of around 10 m/s. Then, with gradual extension of
slip in the region, several fast events occur repeatedly at the
local patch. Figure 12a shows the moment rate function for
the SSE, as also shown in Figure 11. The moment rate is
calculated as G

P
i
viDx, where vi andDx are the slip velocity

of the ith element and element length, respectively. There-
fore, the unit of moment is N/s. To obtain the moment rate on
a 2‐D fault, we need to multiply the calculated moment rate
by the horizontal length of the fault. Several fast events
(VLF earthquakes) occur repeatedly during a single SSE.
Figure 12b shows an expanded time scale for the single
event indicated by the arrow in Figure 12a. The moment
rate of this VLF earthquake shows a gradual change over
time.
[47] Figure 13a shows the moment rate function for one

typical SSE in case 2, where the cutoff velocity for the
evolution effect for the patch is set to 1.0 m/s. A very fast
VLF earthquake occurs, followed by repeated events during
one event. Figure 13b shows an expanded time scale for a
single event indicated by arrow in Figure 13a. The moment
rate function for a single event shown is very simple: it
increases and decreases rapidly. The shape of the moment
rate function is somewhat different from that for the lower
cutoff velocity. The fast slip events reproduced in this case
can be regarded as usual fast rupture propagation, although
the stress drop is small. In cases 1 and 2, an SSE generally
starts with a VLF earthquake, and repeated VLF earthquakes

Table 2. Model Parameters in the Fault Patch of VLF Earthquakes
in 2‐D Simulationsa

Case w (km) v2 (m/s) Dc (mm) sn
eff (MPa)

1 3.86 1.0 × 10−6.5 0.015 0.42
2 3.86 1.0 0.03 0.42
3 1.55 1.0 × 10−6.5 0.30 4.2

aParameters are w, fault patch length of VLF earthquakes; v2, cutoff
velocity for the evolution effect; Dc, critical displacement; sn

eff, effective
normal stress.

Figure 11. Spatial distribution of slip velocity over time for an SSE in case 1. The red bar indicates the
location of the patch of VLF earthquakes.
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occur as part of the SSE; very few VLF earthquakes occur as
events that are independent of the SSE.
[48] Figure 14a shows the spatiotemporal development of

SSEs over 0.3 year in case 3, where the effective normal
stress for the patch is 10 times that of the surrounding re-
gion. Figure 14b shows the large SSE at t = 12.569 years
with an expanded time scale. In this case, SSEs occur in the
deeper and upper parts of the patch, but the patch remains
unruptured and serves as a barrier for the SSE. Finally, a fast
slip event occurs at the patch; slip then propagates into the
entire zone of SSEs. Figure 15a shows the moment rate
function for the SSE, as also shown in Figure 14b. Figure 15b
shows an expanded time scale for the single event indicated
by the arrow in Figures 15a and 14b. As shown in Figure 15b,
the source time function of the event increases rapidly,
corresponding to rupture at the patch; however, the moment is
subsequently slowly released. Although this model also can
produce VLF earthquakes, the form of the source time
function is somewhat different from that in cases 1 and 2.

5. Discussion and Conclusions

[49] To understand the loading processes of megathrust
earthquakes along the Nankai subduction zone, it is neces-
sary to model short‐term SSEs because they occur along the
immediately deeper extension of the fault zone from where
such megathrust earthquakes occur. Based on the study

performed by Shibazaki and Shimamoto [2007], we devel-
oped a model of short‐term SSEs on the 3‐D subduction
interface beneath Shikoku, southwest Japan, considering a
rate‐ and state‐dependent friction law with a small cutoff
velocity for the evolution effect. In the case that the cutoff
velocity for the evolution effect is considerably smaller than
that for the direct effect, the steady state friction exhibits
velocity weakening at low slip velocity and velocity
strengthening at high slip velocity. We assume that pore
pressure is nearly equal to lithostatic pressure and that critical
displacement is very small within the generation zone of
SSEs.
[50] By considering a 3‐D plate interface, we can set the

SSE zone appropriately, based on the hypocentral distribu-
tion of low‐frequency tremors. We set three segments of
SSEs: a larger segment beneath western Shikoku and two
smaller segments beneath central and eastern Shikoku. This
model is able to reproduce events beneath the western part
of Shikoku with greater lengths in the along‐strike direction
and with longer recurrence times. The numerical results are
consistent with the observation by Obara [2010] that
events within larger segments have longer recurrence in-
tervals. The stress loading rate in a large segment is lower
than that in a small segment. Therefore, events that occur at
the large segment have longer recurrence intervals and
larger moment releases than those that occur at a small
segment. The reproduced events propagate along strike at a
speed of 5–50 km/d, consistent with the observation of

Figure 12. (a) Moment rate for the SSE on a 1‐D fault in
case 1, as shown in Figure 11. The unit of moment rate is
N/s, as we consider 1‐D fault slip. (b) Moment rate with an
extended time scale for the VLF event indicated by the arrow
in Figure 12a and in Figure 11.

