tributed yielding mechanisms, such as granular
flow (5, 6) or velocity-strengthening slip along
pervasively distributed fractures (27). Distributed
yielding is commonly expressed along faults as
fault-related folds, rock fabrics, topographic up-
lift, and gradients in cumulative slip and slip-rate
(8, 28-30). The time scale of this distributed yield-
ing could be essentially coseismic or take months,
and it may be difficult to distinguish from other
coseismic deformation. Postseismic dilatancy re-
covery (6) could provide indirect evidence of its
occurrence.

If a substantial fraction of plate-boundary
motion is absorbed as distributed deformation in
zones of structural complexity, surface rupture
and strong ground motion hazard may be under-
predicted. Paleoseismic measurements will un-
derestimate fault slip rates at depth due to this
unaccounted deformation. In addition to slip rate,
maximum earthquake size may also be mis-
judged due to incomplete knowledge of the link-
ages between faults. These problems modestly
affect hazard from fast-slipping, well-localized
primary plate-boundary faults but can lead to se-
vere underestimation of hazard away from pri-
mary faults where large (>M,, 7) earthquakes
along secondary fault arrays dominate strong
ground motions (/). As exemplified by the highly
segmented El Mayor—Cucapah surface rupture
and similarly sized historic events in southern Cal-
ifornia (9-11), anticipating the sizes of the largest
earthquakes along secondary fault arrays and the
shaking and rupture hazards that these pose to
critical facilities and lifelines requires careful at-
tention to the extent and connectivity of mapped
active faults. Scarp-forming paleoearthquakes

along short fault segments, accompanied by large
along and off-fault strains, provide key hazard
information, as such events probably involved
adjacent fault segments as parts of a larger surface
rupture.
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Propagation of Slow Slip Leading Up to
the 2011 M,, 9.0 Tohoku-0ki Earthquake

Aitaro Kato,* Kazushige Obara, Toshihiro lgarashi, Hiroshi Tsuruoka,

Shigeki Nakagawa, Naoshi Hirata

Many large earthquakes are preceded by one or more foreshocks, but it is unclear how these
foreshocks relate to the nucleation process of the mainshock. On the basis of an earthquake catalog
created using a waveform correlation technique, we identified two distinct sequences of foreshocks
migrating at rates of 2 to 10 kilometers per day along the trench axis toward the epicenter of the
2011 moment magnitude (M,,) 9.0 Tohoku-Oki earthquake in Japan. The time history of quasi-static
slip along the plate interface, based on small repeating earthquakes that were part of the migrating
seismicity, suggests that two sequences involved slow-slip transients propagating toward the initial
rupture point. The second sequence, which involved large slip rates, may have caused substantial
stress loading, prompting the unstable dynamic rupture of the mainshock.

posed that earthquakes are preceded by a

nucleation process where stable, slow rup-
ture growth develops into unstable, high-speed
rupture within a confined zone on a fault (/-5).
The nucleation process has been discussed ac-
tively in association with the occurrence of fore-
shocks near the mainshock hypocenters and the

Laboratory and theoretical studies have pro-

www.sciencemag.org SCIENCE VOL 335

presence of short-duration initial phases in the
records of some earthquake events (6-10). A re-
cent study on the 1999 moment magnitude (M)
7.6 Izmit, Turkey, earthquake suggested the pos-
sibility that the mainshock was preceded, for
44 min, by a phase of slow slip at the base of the
brittle crust (/7). If this kind of premonitory slow-
slip behavior also precedes other large earthquakes,

its knowledge should have crucial implications for
earthquake prediction and risk assessment. It is,
therefore, essential to scrutinize seismic records
of other large, well-recorded earthquakes in search
of similar nucleation processes.

