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Abstract

Here, we investigated four families of moderate-size (M ~4.8) repeating earthquakes and nearby smaller events that
occurred in the Naka-Oki, Kushiro-Oki, Urakawa-Oki, and Kamaishi-Oki regions of the Tohoku-Hokkaido subduction
zone, Japan, between 2002 and 2017. We employed a hypocenter relocation method based on waveform cross-
correlations of the above four families, as well as a waveform inversion method using the empirical Green’s function
for the Naka-Oki and Kushiro-Oki earthquakes, where every moderate-size repeating earthquake showed complex
and variable rupture processes. However, their rupture areas overlapped significantly and were elongate parallel to
the slip direction. Some parts of these areas were also repeatedly ruptured by smaller earthquakes, with these smaller
earthquakes and moderate events sometimes following almost identical rupture processes. The results indicate the
existence of a characteristic structure that is represented by several elliptical patches that are elongate in the slip
direction of the plate interface. It is likely that many streak structures have developed over a 1000 km along-strike
section of the plate interface that extends from the Kushiro-Oki region to the Naka-Oki region of the subduction zone.
These patches may be distributed hierarchically, with the smaller patches rupturing independently. The rupture of a
smaller patch may either stop, producing a small earthquake, or it may grow into a large earthquake, with this rupture
process depending on subtle differences in the physical conditions that we are unable to observe in a practical sense.
Earthquakes are random processes, but they may not be completely random, as the preexisting characteristic struc-

ture of the seismic region may control the rupture process to some degree.
Keywords: Repeating earthquake, Waveform inversion, Streak structure, Hierarchical structure

Introduction

Earthquakes are dynamic rupture phenomena along a
fault that begin as small ruptures. Most ruptures are
short-lived, resulting in small earthquakes, whereas some
continue to propagate into large earthquakes. It has been
debated whether the size of an earthquake can be char-
acteristically determined or if it is a random process in a
given seismogenic region, with inferences regarding the
evolution of an earthquake lying between the two end-
members of the conceptual earthquake rupture model:
the characteristic model and the hierarchical model.
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and indicate if changes were made.

Reactivation of the same rupture source along a fault
has been previously reported, which suggests that it is
possible to determine the earthquake size from certain
seismogenic regions. We term this earthquake behav-
ior “characteristic” Many moderate to large earthquakes
behave characteristically to some extent, such as the M8
Tokachi-Oki (Yamanaka and Kikuchi 2003), M7 Iba-
raki-Oki (Mochizuki et al. 2008; Matsumura 2010), M6
Parkfield (Bakun and Lindh 1985), and M5 Kamaishi-
Oki events (Okada et al. 2003; Shimamura et al. 2011;
Uchida et al. 2012). Moreover, small repeating earth-
quakes are detected globally, such as those in California
(Nadeau and Johnson 1998; Nadeau and McEvilly 1999),
the Tohoku—Hokkaido subduction zone (Matsuzawa
2002; Igarashi et al. 2003; Matsubara et al. 2005), Kanto
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(Matsuzawa 2002; Igarashi et al. 2003), Ryukyu (Igarashi
2010; Yamashita et al. 2012), Turkey (Peng and Ben-Zion
2005), and Taiwan (Chen et al. 2008). These character-
istic earthquakes suggest the existence of a time-inde-
pendent patch-like structure that is embedded on the
plate boundary and forms the basis of the characteris-
tic earthquake model. The potential earthquake size is
determined characteristically for each seismic region as a
function of the size of the patch.

However, it is well known that many natural earth-
quakes show various types of scale independence (Kan-
amori and Anderson 1975; Ide and Beroza 2001) and a
power-law distribution (Gutenberg and Richter 1944).
Some studies also report a self-similarity at the very
beginning of the seismic waveforms that is independ-
ent of earthquake size (Abercrombie and Mori 1994;
Mori and Kanamori 1996; Uchide and Ide 2010; Meier
et al. 2016). These observations suggest a large degree of
self-similarity, which forms the basis of the hierarchical
earthquake model, where the earthquake rupture propa-
gates as a cascading failure of hierarchical patch-like
structures over a range of scales and without any distin-
guishable nucleation process (Ellsworth and Beroza 1995;
Ide and Aochi 2005). In this case, the final earthquake
size is random.

The rupture process can vary from event to event dur-
ing the repetitive rupture of the same patch along the
fault interface, as has often been suggested for both large
interplate events (Yamanaka and Kikuchi 2004; Bakun
et al. 2005; Wu et al. 2008) and small to moderate repeat-
ing earthquakes (Shimamura et al. 2011; Uchida et al.
2015). Most of these earthquakes have properties that
are intermediate between those of the characteristic and
hierarchical models, and are highly variable. However,
there is no quantitative measure for determining the
characteristic and hierarchical nature of the source, such
that this characterization of the earthquake rupture pro-
cess is still qualitative owing to insufficient observations
of the repetitive ruptures in specific study regions. We
can therefore seek to increase our understanding of these
rupture processes by conducting detailed investigations
of such repetitive event sequences.

