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SUMMARY

We have estimated the source parameters of interplate earthquakes in an earthquake cluster
off Kamaishi, NE Japan over two cycles of M ~ 4.9 repeating earthquakes. The M ~ 4.9
earthquake sequence is composed of nine events that occurred since 1957 which have a strong
periodicity (5.5 & 0.7 yr) and constant size (M4.9 + 0.2), probably due to stable sliding
around the source area (asperity). Using P- and S-wave traveltime differentials estimated from
waveform cross-spectra, three M ~ 4.9 main shocks and 50 accompanying microearthquakes
(M1.5-3.6) from 1995 to 2008 were precisely relocated. The source sizes, stress drops and
slip amounts for earthquakes of M2.4 or larger were also estimated from corner frequencies
and seismic moments using simultaneous inversion of stacked spectral ratios. Relocation
using the double-difference method shows that the slip area of the 2008 M ~ 4.9 main
shock is co-located with those of the 1995 and 2001 M ~ 4.9 main shocks. Four groups
of microearthquake clusters are located in and around the mainshock slip areas. Of these,
two clusters are located at the deeper and shallower edge of the slip areas and most of these
microearthquakes occurred repeatedly in the interseismic period. Two other clusters located
near the centre of the mainshock source areas are not as active as the clusters near the edge. The
occurrence of these earthquakes is limited to the latter half of the earthquake cycles of the M ~
4.9 main shock. Similar spatial and temporal features of microearthquake occurrence were
seen for two other cycles before the 1995 M5.0 and 1990 M5.0 main shocks based on group
identification by waveform similarities. Stress drops of microearthquakes are 3—11 MPa and
are relatively constant within each group during the two earthquake cycles. The 2001 and 2008
M ~ 4.9 earthquakes have larger stress drops of 41 and 27 MPa, respectively. These results
show that the stress drop is probably determined by the fault properties and does not change
much for earthquakes rupturing in the same area. The occurrence of microearthquakes in the
interseismic period suggests the intrusion of aseismic slip, causing a loading of these patches.
We also found that some earthquakes near the centre of the mainshock source area occurred just
after the earthquakes at the deeper edge of the mainshock source area. These seismic activities
probably indicate episodic aseismic slip migrating from the deeper regions in the mainshock
asperity to its centre during interseismic periods. Comparison of the source parameters for the
2001 and 2008 main shocks shows that the seismic moments (1.04 x 10'® Nm and 1.12 x 10'°
Nm for the 2008 and 2001 earthquakes, respectively) and source sizes (radius = 570 m and
540 m for the 2008 and 2001 earthquakes, respectively) are comparable. Based on careful
phase identification and hypocentre relocation by constraining the hypocentres of other small
earthquakes to their precisely located centroids, we found that the hypocentres of the 2001 and
2008 M ~ 4.9 events are located in the southeastern part of the mainshock source area. This
location does not correspond to either episodic slip area or hypocentres of small earthquakes
that occurred during the earthquake cycle.

Key words: Earthquake source observations; Earthquake interaction, forecasting, and pre-
diction; Seismicity and tectonics; Subduction zone processes; Dynamics and mechanics of
faulting; Dynamics: seismotectonics.
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Figure 1. (a) Distribution of microearthquakes (dots) and location of off-
Kamaishi earthquake cluster (circle). Shallow earthquakes (depth <70 km)
from 1995 to 2009 January from Japan Meteorological Agency’s cata-
logue are plotted here. White and black squares denote seismic stations
used for hypocentre relocation by double-difference method (Waldhauser &
Ellsworth 2000) and seismic stations used for the analysis of spectral ra-
tios. (b) Vertical velocity seismograms of off-Kamaishi sequence recorded
at AOB station shown in Panel (a). The natural period of the seismometre is
5's. The each trace is scaled to its maximum amplitude.

1 INTRODUCTION

The well-studied off-Kamaishi repeating earthquake sequence oc-
curred on a subduction plate boundary off the coast of Sanriku,
NE Japan (Fig. 1a). Although the earthquakes are moderate in size
(M ~ 4.9), due to a fast plate convergence rate of about 8 cm yr !
they take place frequently on the asperity, with a recurrence inter-
val of about 5 yr. This means that high-quality data are available
that are usually difficult to obtain for earthquake cycle research.
The sequence was first identified in 1999 (Matsuzawa et al. 2002)
and has been intensively studied to determine its recurrence prop-
erties (Matsuzawa et al. 2002; Okada et al. 2003; Uchida et al.
2005, 2007). The earthquake sequence was recognized by source
relocation and waveform similarity studies (Fig. 1b). It is unique
in that the individual earthquakes have an almost identical magni-
tude (M4.9 £ 0.2) and recurrence intervals (5.5 & 0.7 yr). This is

thought to be a consequence of stable sliding at the plate boundary
around the asperity (~50 km in depth) of the sequence (Matsuzawa
et al. 2002; Uchida et al. 2005). The epicentre of the 2011 off the
Pacific coast of Tohoku earthquake (4/9.0) is located about 150 km
southeast of the Kamaishi sequence and the Kamaishi sequence is
located outside of the main slip area of the 2011 earthquake (e.g. Ide
etal.2011; Politz et al. 2011; linuma et al. 2012). The combination
of simple recurrence behaviour and the availability of high-quality
data makes this sequence an ideal target for investigating earthquake
cycles and, in particular, the seismicity in the interseismic period.
After the sequence was recognized, co-location of the slip areas
for the 1995 (M5.0) and 2001 (M4.8) events was determined from
waveform modelling (Okada et al. 2003). The effects of variations
of the quasi-static slip rate on the recurrence interval were also es-
timated from the cumulative slip of small repeating earthquakes in
the area surrounding the earthquake sequence (Uchida et al. 2005).

Recently, the hierarchical structure of asperities for the off-
Kamaishi earthquake sequence has been revealed based on the
source parameters of the 2001 earthquake and its accompany-
ing microearthquakes (Uchida et al. 2007). The evolution of mi-
croearthquake activity in the earthquake cluster from low-level ac-
tivity after the main shocks to higher levels during the latter halves of
the cycles was discussed based on the spatio-temporal distribution
of precisely located earthquakes.