The 11 March 2011 Tohoku-Oki earthquake
was the first M, 9 event to be recorded by a dense
network of continuous and broad—frequency-
range seismic stations. The extremely large spa-
tial extent of the event (up to ~500 km) is expected
to help study how it nucleated, providing an in-
valuable opportunity to elucidate preparatory pro-
cesses for earthquake generation. The Tohoku-Oki
earthquake ruptured a megathrust fault off the
eastern shore of northern Honshu, Japan, where
the Pacific plate is subducting beneath a con-
tinental plate at a convergence rate of 10 cm/year.
According to the Japan Meteorological Agency
(JMA) catalog, the mainshock was preceded by
foreshock sequences lasting 23 days (/2), starting
with a burstlike seismicity in mid-February. The
largest foreshock was a M,, 7.3 event that took
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place along the plate interface on 9 March (Fig. 1).
The foreshock sequences occurred in proximity
to the initiation point of the mainshock rupture
and were located near the deepest end of the area
of the largest cumulative coseismic slip (/3). Af-
ter the M,, 7.3 foreshock, the seismicity from
the JMA catalog appeared to migrate toward
the mainshock epicenter, which was interpreted
as a propagation of afterslip (/4).

Although the JMA routinely determines hy-
pocenters across the Japanese islands, a large por-
tion of the foreshock sequences is missing from
its catalog, mainly because the burstlike seismic-
ity and the aftershocks associated with the M,, 7.3
event tended to be masked by overlapping arriv-
als of waves from different earthquakes (low
signal-to-noise ratios). We therefore applied a
matched-filter technique (/5—77) to detect missing
events with the use of continuous three-component
velocity seismograms recorded at 14 stations along
the Pacific coast (Fig. 1) between 13 February
and 11 March (/8). We used all 333 earthquakes
in the JMA catalog for the same period as the
template events and looked for events that strong-
ly resembled them. The correlation coefficient
between a template event waveform and a target
waveform was calculated on every component at
every station and was averaged throughout. When
the mean correlation peak exceeded a threshold
level [eight times the standard deviation (/7)], it
was labeled as a positive detection (fig. S1). After
removing multiple counts, our matched filter tech-
nique identified 1416 events, more than four times
the number in the JMA catalog.

In a space-time diagram of all detected events
(Fig. 2), we recognize two distinct sequences
of earthquake migration in the trench-parallel
direction toward the epicenter of the M,, 9.0
mainshock. Both sequences took place between
the epicenters of the M,, 7.3 foreshock and the
mainshock, and they overlap considerably in
space (Fig. 1).We refer to this overlap area as the
“earthquake migration zone” (EMZ). The IMA
catalog shows a similar pattern, but the migra-
tions are less conspicuous because of the sparser
data coverage.

The first migration sequence started in mid-
February at a speed of ~2 km/day near the epi-
center of the M,, 7.3 foreshock and later sped up
to 5 km/day (red dashed lines in Fig. 2). The width
of the seismically active zone also expanded
slightly with time in the trench-parallel direction.
This pattern could be explained by a succession
of several independent afterslip sequences, each
associated with a moderate earthquake (/9). The
whole migration sequence, which stopped in
late February near the mainshock epicenter, was
followed by a lull in foreshock activities that
lasted for ~8 days.

A second migration sequence broke out just
after the M,, 7.3 foreshock at an average speed
of ~10 km/day. Its migration front, slowing down
with time, is well approximated by a parabolic
curve describing a diffusive process (/4). Seismic
activities in the EMZ, corresponding to the sec-

ond migration sequence, peaked at a delay of
about half a day after the M,, 7.3 foreshock. The
northern part (outside the EMZ) saw an imme-
diate, abrupt increase in the number of earth-
quakes, which decreased with time monotonically,
according to the modified Omori law (Fig. 2).
About 90% of all migrating Tohoku-Oki fore-
shocks with moderate-to-large magnitudes located
within the EMZ had low-angle thrust faulting
mechanisms similar to the mainshock. They also
included small repeating earthquakes that had
identical mechanisms and identical locations (de-
noted by red stars in Figs. 1 and 2) (/8), which are
considered to be recurrent ruptures on potentially
seismic patches of a fault to overtake quasi-static
slip in the aseismically creeping areas outside
(20-23). Therefore, the most plausible explana-
tion for these migration sequences is the propa-
gation of slow-slip events within the EMZ along
the plate interface toward the initiation point of
the My, 9.0 mainshock rupture. The slow-slip mi-
gration speeds of 2 to 10 km/day are comparable
to those of episodic-tremor and slow-slip events
found along deeper extensions of warm sub-
duction zones (24, 25). This also supports our