Moderate-size repeating earthquakes are ideal tar-
gets for a comprehensive analysis of the regional char-
acteristics of rupture processes. Several repeating
M ~ 4.8 earthquake sequences have been observed in the
Tohoku—Hokkaido subduction zone, Japan (Uchida and
Matsuzawa 2013). We therefore investigated four fami-
lies of moderate-size (M ~4.8) repeating earthquakes and
nearby smaller events that occurred in the Naka-Oki,
Kushiro-Oki, Urakawa-Oki, and Kamaishi-Oki regions
between 2002 and 2017. These moderate-size repeating
earthquakes occurred near the coast, relatively close to
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the dense coverage of the inland seismic stations (Fig. 1),
most of which are Hi-net stations from the high-sensitiv-
ity seismic observation network operated by the National
Research Institute for Earth Science and Disaster Resil-
ience (NIED) of Japan since 2002. This continuous
15-year record of seismicity along the Tohoku—Hokkaido
subduction zone provides an ideal opportunity to investi-
gate variations in the rupture processes of moderate-size
repeating earthquakes.

The remainder of this manuscript is organized as fol-
lows. In section “Overall properties of the moderate-size
earthquakes’, we present accurate relative source loca-
tions in the Naka-Oki, Kushiro-Oki, Urakawa-Oki, and
Kamaishi-Oki regions to better understand the seis-
mogenic characteristics over large time and magnitude
ranges. The seismicity of the Urakawa-Oki and Kamaishi-
Oki regions occurs along streak structures on the plate
interface that are oriented parallel to the direction of fault
slip. In section “Estimating the earthquake rupture pro-
cesses’, we investigate the detailed source processes of the
earthquakes in the Naka-Oki and Kushiro-Oki regions
using an empirical Green’s function (eGf). The final slip
distribution is elongate in the slip direction, whereas the
streaks in seismicity are not clear in these regions. We
further discuss this slip evolution in section “Characteris-
tics of the rupture process’, which suggests a hierarchical
structure. Finally, concluding remarks are presented in
section “Conclusion”

Overall properties of the moderate-size
earthquakes

We determined the accurate relative locations of the
source centroids for 61, 16, 115, and 85 earthquakes in
the Naka-Oki, Kushiro-Oki, Urakawa-Oki, and Kamai-
shi-Oki regions, respectively, using the relative arrival
times determined by waveform cross-correlations
(Ohta and Ide 2008, 2011). This method consists of two
steps. We first estimated the relative hypocenter loca-
tions for each pair of events by maximizing the sum-
mation of the waveform cross-correlations for all the
stations and seismogram components and then deter-
mined the set of centroids that were consistent with
the relative locations in a least-squares sense, weighted
using the value of the summed cross-correlations (Ohta
and Ide 2008, 2011). The analyzed data consist of veloc-
ity seismograms recorded at 72, 115, 132, and 296 sta-
tions in the Naka-Oki, Kushiro-Oki, Urakawa-Oki, and
Kamaishi-Oki regions, respectively, selected from 404
stations (a combination of Hi-net, Japan Metrological
Agency (JMA), The University of Tokyo, Hokkaido Uni-
versity, and Tohoku University stations). Each seismic
station is equipped with a 1-Hz 3-component seismom-
eter that records the ground velocity at 100 samples per
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Fig. 1 Moderate-size repeating earthquakes in the Tohoku-Hokkaido subduction zone. a Locations of repeating earthquakes. The magenta circles
show repeating earthquakes (Uchida and Matsuzawa 2013), and cyan circles indicate the four studied repeating earthquake sequences. The yellow
squares show the stations used in the relocation analysis. b—e Centroid locations (circles) for the repeating earthquakes in the Kushiro-Oki (b),
Urakawa-Oki (c), Kamaishi-Oki (d), and Naka-Oki (e) regions, with the radius of each circle representing the expected source size. The beach balls
give the focal mechanisms of selected events. The red arrows indicate the averaged slip direction that was determined from the focal mechanisms
in each region
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second. A 1-10 Hz bandpass filter was applied to the
data prior to the analysis. The waveform cross-correla-
tions were computed using a 4-s window that began 1 s
before the onset of the P-wave and S-wave arrivals.

