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Abstract We investigated spatiotemporal change in the interplate seismic activity following the 2011
Tohoku-oki earthquake (M9.0) in the region where interseismic interplate coupling was relatively weak and
large postseismic slip was observed. We classified earthquakes by their focal mechanisms to identify the
interplate events and conducted hypocenter relocation to examine the detailed spatiotemporal distribution
of interplate earthquakes in the mostly creeping area. The results show that many interplate earthquakes,
including M ~ 6 events, emerged immediately after the Tohoku-oki earthquake in areas where very few
interplate earthquakes had been observed in the 88 previous years. The emergent earthquakes include
repeating sequences, and the extremely long quiescence of small to moderate earthquakes before the
Tohoku-oki earthquake suggests that the source areas for the post-M9 events slipped aseismically during the
quiescence. The repeaters’ magnitudes decayed over time following the Tohoku-oki earthquake and some
sequences disappeared within a year. The emergence of interplate earthquakes suggests that areas where
aseismic slip had been dominant before the Tohoku-oki earthquake started to cause seismic slip after the
earthquake, probably due to the increased loading rate from the afterslip. The magnitude decrease and
disappearance of repeaters can be interpreted as shrinkage in seismic areas around the repeaters’ sources as
the loading rate decreased due to the afterslip decay over time. These observations suggest that changes in
the loading rate can cause slip behavior transition between seismic and aseismic. This indicates that such
loading-rate-dependent slip behavior plays an important role in the spatiotemporal distribution of
earthquakes in interplate seismogenic zones.

1. Introduction

Recent seismological studies using observational data suggest that earthquakes on plate boundaries
(interplate earthquakes) tend to occur repeatedly in the same region. In the northeastern Japan subduction
zone, some areas have been ruptured repeatedly by large interplate earthquakes, which can be interpreted
as repeated ruptures of “asperities” or “seismic patches” on the plate boundary [e.g., Nagai et al., 2001;
Yamanaka and Kikuchi, 2003, 2004]. Besides large co-located earthquakes, small repeating earthquake
sequences (groups of earthquakes showing nearly identical waveforms) have been found in California
[e.g., Ellsworth, 1995; Nadeau et al., 1995; Bürgmann et al., 2000; Peng et al., 2005], northeastern Japan
[e.g., Matsuzawa et al., 2002; Igarashi et al., 2003; Matsubara et al., 2005; Kimura et al., 2006], Turkey
[Peng and Ben-Zion, 2005; Schmittbuhl et al., 2016], Taiwan [Rau et al., 2007; Chen et al., 2007], Tonga [Yu,
2013], Mexico [Dominguez et al., 2016] and so on. Such sequences can be interpreted as repeated ruptures
of small isolated asperities surrounded by areas dominated by aseismic slip [e.g., Nadeau and Johnson,
1998; Sammis and Rice, 2001; Anooshehpoor and Brune, 2001; Beeler et al., 2001; Johnson and Nadeau,
2002]. Observations of repeaters of various sizes also suggest that slip behavior at given location on the
plate boundary does not change so much with time in many cases and that earthquakes essentially occur
at a persistent asperity.

Even in the same repeating sequence, however, the rupture processes (i.e., combination of asperities to be
ruptured, rupture initiation points, and rupture directivities) of the earthquakes can vary from event to event.
This is true not only for large interplate events [e.g., Nagai et al., 2001; Yamanaka and Kikuchi, 2004;Wu et al.,
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2008] but also for moderate-sized and small repeaters [e.g., Shimamura et al., 2011; Uchida et al., 2015; Kim
et al., 2016]. Revealing the causes of such varieties is an important problem in seismology.

The rate- and state-dependent friction (RSF) law [e.g., Dieterich, 1979; Ruina, 1983] suggests that there are
areas where seismic slip cannot occur spontaneously but the slip becomes unstable when a large stress
perturbation is applied to the system [e.g., Gu et al., 1984; Kato and Hirasawa, 1996]. This indicates that an area
that slips aseismically in usual can slip seismically following a large seismic slip on an unstable region nearby
[e.g., Boatwright and Cocco, 1996]. Such studies on the fault stability suggest that variations in the rupture
process of repeaters can be caused by differences in the loading rate on the seismic patches. It is very
important to investigate fault stability depending on the loading rate based on temporal changes in the
seismic activity in order to evaluate the interplate slip behavior and characteristics of future earthquakes.

The off-Iwate area close to the coast of Iwate prefecture, Japan, is characterized by relatively low interplate
locking (coupling). The slip deficit rates estimated from GPS data analyses are significantly smaller than the
plate convergence rate, suggesting the dominance of fault creep (Figure 1b) [e.g., Nishimura et al., 2000;
Suwa et al., 2006; Hashimoto et al., 2009, 2012; Loveless and Meade, 2010]. The estimation of interplate
cumulative slip from the repeating earthquakes also shows fast creep rates in the region [Uchida and
Matsuzawa, 2011]. The slip rate from repeating earthquakes reproduced for this area shows ~0.08 m/yr creep
rate as shown in Figure S1 in the supporting information.

Figure 1. (a) Coseismic and postseismic slips of the 2011 Tohoku-oki earthquake in and around the study area (black
rectangle). The slip distribution of the Tohoku-oki earthquake is shown by purple contour in 5 m interval [Iinuma et al.,
2012]. The slip extent of the Tohoku-oki earthquake from seismicity (thick red line) [Kato and Igarashi, 2012] and
back-projection analysis (orange dotted line) [Ishii, 2011] are also shown. The broken contours show the 8 month
postseismic slip distribution for the Tohoku-oki earthquake [Iinuma et al., 2016]. The contour interval is 0.4 m. The solid
contours show the coseismic slip distributions for other major earthquakes in 0.5 m intervals (the 1960 M7.2 Iwate-oki
earthquake [Yamanaka and Kikuchi, 2004], the 1968 M7.9 Tokachi-oki earthquake (1968MS) [Nagai et al., 2001], the
1968 M7.2 aftershock of the 1968MS event (1968AS) [Yamanaka and Kikuchi, 2004], the 1989 M7.1 Iwate-oki earthquake
[Yamanaka and Kikuchi, 2004], and the 1994 M7.6 Sanriku-haruka-oki earthquake [Nagai et al., 2001]). The open stars
indicate the epicenters of the Tohoku-oki earthquake and its M7.4 aftershock off Iwate on 11 March 2011 at 15:08. The
solid grey star indicates the location of the Kamaishi-oki sequence [Matsuzawa et al., 2002]. The black rectangles labeled N
and S are regions N (north) and S (south), respectively. (b) The distributions of slip deficit rate before the Tohoku-oki
earthquake by Loveless and Meade [2010] (color), Suwa et al. [2006] (blue contours), and Hashimoto et al. [2012] (yellow
contours). The green thick line shows the downdip limit of interplate earthquakes [Igarashi et al., 2001]. The black triangles
show seismic stations used for the hypocenter relocation.
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There are no instrumental records of earthquakes withM6 or larger to the west of 142.5°E in the region, while
large (M> 7) earthquakes have occurred to the east [e.g.,Matsuzawa et al., 2002; Yamanaka and Kikuchi, 2004;
Ye et al., 2012] (Figure 1a). The region is also located close to the downdip limit of the interplate earthquakes
[Igarashi et al., 2001] (Figure 1b). During the 2011 Tohoku-oki earthquake, coseismic slip was estimated to
have occurred only in the southeastern part of the region as shown in Figure 1a [e.g., Ishii, 2011; Iinuma et al.,
2012; Kato and Igarashi, 2012; Koketsu et al., 2011; Yagi and Fukahata, 2011]. On the other hand, the postseis-
mic slip was very large in that region (Figure 1a) [e.g., Ozawa et al., 2011, 2012; Johnson et al., 2012; Fukuda
et al., 2013; Uchida and Matsuzawa, 2013; Shirzaei et al., 2014; Yamagiwa et al., 2015; Sun et al., 2014; Sun
and Wang, 2015; Iinuma et al., 2016]. For repeating earthquake sequences in the region, Uchida et al. [2015]
reported systematic magnitude increases immediately after the Tohoku-oki earthquake, followed by gradual
magnitude decreases as time passed. They showed that the seismic-slip areas for post-M9 events in the
Kamaishi-oki sequences [e.g., Matsuzawa et al., 2002] were larger than pre-M9 events and interpreted this
as an aseismic-to-seismic transition in the region surrounding the pre-M9 repeaters related to the fast loading.
Such aseismic-to-seismic transition may allow seismic slip when the loading rate is sufficiently high even in a
region where no earthquakes had been identified before the Tohoku-oki earthquake.