Largest Foreshock

(M 7.3: 03/0911:45)@\40°— P

Mainshock (M 9.0:

interpretation of the foreshock migration as prop-
agation of slow slip.

We next estimated the time history of inter-
plate slipping induced by slow-slip transients
along the plate interface based on the analysis
of the small repeating earthquakes. We identified
the repeating earthquakes, applying the same
technique as used in a previous study (23), to
the JMA catalog (red stars in Fig. 2) (/8). The
slip in each event was calculated based on a
unique scaling relation between the seismic mo-
ment and the fault slip for repeating earthquakes
(20). The slip estimates were totaled within each
of the four regional divisions shown in Fig. 3A,
and the sum was divided by the number of re-
peating earthquake sequences within the corre-
sponding division. In addition, our matched-filter
technique enabled us to detect many events that
were found to resemble the repeating earthquakes
(green stars in Fig. 2). They are located in the
close vicinity of, but not exactly on, fault patches
where the corresponding repeating earthquakes
occur. Their activities may provide a clue to the
time evolution of aseismic creep outside the seis-
mic patches (Fig. 3B).

* Repeating earthquakes

™~ - ¢ —
03/11 14:46) @\i Lo @ |
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O 2011/03/09 11:45 - 03/11 14:45
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Fig. 1. Foreshocks and the mainshock rupture. Map of the foreshock region of the 2011 Tohoku-Oki
earthquake, including the epicenters of the 11 March M,, 9.0 mainshock (black star), the 9 March M,,
7.3 largest foreshock (yellow star), and all 333 events in the JMA catalog between 13 February and
11 March 2011 (white and yellow circles scaled to magnitude). Blue triangles, seismic stations; dashed
lines, iso-depth contours of the plate boundary at 20-km intervals (34); red stars, epicenters of small
repeating earthquakes in the JMA catalog, identified as such based on a previous study (23). (Inset)
Distribution of the total mainshock slip, imaged by a finite-source modeling using global broadband
seismograms (13). Yellow/white and black/white spheres denote focal mechanisms of the largest foreshock

and the mainshock, respectively.
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Transient slip first started to build up to the
south of the M,, 7.3 epicenter (divisions ¢ and d in
Fig. 3B) and continued to do so from mid- to late
February at speeds far larger than the plate conver-
gence rate. This increase in the slip rates coincided
with the first sequence of earthquake migration
toward the epicenter of the A, 9.0 mainshock.
After the M,, 7.3 foreshock, the amount of tran-
sient slip increased abruptly to the north of the
M., 7.3 epicenter, though it slightly slowed down
logarithmically with time (a to c in Fig. 3B), a
phenomenon commonly observed in afterslip
following M,, 7 to 8 plate-interface earthquakes
along the Japan and Kuril trenches (26-28). With-
in the EMZ, in contrast, slip increased at a rate of
~6 mm/hour, or up to 600 times the plate con-
vergence rate (V,), during that final phase (¢ and
d in Fig. 3B). Thus, the current study provides
strong evidence for the propagation of slow-slip
events toward the M,, 9.0 epicenter, based on the
two sequences of earthquake migration accom-
panied by the repeating earthquakes.

The cumulative slip before the M, 9.0 main-
shock averaged ~20 cm across all four regional
divisions. This converts to an estimated total mo-
ment release by the slow-slip transients worth up
to M, ~7.1, assuming that a fault with a 90—by—
90-km? dimension (comparable to the foreshock
region) slipped homogeneously (rigidity: 30 GPa).