Figure 1 shows the relocated centroid distributions
of the repeating earthquakes in the four study regions.
The estimated values for each event are summarized in
Additional file 1: Tables S1-S4. Each panel of Fig. 1b—e
shows the earthquake locations as circles, with the cir-
cle sizes representing the estimated source sizes for the
events that were calculated from their magnitudes and
a constant stress drop of 38 MPa, which was estimated
for the Kamaishi-Oki repeating earthquake sequence
(Matsuzawa 2002; Uchida et al. 2012). The estimated
errors in the source locations vary and are dependent
on the individual earthquakes, but the average standard
deviations are 100, 200, 20, and 70 m in the Naka-Oki,
Kushiro-Oki, Urakawa-Oki, and Kamaishi-Oki regions,
respectively. The focal mechanisms determined by the
NIED for the M >3.5 earthquakes are indicative of low-
angle reverse faults, thus highlighting that these events
occurred along the plate boundary.
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The earthquake centroids in the Urakawa-Oki and
Kamaishi-Oki regions are linearly distributed and ori-
ented parallel to the regional slip direction (red arrow in
Fig. 1b—e), as estimated from the focal mechanisms in
each region. While this feature is not clear in the seismic-
ity of the Naka-Oki and Kushiro-Oki regions, we image
another type of streak-like structure that is parallel to the
slip direction by employing the slip inversion described
in the following section.

Most of these earthquakes have been recognized as
repeating earthquakes that consistently rupture approxi-
mately the same patch of the plate interface (Uchida and
Matsuzawa 2013). We divided the analyzed earthquakes
into several groups based on this information and the
relocation results. Four groups (M, A, B, and C) were
defined in the Naka-Oki region to represent the ~ 4.8,
~M4, ~M3, and ~M?2 events, respectively (Fig. 2a).
Two groups (M and D) were defined in the Kushiro-Oki
region to represent the ~M4.8 and ~M3 events, respec-
tively (Fig. 2b). The relative locations, expected source
sizes, and possible errors suggest that the rupture areas
of earthquakes in each group were likely to overlap.
Furthermore, the rupture areas of the group M events
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Fig. 2 Moderate-size repeating earthquakes in the Kushiro-Oki and Naka-Oki regions. a Earthquake distribution in the Naka-Oki region. The center
and size of each circle represent the centroid location and estimated source size, respectively. The red, blue, cyan, and yellow circles indicate the
group M, A, B, and C events, respectively. Gray circles show ungrouped events. b Magnitude—time diagram of the group M, A, B, and C events. ¢
Earthquake distribution in the Kushiro-Oki region. The red and blue circles indicate group M and D events, respectively. d Magnitude-time diagram
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include the rupture areas of the smaller events in each
region (groups A, B, and C for the Naka-Oki region, and
group D for the Kushiro-Oki region), which suggests the
existence of hierarchical structures embedded on the
plate interface.

Estimating the earthquake rupture processes
Empirical waveform inversion method

We conduct an inversion analysis to determine the spati-
otemporal distribution of slip on an assumed fault plane
(Ide and Takeo 1997; Ide 2001). A general representation
of the slip distributions is expanded using the 2-D spatial
and temporal basis functions, with the expansion coef-
ficients being unknown parameters. The spatiotemporal
distribution of slip rate (&, 7) is expressed as:

W(ET) =Y aymnd] €D E)Yn(T), Q)

where ay,, are the expansion coefficients, and (,2511(51),
(/’),2,,(52), and ¥, () are the basis functions in the strike
direction, dip direction, and over time, respectively. The
slip direction is assumed to be unique to the fault. Here,
each basis function is a linear B-spline with a triangular
shape that is determined by three knots, which yields a
continuous spatiotemporal slip distribution in principle.

The relation between the synthetic displacement at sta-
tion u;(x,t) and the slip rate distribution on fault (&, 7)
is represented as:

uj(x,t) = //gj(x,t; &, v, v)dé dr, 2)

where gj(x,¢; &, 7) is the jth component of the synthetic
displacement when an impulsive slip rate is applied at
x=¢& and t = 7 (e.g., Aki and Richards 1980). The eGf
approach assumes that the waveforms from a small
earthquake (eGf event) approximate the point dislocation
response from points near the source of the eGf event
once the appropriate time shift due to the location differ-
ence is taken into account. An advantage of this method
over theoretical waveform computation is that we do not
have to model the effects of complex Earth structure. If
we use the jth component of the displacement record of
an event, G;(¢), for the eGf, gj(x,t; §,7) is then repre-
sented as:
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T (x,&) is the theoretical travel time of the P-wave or
S-wave from & to x; R(x, £) is the distance between & and
x, which is used to account for the geometrical spreading
effect; and M is the seismic moment of the eGf event,
which is calculated from its magnitude in the JMA cata-
log. The source time function of the eGf event in Eq. (3)
is assumed to be a delta function, which is not exactly
true. The data are convolved with an assumed source
time function that takes the small but finite source dura-
tion of the eGf event into account, which is an isosceles-
triangle-shaped function whose duration is estimated
using the records from nearby stations. Since all the eGf
events used in this study were of similar size, M2.7-2.9,
we always assumed that the duration is 0.1 s.