In this paper, we report spatiotemporal changes in the seismic activity in the off-Iwate area following the
2011 Tohoku-oki earthquake, especially focusing on aseismic-to-seismic and seismic-to-aseismic transitions
of slip behavior due to changes in the loading rate. We first extract interplate earthquakes to identify areas
where no pre-M9 interplate earthquakes had occurred but where earthquakes emerged immediately after
the Tohoku-oki earthquake. Second, for the regions where there were such emergent events, we relocate
the hypocenters and examine the detailed temporal transition of seismic-slip areas. We show that new
repeating earthquake sequences started to occur in those regions with subsequent systematic temporal
magnitude changes following the Tohoku-oki earthquake. Finally, we discuss the role of the loading-rate-
dependent slip behavior in earthquake generation.

2. Distribution of Interplate Earthquakes Before and After the 2011 Tohoku-oki
Earthquake Based on Long-Term Earthquake Catalogue Data
2.1. Data and Method

To examine slip behavior transitions between aseismic and seismic related to the Tohoku-oki earthquake, we
used a long-term (1923 to 2014) catalogue of the Japan Meteorological Agency (JMA) (JMA catalogue)
because of its completeness in the period. Since earthquakes that occur east off Tohoku include ~35% events
in the overriding plate and subducting slab [Nakamura et al., 2016], we need to remove the noninterplate
events from the earthquake catalogue data in order to examine interplate slips.

To select interplate earthquakes, we classified the events into “interplate-type” and “noninterplate-type”
events using focal mechanism information based on the Full Range Seismograph Network of Japan (F-net)
focal mechanism data (F-net catalogue), focal type catalogue by Nakamura et al. [2016] (Nakamura catalo-
gue), repeating earthquake catalogue produced by the method of Uchida and Matsuzawa [2013] (repeater
catalogue), and individual research on major earthquakes. The criteria to select interplate earthquakes using
focal mechanism data are the same as those used in Nakamura et al. [2016]. The details of data and method
are described in Appendix A1.

2.2. Interplate Seismicity Before and After the Tohoku-oki Earthquake

We classified 5103 events with M≥ 3.0 and depths of 0–90 km in the study area into 895 interplate-type
(Figure S2a), 944 noninterplate-type (Figure S2b), and 3264 unclassified events (Figure S2c). In the following,
we use not only the “interplate” but also “unclassified” events since they are potentially interplate
earthquakes. The distributions of interplate-type (vivid colors) and unclassified (dull colors) events before
(blue: pre-M9) and after (red: post-M9) the Tohoku-oki earthquake are overprinted to examine the interplate
slips in Figure 2a (for figures in which pre-M9 and post-M9 earthquakes are not overprinted, please refer to
Figures S3a and S3b, respectively).

In these and following figures, to see the areas that slipped seismically, the sizes of circles represent the
expected source sizes (radii r) of the events calculated from magnitudes (M) assuming the circular crack
model and stress drops (Δσ) of 10 MPa using the formulas of Hanks and Kanamori [1979]:
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log M0ð Þ ¼ 1:5Mþ 9:1 (1)

and Eshelby [1957]:

Δσ ¼ 7=16ð Þ M0=r
3

� �
(2)

where M0 is the seismic moment in Newton meter. The assumed stress drop of 10 MPa is a typical value
for interplate earthquakes in this region [e.g., Uchida et al., 2012; Uchide et al., 2014]. Figure 2a shows that
most parts of the plate boundary in the study area did not experience coseismic slip during the 92 years of
study period since circles and slip contours do not fill most of the study area except for northeast and
southeast corners.

In Figure 2a, pre-M9 events are superimposed over post-M9 events. Thus, areas where red color predomi-
nates mean that there are no or only small areas that slipped coseismically by pre-M9 events (at least since
1923) and interplate seismic slip started to occur after the Tohoku-oki earthquake. Such remarkable regions
are indicated by the two rectangles labeled N (north) and S (south) in Figure 2. On the other hand, there are
areas where neither pre-M9 nor post-M9 interplate-type earthquakes have occurred as indicated by the grey
broken ellipse in Figure 2a.

In the central part of region N (N3 in Figure 3a), where neither interplate-type nor unclassified events with
M > 5 had occurred before the Tohoku-oki earthquake (11 March 2011 at 14:46 JST), interplate-type
earthquakes of M5.7 and M5.8, respectively, occurred on 16 March and 1 August 2011, after the Tohoku-
oki earthquake. In addition, clusters of small earthquakes emerged after the Tohoku-oki earthquake in areas
where very few pre-M9 events had occurred (N1, N2, N4, and N5).