On January 11, 2008, a M4.7 earthquake occurred in the cluster
(Fig. 1b, Fig. 2), after an interval of 6.16 yr from the 2001 event.
The timing of this earthquake was predicted with a 99 per cent
probability based on eight recurrence intervals from 1957 to 2001
and assuming that the intervals followed a normal distribution
(Matsuzawa et al. 2002). In this study, we show that the 2008
earthquake is a member of the M ~ 4.9 off-Kamaishi repeating
earthquake sequence and investigate the seismic activity on the
asperity over two earthquake cycles.

2 DATA AND DEFINITION OF THE
OFF-KAMAISHI EARTHQUAKE
CLUSTER

We use waveform and phase data from the microearthquake obser-
vation network of the Research Center for Prediction of Earthquakes
and Volcanic Eruptions (RCPEV), Tohoku University, that covers
the Tohoku region in Japan (Hasegawa et al. 1978). Most of the
seismometres are 1-Hz velocity-type instruments and are installed
in horizontal vaults (tunnels) about 50 m in length or in boreholes
with depths of 300—500 m (Research Center for Prediction of Earth-
quakes and Volcanic Eruptions 2004). This network had the highest
sensitivity to small earthquakes off Kamaishi until October, 1997,
when the data from the network were unified with data recorded
by the Japan Meteorological Agency (JMA). Digital seismograms
of 100 Hz sampling have been recorded and stored since 1984, as
shown in Fig. 1(b), and the dynamic range of the recordings and
the number of stations increased in the 1990s. The nearest seismic
station is located within 30 km in the epicentral distance (Fig. la).

Epicentre distribution of the earthquakes in the off-Kamaishi
region (rectangle in Fig. 1a) is shown in Fig. 2(a). Taking account
of earthquake detectability, RCPEV phase readings are used from
1975 to 2003 April and the JMA phase readings are used from 2003
April to 2009 January. This relocation was performed to obtain a
uniform earthquake catalogue from 1975 to 2009 because original
RCPEV and JMA earthquake catalogues has systematic shift due to
different velocity structure model used for the hypocentre location.
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Figure 2. (a) Distribution of relocated earthquakes at off-Kamaishi re-
gion (rectangle in Fig. 1a) using Tohoku University’s routing procedure
(Hasegawa et al. 1978) for the period from 1975 to 2009 January. The depth
range of the earthquake is from 35 to 60 km, near the plate boundary in
this region. Earthquakes magnitudes are derived from JMA’s catalogue if
available and others are from RCPEV’s catalogue. The symbol size is pro-
portional to magnitude and the scale is shown at the bottom of the figure and
earthquakes with /4.7 or larger are shown by red stars. See the main text for
details of the relocation procedure. (b) Magnitude—time plot of earthquakes
in the rectangle shown in (a). Members of the M ~ 4.9 sequence are indi-
cated by stars. The M ~ 4.9 sequence members before 1973 are added based
on Matsuzawa et al. (2002). JIMA reports both displacement and velocity
magnitudes for the large events and we adopted the displacement magnitude
for all members of the M ~ 4.9 sequence to allow a size comparison.

We relocated these earthquakes using the 1-D velocity structure of
the routine earthquake location procedure of the RCPEV (Hasegawa
et al. 1978). Here, we used data only from stations located on land
and within 200 km of the source area because data from fiber-
cabled ocean bottom stations were only available after 1996 (Okada
et al. 2004), and stations far from the source area recorded only
large earthquakes. These restrictions are because the use of different
stations sometimes causes shift of hypocentres due to effect of
unmodelled velocity heterogeneity.

The off-Kamaishi earthquake cluster identified by this relocation
procedure (rectangle in Fig. 2a) is clearly distinguishable from other
seismicity in this region. Six M > 4.7 earthquakes (red circles in
Fig. 2a) are located in this rectangle. The magnitude—time diagram
for the earthquake cluster is shown in Fig. 2(b). The star symbols
indicate periodic, similarly sized M ~ 4.9 main shocks that are
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shown in red in Fig. 2(a) and about one magnitude larger than other
microearthquakes in the cluster. The waveforms recorded at the
AOB station (Fig. 1b, A = 160 km) indicates that the 2008 M ~
4.9 earthquake was very similar to previous M ~ 4.9 repeating
earthquakes, suggesting that it is also a member of the M ~ 4.9
sequence. Fig. 2(b) also shows that the seismicity is low just after
the M ~ 4.9 main shocks and increases particularly in the latter half
of the earthquake cycle.

3 EARTHQUAKE RELOCATION

We relocated the M ~ 4.9 sequence and accompanying small earth-
quakes in the earthquake cluster from 1995 to 2008. To clarify the
process occurring during the interseismic period, we investigated
the relationship between the mainshock sequence and the accom-
panying microearthquakes over two earthquake cycles.

To obtain better relative locations for earthquakes in the cluster,
we relocated these earthquakes using the double-difference method
(Waldhauser & Ellsworth 2000) with almost the same procedure as
that reported by Uchida ef al. (2007). We measured traveltime dif-
ferences using the cross-spectrum method of Poupinet e al. (1984)
for both P and S waves. The time window was set to be 3.55 s start-
ing 1 s before the onset of each wave and the traveltime differences
were estimated from the phases of cross spectra in the frequency
band of 1-10 Hz with a squared coherence of greater than 0.8.

We obtained 20 089 and 14 382 traveltime differential measure-
ments for P- and S-phases, respectively, for 53 events that occurred
from 1995 to 2008 and had magnitudes in the range 1.5-5.0. Seismic
stations used are shown as white squares in Fig. 1(a). A comparison
of P-wave alignment for waveforms from KG2 station (Fig. 1a)
using catalogue arrival times and cross-spectrum time differentials
is shown in Fig. 3. In spite of large magnitude differences ranging
from M1.5 to 5.0, we obtained precise alignment for the relocated
earthquakes. Note that the location estimated from the correlation
data is not the rupture initiation point (hypocentre) but instead cor-
responds to the centroid of the slip distribution, and the onsets of the
first motion for the M ~ 4.9 earthquakes (No. 3, 32, 53, red colour
in Fig. 3b) are not aligned with other smaller earthquakes. We used
only the correlation data (i.e. the catalogue data were excluded) for
the input of the double-difference relocation. The minimum number
of correlation data per event pair is set to 30 to eliminate earthquakes
whose locations are poorly constrained.