An equation with the observed displacement u?(x, t)
is obtained from Egs. (1)—(3) as:

W@ = apm / / G@, £ &, 1) (E1) ¢ (E2)¥n(7)dEdT
+ ej(xr t); (4)

where e;(x, t) is the error between the observed and syn-
thetic displacement. This equation is rewritten in vector
form as:

d=Gm+e, (5)

where d, m, and e are the data vectors that contain the
sampled data u;) (x, t), the ay,,,, parameters, and the errors
ej(x,t), respectively; G is an N x M matrix, where N is
the number of data and M is the number of parameters,
which is obtained after performing the integration in
Eq. (4). It should be noted that the error vector e con-
tains both measurement and modeling errors, such as
the inaccuracy of the underground structure to compute
travel times and a simple assumption of the fault plane
geometry. The maximum likelihood estimates of model
parameters m™LE are obtained as:

mME = (G'G) ' G'd ©6)

for the case where ¢;j(x, ) has an independent and unbi-
ased Gaussian distribution (e.g., Menke 2012). Equa-
tion (6) generally yields a solution that includes many
negative parameters, which we consider unnatural
Therefore, we adopt the nonnegative least squares
(NNLS) algorithm of Lawson and Hanson (1984) to

1
g, t:81)=—Gj(t — (t: —tx) — T(x,6) + T (x,&"))

MS

o

Rl b)) ®
R(x,§)

where ¢; and £ represent the origin time of the target and
eGf events, respectively; &° and Mf are the source loca-
tion and seismic moment of the eGf event, respectively;

determine a part of the parameter sets, m™NLS, which has
a positive value:
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-1
mNNLS _ (G’tG’) G/td, @)

where G’ is a matrix consisting of rows that correspond
to m™¥NLS We performed this slip inversion without a
priori constraints on the initial rupture point, rupture
velocity, and smoothness of the solution.

The strike and dip angles of the fault plane were
assumed based on the NIED F-net focal mechanisms
(Fig. 1). The model space is defined as an approximately
1 km x 1 km region on this focal plane, with the exact
size being empirically determined for each event through
preliminary analyses to cover the major slip region of
each event. The temporal model space is also empirically
determined. We applied a 1-8 Hz bandpass filter to the
vertical component of the P-wave and the north—south
and east—west components of the S-wave ground velocity
seismograms. The data length is determined to include all
signals with sufficient margins. 1.8-s and 2.0-s records are
used for group M events in the Kushiro-Oki and Naka-
Oki regions, respectively, while shorter data are used for
smaller events. Each data begin 0.3 s before the onset of
either the P- or S-wave arrivals. Data that are degraded
by high noise levels are not used in this analysis (Addi-
tional file 1: Figure S1).

The model error was estimated using the bootstrap
method (Efron and Tibshirani 1994). We randomly resa-
mpled the same number of stations used in the analysis,
allowing for duplication of the same data, and re-esti-
mated the model parameters using the NNLS. This pro-
cedure was then repeated many times, with the mean and
standard deviation of the model parameters calculated
after each trial. This allowed us to also evaluate the mean
and errors in the quantities that shape the rupture pro-
cess, such as the total seismic moment, cumulative slip
distribution, slip rate history, and source time functions,
by calculating the mean and standard deviation of these
values from the model parameters estimated from all
the trials. Figure 3 demonstrates how the slip distribu-
tion and model errors converge to the final solution. The
mean and errors do not change significantly after 100 tri-
als, with a fairly smooth slip distribution obtained with-
out having to explicitly introduce smoothing constraints.
Therefore, to save computational time, we obtained the
final solution using at least 100 bootstrap samples in each
of the following analysis.

Results of the Kushiro-Oki slip inversion

We determined the spatiotemporal slip distribution for
three M4.7-4.8 earthquakes and a small group D earth-
quake (Table 1, Additional file 1: S5) in the Kushiro-Oki
region. Figure 4 compares the observed and modeled
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M2005 waveforms (group M earthquake that occurred in
2005), with D2005 used as the eGf event. The observed
waveforms are well explained by the theoretical wave-
forms at almost every station. The variance reduction
(V.R.) of the data is calculated as a measure of the fit
between two seismogram traces, such that

VR =Y (0 - 57 0) 13 (o)
tj

t)

(8)

where % (¢) and % (t) represent the theoretical wave-
form and the observed waveform at the jth station,
respectively. The V.R. was 87% for M2005.