Figure 2. (a) Distribution of interplate-type (vivid colors) and unclassified (dull colors) events (M ≥ 3.0; depth: 0–90 km)
before (blue: pre-M9 from 1923) and after (red: post-M9 to 2014) the 2011 Tohoku-oki earthquake. Pre-M9 events are
superimposedoverpost-M9events. Noninterplate-typeevents are notplotted in thisfigure. The size of each circle represents
the expected source size for the event calculated from themagnitude, assuming a circular crackwith a stress dropof 10MPa.
The black rectangles labeled N and S are regions N (north) and S (south), respectively, which are shown in Figures 3a
and 3b. The grey broken ellipse indicates the area where neither pre-M9 nor post-M9 interplate-type events have occurred.
The black contours indicate the coseismic slip distributions for the large 1960, 1968, 1989, and 1994 earthquakes [Nagai et al.,
2001; Yamanaka and Kikuchi, 2004]. The solid purple and broken green contours indicate the coseismic [Iinuma et al., 2012]
and postseismic [Iinuma et al., 2016] slip distributions for the Tohoku-oki earthquake, respectively. (b) Distribution of inter-
plate-type and unclassified post-M9M ≥ 3.0 events (red circles) together with pre-M9M ≥ 5.0 events (green). The vertical and
horizontal bars associated with the green circles are the N-S and E-W location uncertainties reported by JMA, respectively.
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Such interplate seismicity changes were also observed in region S. In the region labeled S1 in Figure 3b, a
cluster of small earthquakes emerged after the Tohoku-oki earthquake. In the eastern part of S2, where
neither interplate-type nor unclassified events with M > 5 had occurred since 1923 before the Tohoku-oki
earthquake, an M6.0 interplate-type earthquake occurred on 1 April 2011, just after the Tohoku-oki earth-
quake. A neighboring M6.2 event on 11 March 2011 at 19:10 (JST) was classified as an unclassified event
because the variance reduction (VR) of its F-net solution was lower than 80% (VR = 62.2%). We regard this
event, however, as an interplate-type earthquake because its dM, which is defined in Appendix A1, is much
larger than 0.75 (dM=0.997) and VRs were likely to be lower due to the high noise levels immediately after
the Tohoku-oki earthquake for the frequency band used for the moment-tensor analysis (Figure S4). In
addition, waveforms for theM6.2 andM6.0 events are similar (Figure S4), suggesting that the two events have
similar locations and focal mechanisms. In the western part of S2, the M ~ 4.8 Kamaishi-oki interplate
earthquakes had occurred repeatedly before the Tohoku-oki earthquake. In the area, larger events, up to
M5.9, started to occur after the Tohoku-oki earthquake as reported by Uchida et al. [2015]. The three
pre-M9 M ~ 5 interplate-type events (blue circles) located at eastern part of S2 (Figure 3b) are also the
members of the Kamaishi-oki repeating earthquake series [Matsuzawa et al., 2002] that occurred in 1968,
1973, and 1995. Since other members of the Kamaishi-oki series are located at western part, the three events
are probably mislocated to the east and do not overlap with the M6.2 event in 2011, whose location is well
constrained by recent data.

2.3. Validation of the Emergence of Earthquakes From Catalogue Completeness and
Location Uncertainties

As the ability to detect small events varied during the study period, we assessed the temporal changes in
earthquake detectability in the study area by examining the relationship between frequency and magnitude
(Figures S5 and S6). The completeness magnitudes determined by the method of Wiemer and Wyss [2000]

Figure 3. Epicenter distributions in regions N and S shown in Figure 2. Interplate-type (vivid colors) and unclassified (dull
colors) events withM ≥ 2.0 before (blue: 1923 to pre-M9) and after (red: post-M9 to 2014) the 2011 Tohoku-oki earthquake
are shown in different colors as in Figure 2a. The size of each open circle represents the expected source size of events.
Noninterplate-type events are not plotted in these figures. The grey rectangles represent the subregions where earthquake
relocations were performed (subregions N1–N5 in region N; subregions S1 and S2 in region S). (a) Region N (depth:
30–55 km). Focal mechanisms are for the M5.7 event on 16 March 2011 and M5.8 event on 1 August 2011 from the F-net
catalogue. (b) Region S (depth: 35–60 km). Focal mechanisms are for the M6.2 event on 11 March 2011 at 19:10 (JST) and
the M6.0 event on 1 April 2011.
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tend to decrease as time passed but are smaller than M5.0 during the period since 1923 (Figure S7). Since
events of M5.0 or smaller have only fault dimensions of several kilometers or less, their contribution in the
evaluation of seismic-slip areas on the plate boundary is limited in the study area even if they actually
occurred at the boundary.

We also checked the horizontal location errors of the pre-M9 interplate-type and unclassified events of M5.0
or larger based on the JMA catalogue (Figure 2b). We found that there are no pre-M9 earthquakes of M ≥ 5.0
near the center of region N where the post-M9 M5.7 and M5.8 events are located. In region S, there were
unclassified events with M5.0–5.4, which is smaller than M ≥ 6 events after the Tohoku-oki earthquake
(Figure 2b). Although these events might have ruptured parts of the post-M9 coseismic slip areas if the
horizontal errors are taken into consideration, the ruptured areas would have been much smaller than
M ~ 6 events.

From the consideration above, even if detectability and location errors of pre-M9 events are taken into
account, we can conclude that theM~ 6 interplate earthquakes emerged just after the Tohoku-oki earthquake
in the center of region N where noM ≥ 5.0 earthquakes had occurred at least since 1923 andmost of the east-
ern part of region S had not slipped coseismically before 2011. This suggests that seismic slip occurred after
the Tohoku-oki earthquake in areas that had not experienced seismic slip in the 88 previous years.

2.4. Interplate Slips Before the Tohoku-oki Earthquake in Coseismic Slip Areas of the
Emergent Earthquakes

Figures 1b and S1 indicate that regional creep rates across the plate boundary in the vicinity of regions N and
S are ~0.04–0.08 m/yr, which are comparable to the speed of the relative plate motion. Therefore, it is hard to
consider the areas where M ~ 6 interplate earthquakes emerged after the Tohoku-oki earthquake were
completely locked during the 88 years pre-Tohoku-oki period, and we consider that the areas had slipped
aseismically before the Tohoku-oki earthquake.

To test above idea, let us assume a null hypothesis that complete sticking of the plate boundary had occurred
before the Tohoku-oki earthquake, causing repeating earthquakes of M ~ 6, in the areas that experienced
M ~ 6 seismic slips after the main shock. The recurrence intervals must be longer than 88 years because
no such large earthquakes are listed in the JMA catalogue in this region as mentioned above. As the regional
relative motion (creep) across the plate boundary was estimated to be ~0.04–0.08 m/yr in the vicinity of
regions N and S, the slip deficit for 88 years would be 3.52–7.04 m for a locked patch in the area. On the other
hand, the slip (d) for typical M6 earthquake with a stress drop (Δσ) of 5–15 MPa is ~0.52–1.09 m, assuming a
circular crack model using equations (1), (2), and the formula below [Eshelby, 1957; Sato and Hirasawa, 1973]:

d ¼ 24=7πð Þ Δσ=μð Þr: (3)

Here rigidity μ is assumed to be 50 GPa. Note that d is ~0.80 m for M6 events using the relationship between
the slip and seismic moment from Nadeau and Johnson [1998]:

log dð Þ ¼ �3:17þ 0:17 log M0ð Þ; (4)

where the units for d and M0 are meter and Newton meter, respectively, and this value is within the range
calculated from equation (3). These values of slip amounts for M6 earthquake are much smaller than the slip
deficit for 88 years would be. The recurrence intervals for M6 events based on these stress drop and creep
rates values would be 6–27 years (Figure S8), which is consistent with the actualM ~ 6 repeating earthquakes
in Tohoku region [Meteorological Research Institute, Japan, 2014]. Thus, the recurrence intervals for the M ~ 6
repeating earthquakes are unlikely to be more than 88 years in the off-Iwate area. This indicates that aseismic
slip had been dominant before the Tohoku-oki earthquake in the slip areas of the M ~ 6 interplate earth-
quakes that emerged just after the Tohoku-oki earthquake.

