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Abstract Motivated by the fact that temporal earthquake aperiodicity was observed off Kamaishi just
after the 2011 Tohoku earthquake, we performed numerical simulations of chain reactions due to the
postseismic slip of large earthquakes by applying rate- and state-dependent friction laws. If the repeater is
composed of single asperity, our results show that, (i) a mixture of partial and whole rupturing of a single
asperity can explain some of the observed variability in timing and size of the repeating earthquakes off
Kamaishi; (i) the partial rupturing can be reproduced with moderate frictional instability with the aging-law
and not the slip or Nagata laws; (iii) the perturbation of the activated earthquake hypocenters observed
mostly in the ESE-WNW direction may reflect the fact that the large postseismic slip of the 2011 Tohoku
earthquake propagated from ESE to WNW off Kamaishi; (iv) the observed region of repeating earthquake
quiescence may reflect the strong plate coupling of megathrust earthquakes.

1. Introduction

Analysis of repeating earthquakes (repeaters) has been a useful tool to monitor the slip velocity field on
worldwide plate boundaries driven by preseismic [e.g., Kato et al., 2012] and postseismic slip [e.g., Uchida
et al,, 2009]. A major example is the well-known repeater sequence off Kamaishi (Figure 1a) with a characteristic
interval of about 5 years [Matsuzawa et al., 2002], seismic magnitude of about M4.8 (Figure 1b) and
spatial slip distribution [Shimamura et al., 2011a] that has been explained by an isolated asperity model
[lgarashi et al.,, 2001].

Just after the 2011 Tohoku earthquake, however, Ye et al. [2012] reported that temporal earthquake
aperiodicity occurred off Kamaishi, with recurrence intervals much shorter than anticipated (about 9 days at
shortest) and magnitude greater (e.g., M5.9) and smaller (e.g., M4.3) than the characteristic earthquake,

as shown in Figure 1b. The greater earthquakes are thought to be attributed to the fast loading of repeaters
due to the rapid postseismic slip [e.g., Chen et al., 2010]. For the smaller earthquakes, however, this model
does not hold simply. Ye et al. [2012] thought that the greater and the smaller earthquakes originate from
different asperities. If so, then it is not clear why the smaller asperities ruptured just once (M4.3 on 29 March)
and not continuously.

Recently, M5-class repeaters in subduction zones have been found off Kushiro [Sakoi et al., 2012] and
near Miyako Island [Tamaribuchi et al., 2010], where both the repeater cycles are also complex. This is
probably due to large earthquakes nearby such as the inshore Yonaguni Island earthquake (near
Miyako Island) in 1966 (M7.8) [The Headquarters for Earthquake Research Promotion, 2004] and Tokachi
earthquakes in 1952 (M8.2) and 2003 (M8.0) [Yamanaka and Kikuchi, 2003]. Therefore, to model the
complex earthquake cycle in these regions, it is important to understand the temporal aperiodicity
off Kamaishi.

In this study, we formulate a simplified model for the long-term cycle for repeaters perturbed by the
passage of large postseismic slip generated from a nearby large earthquake in a subduction zone to
explain the temporal aperiodicity and extract the frictional properties and characteristics of the complex
earthquake cycle.
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Figure 1. (a) Bathymetric map showing the epicenters of repeaters off Kamaishi marked by the red star. The total slip distribution of larger than 5 m of the 2011
Tohoku earthquake from Yagi and Fukahata [2011] is superposed. (b) Magnitude-time plot for the off Kamaishi region with close-up in the gray-colored time
window and its epicenter map estimated by Shimamura et al. [2011b]. The vertical red line shows the occurrence time of the 2011 Tohoku earthquake.

(c) Schematic view of the 3-D simulation model of a subduction plate boundary with frictional parameter y=a — b. Radii for LA and SA are (R, =30) and (rq, rp,
r3=1.5, 2, 2.5) (km), respectively. Aspect ratios of LA and SA are 0.8 and 1.0, respectively. Dashed circles represent the symmetric area for SA along strike.