The centroids for 53 earthquakes before and after the relocation
are shown in Fig. 4 and listed in Table 1. The number of earthquakes
relocated is two times larger than in the previous study (Uchida
et al. 2007). The relocation shows that earthquakes whose original
hypocentres were distributed in a band 5 km long, 2 km wide and
6 km deep, running in the WNW-ESE direction, have centroids
with separations of less than 2 km in any direction. The east—west
cross-section (Fig. 4d) shows that the centroids have linear trend that
probably delineates the surface of westward-dipping Pacific Plate.
The estimated error in the relocation process is about 20 m, based
on the residuals of the traveltime differentials. The results also in-
dicate that there are several places where most of the earthquakes
in the area are co-located. As shown in Fig. 5, we classified these
small earthquakes into four groups based on the location of their
centroids. Groups A and C are respectively located near the western
and eastern edges of the source area of the M ~ 4.9 main shock.
The size of the circles indicates the approximate size of the slip
area assuming a stress drop of 38 MPa, which was estimated for the
2001 off-Kamaishi earthquake (Matsuzawa et al. 2001). Most of the
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Figure 3. P-wave alignment for the 53 earthquakes used in this study
recorded at KG2 station (Fig. 1la, A = 43 km), in up—down component. (a)
Alignment using catalogue arrival time. (b) Alignment using cross-spectrum
time differentials. Waveforms are amplitude normalized and bandpass fil-
tered between 1 and 10 Hz. The shading represents positive amplitude.
Traces in red colour show 1995, 2001 and 2008 M ~ 4.9 events. Note that
21 earthquakes that could not directly estimated the differential time with
the first earthquake (reference event) are also plotted based on differential
traveltime with the earthquake that linked with the first event.

earthquakes in groups A and C seem to be co-located. Group B is
located close to the centroids of the M ~ 4.9 earthquakes and some
members appear to be co-located. Earthquakes in group D, which
were not identified in the previous study (Uchida ez al. 2007), are
relatively small events (M1.6-1.9) located between groups B and
C. The east—west cross-section (Fig. 5b) shows a clear alignment
of these earthquake groups. A magnitude—time plot of these earth-
quakes together with other unrelocated earthquakes in the cluster
(Fig. 2a) is shown in Fig. 5(c). Earthquakes in group A (red trian-
gles) occur frequently and their activity is relatively stable in time.
Earthquakes in group C (blue diamonds) also occur frequently, with
a small gap (1-2 yr) just after the 1995 and 2001 M ~ 4.9 main
shocks. Earthquakes in group B and D (green squares and pink
hexagons), that seem to be located inside the slip areas for the M ~
4.9 events, exhibit relatively large gaps (2-3 yr) after the 1995 and
2001 M ~ 4.9 main shocks.

4 SOURCE RADII, STRESS DROPS AND
CUMULATIVE SLIPS

To understand the seismic process involved in an earthquake cycle,
it is important to know source parameters, such as the source di-

mensions and the amount of slip. Following Imanishi & Ellsworth
(2006) and Uchida er al. (2007), we calculated Fourier ampli-
tude spectra for P and S waves using tapered 1.0 and 2.0 s time
windows, respectively. The spectra were then resampled at equal
log frequency intervals of Alogf = 0.025, and smoothed using
a running average of length Alogf = 0.2. Spectral ratio for a
pair of earthquakes recorded at the same station was calculated to
eliminate site and path-dependent effects (Frankel & Wennerberg
1989).

For a robust measurement of the spectral ratios, we performed
stacking of spectral ratios [multiwindow spectral ratio (MWSR)
method of Imanishi & Ellsworth 2006)] We used three windows,
overlapping by half of their duration, for three components at eight
stations (black squares in Fig. 1a). These selected stations located
30-100 km from the earthquake cluster have good S/N ratios and
available for almost the entire analysis period (1995-2008). All
of the spectral ratios for the same event pair were stacked if they
had a sufficient S/N ratio (>3). A maximum of 72 spectral ratios
were stacked for a pair of earthquakes. A separate analysis was
performed for P and S waves. Examples of stacked spectral ratios
are shown in Fig. 6 (red bold lines) together with individual spectral
ratios (black lines). The fluctuations in the spectral ratios have been
successfully suppressed by the stacking procedure. For the 2001 and
2008 M ~ 4.9 main shocks, we observed some azimuthal variation
in the pulse width of the first motion, probably suggesting directivity
effect. However, the effect is weak for 1 sec three window stacked
spectrum ratios. The corner frequencies for earthquake pairs appear
to be consistent. For example, Figs 6(a)—(c) represent the spectral
ratios of a M4.9 earthquake and an earthquake in group A, B and
C, respectively.

Corner frequencies and seismic moments for 28 events of magni-
tude 2.4 or larger were estimated simultaneously using the multiple-
empirical Green’s function (MEGF) method (Ide e al. 2003), which
is a slight modification of Hough (1997). Earthquakes of magnitude
2.4 or smaller were omitted from the analysis because they tend to
have higher corner frequencies than the analysis limit (30 Hz),
which is determined by the sampling frequency (100 Hz). We use
the omega-square source model spectra proposed by Boatwright
(1978) to model the stacked spectral ratio. We used a frequency
band of 1-30 Hz (60 data points for each spectral ratio) for 383 and
377 event pairs (total numbers of equations were 22 980 and 22 620)
for P and S waves, respectively. We used Levenberg—Marquardt al-
gorithms for the iterative non-linear least-squares inversion. In the
inversion, we set the seismic moment of the 2001 M4.8 event to be
1.12 x 10'® Nm, as estimated by Okada ef al. (2003), because we
needed one constraint to estimate the absolute scalar moments of
each event. We then estimated the source radius (7) from the corner
frequency (f) using the circular crack model of Sato & Hirasawa
(1973),

r = Cv/2xfy, (1)

where v is the phase velocity (7.8 and 4.4 km s! for P and S waves,
respectively) and C is a constant. We assumed C to be 1.5 for P
waves and 1.9 for S waves.