3. Detailed Spatiotemporal Earthquake Distributions in Each Earthquake Cluster
for Periods Before and After the Tohoku-oki Earthquake
3.1. Hypocenter Relocation

In order to investigate the details of spatiotemporal earthquake distributions in regions N and S (Figure 3), we
performed hypocenter relocations forM ≥ 1.5 events that occurred from 11March 2003 to 31 December 2014
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(JST), using waveforms from the dense seismic networks. We set subregions N1–N5 and S1–S2 so that
earthquake clusters were located in the center of the respective regions. The depth ranges were set
around the plate boundary: 30–55 and 35–60 km for N1–N5 and S1–S2, respectively.

We used double-difference method [Waldhauser and Ellsworth, 2000; Waldhauser, 2001] for the relocation.
The arrival time double-differences (DDs) are obtained both from the cross-spectral method [Poupinet
et al., 1984; Uchida et al., 2007, 2012] and manually picked phase data for P and Swaves. Note that event loca-
tions estimated from the DDs using cross-spectra are not the rupture initiation points but correspond to the
centroids of the moment release distributions since the DDs are estimated from low-frequency components
of the waveforms [e.g., Fremont and Malone, 1987]. We set 3.55 s time windows starting from 0.7 s before
onsets of the P and S phases and estimated DDs from the phases of the cross spectra when the averaged
coherences were greater than 0.80 in the frequency band of 1–10 Hz for the earthquake pairs. The length
of window was chosen to stably obtain DDs and ensure the P wave window does not contain the S wave.
The manually picked phase data in the JMA catalogue were used to constrain the relative locations for earth-
quake pairs whose cross DDs could not be obtained due to the poor waveform similarity. The data of cross
DDs for P and S waves and catalogue DDs for P and S waves were weighted with 1.0000, 0.5000, 0.0010,
and 0.0002, respectively. Thus, the hypocenter locations were determined mainly by the cross DDs, which
are more precise than the catalogue DDs, although the catalogue data contribute to the relocation when
no cross DDs are available. The relative weights given to the catalogue P and S DDs are based on the standard
uncertainty of manual P and S phase readings.

We relocated the hypocenters for earthquakes in each subregion in two steps. First, we relocated all events in
the subregion (step 1). The results of the step-1 relocation are shown in Figure 4 for subregion N1 (please
refer to Figures S10–S15 for other subregions). Second, we selected a prominent earthquake cluster in each
subregion (black rectangles in Figures 4c, 4d, S10c, S10d, S11c, S11d, S12c, S12d, S13c, S13d, S14c, S14d, S15c,
and S15d) and estimated the locations of events in the cluster (step 2). The step-2 relocation was performed
to obtain precise location uncertainties for a limited number of earthquakes by using the singular value
decomposition routine of the hypoDD program [Waldhauser and Ellsworth, 2000; Waldhauser, 2001].

Figure 4. Seismic activity in subregion N1 (M ≥ 1.5; from 11March 2003 to 31 December 2014). Hypocenter distribution from the JMA catalogue: (a) map view and (b)
Z-Z0 cross section. Hypocenter distribution after the step-1 relocation: (c) map view and (d) Z-Z0 cross section. (e) Magnitude-time diagram. In all figures, the colors
indicate the event date (pre-M9/post-M9) and event type (interplate/noninterplate/unclassified) as shown in the lower right. In Figures 4a and 4c, the sizes of the
circles represent the expected source size of events. The black rectangles in Figures 4c and 4d represent the area of the earthquake cluster shown in Figures 5 and 6.
In Figure 4e, the grey vertical line indicates the date of the Tohoku-oki earthquake.
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The seismic stations used are shown in Figures 1b and S9, which belong to the networks of National Research
Institute for Earth Science and Disaster Resilience (NIED), JMA, Hokkaido University, Hirosaki University, and
Tohoku University. Most of the seismometers are of 1 Hz velocity type, and the sampling frequency is
100 Hz. The 1-D seismic velocity structure for the relocation is from Hasegawa et al. [1978]. Hypocenter loca-
tions from the JMA catalogue were used as initial values for the relocation.

The numbers of events and DDs used in the hypocenter relocations are shown in Table S1 in the supporting
information. Almost all the events in each subregion were successfully relocated in step 1, and events that
could not be relocated due to insufficient data were clearly far from the earthquake clusters relocated in step
2. Cross DDs for most M ≥ 5.0 events could not be estimated well, probably because the 1–10 Hz frequency
band used to calculate the cross spectra was higher than their corner frequencies and not appropriate for
measuring delays of the waveforms for these events. Therefore, the location uncertainty for M ≥ 5.0 events
tends to be much larger than for smaller events. Also, earthquakes within about 3 days from the Tohoku-
oki earthquake have relatively large location uncertainties, likely because of the shortage of available stations
and/or high noise levels due to frequent aftershocks.

3.2. Seismic Activity in Each Subregion

In this section, we focus on subregions N1, N3, N5, and S2 and describe the features of seismicity patterns
associated with the Tohoku-oki earthquake. The main features of seismic activities in other subregions (N2,

Figure 5. Hypocenter distribution in the earthquake cluster in subregion N1 (black rectangles in Figures 4c and 4d) after
the step-2 relocation. The colors indicate groups (A–C) of events. (a) Epicenter distribution. The sizes of the circles
represent the expected source size of events. (b) Z-Z0 cross section. The grey dotted line is the expected plate boundary
that delineates the earthquakes. The groups are classified by our definition in Figures 5a and 5b. In Figures 5c and 5d, only
the members of the groups in the repeater catalogue are colored.
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N4, and S1) are similar to subregion N1, and the details of them are described in Appendix B. Please note that
the lack of earthquakes is improbable for the period from 2003 to the Tohoku-oki earthquake as shown in the
magnitude-frequency relationship down toM ~ 1.5 (Figures S5–S7). On the other hand, in 2011 and 2012 the
detectability of M ≤ 4 events seems not to be perfect (Figure S6).

For each subregion, in addition to the catalogued repeating earthquakes mentioned in section 2, we newly
grouped earthquakes that have similar centroids and significantly overlapping rupture areas with the repea-
ters in order to describe the features of seismicity in detail. Note that the added noncatalogued events are not
classical repeating earthquakes that classified based on strict quantitative criteria on the fraction of overlap-
ping area and/or waveform similarity. However, hereafter we call the resulting group “repeating earthquake
sequence” for simplicity. The original repeating earthquakes and newly grouped sequence for subregion N1
are shown in Figure 5 (please refer to Figures S16–S21 for other subregions).
3.2.1. Emergence of New Repeating Earthquake Sequences After the Tohoku-oki Earthquake and
Subsequent Systematic Magnitude Decreases (Subregions N1)
Although the original earthquake locations (Figures 4a and 4b) show ~2.5 km wide earthquake cluster
including many interplate events, the result of the step-1 relocation for subregion N1 shows that they are
clustered into a small area (within ~1 km: black rectangles in Figures 4c and 4d). From the magnitude-time
diagram (Figure 4e), we saw that the frequency of earthquake occurrence after the Tohoku-oki earthquake
was much higher than before the earthquake. In addition, although the maximum magnitude of the
pre-M9 events was M ~ 3, many M ≥ 3 events, including some M ≥ 4 events, occurred after the Tohoku-oki
earthquake, and the magnitudes have decayed over time since the Tohoku-oki earthquake.