This assumption means that both seismic and
aseismic slip coexisted on this fault. Geodetic
measurements on land (Global Positioning Sys-
tem) detected transient deformation after the M,,
7.3 foreshock (29), whose moment release rough-
ly coincided with that estimated in this study. This
is consistent with the presence of the second slow-
slip sequence documented in this study, although
the geodetic measurements were not able to rec-
ognize their propagation toward the mainshock
hypocenter because the land-based geodetic in-
struments are not sensitive to small amounts of
off-shore fault slip.

The M, 7.3 foreshock occurred near the
northern end of the EMZ after the first migration
of slow slip toward the M, 9.0 mainshock hypo-
center. In contrast, the mainshock nucleated near
the southern end of the EMZ after the second
migration, which was faster than the first one.
Interestingly, the propagation of slow slip stopped
in both cases near the mainshock hypocenter
(Fig. 2). This suggests that the initiation point of
the mainshock rupture was resistive enough to
withstand the stress concentration caused by the
oncoming slow-slip transients. A recent numer-
ical modeling of the Tohoku-Oki earthquake also
indicated that a shallow, highly resistive patch
should be present close to the foreshock area to
generate a M,, 9 earthquake (30).

REPORTS I

The propagation of slow slip could be inter-
preted as part of the nucleation process, but there
was no power-law acceleration in the slip and rup-
ture growth to the mainshock origin of the type
predicted by preslip models (/-5). In addition,
the mainshock was not preceded by accelerating
occurrences of foreshocks close to the mainshock
hypocenter as reported for the 1999 Izmit earth-
quake (/7). It should nevertheless be noted that
the second sequence of slow slip had much larger
slip rates and a larger migration speed than the
first sequence (Figs. 2 and 3).

The slip rates involved in the second se-
quence of slow slip were also larger than those
previously reported for transient slip after other
earthquakes. In fact, the second sequence re-
leased approximately one-half of the moment
of the M, 7.3 Tohoku-Oki foreshock in only
2 days (29). In contrast, slow-slip transients
(afterslip) after previous My, 7 to 8 earthquakes
along the Japan and Kuril trenches had slip
rates of less than 4 cm/day (150 times the V7))
during the first few days (27, 31) and needed
more than a few months to release half the mo-
ment of the mainshock (six events in table S1)
(26, 32).

It is conceivable that the first sequence of
slow slip in the Tohoku-Oki focal region had
weakened the plate interface within the EMZ,
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Fig. 2. Earthquake migration toward the rupture initiation point of the main-
shock. Space-time diagram of all detected events between 13 February and the
mainshock origin time, with earthquake origin locations indicated in terms of the
distance along the trench axis (blue circles scaled to magnitude). Red dashed
lines, approximate locations of the fronts of earthquake migration; red stars,

www.sciencemag.org SCIENCE VOL 335

repeating earthquakes in the JMA catalog (23); green stars, newly detected events
that were found to resemble those repeating events; black star, M,, 9.0 main-
shock; yellow star, M,, 7.3 largest foreshock. (Inset) Time variations in seismicity
rates inside and outside the EMZ after the M,, 7.3 largest foreshock. The blue
dashed curve denotes the least-squares fitting of the modified Ohmori law.
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Materials and Methods

Methods of a matched filter technique

The analysis procedure of a matched filter technique follows that of Shelly et al. (15) and Peng
and Zhao (16). We here describe the procedure briefly. To detect missing foreshock events
between 13 February and 11 March in 2011, we analyzed the continuous three-component
velocity seismograms recorded at 14 stations along the Pacific coast for the same period (Fig. 1),
operated by the National Research Institute for Earth Science and Disaster Prevention (NIED)
and Tohoku University. As template events, we selected all 333 earthquakes listed in the IMA
catalog between 13 February and 11 March (the M,, 9.0 mainshock origin).