Figure 5 shows the total slip distribution and slip rate
history for M2005. The initial M2005 rupture (in the
snapshot at 0.1 s) was near the D2005 source location,
with the rupture then propagating bilaterally and paral-
lel to the slip direction (Fig. 5c). We emphasize again
that the initial rupture point and rupture velocity are not
constrained in this inversion. Our modeled magnitude of
M2005 is Mw4.7, which is close to the M4.8 value esti-
mated by JMA. The largest amount of slip occurs near
the source area of the eGf event, where the total slip is
40-70 cm. This estimated slip is comparable with the
expected slip deficit of 43—-51 cm, which was calculated
from the plate subduction rate of 8.5 cm/yr and the
recurrence interval of 5-6 years for the M events.

The result shown in Fig. 5 depends on the specific eGf
event; however, near-identical results were obtained
using other eGf events. Additional file 1: Figure S2 shows
the result when D2009 is used as the eGf event, where a
qualitatively similar rupture history and slip distribution
are observed.

The slip inversions of the M2010 and M2016 events,
where D2005 was used as the eGf event, had V.R. val-
ues of 87 and 90%, respectively, with estimated earth-
quake magnitudes of 4.6 and 4.5, which were slightly
smaller than the JMA catalog magnitudes of 4.8 and 4.7,
respectively. M2010 and M2016 follow a similar rupture
propagation process (Additional file 1: Figures S3 and S4,
respectively), with the rupture initiating ~500 m shal-
lower than the D2005 source location and propagating
in the down-dip direction after rupturing the area near
the D2005 source location. The total slip distributions
of M2010 and M2016 are elongate in the slip direction.
The largest amounts of slip occur near the source area
of the eGf event, where the total slips are 50-60 cm for
each event. These estimated slips are comparable with
the expected slip deficit of 43-51 cm. However, the sim-
ple source mechanism of D2009 (Additional file 1: Figure
S5), which is approximated by a point source near the
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Table 1 Kushiro-Oki earthquakes

Name Group Year Month Day Hour Minute Magnitude

D2005 D 2005 4 14 9 25 2.8 EGF1
M2005 M 2005 5 19 1 33 48

D2009 D 2009 10 15 17 1 2.7 EGF2
M2010 M 2010 4 9 41 48

M2016 M 2016 3 30 14 9 4.7

The source time of each event is from the JMA catalog. EGF1 and EGF2 signify the events used as eGf events in this study

D2005 source location, exhibits no such elongation of the
slip distribution.

A summary of the total slip distributions of the four
earthquakes in the Kushiro-Oki region, projected onto

common spatial coordinates, is shown in Fig. 6. The
M2005 slip area is more elongate in the shallower region
of the fault plane than those of the other group M events.
This difference may be due to the afterslip of the 2003
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Mw8.3 Tokachi-Oki earthquake on the shallower part
of the same plate interface (Koketsu et al. 2004), since
expansion of the slip area of repeating earthquakes has
also been reported in the Kamaishi-Oki region after
the 2011 Mw9.0 Tohoku-Oki earthquake (e.g., Uchida
et al. 2015). The rupture areas of the three moderate-
size repeating earthquakes (M2005, M2010, and M2016)
overlap and are elongate parallel to the slip direction,
with the exception of this shallower area. A part of these
areas was also repeatedly ruptured by smaller events
(D2005 and D2009).

Results of the Naka-Oki slip inversion

We determined the spatiotemporal slip distribution of
the five M4.7—4.8 earthquakes and four smaller group A
and B earthquakes (Table 2, Additional file 1: S5) in the
Naka-Oki region. A comparison between the observed
and modeled M2015 waveforms is shown in Additional
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file 1: Figure S6, with B2007 used as the eGf event. The
observed waveforms are well explained by the theoretical
waveforms at almost every station, yielding a V.R. value
of 86% for M2015. Figure 7 shows the total slip distribu-
tion and slip rate history, where the rupture of M2015
initiated near the B2007 source location and then propa-
gated bilaterally and parallel to the slip direction (Fig. 7c).
The M2015 magnitude is Mw4.8, which is close to the
M4.8 estimated by JMA. Almost identical results were
obtained using other eGf events, with the result using
B2011 as the eGf event shown in Additional file 1: Figure
S7.

The slip inversions of the other major events (M2003,
M2007, M2011, and M2013), where B2007 was used as
the eGf event, had V.R. values of 76, 90, 89, and 86%,
respectively, with estimated earthquake magnitudes of
4.7, 4.7, 4.8, and 4.9, which are consistent with the JMA
catalog magnitudes of 4.7, 4.7, 4.8, and 4.8, respectively.
These earthquakes had complex and variable rupture
processes that included the initial rupture location and
directivity of each event rupture. While some of the
earthquake ruptures initiated shallower than the B2007
source location and the rupture propagated unilater-
ally, the others initiated near the B2007 source location
and the rupture propagated bilaterally (Additional file 1:
Figures S8—S11). Such a complex rupture process is true
for both the major M ~4.8 events and the three M~4
events (A2007, A2010, and A2012; Additional file 1: Fig-
ures S12—-S14). The total slip distributions of all the group
M and A events are elongate in the slip direction. How-
ever, the simplified source mechanism of B2011, which
was approximated by a point source near the B2007
source location, yielded no elongation of the slip distribu-
tion (Additional file 1: Figure S15).