The results of the step-2 relocation show that there are three earthquake groups (A, B, and C) whose
members have overlapping slip areas in this cluster (Figures 5a and 5b). The cross section (Figure 5b) shows
that the earthquake alignment inclines westward, probably delineating the upper surface of the westward

Figure 6. Temporal changes in seismic activity in the earthquake cluster in subregion N1. The colors indicate groups (A–C) of events. Epicenter distributions: (a) from
11 March 2003 to the Tohoku-oki earthquake (8 years), (b) from the Tohoku-oki earthquake to 30 April 2011 (~2 months), (c) from 1 May 2011 to 31 December 2011
(8 months), and (d) from 1 January 2012 to 31 December 2014 (36 months). Sizes of the circles represent the expected source size of events. Magnitude-time
diagrams: (e) 2003–2014 and (f) 2011–2014. The bidirectional arrows a–d represent the periods for Figures 6a–6d.
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dipping Pacific Plate (i.e., the plate boundary). The relative estimation errors for almost all the earthquakes in
the cluster were estimated to be less than 5 m in any direction, except for some events immediately after the
Tohoku-oki earthquake.

Figure 6 shows temporal seismicity changes in the earthquake cluster. While group A includes pre-M9 events,
groups B and C have no pre-M9 events (Figure 6a). The quiescence period of 8 years before the Tohoku-oki
earthquake is longcomparedto theexpectedrecurrence intervalof repeaterswithM3–4 (~1–5years: FigureS8).
GroupA shows shorter recurrence intervals after the Tohoku-oki earthquake andhas largermagnitudes than in
the pre-M9 period. For all groups, the intervals lengthen and magnitudes decrease as time passes after the
Tohoku-oki earthquake though the rates of magnitude change are different from one group to another
(Figures 6e and 6f).

From March to April 2011, no events in group B were observed and events in group C were larger (M4.4–4.6)
than those after May 2011 (M2.2–4.1; Figure 6b). This pattern may indicate that there are two patches that
correspond to the events in groups B and C (Figure 6c) and that the two patches slipped simultaneously
to cause larger earthquakes during March and April 2011 (Figure 6b). Also, there were no events in group
C for at least 3 years after January 2012, until the end of the study period (December 2014; Figures 6e and
6f). The last event in group C, on 1 January 2012, was an M2.2 event, which was much smaller than the other
events in group C (M4.0–M4.6). This suggests that the patch for group C again became unable to undergo
seismic slip after 2012.
3.2.2. Temporal Fluctuation of Earthquake Occurrence Rate (Subregion N3)
Subregion N3 includes the M5.7 and M5.8 post-M9 events mentioned in section 2 (Figure 3a), which have
many smaller events in their vicinities. In the repeater catalogue, the two events are classified into the same
repeating sequence (group A), which suggests that their rupture areas overlap to some extent, although the
distance between the two centroids are relatively large (Figures 7 and S17). Estimation uncertainties of event

Figure 7. Temporal changes in the seismic activity in the earthquake cluster in subregion N3. Epicenter distributions: (a) from 11 March 2003 to the Tohoku-oki
earthquake (8 years), (b) from the Tohoku-oki earthquake to 29 February 2012 (~12 months), (c) from 1 March 2012 to 31 March 2013 (13 months), and (d) from
1 April 2013 to 31 December 2014 (21 months). The bottom left maps show the enlarged view of orange rectangles in respective maps. The colors indicate groups
(A–C) of events and other events than these events are colored by grey. Magnitude-time diagrams: (e) 2003–2014 and (f) 2011–2014. The bidirectional arrows a–d
represent the periods for Figures 7a–7d.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013914

HATAKEYAMA ET AL. EMERGENCE AND DISAPPEARANCE OF REPEATERS 10



locations in group A are relatively large (up to ~330 m), and from some trials of relocations with different
coherence criteria and/or different data weights, we found that the locations of the M5.7 and M5.8 events
are not robust. Therefore, we consider that the two events probably overlap more significantly.

The bottom left maps in panels in Figures 7 and S17 show the enlarged views of the orange areas in the main
maps. Groups B and C in this area consist of small earthquakes that repeat at almost the same place, whose
location uncertainties are within 10 m. Other events than those in groups A–C did not always occur at the
same location.

All events in this cluster occurred after the Tohoku-oki earthquake. The features that new repeating sequence
(groups B and C) emerged and magnitudes of events decreased systematically as time passed are similar to
that observed in subregion N1. Group B has continued to repeat until the end of 2014, but group C stopped
occurring after an event on 18 February 2012.

In addition, this region has a feature that many other events concentrated in three periods (from March to
July 2011, June to November 2012, and July 2013 to January 2014; Figure 7f). This may indicate the occur-
rence of repeating slow-slip events and/or temporal fluctuation in the loading rate during these periods.
The decreasing trend of seismicity in each period suggests that the area became more aseismic as time
passed after the Tohoku-oki earthquake.

The largest event in group B occurred not just after the Tohoku-oki earthquake but on 5 August 2011, 4 days
after the M5.8 event in group A. That nearby larger event or an undetected local slow-slip event may have
affected the magnitude changes in the group B repeaters in concert with the direct effect of the huge
Tohoku-oki earthquake.
3.2.3. Complex Distribution of Earthquakes (Subregion N5)
In subregion N5, we found a linear alignment of clustered earthquakes dipping westward in the cross section
that delineates the plate boundary (Figure S19). For most events, the hypocenter location uncertainties are

Figure 8. Temporal changes in the seismic activity in the earthquake cluster in subregion N5. Epicenter distributions: (a) from 11 March 2003 to the Tohoku-oki
earthquake (8 years), (b) from the Tohoku-oki earthquake to 31 May 2011 (~3 months), (c) from 1 June 2011 to 31 March 2012 (10 months), and (d) from 1 April
2012 to 31 December 2014 (33 months). The colors indicate groups (A–D) of events and other events than these events are colored by grey. Magnitude-time
diagrams: (e) 2003–2014 and (f) 2011–2014. The bidirectional arrows a–d represent the periods for Figures 8a–8d, respectively.
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20 m or smaller. This cluster has a feature similar to subregion N1: earthquakes emerged after the Tohoku-oki
earthquake, and magnitudes decayed over time after that (Figure 8). Before the Tohoku-oki earthquake, only
two small events were observed near the east (M1.5) and west (M2.2) ends of this cluster (Figure 8a). They are
unclassified events but are located along the dipping plane. After the Tohoku-oki earthquake, many
earthquakes started to occur, the largest being an M4.8 on 27 March 2011 (Figures 8b–8d).

Although some earthquakes are grouped in the repeater catalogue, space-time distribution of the earth-
quakes is very complex. In a place where earthquakes repeatedly occur as observed in other subregions,
there is probably an isolated seismic (or velocity-weakening) patch. In a place where earthquakes are distrib-
uted intricately in space like subregion N5, however, frictional-property heterogeneity with wavelengths
shorter than the earthquake source sizes is expected to be dominant.
3.2.4. Kamaishi-oki Earthquake Sequence (Subregion S2)
In subregion S2, the earthquake cluster surrounded by black rectangles in Figures S15c and S15d includes the
Kamaishi-oki sequence. Larger magnitude (up to M5.9) events than the pre-M9 repeaters (M ~ 4.8) occurred
there immediately after the Tohoku-oki earthquake [Uchida et al., 2015]. For the step-2 relocation result
(Figures 9 and S21), most of the location uncertainties are less than 20 m in any direction, although events
within 3 days after the Tohoku-oki earthquake, M ≥ 5.5 events, and those with no neighboring earthquakes
have relatively large uncertainties up to ~100 m.