For each template event at each station, we used 6 seconds of the waveform, starting 3 second
before the S-wave arrival time computed using a one-dimensional velocity model proposed by the
JMA. After down-sampling of the data from 100 Hz sampling frequency to 20 Hz, we applied a
two-way 1-6 Hz Butterworth filter to the data. We calculated the correlation coefficient as a
function of time, shifting the window in increments of 0.05 seconds through the continuous
waveforms (see Fig. S1). At each point, the correlation coefficient between a template event
waveform and a target waveform was calculated on every component at every station, and was
averaged throughout. The same procedure was repeated for each template event.

We used the mean correlation coefficient as our detection statistic. To define a detection
threshold we used the standard deviation (sigma) of the mean correlation coefficients for each
event. We set a conservative threshold for a positive detection at 8 times sigma. This level was
chosen to suppress spurious detections while retaining as much legitimate detection as possible.
When the mean correlation peak exceeded this threshold level, it was labeled as a positive
detection in a statistically significant way. As the detected events have similar waveforms at
multiple stations as compared to the template event, their hypocenter locations must be close or
identical (15, 16).

We assigned the location of the detected event to that of the template event. For multiple
detections in each 3 s window, we used the location of the template event with the highest mean
correlation coefficient value. We assigned the time associated with the highest mean correlation
coefficient value to its origin time of the detected event by subtracting the computed S-wave
arrival time. Using relative distances between the multiple detected events, we estimated the
average relative uncertainty in the detected event locations to be approximately 4 km. Finally, we
computed the magnitude of the detected event based on the median value of the maximum
amplitude ratios for all channels between the template and detected events, assuming that a
tenfold increase in amplitude corresponds to one unit increase in magnitude (16).

Detection of repeating earthquakes

To identify repeating earthquakes in the JMA catalog, we used waveform data of earthquakes
of M2.0 or larger listed in the catalog for the period from January 2002 to 11 March in 2011, in
the studied area. We picked up earthquake pairs whose epicenter separations are up to 20 km, and
calculated cross-correlation coefficients using 1-4, 2-8, and 4-16 Hz passband filtered



waveforms. The time window was from P-wave onset to three seconds after direct S-wave arrival.
We selected as a repeating earthquake pair, those whose cross-correlation coefficients, for the
frequency range roughly corresponding to the corner-frequency of each event, were greater than
0.95 at two or more stations (23).

The detection criteria for the newly detected events (green stars in Figs. 2 and 3), which were

found to resemble the repeating earthquakes in the JMA catalog, are the same as for the other
events.
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Figure S1 Mean correlation function and detection example. (A) Mean correlation function
for one template event #119 against elapsed time from March 09, 2011, 13:00. Histogram of
mean correlation values within this time window and entire period are shown to the right as black
and gray bars. (B) Waveforms at the time detection for template event #119. Continuous
earthquake waveforms are shown in black and template event waveforms in red for each
component of 6 seismic stations arranged according to the epicentral distance. The station names
and components are given to the left of each trace. Waveforms are bandpass filtered between 1
and 6 Hz, and template event amplitudes are scaled to match the continuous data.
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Table S1. List of the time (Ty) required for afterslip to release half of the mainshock
moment following major M7-8 plate-interface earthquakes that took place along the
Japan and Kuril trenches. We used analysis results based on GEONET, a dense GPS
geodetic network.

Event date Longitude Latitude Depth(km) My Th (months) | References
1994/12/28 | 143.7450 40.4300 0.00 7.6 2.23 (26)
2003/09/26 | 144.0785 41.7785 45.07 8.0 10.24 (35)
2004/11/29 | 145.2755 42.9460 48.17 7.0 0.80 (36)
2005/08/16 | 142.2778 38.1495 42.04 7.1 2.04-3.53 (32)*, (37)
2008/07/19 | 142.2645 37.5208 31.55 7.0 1.64 (32)*
2010/03/14 | 141.8180 37.7242 39.75 6.7 1.27 (32)*
2011/03/09 | 143.2798 38.3285 8.28 7.3 0.07 (29)

This study

*We estimated the Ty, values using average decay time determined for each station by Suito et al.

