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Methods

Slip rate estimation from repeating earthquakes

We used Uchida and Matsuzawa (2013)’s catalogue (10) in which repeating
earthquakes are selected based on waveform similarity. The waveform data used here are
vertical component data from the microearthquake observation network of Hokkaido
University, Hirosaki University, Tohoku University and the University of Tokyo (Fig.
2A). Most of the seismometers are of 1 Hz velocity type with sampling frequency of 100
Hz and for the period from 1984 to 2011 (36.5° — 41.5°N) and 1993 to 2011 (to the south
of 36.5° and to the north of 41.5°N). The catalogue contains earthquakes larger than M2.5
before the Tohoku-oki earthquake and larger than M4.0 after the earthquake. This
difference is because the earthquake catalogue is not complete for events smaller than
M4.0 after the Tohoku-oki earthquake. Coherence of earthquake pairs for fixed time
windows of 40 s from the P wave arrival that always include S phase arrivals, and these
were evaluated to select repeating earthquakes. For earthquakes from M2.5 to M4.0, the
similarity threshold is 0.95 for averaged coherencies in the 1 - 8 Hz band. For
earthquakes larger than M4.0, we choose the frequency band around the corner frequency
of the smaller event in the pair (1/2 to 2 times the corner frequency) and the coherence
threshold is 0.8. The thresholds were determined based on the frequency distribution of
coherence and the hypocenter locations of earthquakes determined precisely by
waveform-based differential time data for the off-Kamaishi repeaters (31). The focal
mechanisms of the repeating earthquakes are of low-angle thrust type (10), suggesting
that they are occurring on the plate boundary.

After the selection of repeating earthquakes, the slip for each small repeating
earthquake was estimated based on the following relationship between the seismic
moment (Mo; dyne-cm) and fault slip (d; cm) (32)

log(d) =-2.36+0.17log(M,) (1)

This empirical relationship was obtained from shallow repeating earthquake data in
California. The seismic moment was estimated from the following relationship between
the moment and magnitude (M) (33).

log(M,)=1.5M +16.1. (2)

The magnitude used here is determined by the Japan Meteorological Agency.

The periodicity or recurrence intervals of individual repeating earthquake sequences is
sometimes studied to understand the nature of recurrent earthquakes (e.g., 34, 35). The
repeating earthquakes are thought to be recurring in relatively regular intervals if the
aseismic slip rate in the surrounding area is constant. In this study, however, we focus on
time-varying aseismic slip that can be estimated from many repeating earthquake
sequences. We estimate slip rates in each time period and area, estimated by dividing the
cumulative slip by time and averaging all the repeating sequences in an area. The
averaged slip rate expresses aseismic slip rate in the area and is not directly related to the
recurrence intervals of each sequence if many repeating earthquakes are used for the
averaging. In this study we used more than 10 sequences in the averaging process.

We estimated 0.5-year averaged slip rate stepping in 0.1-year intervals from all
repeater sequences in each area. The choice of the averaging time window length (0.5
year) affects the estimated slip rate but does not strongly impact the inferred periodicity




(Fig. S14). The estimated slip rate is plotted at the center of each window. The use of
different relationships between the magnitude and slip (egs. 1 and 2) will yield a slightly
different slip rate. lgarashi et al. (2003) (36) confirmed that the slip estimate from Nadeau
and Johnson’s relationship applied to the time intervals between repeating earthquakes
close to the coast of northeastern Japan is consistent with the slip estimated from the
long-term relative plate motion. Chen et al., (2007) (34) show that the relationship is
applicable to Parkfield, NE Japan and eastern Taiwan. Mavrommatis et al (2015) (37)
suggest similarly good fits to data for Beeler et al. (2001) (38)’s model and Nadeau and
Johnson’s model (32). Therefore, we consider Nadeau and Johnson’s relationship fully
appropriate for the slip estimate and the use of different relationships would not affect the
inferred periodicity of slip-rate variation.

Figure 1 schematically shows the analyses steps described above. Suppose there are
only three repeater sequences in area A (Fig. 1B). Note that the actual data has at least 10
sequences for the estimation of the spatial distribution of slip rate periodicity (Fig., 2, Fig.
4). Repeater sequence 1 has three earthquakes (EQ 1 — 3) whose waveforms are shown in
Fig. 1C. Figure 1D illustrates the repeater activity showing the occurrence time of each
earthquake by circles. This corresponds to the top figures of for real data shown in Figs. 2
B and C and Fig. S3. By calculating the slip of each earthquake with equation (1), we can
obtain cumulative slip for each repeater sequence (Fig. 1E). By averaging the cumulative
slip for the three repeater sequences, we obtain averaged cumulative slip estimates in area
A (Fig. 1F). We consider this to reflect the temporal evolution of aseismic fault creep in
area A. The temporal change of slip rate in area A is obtained from the gradient of the
cumulative slip by using a 0.5-year sliding time window (Fig. 1G). This corresponds to
the bottom figures for the real data shown in Figs. 2 B and C and Figs. S3.