The relocation result for the pre-M9 events in the Kamaishi-oki sequence (Figure 9a) is consistent with the
results in Uchida et al. [2007, 2012], who performed hypocenter relocation for pre-M9 events in a manner
similar to ours. As they pointed out, small earthquake clusters were located in the source area for the
M ~ 4.8 main shock sequence before the Tohoku-oki earthquake. Group E is composed of only one event,
an M4.7 on 11 January 2008, which belongs to the Kamaishi-oki main shock sequence. Clusters A–D labeled
in Uchida et al. [2007, 2012] respectively correspond to groups A–D in this study.

Figure 9. Temporal changes in the seismic activity in the earthquake cluster in subregion S2. Epicenter distributions: (a) from 11 March 2003 to the Tohoku-oki earth-
quake (8 years), (b) from the Tohoku-oki earthquake to 31 May 2011 (~3 months), (c) from 1 June 2011 to 31 March 2012 (10 months), and (d) from 1 April 2012 to 31
December 2014 (33months). The colors indicate groups (A–G) and other events than these events are colored by grey. Magnitude-time diagrams: (e) 2003–2014 and
(f) 2011–2014. The bidirectional arrows a–d represent the periods for Figures 9a–9d.
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Groups F and G are composed of only post-M9 events. Group F events except for an event on 11 March 2011
(M5.9: Figure 9b) were classified into the same sequence in the repeater catalogue (Figures S21c and S21d).
The event on 11 March 2011 has the samemagnitude and location as theM5.9 interplate-type event in group
F, which occurred 9 days later (20 March 2011). Although the noise level during the 11 March event is high,
the waveforms are similar to those for the 20 March event at several stations with relatively good
signal-to-noise ratios (Figure S22). Therefore, we consider that the two earthquakes can be classified in the
same group and they repeatedly occurred on the plate boundary. Group G is composed of two events,
and their hypocenters were relocated to the east of most events in groups E and F (Figure S21a).

Although there are no post-M9 events belonging to group E in the repeater catalogue, Uchida et al. [2015]
indicated that the source area for the group E event also slipped seismically during the group F events after
the Tohoku-oki earthquake. If we regard groups E and F as the same sequence, the magnitudes grew and
recurrence intervals shortened for events in the sequence respectively just after the Tohoku-oki earthquake,
and they have become smaller and less frequent as time since the Tohoku-oki earthquake has elapsed
(Figure 9f).

TheM4.7 event in 2008 in the main shock sequence (group E) was located at the center of locations of events
in group F (west) and group G (east), and no M ~ 5 earthquake with about the same centroid as that event
occurred after the Tohoku-oki earthquake (Figures 9 and S21). This indicates that earthquakes with identical
rupture area with the pre-M9 Kamaishi-oki main shock sequence, such as the 1995, 2001, and 2008 events
[Okada et al., 2003; Shimamura et al., 2011], have not occurred since the Tohoku-oki earthquake, though
the rupture areas of the larger post-M9 events overlap those of pre-M9 repeaters. This suggests that even
in areas that undergo quasiperiodic ruptures of similar magnitudes, earthquakes with variety of slip areas
can occur under the large stress perturbation caused by a huge earthquake.

4. Discussion
4.1. Mechanism of the Emergence of Interplate Earthquakes: Implication for Aseismic-to-Seismic
Transitions Due to Loading Rate Increase

We observed emergence of interplate earthquakes in the wide area off Iwate from the examination of
long-term seismicity and detailed earthquake relocation. The occurrence of emergent earthquakes in major
postseismic slip area (Figure 1a) suggests strong relationship between earthquake emergence and postseis-
mic slip. We think the stress perturbation due to the Tohoku-oki earthquake and the postseismic slip as the
most probable cause of the emergence of interplate earthquakes immediately after that event. In this section,
we discuss the effect of the postseismic slip on interplate slip behavior.

From rock experiments, we know that the nucleation process, followed by slip instability [e.g., Scholz et al.,
1972; Dieterich, 1978; Okubo and Dieterich, 1984; Ohnaka et al., 1986], varies with the strain rate. Kato et al.
[1992] found that as strain rate increases, the critical size of stick-slip decreases and the sliding becomes more
unstable. McLaskey and Kilgore [2013] indicated that the critical size shrinks as the stick-slip nucleates more
rapidly. They also found that small foreshocks in the nucleation zone occurred only when the nucleation
process progressed rapidly.

In addition to rock experiments, numerical simulations using the RSF law have shown the loading-rate-
dependent slip behavior. Numerical simulations by Kato and Hirasawa [1996] reproduced experimental
results of Kato et al. [1992] mentioned above. In the numerical simulation in Kato [2008], seismic slip occurred
after the postseismic slip from a large earthquake nearby reached a velocity-weakening patch that was
smaller than a critical size estimated from the theory, where slow-slip events generally occur. These results
indicate that faster loading rates increase the instability of faults. Such characteristics are also seen in the
numerical simulation of repeating earthquakes in Chen et al. [2010], who showed that the seismic-slip area
in a velocity-weakening patch that causes repeating earthquakes can broaden when the loading rate on
the patch increases.

In regions N and S, the loading rate increased due to the postseismic slip from the Tohoku-oki earthquake,
which was estimated to be on the order of ~1 m in 1 year period [e.g., Ozawa et al., 2011, 2012; Johnson et al.,
2012; Fukuda et al., 2013; Uchida and Matsuzawa, 2013; Shirzaei et al., 2014; Yamagiwa et al., 2015; Sun et al.,
2014; Sun and Wang, 2015; Iinuma et al., 2016]. Considering the experimental, numerical, and observational
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results mentioned above, we posit that after the Tohoku-oki earthquake the instability increased due to the
stress perturbation and seismic slip occurred in the areas where the slip stability was near the boundary
between stable and unstable and no seismic slip had occurred before the M9.

While there are areas where many earthquake clusters emerged just after the Tohoku-oki earthquake, there
are also widely distributed areas in off-Iwate where neither pre-M9 nor post-M9 interplate-type earthquakes
occurred (broken grey ellipse in Figure 2a). Frictional property in the area can be interpreted as being
velocity-strengthening, and seismic slip could not be triggered there even when the large stress perturbation
due to the Tohoku-oki earthquake was applied. This interpretation is consistent with the weak seismic
coupling before the Tohoku-oki earthquake (Figure 1b) [e.g., Suwa et al., 2006; Hashimoto et al., 2009, 2012;
Loveless and Meade, 2010; Uchida and Matsuzawa, 2011] and relatively large distance away from the
coseismic slip area of the Tohoku-oki earthquake (Figure 1a) [e.g., Ishii, 2011; Iinuma et al., 2012; Kato and
Igarashi, 2012].