The resulting source radii for the earthquakes are shown by circles
in Fig. 7(a) and listed in Table 1. Although there is uncertainty de-
rived from spectrum shape model, crack model and assumed phase
velocity, the rupture dimension errors estimated from least-squares
error of corner frequency are typically 6 per cent of their diame-
ters. This small uncertainty comes from smooth stacked spectrum
ratios and corner frequency consistency for all event pairs (single
corner frequency for an earthquake well explain multiple spectrum
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Figure 4. Hypocentre and centroid distribution of earthquakes in the off-Kamaishi cluster. (a) and (b) show original hypocentre locations and (c) and (d) show
relocated centroid locations. Symbol size is proportional to magnitude and the scale is shown at the bottom of the figure. Dashed squares shown in Panels (c)

and (d) are the areas shown in Figs 5(a) and (b), respectively.

ratios associated with other earthquakes). The centroids are pro-
jected onto a 38° westward-dipping plane based on the alignment
of the centroids shown in Fig. 5(b). Although the slip areas of the
earthquakes are likely more complex, we consider that circles cen-
tred on the centroids are a good first approximation. The source size
of the 2008 M4.7 main shock (570 m) is very close to that of the
2001 M4.8 event (540 m), and most of the slip area is overlapping.
Because we are plotting slip areas centred on its centroids, it will
be hard to be not overlap the slip area for events with very close
centroids. Earthquakes in groups A and C are located close to and
about 100 m from the edge of the 2001 and 2008 M ~ 4.9 events,
respectively. For small earthquakes the variability in earthquake slip
is more important when discussing the overlap of source areas be-
cause the source location error is relatively large compared with the
source dimensions. If two earthquakes are located in adjacent areas,
the stress change due to one event will promote slip for adjacent
area (promote successive occurrence of earthquake) whereas one
location ruptured repeatedly, there will be no earthquake for a while
due to stress release by the earthquake. There is one case that one
earthquake occurred immediately after an earthquake in the group
C (2 min in between), however most events occurred well separated
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in time (Fig. 5¢). Therefore, most of the earthquakes in group A
and C can also be assumed to be occurring repeatedly at the same
location, considering the source sizes and location uncertainty. The
earthquakes in group B, located near the centroids of the 2001 and
2008 M ~ 4.9 earthquakes, seem to be occurring at two adjacent
locations. For earthquakes in group D, no source size was estimated
because they are smaller than the magnitude threshold (2.5) for
the analysis. For a reference centroid of the latest earthquake in the
group D is shown in Fig. 7(a).

Static stress drop (Ao ') was then calculated using the formula of
Eshelby (1957):

Ao = (7/16)(My/r), 2

where M, is seismic moment. As the final source radii and stress
drops, we adopted the weighted averages of the values estimated
from P and S waves, where the weights were set to be proportional
to the number of spectral ratios in the stack.

The stress drops, indicated by colour in Fig. 7(a) and listed in
Table 1, are higher for the 2001 A4.8 event (41 MPa) and the 2008
MA4.7 event (27 MPa) than for other smaller earthquakes (3—11
MPa). Estimated errors in the stress drops are 6 and 2 MPa for the
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Figure 5. (a) Centroid distribution of earthquakes in map view. The ap-

proximate source size is indicated by the circle diameter and is calculated

from seismic moment using the formula of Eshelby (1957), assuming a stress
drop of 38 MPa (Matsuzawa et al. 2002). The seismic moment of each earth-

quake is calculated based on the relationship between seismic moment and
magnitude (Hanks & Kanamori 1979). Horizontal errors are shown by black

error bars. (b) East-west cross-section of the relocated centroids (circles).
The circle size are the same for all earthquakes. The earthquakes in each

subcluster (A-D) are indicated by a different colour. (c) Magnitude—time
plot of off-Kamaishi earthquake cluster. Symbol colours as in Panels (a) and

(b).
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Figure 6. (a) Examples of spectral ratios for various time windows, components and stations (thin black lines) and stacked spectral ratio (red bold line). The
event pairs are (a) 2008, M4.7-2007 M2.8 (group A), (b) 2008 M4.7-2001 M2.7 (group B), (c) 2008 M4.7-2006 M2.7 (group C), (d) 1999 M3.2 (group
A)-1999 M2.4 (group B), (e) 1997 M3.4 (group A)-2000 2.7 (group C), (f) 2001 M2.7 (group B)-2006 M2.7 (group C). Estimated corner frequencies (blue
triangles) are also shown for each event estimated from the inversion of all stacked spectral ratios using an omega square model.

2001 and 2008 M ~ 4.9 events, respectively, and typically 0.7 MPa
for the other smaller earthquakes.

The cumulative slips of groups A—C and M ~ 4.9 earthquakes
are shown in Fig. 7(b). Here, the average slip for each earthquake
is calculated from the seismic moment and source size assuming a
rigidity of 4.0 x 10" N -m™2. Group A has relatively constant slip
and 21 cm slip in total. Groups B and C tend to have larger slip
in the latter half of the cycle and the total slip are 6.3 and 15 cm,
respectively.

5 SEISMICITY IN THE INTERSEISMIC
PERIOD

Earthquakes in the cluster before 1995 were not relocated in this
study due to an insufficient station coverage and a lack of tim-
ing accuracy. To investigate the spatio-temporal evolution of small
earthquakes in the cluster over a longer period, we classified small
earthquakes occurring before 1995 using a waveform similarity
method. We first checked the coherence of waveforms among the
earthquakes that were relocated in this study. We calculated the av-
erage and standard deviation of the coherence for a 40 s window in
the 2—10 Hz frequency band at four stations that were in operation
since 1985 (Table 2). We found that, within the same group, wave-
form coherence was large (0.82—0.94), whereas it was relatively
small between groups (0.52—0.78). The coherences of intergroup
pairs are usually outside of the standard deviation of the coherences
between earthquakes in the same group (Table 2). This suggests that
we can classify earthquakes into four the groups (A—D) using only
the waveform similarity. Therefore, we classified the earthquakes
from 1985 to 1995 using their average coherence with the earth-
quakes already identified. We assumed that an earthquake was a

member of a certain group if the average coherence of its waveform
with those of the group members was within one standard deviation
of that for pairs within the same group. The results show that the
tendency of earthquakes in groups B and D to occur late in the
earthquake cycle applies also to the period before 1995 (Fig. 8a).
About 77 per cent of earthquakes in group B and D occurred in the
latter half of the earthquake cycles from 1985 to 2008. The grey tri-
angles, stars and squares represent earthquakes outside the standard
deviation but with an average coherence larger than 0.7 with the
group. Although there may have been some erroneous assignments
and failure of identifications due to incomplete waveform data, we
succeeded in classifying the seismicity for four earthquake cycles.
The absence of seismicity after M ~ 4.9 main shocks is prominent
if we overlay all four earthquake cycles relative to the occurrence
times of the main shocks (Fig. 8b). The overlaid plot for 2 hr before
and after the M ~ 4.9 earthquakes (Fig. 8c) shows that there are sev-
eral aftershocks immediately following the M ~ 4.9 earthquakes.
However, we could not estimate their precise location because they
are too small to obtain enough differential times by cross-spectrum
method.