A maximum slip of 70-110 cm is observed in the slip
distributions of M2007, M2011, and M2015, which
occurs near the source area of the eGf event. These val-
ues are much larger than the estimated slip deficit of
26-43 c¢m, which is calculated from the plate subduction
rate of 8.5 cm/yr and the recurrence interval for group M
earthquakes of 3-5 years. This discrepancy implies that
the actual slip may be more spatially smoothed. As men-
tioned above, we did not use smoothing to spatially con-
strain the slip distribution, such that the estimated slip
tends to be locally concentrated.

A summary of the total slip distributions of the nine
analyzed Naka-Oki earthquakes, projected onto com-
mon spatial coordinates, is shown in Fig. 8. The rupture
areas of the five moderate-size repeating earthquakes
overlap and are elongate parallel to the slip direction. A
portion of this rupture area was also repeatedly ruptured
by smaller events (A2007, A2010, B2011, and B2007).
The rupture area of A2012 expanded outside the rupture
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area of the other Naka-Oki events. Although this might
look odd, the error estimated by bootstrapping method
is sufficiently small (Additional file 1: Figure S16 h), sug-
gesting the validity of the result. Except for this point, the
rupture areas of the two M ~4 earthquakes (A2007 and
A2010) overlap and are elongate parallel to the slip direc-
tion. The rupture areas of the group B events correspond
to part of the rupture areas of the group M and A events.

Characteristics of the rupture process

Characteristics of rupture phenomena

Every moderate-size repeating earthquake has com-
plex and variable rupture processes that include the ini-
tial rupture location and directivity of the event rupture
(Figs. 5, 7, Additional file 1: S3, S4, S8-S15). Neverthe-
less, most of their rupture areas overlap significantly
(Figs. 6 and 8), with some parts of these areas also being
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Table 2 Naka-Oki earthquakes
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Name Group Year Month Day Hour Minute Magnitude

M2003 M 2003 6 9 18 4.7

A2007 A 2007 5 18 17 2 39

82007 B 2007 6 3 48 29 EGF1
M2007 M 2011 1 30 18 36 4.7

A2010 A 2010 4 29 21 4.2

B2011 B 2011 8 29 12 45 29 EGF2
M2011 M 2011 9 10 15 0 4.8

A2012 A 2012 12 6 19 17 43

M2013 M 2013 10 12 2 43 4.8

M2015 M 2015 1 22 8 20 4.8

The source time of each event is from the JMA catalog. EGF1 and EGF2 signify the events used as eGf events in this study
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repeatedly ruptured by smaller earthquakes. The M ~3
and M ~4 earthquakes in the Naka-Oki region and the
M ~3 events in the Kushiro-Oki region ruptured part of
the rupture areas of the mainshocks in each region.

The M2005 and A2012 rupture areas expanded beyond
the slip region of the similar-size earthquakes (Figs. 6,
8). These exceptions might be due to the effect of post-
seismic process after large earthquakes, i.e., the 2003
Tokachi-Oki earthquake (Mw8.3) and the 2011 Tohoku-
Oki earthquake (Mw9.0), respectively. In the Kushiro-
Oki region, the 2003 Tokachi-Oki earthquake is followed
by large afterslip, which triggered the 2004 Kushiro-Oki
earthquake of M7.1 (Uchida et al. 2009). Therefore, it is
likely that M2005 was also influenced by the afterslip.
Similarly, the extended rupture area of A2012 may be
due to the afterslip of the 2011 Mw9.0 Tohoku-Oki earth-
quake on the shallower part of the same plate interface
(Ozawa et al. 2011), since the aseismic-to-seismic transi-
tion in slip behavior has previously been reported in the
Tohoku-Oki region after the 2011 Tohoku-Oki earth-
quake (Uchida et al. 2015; Hatakeyama et al. 2017). The
effect of the Tohoku-Oki earthquake may be also respon-
sible to the relatively large slip of M2011 compared to
other group M earthquakes (Fig. 8).