(d) Frictional parameters with respect to distance from the center of LA and SA. The values of the frictional parameters (1, y2, y3, yai a1, a2) = (—7.8,+1.0, +8.0, +49; 20,
50) [x 10~%] and characteristic slip distance (de;*"™, dc1°™, d,29"9, d,N292% ¢ ,5P g 5) = (0.09, 0.03, 0.006, 0.005, 0.012, 3.0) (m) are based on rock

laboratory results [e.g., Blanpied et al., 1998].
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2. Numerical Model

In the proposed model, a reverse-type fault on a subduction plate interface is embedded in a homogeneous
elastic half-space, dipping at 20° and extending 165 km from the free surface in the downdip direction
(Figure 1c). The details of the numerical simulation method are described in Text S1 in the

supporting information.

To perform trial simulations of the perturbed cycle of repeaters, we assume that the frictional coefficient u
obeys one of rate- and state-dependent friction (RSF) laws [Dieterich, 1979; Ruina, 1983],

uo = u(p, — py)9z = o + {ain(V/Vo) + @} (p, — py)92. M
Qo[ (0 ) V|
dt ~ d. {e"p( b ) vo} “ar @)
o v v

where the effective normal stress o is the difference between lithostatic and pore pressures, p, and p,, are the
densities of rock and water, respectively, g is the gravitational acceleration, z is the depth from the free
surface, a and b are frictional parameters of stability, d is the critical slip distance, g is the nominal friction
at steady state when the slip velocity V=V, ® is a state variable. For the coefficient of stress weakening
c=0and 2 in equation (2), we use the aging and Nagata laws [Nagata et al., 2012], respectively, and for
equation (3) we use the slip law [Ampuero and Rubin, 2008].

In this study, an asperity denotes a region with a — b=y <0, following Boatwright and Cocco [1996]. The plate
interface is demarcated into five regions, as shown in Figure 1c: (i) large asperity (LA), (ii) small asperity
(SA), (iii) transition zone (TZ), (iv) shallow stable zone (SS), and (v) deep stable zone (DS). The three different
SAs along the strike direction (from LA) are defined as near (NSA), middle (MSA), and far distance asperity
(FSA), with the same value of frictional instability a(b — a)/d, [Ruina, 1983] because of the same depth.

The values of the frictional parameters are the same between the three friction laws except the characteristic
slip in LA (d¢q) and SA (d.,) (Figure 1d) to make the magnitude of the earthquakes occurring in LA and SA as
similar as possible, which is discussed later.

3. Results

For a single asperity model in which LA or SA exist alone, the recurrence intervals (T, or t, in year), the moment
magnitudes (M,, or m,,, where the seismic slip denotes slip faster than 1 mm/s) and the stress drop
averaged in LA or SA (AX or Ao in MPa, where effective normal stress at the center of LA and SA are 469 and
586 MPa, respectively) are (T, My; t, my; AZ, Ac)=(62.9, 7.7; 2.5, 3.8; 7.0, 2.1)°9"9, (69.8, 7.8; 7.0, 5.3; 6.3,
6.2)N29%% (825, 7.9; 6.3, 5.3; 7.0, 6.3)°'P for each of the three RSF law models.

In the case of MSA and FSA as shown in Figure 1c, the values of T, and M,, are almost the same as in the single
asperity model because of the negligible stress perturbation of SA on LA, while they are also nearly constant
but slightly different in the case of NSA: (T, M,,) = (64.5 £ 0.4, 7.7)°9"9, (68.2 + 0.4, 7.8)29%% (82 3, 7.9)I",
because of the nonnegligible stress perturbation.

Figure 2 shows the time histories of the friction coefficient and common logarithm of the normalized slip
velocity averaged over SA. Figures 2c and 2h show the temporal earthquake aperiodicity in MSA during
postseismic slip passage as reproduced by the aging-law. Compared with Figure 2c, Figure 2a shows that
similar slip events do not occur in NSA, which is discussed later. Figures 2b and 2g show the recurrence
interval of temporal earthquake aperiodicity in FSA to be about several tens of days, which is much longer
than that for MSA (Figure 2h).