6 RUPTURE INITIATION POINTS FOR
THE M ~ 4.9 EVENTS

Rupture initiation points are an important information on earth-
quake characteristics and the behaviour of the asperity in the final
stage of the earthquake cycle. As described in Section 3, we obtained
the precise locations of the earthquake centroids using a waveform
correlation approach. However, we do not know the precise loca-
tions of the rupture initiation points (hypocentres). This information
cannot be obtained using the same waveform correlation technique

© 2012 The Authors, GJI, 189, 999-1014
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Figure 7. (a)Location, rupture area and static stress drop for the earthquake
cluster projected on a 38° westward-dipping plane. Circles denote source
sizes and their centres represent the earthquake centroids. Small bars denote
20 centroid location errors. Colour indicates stress drop. (b) Cumulative
slip of repeating earthquakes for M ~ 4.9 sequence, group A, group B and
group C. The slip amount for the 1995 M5.0 earthquake was assumed to
be the same for the 2001 earthquake (31 cm) because we do not have slip
estimation for this earthquake. Note that the vertical scale are different for
the M ~ 4.9 sequence and groups A—C.

Table 2. Averaged coherence of waveforms for the earth-
quakes between and within groups. Value in parentheses show
standard deviation.

A B C D
A 082(0.11) 052(0.22) 0.53(0.19)  0.60 (0.14)
B 0.52(0.22) 0.86(0.06) 0.60(0.19) 0.78 (0.13)
C  0.53(0.19) 0.60(0.19) 0.94(0.09) 0.77 (0.07)
D 0.60(0.14) 0.78(0.13)  0.77(0.07)  0.88 (0.12)

because the hypocentres should be estimated from arrival times of
initial motions of P and S waves and it is difficult to obtain cross-
spectrum time differentials. To obtain accurate timing of the initial
motions from seismograms, we used the method of Shimamura ez al.
(2011) that utilizes the ratio of the double difference of the P- and

© 2012 The Authors, GJI, 189, 999-1014
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S-wave arrival times,

(= 1) = (B, = 2,) = v [(th, — 1h,) — (B — £2,)].

3)
where tp and £ are the arrival times of P and S waves, respectively, y
is the Vp/Vy ratio, the superscripts 1 and 2 indicate earthquakes and
the subscripts a and b indicate stations. This equation was derived
from the relationship between the ratio of the traveltime of P and S
waves (Shimamura et al. 2011). For earthquake 1 and stations a and
b, the S-wave traveltime is related to the P-wave traveltime using y
as,

tél'.a - t}) = y (tll’,a - t})) * (4)

tsp—to=v(tp, —15) )

where #,' is the origin time of earthquake 1. Subtracting eq. (5)
from eq. (4), we obtain,

f5a = t5p =7 (tha = ths)- ©)
A similar equation can be obtained for earthquake 2 and by sub-
tracting it from eq. (6), we obtain eq. (3).

This equation shows that the double difference of the arrival time
must be located on a line with a slope corresponding to the Vp/Vs
ratio. We utilized this idea to check the outliers of the phase readings.
We plotted the double differences, that is, (1§, — #§,) — (13, — 13 )
and(tp, — tp,)—(1},, — t3 ), for all earthquake pairs in one figure.
We selected outliers (points far from the best fit line) and re-read
or discarded the phase readings depending on the quality of the
waveform. Fig. 9 shows examples of P- and S-wave first motions.
The timing errors for first arrivals are about 0.01 and 0.05 s for P
and S waves, respectively. We carefully choose the first motions of
the 2001 and 2009 M ~ 4.9 earthquakes in addition to nine M >
2.0 earthquakes in the cluster since 2005 that are clearly recorded at
many stations. We used eight stations that are located within 70 km
of the epicentres of the earthquakes. Examples of the original and
refined S picks are also shown in Fig. 9(b). For the P picks, the
original and refined one are the same for the 2008 earthquake. The
final and original double-difference plot of the data is shown in
Fig. 10. The original arrival data show scattered S double difference
(Fig. 10a) whereas final double-difference data are located within
about 0.05 s from the best-fit line. Most of improvement comes from
S pick of the nine small earthquakes. Here, we assumed Vp/V ratio
of 1.73, which is consistent with local seismic tomography analyses
in this region (e.g. Tsuji ez al. 2008).

To estimate the relative locations of the hypocentres of the M ~
4.9 earthquakes with respect to their centroids, we use the centroids
of the nine small earthquakes as references. We fixed (constrained)
the hypocentres of small earthquakes to their centroids in the it-
eration procedure of the double-difference relocation method and
estimated the hypocentres of the 2001 and 2008 M ~ 4.9 main
shocks. This method takes advantage of precise relative centroid
location among the reference earthquakes and the M ~ 4.9 events
(Section 3) and relatively small separation between centroids and
hypocentres for the small reference earthquakes. The separation
(distance) between centriod and hypocentre of the reference earth-
quakes are less than 360 m because the estimated source sizes are
less than the size (Section 4). We ignored the error associated with
the hypocentre-centroids separation to estimate the rough locations
of the hypocentres within the rupture area (~1 km in diameter).