These results suggest the existence of essentially time-
independent patch-like structures that ruptured repeat-
edly in a characteristic manner (Figs. 6f, 8k). The patches
with different sizes may possess a hierarchical distribu-
tion. The rupture of a small patch alone is recognized as
a small earthquake, while a large earthquake is the result
of the continued rupture on increasingly larger patches.
The difference between these small and large earthquakes
may depend on subtle differences in the physical condi-
tions surrounding the patches.
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Elongate slip distribution

Our results suggest either some linear structure that
extends in the slip direction or the long-term motion
along the plate boundary. Almost all the M >4 earth-
quakes in the Naka-Oki and Kushiro-Oki regions possess
a slip distribution that is elongate in the slip direction.
However, the heterogeneous azimuthal station distribu-
tion, with most of the stations to one side of the events,
may suggest that this elongation is an artifact. The 1-o
model error is estimated to be three times smaller than
the estimated value (Additional file 1: Figures S16 and
S17), which indicates that the slip anisotropy of these
earthquakes is not an artifact. Furthermore, the total
slip distribution of the M ~ 3 earthquakes in each region
is estimated as an approximate point source without any
elongation (Figs. 6e, 8g). Moreover, the elongation direc-
tion is in parallel to the slip direction, rather than the dip
direction, which is more likely to appear as the result of
inhomogeneous station distribution. The station dis-
tributions are quite different between the Kushiro-Oki
and Naka-Oki regions. Therefore, it is unlikely that the
modeled elongation is an artifact due to this heterogene-
ous station distribution. We propose that this elongate
slip distribution that is parallel to the slip direction is a
common feature of earthquakes in the Tohoku—Hok-
kaido subduction zone. This interpretation is supported
by the slip distributions of larger earthquakes, such as the
2003 Tokachi-Oki (Mw8.3) and 2005 Miyagi-Oki (Mw7.2)
earthquakes, which were also elongate in the slip direc-
tion (Koketsu et al. 2004; Yaginuma et al. 2007; Wu et al.
2008).

This similarity is also apparent in the seismicity. The
earthquakes in the Urakawa-Oki and Kamaishi-Oki
regions show linear distributions in the slip direction
(Fig. 1c, d). A similar observation has also been reported
for the strike-slip environment of the San Andreas Fault,
California, where Rubin and Gillard (2000) showed linear
distributions of small repeating earthquakes. The elon-
gate slip distributions and linear earthquake distributions
are probably different manifestations of the anisotropy
in the slip direction. We therefore return to the idea of
a patchy structure. If several patches are sparsely distrib-
uted in the slip direction, then each patch tends to rup-
ture independently, as observed in the Urakawa-Oki and
Kamaishi-Oki regions. However, if several patches are
densely distributed in the slip direction, each patch tends
to rupture dynamically and continuously, following the
observations in the Kushiro-Oki and Naka-Oki regions.
Field observations from outcropping faults have reported
that a characteristic structure develops in the slip direc-
tion, with the fault surfaces corrugated on a variety of
scales and possessing lineations that are parallel to the
slip direction (Power et al. 1987, 1988; Power and Tullis
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1991; Kuwahara et al. 1993; Lee and Bruhn 1996; Renard
et al. 2006; Candela et al. 2009; Kirkpatrick and Brodsky
2014). The patchy structure must therefore be related to
these field observations.

The Japan Trench shows a distinctive faulting pattern
that consists of horst-graben structures (Ludwig et al.
1966; Kobayashi et al. 1998; Tsuru et al. 2000; Nakamura
et al. 2013). The bending of the oceanic plate in the sub-
duction zone causes many normal faults at the outer rise
of the trench, where horst—graben structures form paral-
lel to the trench axis (Jones et al. 1978; Hilde 1983). How-
ever, our results show that the characteristic structure is
parallel to the slip direction, which is almost perpendicu-
lar to the trench axis. This discrepancy indicates that the
direction of the characteristic structure changes from the
trench axis direction in the shallower part of the plate
boundary to the slip direction in the deeper part during
the long-term subduction process.

It is important to identify how the structure of the plate
boundary regulates earthquake behavior to better under-
stand the physical mechanisms that influence the occur-
rence of earthquakes. Our results suggest that a streak
structure in the slip direction regulates the earthquake
slip distribution along the 1000 km along-strike section
of the Tohoku-Hokkaido subduction zone, extending
from Kushiro-Oki to Naka-Oki region. The error tends to
be large parallel to the slip or dip directions of the sub-
ducting slab due to the limited station coverage in the
offshore region. Therefore, it would be difficult to dis-
cuss the anisotropy of the slip distribution from offshore
events. A detailed quantitative and statistical discussion
will be possible after the homogeneous station coverage
obtained after the addition of the Seafloor Observation
Network for Earthquakes and Tsunamis along the Japan
Trench (S-net), which has started full-scale operations
from April 2017 (Mochizuki et al. 2016).