(2011) (32), assuming an exponential decay of the afterslip moment.




References and Notes

1. J. H. Dieterich, Modeling of rock friction 1. Experimental results and constitutive equations. J.
Geophys. Res. 84, 2161 (1979). doi:10.1029/JB084iB05p02161

2. M. Ohnaka, Earthquake source nucleation: A physical model for short-term precursors.
Tectonophysics 211, 149 (1992). doi:10.1016/0040-1951(92)90057-D

3. B. Shibazaki, M. Matsu’ura, Spontaneous processes for nucleation, dynamic propagation, and
stop of earthquake rupture. Geophys. Res. Lett. 19, 1189 (1992). do0i:10.1029/92GL01072

4. M. Ohnaka, L. Shen, Scaling of the shear rupture process from nucleation to dynamic
propagation: Implications of geometric irregularity of the rupturing surfaces. J. Geophys.
Res. 104, 817 (1999). doi:10.1029/1998JB900007

5. N. Lapusta, J. R. Rice, Y. Ben-Zion, G. Zheng, Elastodynamic analysis for slow tectonic
loading with spontaneous rupture episodes on faults with rate- and state-dependent
friction. J. Geophys. Res. 105, 23765 (2000). doi:10.1029/2000JB900250

6. D. A. Dodge, G. C. Beroza, W. L. Ellsworth, Detailed observations of California foreshock
sequences: Implications for the earthquake initiation process. J. Geophys. Res. 101,
22371 (1996). doi:10.1029/96JB02269

7. W. L. Ellsworth, G. C. Beroza, Seismic evidence for an earthquake nucleation phase. Science
268, 851 (1995). doi:10.1126/science.268.5212.851 Medline

8. J. Mori, H. Kanamori, Initial rupture of earthquakes in the 1995 Ridgecrest, California
sequence. Geophys. Res. Lett. 23, 2437 (1996). doi:10.1029/96GL.02491

9. R. E. Abercrombie, J. Mori, Occurrence patterns of foreshocks to large earthquakes in the
western United States. Nature 381, 303 (1996). doi:10.1038/381303a0

10. J. J. McGuire, M. S. Boettcher, T. H. Jordan, Foreshock sequences and short-term earthquake
predictability on East Pacific Rise transform faults. Nature 434, 457 (2005).
doi:10.1038/nature03377 Medline

11. M. Bouchon et al., Extended nucleation of the 1999 M,, 7.6 Izmit earthquake. Science 331,
877 (2011). doi:10.1126/science.1197341 Medline

12. F. Hirose, K. Miyaoka, N. Hayashimoto, T. Yamazaki, M. Nakamura, Outline of the 2011 off
the Pacific coast of Tohoku earthquake (Mw 9.0)—Seismicity: Foreshocks, mainshock,
aftershocks, and induced activity. Earth Planets Space 63, 513 (2011).
doi:10.5047/eps.2011.05.019

13. S. Ide, A. Baltay, G. C. Beroza, Shallow dynamic overshoot and energetic deep rupture in the
2011 My, 9.0 Tohoku-Oki earthquake. Science 332, 1426 (2011).
doi:10.1126/science.1207020 Medline

14. R. Ando, K. Imanishi, Possibility of My, 9.0 mainshock triggered by diffusional propagation
of after-slip from M, 7.3 foreshock. Earth Planets Space 63, 767 (2011).
doi:10.5047/eps.2011.05.016