Both M ~ 4.9 hypocentres were located in the southeastern part
of the source area (Fig. 11). This is the shallow side of the asperity
and is not the site of the small earthquakes (groups A-D) that occur
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Figure 8. (a) Magnitude-time plot of off-Kamaishi earthquake cluster for the period from 1984 to 2009 January 25. Yellow stars, red triangles, green squares,
blue diamonds and pink hexagons denote M ~ 4.9 sequence, group A, group B, group C and group D, respectively. The grey triangles, squares, diamonds
and hexagons are earthquakes that are classified to group A, group B, group C and group D without enough confidence (see main text for detail). Shaded and
unshaded area show four earthquake cycles (cycles 1-4). (b) Magnitude—time plot for one year before and after the M ~ 4.9 sequence. The data for 1985,
1990, 1995, 2001 and 2008 earthquakes are collapsed based on the occurrence time of the each earthquake. (c) The same as Panel (b) but for 2 hr before and
after the M ~ 4.9 sequences. The symbols in Panels (b) and (c) are the same as that in Panel (a).

during the interseismic period. The relocation results obtained with-
out fixing the locations of the small earthquakes (Figs 11c and d)
confirm this result because the relative locations of the hypocentres
are similar to the final results (Figs 11a and b). Note that we do
not have the location of the M ~ 4.9 centroid in Figs 11(c) and (d)
because there is no data to relate hypocentre and centroid in this
simple hypocentre location. Estimations using a bootstrap method
(Figs 11a and b) give a location error of about 500 m. Okada et a/
(2003) and Shimamura et al. (2011) also estimated slip distribu-
tions for the 2001 and 2008 M ~ 4.9 earthquakes relative to their
hypocentres from seimic waveform inversion. Both results show the
hypocentres are located to the east of the centroid, consistent with
our result, but closer to the centroids (centre of the slip area). Our
results rather indicate that the hypocentres are located near the SE
edge of the slip area, although the error ellipsoid is elongated in
the SE-NW direction close to the centroids of the M ~ 4.9 main
shocks. Therefore, we investigated whether the hypocentres could
be located near the centroids of the M ~ 4.9 events (NW edge of
the error ellipsoid). For this purpose, we estimated the theoretical
arrival time of P wave if the hypocentre is located near the centroid.
The estimation was performed by assuming zero differential trav-
eltime with an earthquake located at group B that is located near
the centroids of the M ~ 4.9 earthquakes. Although we have ambi-
guity in absolute arrival time, the estimated theoretical arrival time

(white triangles in Fig. 9a) clearly does not coincide with the ob-
served P-wave first motion (black triangles in Fig. 9a). This means
the hypocentre is not located near the centroids of the M ~ 4.9 main
shocks but are instead located near their SE edges.

7 DISCUSSION

7.1 Earthquake cycle and seismicity in the interseismic
period

The recurrence of earthquakes and the nature of earthquake cycles
are fundamental problems in seismology. Numerical simulations
using the laboratory-derived laws of friction are useful for studying
earthquake cycles (e.g. Yoshida & Kato 2003; Kato 2004; Ariyoshi
etal.2007; Chen & Lapusta 2009). Precise observational data in the
earthquake cycle are needed to validate the predicted behaviour of
recurrent earthquakes and to assimilate the observations. However,
it is not easy to carry out precise, stable and long-term observations
over multiple earthquake cycles. Small repeating earthquakes occur
frequently and are analysed to study earthquake cycles (e.g. Nadeau
et al. 2004; Chen et al. 2010). However, these analyses mainly con-
centrate on the main sequence and the process during the whole
earthquake cycle is not well known. The M ~ 4.9 off-Kamaishi
repeating earthquakes are relatively large and provide a unique

© 2012 The Authors, GJI, 189, 999-1014
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Figure 9. (a) P- and (b) S- velocity seismogram around the first motion for the 2008 M ~ 4.9 earthquake recorded eight stations used in this study. Black
triangles show chosen locations of first motions. White triangles in Panel (a) show theoretical arrival time of P wave to position the hypocentre of the earthquake
at its centroid. Right middle map shows the location of the stations (white reverse triangles) and of the M ~ 4.9 earthquake (cross). The full scale of each trace
is 500 nm s~! for Panel (a) and the maximum amplitude in the window for Panel (b). Black bars in Panel (b) show original S pick before the refinement of
picks by the procedure described in Section 6.
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opportunity to observe not only the recurrence of main shocks but
also to infer the process occurring in the interseismic period from
the activity of the small accompanying earthquakes at the asperity.

The relocation results for the earthquake cluster suggest that the
three recent main shocks (1995, 2001 and 2008 earthquakes) are
co-located with each other (Fig. 5a). Most of the small earthquakes
in the interseismic period occur inside or near the edge of the slip
area of the mainshock sequence (Fig. 7a). Slip distribution for the
earthquake cycle before the 2001 main shock and that before the
2008 main shock are shown in Fig. 12(a) and (b), respectively.
Average slip values are calculated from the seismic moment and
source size assuming a rigidity of 4.0 x 10'° N m 2. Interestingly,
the amount of slip near the edge of the mainshock slip area is
relatively large during an earthquake cycle. The amounts of slip
in the interseismic period for groups A and C are comparable and
are about 25-40 per cent of the coseismic slip of the M ~ 4.9
main shocks. This probably corresponds to repeated slip due to
the concentration of stress in the main asperity by aseismic slip in
regions surrounding it (i.e. stress concentration between locked and
creeping areas). Similar small repeating earthquake activity is seen
along the San Andreas fault as ‘streaks’ (Waldhauser et al. 2004).
The slip amount near the centre of the main asperity was about

5-15 per cent of the coseismic slip of the M ~ 4.9 events. The fact
that the slip distributions for both cycles are similar suggests that
not only the main shocks but also the process occurring during the
earthquake cycle are similar. These results suggest the possibility of
monitoring the interseismic process through observations of small
earthquakes in and around the asperity of the main shock for the
case of simple and independent system.