Figure 3 shows snapshots of the normalized slip velocity field for the aging law, which indicates that the gap
in the color of the slip velocity field is clear in and around MSA and FSA for all events. However, this does not
hold for NSA except for Event F, because of the strong stress shadow [e.g., Johnson, 2013] from LA as
indicated by the double-headed blue arrow in Figure 2a. To see the effect of the stress shadow, we treat the
normalized slip velocity averaged in the symmetric area for SA along the strike direction (see Figure 1c) as
the background slip velocity, which is shown by the dashed orange lines in Figure 2. Figure 2f shows that the
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Figure 2. Time histories of the friction coefficient, or shear stress normalized by the effective normal stress, (thin line) and the slip velocity normalized with
respect to V,; on a common-logarithmic-scale (bold line) averaged over SA. The origin time (t = 0) is set to the occurrence of the large earthquake in LA.
Adopted friction laws are the (a-c, f-h) aging (cyan), (d, i) Nagata (lime green), and (e) slip (purple). The location of SA is (Figures 2a and 2f) near, (Figure 2b and 2g)
far, and (Figures 2c-2e, 2h, and 2i) middle distance from LA in Figure 1. Orange dashed lines denote the normalized slip velocity averaged in the symmetric
area for SA along the strike direction as shown in Figure 1c. (Figures 2f-2i) Close-up of the time window with yellow in Figures 2a and 2b and magenta in
Figures 2c and 2d, respectively. Double-headed blue arrow indicates seismic quiescence for NSA due to strong plate coupling in LA. Black bold circles in
Figures 2d and 2i and horizontal line in Figure 2e represent aseismic slip events and seismic quiescence, respectively. Events labeled A-F in Figures 2c and 2h
and G in Figure 2a are analyzed in Figure 3 and Figure S2, respectively.

averaged slip velocity in NSA is almost the same as the background slip velocity. This means that the slip
velocity field for NSA just before and after the large earthquake is mainly dominated by the stress field
around LA rather than the frictional instability in NSA, which prevents NSA from the temporal earthquake
activation. Moreover, Figure 2a shows that slip events in NSA are not characteristic but show various slip
behaviors throughout the earthquake cycle of LA, which seems to correlate with the fluctuation of the slip
velocity field around NSA as seen for Events F (Figure 3f) and G (Figure S2). This suggests that only
nonsimilar earthquakes occur within a short range from the strong asperity rather than repeaters, which is
discussed later.
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@AG U Geophysical Research Letters

10.1002/2014GL061872

Strike(km)

Strike(km)

-60 -40 -20 0 +20 +40 +60 -60 -40 -20 0 +20 +40

I

1< 10 km —

— w0l —

+60

—locked log 44(V/Vpl) rapid—

-6.0 40 -3.0 -20 -1.0

-05 00 05 1.0 30 50 65 90

F 20

- 40

- 60

80

100

120

140

160

- 20

L 40

- 60

- 80

100

120

140

160

F 20

40

F 60

- 80

100

120

140

160

Dip(km)

Dip(km)

Dip(km)

Figure 3. (a-f) Snapshots of the slip velocity normalized with respect to Vj, on a common-logarithmic scale for the
coexistence model of the aging law at times labeled A to F in Figures 2c and 2h. The inset in the left side of each snapshot
is a close-up of the slip velocity distribution in and around SA at the middle distance (MSA) in Figure 1. The inset in the
right side of Shots B and F are along the strike symmetry of MSA and at the near distance (NSA) in Figure 1c, respectively.
Closed broken curves in Figures 3b and 3c show the locally fast propagation of the postseismic slip driven by Event A. Black
arrow in Figure 3c indicates the apparent stagnation of the propagation from Figure 3b.
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Figure 4. (a—d) Coseismic slip distribution for Events A and C-F in Figures 2c and 2h in MSA for the aging law. (e-g) Frictional
coefficient distribution for Shot B and 1 day before Events C and D. Note that Events C and D are superimposed.