15. D. R. Shelly, G. C. Beroza, S. Ide, Non-volcanic tremor and low-frequency earthquake
swarms. Nature 446, 305 (2007). doi:10.1038/nature05666 Medline



http://dx.doi.org/10.1029/JB084iB05p02161
http://dx.doi.org/10.1016/0040-1951(92)90057-D
http://dx.doi.org/10.1029/92GL01072
http://dx.doi.org/10.1029/1998JB900007
http://dx.doi.org/10.1029/2000JB900250
http://dx.doi.org/10.1029/96JB02269
http://dx.doi.org/10.1126/science.268.5212.851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17792179&dopt=Abstract
http://dx.doi.org/10.1029/96GL02491
http://dx.doi.org/10.1038/381303a0
http://dx.doi.org/10.1038/nature03377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15791246&dopt=Abstract
http://dx.doi.org/10.1126/science.1197341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21330536&dopt=Abstract
http://dx.doi.org/10.5047/eps.2011.05.019
http://dx.doi.org/10.1126/science.1207020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21596957&dopt=Abstract
http://dx.doi.org/10.5047/eps.2011.05.016
http://dx.doi.org/10.1038/nature05666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17361180&dopt=Abstract

16. Z. Peng, P. Zhao, Migration of early aftershocks following the 2004 Parkfield earthquake.
Nat. Geosci. 2, 877 (2009). doi:10.1038/ngeo697

17. N. Aso, K. Ohta, S. Ide, Volcanic-like low-frequency earthquakes beneath Osaka Bay in the
absence of a volcano. Geophys. Res. Lett. 38, L08303 (2011).
d0i:10.1029/2011GL046935

18. Materials and methods are available as supporting material on Science Online.

19. T. Matsuzawa, N. Uchida, T. Igarashi, T. Okada, A. Hasegawa, Repeating earthquakes and
quasi-static slip on the plate boundary east off northern Honshu, Japan. Earth Planets
Space 56, 803 (2004).

20. R. M. Nadeau, L. R. Johnson, Seismological studies at Parkfield VI: Moment release rates
and estimates of source parameters for small repeating earthquakes. Bull. Seismol. Soc.
Am. 88, 790 (1998).

21. Z. Peng, Y. Ben-Zion, Spatiotemporal variations of crustal anisotropy from similar events in
aftershocks of the 1999 M7.4 Izmit and M7.1 Diizce, Turkey, earthquake sequences.
Geophys. J. Int. 160, 1027 (2005). doi:10.1111/1.1365-246X.2005.02569.x

22.T. Chen, N. Lapusta, Scaling of small repeating earthquakes explained by interaction of
seismic and aseismic slip in a rate and state fault model. J. Geophys. Res. 114, B01311
(2009). doi:10.1029/2008JB005749

23. T. Igarashi, Spatial changes of inter-plate coupling inferred from sequences of small
repeating earthquakes in Japan. Geophys. Res. Lett. 37, L20304 (2010).
doi:10.1029/2010GL044609

24. H. Dragert, K. Wang, T. S. James, A silent slip event on the deeper Cascadia subduction
interface. Science 292, 1525 (2001). doi:10.1126/science.1060152 Medline

25. K. Obara, Phenomenology of deep slow earthquake family in southwest Japan:
Spatiotemporal characteristics and segmentation. J. Geophys. Res. 115, BO0OA25 (2010).
doi:10.1029/2008JB006048

26. K. Heki, S. Miyazaki, H. Tsuji, Silent fault slip following an interplate thrust earthquake at
the Japan Trench. Nature 386, 595 (1997). doi:10.1038/386595a0

27. S. Miyazaki, P. Segall, J. Fukuda, T. Kato, Space time distribution of afterslip following the
2003 Tokachi-Oki earthquake: Implications for variations in fault zone frictional
properties. Geophys. Res. Lett. 31, L06623 (2004). doi:10.1029/2003GL019410

28. N. Uchida et al., Quasi-static slip on the plate boundary associated with the 2003 M8.0
Tokachi-Oki and 2004 M7.1 off-Kushiro earthquakes, Japan. Gondwana Res. 16, 527
(2009). doi:10.1016/j.gr.2009.04.002