The slip amount estimated in this study is average slip on cir-
cular area (the peak slip amount can be larger than the estimated
slip amount). Therefore, we try to estimate the averaged seismic
coupling on the slip area for the M ~ 4.9 earthquakes. We com-
pared the averaged slip with the slip deficit for each cycle assuming
the slip deficit rate of 8.3 cm yr ! (dashed line in Fig. 12) and
4.5 cm yr ! (dotted line in Fig. 12). The former one is taken from
the plate convergence rate (DeMets et al. 1994) because the re-
gion surrounding the asperity for the Kamaishi—Oki earthquake is
thought to be decoupled (Matsuzawa et al. 2002; Uchida et al.
2005). The latter one is calculated from interplate coupling rate
that is estimated form the GPS data in 1997-2001 around the off
Kmaishi region (Suwa et al. 2006). The coseismic slips for the
2001 and 2008 M ~ 4.9 earthquakes (31 and 25 cm, respectively)
are smaller than the accumulated slip deficits (55 and 51 cm, re-
spectively) in the two interseismic periods expected from the plate
convergence rate (8.3 cm yr). For the case of 4.5 cm yr! slip
deficit rate, the coseismic slips for the 2001 and 2008 M ~ 4.9 main
shocks are comparable with the accumulated slip deficit (30 and
28 cm, respectively). In this case the coupling coefficient on the slip
area for the M ~ 4.9 earthquakes is close to 100 per cent. We need
more precise slip distribution and slip deficit estimates to discuss
the absolute value of coupling of the M ~ 4.9 asperity.

7.2 Slip inside the asperity

Numerical simulations using laboratory-derived laws of friction
show occurrence of aseismic slip in the coseismic slip area preced-
ing recurrent earthquakes (e.g. Yoshida & Kato 2003; Kato 2004;
Ariyoshi et al. 2007; Chen & Lapusta 2009; Hori & Miyazaki 2010).
A large preseismic slip near the edge of the coseismic slip area and
aseismic slip migration to the centre of the coseismic slip area are
sometimes seen in these numerical simulations (Yoshida & Kato
2003; Kato 2004; Ariyoshi et al. 2007; Chen & Lapusta 2009; Hori
& Miyazaki 2010). Chen et al. 2010 discussed the recurrence inter-
val and seismic moment variation for small repeating earthquake at
Parkfield based on earthquake simulations. They found that the seis-
mic moment variation depends largely on the critical slip distance
and asperity size, and aseismic slip plays an important role. The
slip for group B, which is close to the centre of the coseismic slip
area for the main shock, probably represents aseismic slip migration
into this area (unfastening of the asperity), as discussed in Uchida
et al. (2007). This idea is proposed because loading by aseismic slip
in the interseismic period near group B is necessary to rupture the
asperity of the group B events. In this study, we found another earth-
quake cluster (group) located in the coseismic slip area of the main
shocks (group D, Fig. 5) and it is also associated with aseismic slip
during the interseismic period. The earthquake cycle simulations
performed by Yoshida & Kato (2003) showed a very similar unfas-
tening of the asperity during the interseismic period. Recently, Hori
& Miyazaki (2010) simulated the occurrence of earthquakes inside
an asperity to model the seismicity of the off-Kamaishi earthquake
cluster. Their hierarchical asperity model successfully reproduces
the observed earthquake activity.

© 2012 The Authors, GJI, 189, 999-1014
Geophysical Journal International © 2012 RAS



Earthquake cycle of off-Kamaishi sequence 1011
(a) East (m) (b) East (m)
~-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
1500 1 1 1 1 1 435 1 1 1 1 1
1000 - 44.0 + -
’é 445

—_~ 500 4 - -
S =
c
= 04 5 45.0 - -
o o
=z ()

-500 - O 455 i
-1000 46.0 L
-1500 T T T T T 46.5 T T T T T

East (m) East (m)
() -1500 -1000 -500 o0 500 1000 1500 (d) -1500 -1000 -500 0 500 1000 1500

1500 1 1 1 1 1 435 1 1 1 1 1

1000 - 44.0 L

—~ 500 - _ € 4454 ? -
- S S 2001 5
N B N
< 0 - 8 < 45.0 -
Z 500 2008 ® O 455 3 i
2001
-1000 - 46.0 + B
-1500 T T T T T 46.5 T T T T T

Figure 11. (a) and (b): Locations of hypocentres for the 2001 and 2008 M ~ 4.9 earthquakes relative to their centroids and other nine small earthquakes in the
off-Kamaishi earthquake cluster that are used as references. (a) Shows map view and (b) shows east—west cross-section. Approximate source size is indicated
by circle diameter and is calculated using the formula of Eshelby (1957), assuming the stress drops of the earthquakes are 38 MPa. The black error bars show
the centroids of each earthquake. Filled circles and ellipsoids indicate the location of hypocentres (initial break points) and uncertainty for the 2001 (blue) and
2008 (red) M ~ 4.9 earthquakes. Green diamonds show centroids for the 2001 and 2008 M ~ 4.9 earthquakes (c) and (d): Location of hypocentres for the
2001 and 2008 M ~ 4.9 and nine small earthquakes in the off-Kamaishi earthquake cluster. No constraints on centroid location are applied for this relocation.

7.3 Episodic intrusion of aseismic slip?

To investigate the spatio-temporal evolution of small-earthquake
activity in the off-Kamaishi earthquake cluster, we plotted the loca-
tion of the earthquake along the dip versus the timing of earthquake
(Fig. 13a). In almost all cases, earthquakes in group A are seen
to precede those in group B, with the time interval being within 2
months in most cases. On the other hand, we could not find any clear
relationship between groups C and D and M ~ 4.9 earthquakes and
other groups (A-D). For nine successive earthquakes in groups A
and B that occurred within 50 days (red and green filled symbols),
we plotted the relationship between the time elapsed because the
group-A earthquake and the distance between the tip of the group-A
earthquake and the centroid for the group-B earthquake (Fig. 13b).
The results indicate a proportional relationship between distance
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and time interval. This probably represents triggering of group-
B earthquakes due to propagating aseismic slip (after slip) from
group-A earthquake location. Because group A is located near the
western tip of the asperity for the M ~ 4.9 main shocks and group
B is located close to the centroid of the main shocks, this may in-
dicate episodic occurrence of aseismic slip at deeper parts of the
asperity and its upward migration towards the mainshock centroid,
triggering group-B earthquakes.