Black closed curve in Figure 4e indicates low frictional coefficient. Black arrow in Figure 4g shows movement direction of
high frictional coefficient.
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Figures 4a to 4d show the coseismic slip distribution of Events A and C to F for MSA. Figures 4e to 4g show
the frictional coefficient at Shot B, one day before Events C and D. In Figure 3a, the velocity field at the front
of the postseismic slip is high, which promotes rupture for the whole MSA. Subsequently, the small
postseismic slip of Event A is released locally around MSA, which causes the apparent propagation of large
postseismic slip from LA and is locally faster around MSA as compared between the closed broken curve and
the symmetric part in Figure 3b. This suggests a chain reaction process [Matsuzawa et al., 2004]. Figure 4e
shows the low frictional coefficient around MSA as indicated by the black closed curve, which is due to

the stress release caused by the passage of large postseismic slip as shown by Figure 3b. After that, black
arrow in Figure 3c shows that the propagation of the large postseismic slip temporarily stagnates around the
outskirt of MSA, which heals shear stress in the low frictional coefficient zone and promote Event C partial
rupture in the forward part of MSA as shown in Figures 4b and 4f. After 7 days, complementary slip in

the backward part of MSA occurs as Event D because the postseismic slip of Event C propagates backward, as
shown by the black arrow in Figure 4g. Because Event E is similar to the characteristic earthquake (e.g., Event F),
the effect of the large postseismic slip passage on MSA is sufficiently attenuated at Event E. The moment
magnitude for the sum of Events C and D (M,, 3.9) is smaller than that of the characteristic single earthquake
(Events E and F) because aseismic (slower than 1 mm/s) slip is also released even at Shot B as shown in
Figures 2h (slip higher than V,,) and Figure 3b (warm color in the outer rim of MSA).

For the Nagata law, Figures 2d and 2i show that aseismic slip events occur in the passage of postseismic slip as
indicated by the black bold circles. However, it is difficult for temporal activation of aperiodicity to occur in
our model by changing the values of (b — a) and d,"9® because of the narrower transition zone between
creep and regular earthquakes than the aging law due to greater decrease of frictional strength [e.g., Kame
et al.,, 2013], as described in Text S2. A large postseismic slip activates aseismic (slow) slip events, which
is consistent with the theoretical analysis stating that the step change of loading velocity triggers slow
events in the case of the Nagata law [Kame et al., 2012].

For the slip law, Figure 2e shows that seismic quiescence occurs just after the occurrence of megathrust
earthquake as indicated by the horizontal black line, because slip events are always repeating earthquakes
that rupture the whole of SA as in Event A in Figure 4. In the case of weaker frictional instability than our
model by assuming a less negative value of y;, the slip event in SA becomes a steady creep at a rate nearly
equal to the plate convergence rate, V,, as described in Text S2. For step-change increase (V; ~ Vy, to

V5 ~ Vieis), the stress drop per slip distance for the slip law is significantly greater than that for the aging law
[Ampuero and Rubin, 2008]. Hence, the slip law easily generates whole rupturing, rather than partial rupturing
as in case of the aging law.

These results hold for different distances from LA (Text S2 and Figure S1) and different values of frictional
parameters (y; and d.3) causing large earthquakes in the range of M,, about 7.5 to 8.0, which is described in
Text S2.

4, Discussion

Because the observed temporal aperiodicity of repeating earthquakes can be reproduced with the aging law,
we interpret the observations based on the simulation results. Without significant stress perturbation, the
earthquake off Kamaishi is characteristic (about M4.8) and seismically ruptures in central part of SA like
Event F.

After the 2011 Tohoku earthquake, GPS analysis suggested that the rapid postseismic slip had lasted for several
to several tens of days [Fukuda et al,, 2013], which may have triggered the earthquake on 20 March (M5.9)
that ruptured the whole of SA in its passage like Event A. Subsequently, the earthquake on 29 March (M4.3) may
have ruptured the western part of SA like Event C. Because the M4.3 earthquake is in the west-northwestern
part of the repeater [Shimamura et al., 2011b], the large postseismic slip off Kamaishi may have propagated
from east-southeast to west-northwest. This is consistent with the observations that the epicenters of

the temporal earthquake aperiodicity fluctuate along the ESE - WNW direction (Figure 1b).