29. S. Miyazaki, J. J. McGuire, P. Segall, Seismic and aseismic fault slip before and during the
2011 off the Pacific coast of Tohoku earthquake. Earth Planets Space 63, 637 (2011).
doi:10.5047/eps.2011.07.001

30. N. Kato, S. Yoshida, A shallow strong patch model for the 2011 great Tohoku-Oki
earthquake: A numerical simulation. Geophys. Res. Lett. 38, LO0G04 (2011).
doi:10.1029/2011GL048565



http://dx.doi.org/10.1038/ngeo697
http://dx.doi.org/10.1029/2011GL046935
http://dx.doi.org/10.1111/j.1365-246X.2005.02569.x
http://dx.doi.org/10.1029/2008JB005749
http://dx.doi.org/10.1029/2010GL044609
http://dx.doi.org/10.1126/science.1060152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11313500&dopt=Abstract
http://dx.doi.org/10.1029/2008JB006048
http://dx.doi.org/10.1038/386595a0
http://dx.doi.org/10.1029/2003GL019410
http://dx.doi.org/10.1016/j.gr.2009.04.002
http://dx.doi.org/10.5047/eps.2011.07.001
http://dx.doi.org/10.1029/2011GL048565

31.Y. Yagi, M. Kikuchi, T. Nishimura, Co-seismic slip, post-seismic slip, and largest aftershock
associated with the 1994 Sanriku-Haruka-Oki, Japan, earthquake. Geophys. Res. Lett. 30,
2177 (2003). doi:10.1029/2003GL0O18189

32. H. Suito, T. Nishimura, M. Tobita, T. Imakiire, S. Ozawa, Interplate fault slip along the
Japan Trench before the occurrence of the 2011 off the Pacific coast of Tohoku
carthquake as inferred from GPS data. Earth Planets Space 63, 615 (2011).
doi:10.5047/eps.2011.06.053

33. H. Houston, B. G. Delbridge, A. G. Wech, K. C. Creager, Rapid tremor reversals in Cascadia
generated by a weakened plate interface. Nat. Geosci. 4, 404 (2011).
doi:10.1038/ngeol1157

34. J. Nakajima, A. Hasegawa, Anomalous low-velocity zone and linear alignment of seismicity
along it in the subducted Pacific slab beneath Kanto, Japan: Reactivation of subducted
fracture zone? Geophys. Res. Lett. 33, L16309 (2006). doi:10.1029/2006GL026773

35. The Geospatial Information Authority of Japan (GSI), Rep. Coord. Comm. Earthquake
Predict. Jpn. (73, pp. 40, 2005;
http://cais.gsi.go.jp/Y OCHIREN/report/kaihou73/02_02.pdf).

36. The Geospatial Information Authority of Japan (GSI), Rep. Coord. Comm. Earthquake
Predict. Jpn. (76, pp. 72, 2006; http://cais.gsi.go.jp/YOCHIREN/report/kaihou76/2-
3.pdf).

37. The Geospatial Information Authority of Japan (GSI), Rep. Coord. Comm. Earthquake
Predict. Jpn. (77, pp. 91, 2007; http://cais.gsi.go.jp/Y OCHIREN/report/kaihou77/3-
2.pdf).



http://dx.doi.org/10.1029/2003GL018189
http://dx.doi.org/10.5047/eps.2011.06.053
http://dx.doi.org/10.1038/ngeo1157
http://dx.doi.org/10.1029/2006GL026773
http://cais.gsi.go.jp/YOCHIREN/report/kaihou73/02_02.pdf
http://cais.gsi.go.jp/YOCHIREN/report/kaihou76/2-3.pdf
http://cais.gsi.go.jp/YOCHIREN/report/kaihou76/2-3.pdf
http://cais.gsi.go.jp/YOCHIREN/report/kaihou77/3-2.pdf
http://cais.gsi.go.jp/YOCHIREN/report/kaihou77/3-2.pdf