In Fig. 13(b), all of the data points are below the 9 m day ™" line. If
this represents the migration speed of aseismic slip in the asperity,
it is smaller than the tremor migration speed at the Nankai trough
(8420 m hr'; Ueno et al. 2010), Cascadia (5-10 km day'; Kao
et al. 2006) and San Andreas fault (1540 km hr~'; Shelley et al.
2009). These tremors are located outside the coseismic slip areas
for large earthquakes whereas the successive earthquakes in the
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Figure 12. Cumulative slip of earthquakes in the interseismic period of the
earthquake cycle (a) before the 2008 M/4.7 earthquake (time period from just
after the 2001 earthquake to just after the 2008 earthquake) and (b) before
the 2001 M4.8 earthquake (time period from just after the 1995 earthquake
to just after the 2001 earthquake). The slip area and amounts of the 2001 and
2008 earthquakes are also shown in white rectangles. The slip amounts are
calculated from the seismic moment and source size estimated in this study
by assuming a rigidity of 4.0 x 101 N'm~2. Dashed and dotted lines denote
slip deficit in the interseismic period assuming 8.5 cm yr~! and 4.5 cm yr~!
slip deficit, respectively.

off-Kamaishi region are located inside the coseismic slip areas for
the M ~ 4.9 earthquakes. This difference in migration speed might
be due to the slip properties of the faults. Other possibility of the
triggering mechanism is pore-pressure diffusion because water is
one of an important mechanism to produce subduction zone earth-
quake. Seismicity migration speed of ~15m day ' was observed for
reservoir induced seismicity and explained by pore-pressure diffu-
sion within a heterogeneous fault zone (EI Hariri ez al. 2010). This
migration speed is comparable to our observation.

7.4 Characteristics of mainshock sequence

The rupture initiation points (hypocentres) are located near the
southeastern edge of the asperity (Fig. 11). One possible expla-
nation for this is that the slip area of the off-Kamaishi M ~ 4.9
main shocks consists of several asperities, the main (and strongest)
one containing the hypocentres of the M ~ 4.9 earthquakes and the
others corresponding to groups A-D. These asperities may rupture
simultaneously and give rise to slip in the entire region. If there ex-
ists a large difference in strength between the main and secondary
asperities, earthquakes of the secondary asperities corresponding to
the in groups A-D do not trigger slip of the entire region. Other
possibility is that a local aseismic slip fluctuation (acceleration)
close to the hypocentres induces the occurrence (start of rupture) of
the M ~ 4.9 main shocks. The Kamaishi—oki sequence is located
near the depth limit for interplate earthquakes (Igarashi et al. 2001)
and the area further deep is thought to be stably sliding. Thus, a
fluctuation in aseismic slip would most likely originate from the
shallower portion due to the occurrence of afterslip, as discussed
in Uchida et al. (2005). However, at present we do not have any

-1500 -1000 -500 O 500 1000 1500
A 1995 eq.
1996 - -
- A O -
1998 o -
- A = = O n
i o I
2000
5 | A m %o i
o}
> e g\\:\, B
\q-; 2002 2001 eq.|
= . <o -
= A
|_
2004 - © -
- A e O -
M <&
o
2006 o ¢ .
— A D. 0 |
S A0
2008
= 2008 eq.
A B D C
(b) L 1 1
£
6001 {
:
>
o
o
w4001 i
a oy
© =
c (]
= 200 s
E (]
o
3 =
c 0 i
8
k%) .- =
o 0 20 40 60 80

Time from earthquakes of group A (day)

Figure 13. (a) Spatio-temporal plot of 53 relocated earthquakes in the
off-Kamaishi cluster from 1995 to 2008 (the same earthquakes plotted on
Figs Sa and b). Horizontal axis shows distance along dip of the earthquake
alignment (along 38° westward-dipping fault plane, plus sign indicates east).
Red triangles, green squares, pink hexagons and blue diamonds show earth-
quakes classified as group A, B, D and C, respectively. Stars and horizontal
bars show the location and timing of M ~ 4.9 earthquakes. Filled red tri-
angles and green squares show earthquakes that occurred within 50 days in
groups A and B. (b) Spatio-temporal relationship between earthquakes in
group B and group A. Horizontal axis shows the delay between group-B and
group-A earthquakes. Vertical axis shows distance between the centroids of
group B and the tip of the source area of earthquakes in group A. The source
area of earthquakes in group A was taken from the radius of the slip area
estimated in Section 4.
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evidence for such fluctuation before the 2001 and 2008 earthquakes.
The rupture initiation points are most likely determined by strength
heterogeneity because the M ~ 4.9 earthquakes give rise to higher
stress drops that are probably attributed to strong asperities.

8 CONCLUSIONS

We have estimated the parameters for M ~ 4.9 main shocks and
their accompanying microearthquakes over two earthquake cycles
in the Kamaishi—oki sequence. The M ~ 4.9 sequence ruptures at
almost the same location, and the source parameters, including the
hypocentres for the 2001 and 2008 earthquakes, were similar to each
other. Microearthquakes in the interseismic period were also found
to have occurred in basically the same manner over four earthquake
cycles. Earthquakes in clusters near the deeper and shallower edge
of the M ~ 4.9 asperity occurred repeatedly at the same location
and the cumulative slip was about 2540 per cent of the coseismic
slip of the M ~ 4.9 earthquakes. We also found relatively inactive
earthquake clusters in the coseismic slip areas for the M ~ 4.9 main
shocks. Slip amount by these clusters was about 5—15 per cent of
the coseismic slip of the M ~ 4.9 main shocks. This difference
of interseismic slip probably indicates that co-seismic slip near the
centre of the slip areas is large compared to that near the edge.
Earthquake clusters near the mainshock centroids become active
during the period before the M ~ 4.9 main shocks, which probably
represents unfastening of the asperity. The successive occurrence
of earthquakes in groups near the edge and centre of the mainshock
asperity is probably an indication of the periodic intrusion of aseis-
mic slip. The final rupture of the M ~ 4.9 earthquakes for 2001 and
2008 is estimated to have started at the southeast part of the asperity
and the stress drops of these earthquakes are higher than those of
the others. Our tentative explanation is that a strong asperity near
the hypocentres of the main shocks governs the occurrence of the
main shocks, and the small earthquakes during the interseismic pe-
riod are an indication of aseismic slip intrusion to the mainshock
asperity. If this kind of unfastening and seismicity occur in other
interplate earthquakes, it is expected to be a good estimator of the
state of the asperity.
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