However, the slip event that ruptured the eastern part of SA like Event D has not been found yet. In addition, the
frequency of the greater after-event was several times on 13 April (M5.5) and May 31 (M5.3) as shown in
Figure 1b, which is inconsistent with our model for Event A occurring only once. These discrepancies might be
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attributed to the modeling and the observational analysis. The amount and duration of the postseismic slip
increase with increasing asperity size under the same friction conditions [e.g., Kato, 2007]; hence, the discrepancy
of the greater earthquake frequency is likely due to the magnitude difference between the Tohoku earthquake
(M9) and LA earthquake (M7.7) in our model. For simplicity, we neglected the effects of viscoelasticity [Diao et al.,
2013y], hierarchical asperity structure [Hori and Miyazaki, 20101, dynamic rupture [e.g., Thomas et al., 2014]

and thermal pressurization [e.g., Mitsui et al., 2012], which should be considered in future studies.

From the seismic waveform inversion analysis, there is a small asperity in the western and central part of the
M4.8 source region as a hierarchical structure [Uchida et al., 2007]. This means that the expected magnitude of
the smaller earthquake in the eastern part of the M4.8 earthquake corresponding to Event D may not be
necessarily equal to M4.3 but smaller. Ye et al. [2012] picked up “the possible repeating earthquakes” off
Kamaishi based on magnitude (M4.3-M5.9) in addition to the hypocenter locations, which may miss the
earthquakes that correspond to Event D. Therefore, it is important to focus on earthquakes smaller than
repeaters by using high-frequency records [e.g., Imanishi and Ellsworth, 2013] to understand the partial
rupturing of asperities.

For laws other than the aging law, the simulation results show that the Nagata law cannot reproduce the
observed temporal aperiodicity, which indicates that the value of parameter ¢ may be lower than the
adopted value (c=2) if the Nagata law holds because ¢ =0 for the Nagata law is equivalent to the aging law. If
the slip law holds, seismic quiescence is expected to occur after the passage of large postseismic slip, which
indicates that the temporal earthquake aperiodicity off Kamaishi may be caused by a chain reaction of many
asperities [Matsuzawa et al., 2004]. Future studies should confirm these possibilities.

Before the 2011 Tohoku earthquake, there was quiescence of repeaters in and around the source region
[Uchida and Matsuzawa, 2011]. Considering the slip behavior of NSA in Figure 2a, we infer that the region
where nonsimilar earthquakes occur without repeaters may reflect a stress shadow due to strong plate
coupling where great earthquakes will occur.

From observational results [e.g., Uchida et al., 2009], the slip amount estimated from repeating earthquake
analyses tends to be smaller than that estimated from GPS analyses for large amounts of postseismic slip
[Ariyoshi et al., 2007]. Our simulation results show the nonsimilar earthquakes, which are not counted as slip
amount of the repeating earthquakes, occur in the passage of postseismic slip due to the whole rupturing
and partial rupturing with fluctuated location of focal area. Therefore, the possible repeating earthquakes
should be counted as the slip amount of repeating earthquake analyses.

These estimations are independent of rock laboratory experiments [e.g., Blanpied et al., 1998] and geodetic
analyses [e.g., Ozawa et al., 2011], which would be useful to develop constitutive friction laws and estimate
slip amount more robustly.

5. Conclusions

We conclude that (i) a mixture of partial and whole rupturing of a single asperity can explain some of the
observed variability in timing and size of the repeating earthquakes off Kamaishi, which cause the possible
repeating earthquakes as described by Ye et al. [2012], and (ii) the nonsimilar (possible repeating) earthquakes
should be counted as the slip amount of repeating earthquake analyses in order to avoid underestimation by
excluding them because of low cross-correlation coefficient due to the perturbation of the ruptured area.

Focusing on the temporal earthquake aperiodicity immediately after megathrust earthquakes is critical in
estimating friction laws and properties, because (iii) the partial rupturing can be reproduced with moderate
frictional instability controlled by the values of (b — a) and d. only for the aging law of the RSF and not the slip
or Nagata laws at least in case of our simplified model, (iv) detailed analysis of the slip distribution for
aftershocks larger than the characteristic earthquake may reveal the region of frictional instability covering
the characteristic earthquake, (v) precise hypocenter determination of aftershocks with magnitude smaller
than the characteristic earthquake may give a clue to detect amplified earthquake clusters and the direction
of large postseismic slip propagation, and (vi) the precise identification of the repeater quiescence region
where nonsimilar earthquakes typically occur may help to estimate the strong plate coupling of megathrust
earthquakes in advance.
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