4.2. A Model to Explain Temporal Change in Activity of Repeating Earthquake Sequences Following
the Tohoku-oki Earthquake

In the study area, recurrence intervals for repeating events tend to be short just after the Tohoku-oki
earthquake and have gradually lengthened over time. This is consistent with many observations after large
interplate earthquakes around the study area [e.g., Uchida and Matsuzawa, 2013] and suggests that the
temporal changes in seismic activity were caused due to increases in the loading rate followed by
subsequent decrease. Actually, estimations of fault slip from both on-land and ocean-bottom geodetic
observations show the slip rates in regions N and S are similar, and the average slip rates in 2011 were
1.97 m/yr from 26 April to 21 June, 1.70 m/yr from 21 June to 16 August, 1.31 m/yr from 16 August to 11
October, and 0.96 m/yr from 11 October to 6 December 2011 [Iinuma et al., 2016]. These rates are 50 times
larger than the pre-M9 rate (0.04–0.08 m/yr) just after the Tohoku-oki earthquake and decayed to 12 times
larger in the end of the analysis period.

In the area, we newly discovered that there are repeaters that started to occur after the Tohoku-oki earthquake
(e.g., groups B and C in subregion N1) in addition to repeaters that showed significant magnitude changes.
Figure 10 illustrates a model of slip transition. The figure models the seismicity in subregion N1 (Figure 6), but
we believe the basic processes to be common to all sequences. We infer that some repeating sequences
emergedatpatcheswhereearthquakeshadnotoccurredbefore theTohoku-oki earthquakedue to the loading
rate increase. Thepatternofmagnitudechange for thenew repeaters that emergedafter the Tohoku-oki earth-
quake is similar to the repeaters that occurred both before and after the Tohoku-oki earthquake [Uchida et al.,
2015]: magnitudes tend to be relatively large immediately after the Tohoku-oki earthquake, and they have
decreased over time since that event. In fact, some of the emergent repeating sequences have stopped occur-
ring and have not been observed for years until the end of our study period (e.g., groups C in subregion N1).

These observations suggest that the areas for these sequences temporarily became able to cause seismic slip
due to the very fast loading immediately after the Tohoku-oki earthquake but returned to their usual state
where aseismic slip is dominant after a while as the loading rate decreased. This phenomenon can be
explained if a critical loading rate exists for each sequence: whether the slip is seismic or aseismic depends
on whether the loading rate is higher or lower than the critical value (Figure 10a).

Since the magnitude changes and recurrence patterns are significantly different from sequence to sequence,
even in small areas, there must be short wavelength differences in the frictional properties and/or differences
in the loading rate changes at the repeaters’ source regions.

4.3. Implication of Slip Behavior Transition to Repeating Earthquake Analysis

Repeating earthquakes can be used to estimate the creep on a plate boundary [e.g., Nadeau and Johnson,
1998; Nadeau and McEvilly, 1999, 2004; Igarashi et al., 2003], and sequences are often classified based on
their waveform similarity [e.g., Igarashi et al., 2003]. We in this study suggest even in the place where earth-
quakes with identical magnitudes and identical waveforms repeat, if the aseismic-to-seismic transition
occurred due to a stress perturbation, earthquakes whose rupture areas overlap but are not identical can
occur. In such a case, waveforms of these earthquakes can be significantly less similar. Actually, for example,
the 2001 (M4.8) and 2008 (M4.7) events and larger events after the Tohoku-oki earthquake in the Kamaishi-
oki sequence (subregion S2) are classified into different sequences in the repeater catalogue produced
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using the method of Uchida and Matsuzawa [2013] even though their rupture areas overlapped [Uchida
et al., 2015]. When events that rupture the same area are not classified into the same sequence, the creep
rate can be underestimated. In addition, we found repeating sequences that newly emerged just after the
Tohoku-oki earthquake. Some of them disappeared after a while, and some did not occur immediately
after the Tohoku-oki earthquake but emerged several months later. When we use repeaters that do not
repeat throughout the entire study period to estimate interplate slip, the average slip rate can also
be underestimated.

Igarashi et al. [2003] found similar earthquake sequences that appeared only in short periods in swarms or
aftershock activities of large earthquakes (burst-type repeaters) in the northeastern Japan. Peng et al.
[2005] found that some repeating sequences in the aftershock area for the 1984 Morgan Hill earthquake
appeared only in the periods until 1986. Lengline and Marsan [2009] also found repeating sequences that
appeared only after the 2004 Parkfield earthquake. Although the individual mechanisms for short-lived
(burst-type) repeating earthquakes may be different, some can be explained by temporal slip instability
due to stress perturbations by other events.

In summary, there are various occurrence patterns of overlapping earthquakes and transitional events
between repeating earthquakes and nonrepeaters exist, suggesting that quantitative criteria of repeating
earthquakes should be defined considering the characteristic of seismicity in the study period and the
purpose of the analysis.

5. Conclusion

We investigated temporal changes in the interplate seismic activity in the off-Iwate area, where interplate
creep was dominant before the 2011 M9.0 Tohoku-oki earthquake and large postseismic slip following
the earthquake was observed, in order to examine the effect of the postseismic loading rate change
on interplate slip behavior. We classified earthquakes based on their focal mechanisms to identify
interplate events over a long (88 years) history of catalogued earthquakes. We also conducted a precise
hypocenter relocation to examine the detailed spatial distribution of earthquakes for the most
recent 11 years.

The investigation of long-term seismicity shows that there were many interplate earthquakes includingM ~ 6
and smaller events that started to occur immediately after the Tohoku-oki earthquake in areas where very

Figure 10. Schematic illustrations of slip transition between seismic and aseismic. (a) Temporal change in the loading rate at
the study region (red lines). After the Tohoku-oki earthquake (Tohoku-oki EQ), the loading rate abruptly increased and the
aseismic-to-seismic transition occurred. The loading rate gradually decreased over time following the Tohoku-oki earth-
quake, and the slip tended to change from seismic to aseismic. The three horizontal lines represent the critical loading rates
for groups A–C (see text for further details). (b) Slip transition in the source areas for the repeating earthquakes in subregion
N1. The grey circles indicate the patches for groups A–C, and the red circles represent the seismic-slip areas for each period.
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few earthquakes had occurred in the 88 previous years. This observation suggests that areas where aseismic
slip had been dominant began to undergo seismic slip after the Tohoku-oki earthquake. Such behavior tran-
sitions were caused likely because of increases in loading rates due to the postseismic slip following the
Tohoku-oki earthquake.

Newly emergent interplate seismicity, as clarified in our detailed location and timing analysis of each earth-
quake cluster covering the last 11 years, shows that many new repeating earthquake sequences started to
occur immediately after the Tohoku-oki earthquake. The occurrence patterns of the repeaters changed
systematically not only just after the Tohoku-oki earthquake but also over time since that event. In most of
the repeating sequences, the recurrence intervals are the shortest and magnitudes of events are the largest
just after the Tohoku-oki earthquake. Then they become less frequent and their magnitudes become smaller
over time, and some emergent sequences disappeared within a year after the Tohoku-oki earthquake. This is
probably related to the temporal decrease in the loading rate following the Tohoku-oki earthquake: as the
loading rate decreased, the seismic-slip areas have shrunk.