Figure 13. (a) Moment rate for a typical SSE on a 1‐D
fault in case 2. Several strong VLF events occur during a
single SSE. (b) Moment rate with an extended time scale
for the VLF event indicated by the arrow in Figure 13a.
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Obara [2010] that the along‐strike propagation speed of
events ranges from approximately 5 to 20 km/d.
[51] Multisegment events are modeled in the western and

central segments or central and eastern segments, along with
rare three‐segment events, consistent with observed SSEs.
For an increased width of connection zone between seg-
ments, multisegment events occur more frequently and the
style of SSE activity differs from that observed. It is con-
cluded that the activity of SSEs is determined by nonuni-
form frictional properties within the transition zone.
[52] We also attempted to model the VLF earthquakes

accompanied by short‐term SSEs. To model such earth-
quakes, we considered a local patch in which the constitu-
tive law parameters were varied. We considered three cases
for reproducing VLF earthquakes. First, we assumed a
smaller critical displacement for the patch. We can confirm
that multiple slips occur at the patch during a single SSE; in
addition, the moment rate for a single SSE shows a gradual
increase and decrease. In this case, because of a small critical
displacement, a drop in the frictional strength and healing

occur quickly at the local patch. The progress of an SSE
increases stress at the local patch continuously. As a result,
fast slip events occur repeatedly at the local patch.
[53] In modeling foreshocks with slow rupture growth

during the nucleation process, Shibazaki and Matsu’ura
[1995] considered a small patch with a relatively small
critical displacement, located within a broad weak zone with
a relatively large critical displacement. Ide and Aochi [2005]
developed a model of the wide‐scale growth of dynamic
rupture during an earthquake assuming that critical dis-
placement and fracture surface energy have multiscale het-
erogeneous distributions. There is a possibility that critical
displacement scales with the size of events even at the deep
subduction interfaces.
[54] Second, we assumed a larger cutoff velocity and a

smaller critical displacement. This case produces an event
with a fast rupture and small stress drop. The maximum
moment rate is much larger than those of other cases. The
source time function is simple: it rapidly increases and then
decreases. The form of the source time function appears to

Figure 14. (a) Spatial distribution of slip velocity over time during 0.3 year in case 3. Three SSEs occur
during this period. (b) Spatial distribution of slip velocity for the large SSE at t = 12.569 years. The red
bars in Figures 14a and 14b indicate the location of the patch of VLF earthquakes.
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be different from those observed [Ide et al., 2008], which
show a gradual increase and then decrease. Third, we con-
sidered the case in which the effective normal stress is
10 times that of the surrounding region. In this case, the
patch acts as a barrier for some SSEs. When this barrier is
ruptured, however, a larger SSE occurs. The source time
function of the event has a sharp peak that corresponds to
the rupture at the patch; the moment is subsequently released
only slowly. Because the source time functions of the three
cases are somewhat different, it will be possible to assess
which is the appropriate model for VLF earthquakes by
comparing the results with the observations. In the present
study, we have considered only a 2‐D fault model of VLF
earthquakes. The source time functions of the 2‐D fault
model must be rather different from those of a 3‐D fault
model. Therefore, we need to construct a 3‐D fault model of
VLF earthquakes in the future.
[55] Voisin et al. [2008] investigated slip patterns using a

laboratory friction experiment. They reproduced shallow
earthquakes, slow events at medium depths, silent events at
greater depths, and steady state creep at the greatest depth
via aging of the contact interface with cumulative dis-
placement. They also found that tremor‐like signals are
emitted by unstable slip at the contact asperity scale during
silent slip events. A macroscopic SSE is possibly an aggre-
gate of numerous small fast slip events (VLF earthquakes and
LFTs). In our model, we simply made the constitutive law
parameters in the area where VLF earthquakes occur different
from those in the surrounding region. However, it will be

necessary to model numerous small fast slip events during the
macroscopic SSE propagation.
[56] The present model does not consider fluid movement

or changes in pore fluid pressure. Segall and Rubin [2007]
succeeded in modeling SSEs while taking into account di-
latancy‐related changes in pore fluid pressure. It is possible
that the behavior of pore fluid pressure controls the gener-
ation of SSEs. It also remains necessary to investigate the
mechanism of pore pressure build‐up at deeper levels of the
subduction interface. We used a friction law with a small
cutoff velocity for the evolution effect, with reference to the
experiments by Shimamoto [1986], which were performed
by progressively increasing the normal stress applied to
halite at room temperature. Therefore, future studies should
investigate the slip velocity dependence of the frictional
properties in the unstable‐stable transition regime with regard
to several types of rocks under high‐temperature conditions
relevant to the depths at which short‐term SSEs occur.
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