Hierarchical rupture growth

A comparison of the rupture processes between M2007
(M4.8) and A2010 (M4.2) is shown in Fig. 9. The raw
velocity waveforms are shown in Fig. 9a, where the rela-
tive arrival time differences at each station are preserved,
with no filtering or normalization of the seismograms.
The near-identical P-wave onsets indicate that the M2007
and A2010 ruptures originated from approximately the
same location. Their waveforms are also indistinguish-
able during the first 0.1 s. This initial waveform similarity
indicates that these processes initiate with a near-identi-
cal rupture process during the first 0.1 s. Figure 9b com-
pares their slip rate histories, with near-identical rupture
processes observed in the first 0.1 s. However, the differ-
ences in their rupture processes become clear after 0.12s.
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The A2010 slip rate decreases gradually, while the M2007
slip rate accelerates and grows into a larger event.
Near-identical initial waveforms were observed for sev-
eral combinations of small and large earthquakes in the
Kushiro-Oki and Naka-Oki regions (Additional file 1:
Figure S18). These examples indicate that when a small
rupture occurs, the rupture may soon decelerate and
stop, producing only a small earthquake, or it may grow
into a large earthquake. This specific rupture process is
dependent on subtle differences in the physical condi-
tions of the fault interface, which appear to be random
practically. Figure 10 illustrates these processes, where
the fault interface consists of a series of hierarchical
patches. The patches are elliptical and elongate in the slip
direction, as described in the previous section. A large
strong patch with a large fracture energy contains smaller
weak patches, with the initial rupture tending to nucleate
on these smaller patches. The failure of a small patch may
trigger the failure of a larger patch, which is sometimes
called the “cascade-up” process in numerical simulations
(Noda et al. 2013) and rock experiments (Mclaskey et al.

2014). A large earthquake in this model is the result of
successive cascade-up processes from a tiny patch to a
giant patch.

These near-identical waveforms conceptually corre-
spond to the repetitive rupture of the same single fault
(e.g., Nadeau and Johnson 1998; Nadeau and McEvilly
1999). However, the real plate boundary is a geometri-
cally complex structure that includes branch faults as
off-plane faults (Tchalenko and Ambraseys 1970; Swan-
son 2006; Hamling et al. 2017). It is unlikely that a rup-
ture over several hundred meters repeats in exactly the
same way. Therefore, the same area of the fault may not
be reactivated during these repetitive rupture processes,
making it necessary to consider a space that includes
a fault cluster. This fault cluster will undergo a succes-
sive and simultaneous rupture process when the stress
reaches its yield limit, such that it may behave like a sin-
gle rupture unit due to the dynamic triggering process.
Such a rupture unit may be viewed as a repeating earth-
quake that generates identical seismic waveforms.
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Fig. 10 Conceptual hierarchical patch model. The hierarchical
structure, which is defined by the different patch sizes in the figure,
controls the overall earthquake behavior. A large earthquake can be
interpreted as the result of a cascade-up process that initiated from
a small-patch rupture. The patches are elliptical and elongate in the
slip direction

Conclusion

There has been considerable debate whether the size of
an earthquake can be characteristically determined or if
it is a random process in a given seismic region. These are
the two end-members that define an earthquake rupture
process, each of which is conceptually represented by the
hierarchical and characteristic models. Most earthquakes
probably have intermediate properties that are highly
variable. However, the earthquake occurrence model
remains qualitative due to insufficient observations of
repetitive ruptures in specific study regions. We there-
fore investigated several moderate-size repeating earth-
quakes as ideal targets to better understand these rupture
processes.

We investigated four families of moderate-size (M ~ 4.8)
repeating earthquakes and nearby smaller events in the
Tohoku—Hokkaido subduction zone, Japan, between
2002 and 2017, using a hypocenter relocation method
and a waveform inversion method. The rupture areas of
the moderate-size repeating earthquakes overlapped sig-
nificantly and were elongate parallel to the slip direction.
Some parts of these areas were also repeatedly ruptured
by smaller earthquakes. These smaller earthquakes and
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moderate events sometimes followed near-identical rup-
ture processes.

These results suggest the existence of an essentially
time-independent characteristic streak structure that is
represented by several elliptical patches that are elongate
in the slip direction of the plate interface. These patches
may possess a hierarchical distribution, where a large
earthquake is the failure of a large patch, which is the
consequence of successive cascade-up processes from a
small patch. The small patch may also host an independ-
ent smaller earthquake. The potential for a small-patch
rupture to grow into a large-scale rupture depends on
subtle differences in the physical conditions of the slip
interface, which we cannot observe in a practical sense.
Similar structures may have developed along the 1000-
km section of the subduction zone, extending from
Hokkaido to the Kanto region, which play an important
role in the earthquake rupture process. Earthquakes are
random processes, but they may not be completely ran-
dom, as preexisting characteristics of the seismogenic
region regulate the earthquake rupture behavior to some
degree. It is therefore useful to identify the hierarchical
and streak structures for each seismogenic region to bet-
ter predict the size of a given earthquake.
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