The existence of emergent repeaters and the evolution of the seismic activity following the Tohoku-oki
earthquake suggest that tectonic stain energy in an area on the plate boundary can be released in
various ways, both by seismic slip (e.g., repeating earthquakes) and aseismic slip (e.g., slow slip events).
The slip behavior of the plate boundary probably depends not only on the frictional properties in and
around the area but also on the loading rate which can be changed by surrounding interplate
earthquake activity.

Our observation suggests that there are regions on the plate boundary where seismic slip becomes more
likely to occur because of the aseismic-to-seismic transition brought on by a loading rate increase. If such
regions exist near an asperity for large earthquakes, themagnitudes and rupture areas of the earthquakes will
vary depending on the loading rate, which itself can vary due to slow slip, including the postseismic slip in
surrounding regions. Therefore, it is important to reveal loading-rate-dependent slip behavior on the plate
boundary in order to access potential seismic-slip areas for future earthquakes in a given region. Further
observations and numerical studies to improve the model of interplate slip will contribute to more precise
forecasts of large interplate earthquakes.

Appendix A

A1. The Details on the Data and Method to Classify Earthquake Type

The F-net, Nakamura, and repeater catalogues used in this study span the period from 1997 to 2014,
1984 to 2013, and 1984 to 2013, respectively. The F-net catalogue consists of earthquakes of M3.5 or
larger, and we selected events that had variance reductions of 80% or larger to ensure their quality.
The repeater catalogue was made by the analysis of waveform similarity, and the catalogue contains
the events that occurred mostly on the subducting plate boundary [Uchida and Matsuzawa, 2013].
Nakamura catalogue is made by performing waveform cross-correlation analyses using the F-net catalo-
gue and repeater catalogue as templates to classify events whose focal mechanisms were not listed in
them. There are 14 major earthquakes whose fault types were not reported in F-net, Nakamura, and
repeater catalogues but have been investigated in other studies [Horiuchi et al., 1993; Matsuzawa et al.,
2002; Nagai et al., 2001; Yamanaka and Kikuchi, 2004; Japan Meteorological Agency, 1987; Okada et al.,
2003] (Table S2). These data for major earthquakes are important, especially in the period when the three
catalogues are not available (before 1984), and thus, we used their results for the classification of old
major events.

The criteria by which we classified interplate events by their focal mechanisms are the same as those
used in Nakamura et al. [2016] and are as follows: (1) the dip angle of the T axis measured from the hor-
izontal is larger than 50°, which corresponds to the criterion for reverse fault events proposed by Frohlich
[1992], and (2) the parameter dM, which rates earthquakes’ similarity to the model of an interplate
earthquake, is larger than 0.75. This parameter was proposed by Abers and Gephart [2001] and is defined
as follows:

dM ¼ 0:5� p1∙p2ð Þ2 þ t1∙t2ð Þ2 � p1∙t2ð Þ2 � p2∙t1ð Þ2
h i

(A1)
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where p and t are the unit vectors of the P and T axes, respectively, and the subscripts refer to the two focal
mechanisms. The value of dM is equal to 1.0 if the two focal mechanisms are identical. We calculated dM for
each observed focal mechanism and a reference focal mechanism that is typical for interplate events in the
study area. We constructed reference focal mechanisms based on the plate geometry models proposed by
Nakajima and Hasegawa [2006] and Kita et al. [2010] and relative plate motion in the area estimated by
Sella et al. [2002], which are the same as those used in Nakamura et al. [2016]. If the value of dM is larger than
0.75, the observed event is classified as an interplate-type event.

Appendix B

B1. Seismic Activity in Subregion N2

In subregion N2, group A events have been repeating at almost the same place, but their magnitudes have
dropped and recurrence intervals have become less frequent as time has passed since the Tohoku-oki earth-
quake (Figure B1). The rate at which their magnitudes have decreased is relatively small compared to repeat-
ing sequences in other subregions. The largest and second largest events in this cluster occurred on 14March
(M4.1) and 27 April (M4.2), 2011, just after the Tohoku-oki earthquake.

B2. Seismic Activity in Subregion N4

Although many earthquakes in the upper plate have occurred in subregion N4, the earthquake cluster that
contains interplate-type events, which is separated from the upper plate seismicity, can be clearly seen as
a result of the hypocenter relocation (Figure S12d). Events in groups A–C are less frequent than in other

Figure B1. Temporal changes in the seismic activity in the earthquake cluster in subregion N2. Epicenter distributions: (a) from 11 March 2003 to the Tohoku-oki
earthquake (8 years), (b) from the Tohoku-oki earthquake to 30 April 2011 (~2 months), (c) From 1 May 2011 to 31 December 2011 (8 months), and (d) from 1
January 2012 to 31 December 2014 (36 months). Magnitude-time diagrams: (e) 2003–2014 and (f) 2011–2014. The bidirectional arrows a–d represent the periods for
Figures B1a–B1d.
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sequences such as groups A and B in subregion N1 (Figure 6f), and their recurrence intervals are not regular
(Figure B2f). Events in groups A and C in this subregion have not occurred since September and December
2011, respectively. After the period from May to July 2011 when three group B events (M2.7–2.9) occurred,
there were no earthquakes for about 1.5 years, and then relatively small events occurred in February 2013
(M2.4) and June 2014 (M2.3).

B3. Seismic Activity in Subregion S1

In addition to group A based on the repeater catalogue, we newly classified two groups (groups B and C)
based on their locations in subregion S1 (Figures B3 and S20). Most of the events in this cluster occurred after
the Tohoku-oki earthquake, except for one event in group B withM1.6 (Figure B3). All the other events (up to
M2.4) occurred after the Tohoku-oki earthquake. Events in group Cwere observed in only the period between
the Tohoku-oki earthquake and July 2011. For all the groups, magnitudes were relatively large just after the
Tohoku-oki earthquake and became smaller as time passed. Recurrence intervals for the events in groups A
and B have become longer over time since the Tohoku-oki earthquake, probably reflecting the decay of the
postseismic slip.

The first post-M9 event in group B occurred on 1 July 2011, and no events were observed between the
Tohoku-oki earthquake and June 2011, a period of more than 3 months (Figure B3b). On the other hand,
the magnitudes of events in group A that are adjacent to group B are larger (M3.4–M4.2) in that period than
in later period (M3.2–M3.9). These observations suggest that the areas corresponding to groups A and B for
the period in Figure B3c slipped simultaneously, causing larger events in group A and no group A events
immediately after the Tohoku-oki earthquake (Figure B3b), and events in the two groups have separately
occurred since July 2011.

Figure B2. Temporal changes in the seismic activity in the earthquake cluster in subregion N4. Epicenter distributions: (a) from 11 March 2003 to the Tohoku-oki
earthquake (8 years), (b) from the Tohoku-oki earthquake to 30 April 2011 (~2 months), (c) from 1 May 2011 to 31 March 2011 (11 months), and (d) from 1 April
2012 to 31 December 2014 (33 months). The colors indicate groups (A–C) of events and other events than these events are colored by grey. Magnitude-time dia-
grams: (e) 2003–2014 and (f) 2011–2014. The bidirectional arrows a–d represent the periods for Figures B2a–B2d.
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