The spectrum analyses and fitting of sinusoid to the observations are performed based on
the final slip-rate time series. We consider only periods ranging from 1 — 9 years,
constrained by the observation time period (28 years) and the smoothing window (0.5
year). In the sinusoid fitting, we seek optimum period yielding the largest cross-
correlation-coefficient with changing period about the peak period of the slip-rate
spectrum shown in Figs. S6A and S6B. We define the phase of the sinusoidal function so
that it is positive when the function value exceeds the average. Note that the periods
estimated from the two methods are slightly different but the differences are insignificant
(Fig. S3 and Table S2).

Estimation of temporal change of the interplate coupling from GPS data

One of the major factors that determine horizontal ground velocity of the forearc area
is interplate coupling (20, 39). We estimated the temporal change in the interplate
coupling along the subducting plate interface in NE Japan based on the spatial gradients
of the surface displacement rates estimated from on-land GPS data (Fig. 1A). We assume
most of the interplate locking occurs in the offshore region according to previous studies
(39). If the interplate locking is strong, the surface landward deformation becomes larger
towards the trench (Fig. S12A). This spatial difference in velocity can be expressed as a
velocity gradient (Fig. S12C). If the locking ratio changes, the gradient changes (Figs.
S12B and 12D). To estimate the temporal change of velocity gradient, we used daily site
coordinate time series of GEONET (F3 solutions) that have been provided by the
Geospatial Information Authority of Japan.




First, we extract displacement rates at each GPS station from the site coordinate time
series by fitting a mathematical function that consists of long-term linear trend, annual
and biannual trigonometric curve, and steps due to earthquakes and antenna
replacements. We assign 5 year time windows ending every Monday from 24 March
1997 to 22 July 2013. For the long-term linear trends, we divides the 5-year window into
five successive 1-year windows that the value at the junction of the 1-year time windows
are continuous (i.e. polygonal line). We regarded the linear trend estimated for the latest
1-year time window as the average velocity at the time window. Note that first 4-year
time windows are used for the estimation of annual and biannual trigonometric curve, and
steps but not used for the final 1-year average velocity. Applying this time series fitting
procedure for coordinate time series of all GPS stations, we can obtain weekly surface
velocity field.

The gradient of the surface velocities is calculated for each 30-km-wide profile region
configured along the plate convergence direction (Fig. S2A). Horizontal velocities are
projected into this direction. Spatial gradients of the surface horizontal velocities are
estimated with linear regression for velocities of GPS stations inside the region excluding
the velocities that are estimated from the time series shorter than 1 year. In Figs. S12E-H,
we show examples of GPS velocities and gradients for two periods. The two periods
show contrasting velocity gradients that can be interpret as strongly (Figs. S12E and G)
and weakly (Figs. 12F and H) locked (coupled) periods in the offshore plate boundary.
Positive horizontal velocity gradients indicate that the closer to the Japan trench a
particular point is, the larger its eastward (N105°E) velocity is.

We performed synthetic tests using forward dislocation models for assumed interplate
coupling distributions, and found that 1) a large negative horizontal velocity gradient
corresponds to strong interplate coupling at shallow to intermediate depth (less than about
50 km in depth), and 2) the negative velocity gradient goes towards zero when the plate
interface beneath the land is not coupled. Therefore, we can capture the temporal change
in the interplate coupling on the plate interface offshore the Northeast Japan by
monitoring the temporal change in the horizontal velocity gradient. The temporal change
of the velocity gradient and its spectrum is shown in Fig. S13. The inferred periodicities
shown by colored circles in Fig. 4 are the peak periods shown by green circles in Fig.
S13.

The overall decreasing trend of GPS-gradient throughout the observation period in
area D and near-shore Sanriku is probably due to the locking recovery (deceleration of
postseismic slip) after the 1994 Sanriku-oki earthquake (M7.6, Fig. 2A) that occurred
close to these area (40).

Estimation of slow-slip period and its uncertainty

The dominant period of slow slip is estimated from the peak of the spectrum of slip rate
curve (Fig. 3B). The uncertainty of the peak is estimated by bootstrapping the repeater
data to estimate slip rate curves as follows. Note that we have 10 or more repeater groups
for the estimate of slip rates. We randomly select repeaters in each area allowing
duplication and estimate peak period within 2 years of the original dominant period. The
2-year band is used to estimate the uncertainty of the main spectrum peak without the
effect of secondary peaks. The random resampling is executed 300 times to obtain the




standard deviation of the peak period. We regard the standard deviation as the uncertainty
of the dominant period.

Estimation of the earthquake number ratio in the positive and negative phase of
sinusoidal curve fitted to the slip-rate changes

The earthquake number ratio of earthquakes in positive and negative period of the
sinusoids fitted to the slip rate curve was simply estimated by counting earthquake
number within the positive and negative phase. In addition to the original data, we
counted the ratio for data from Reasenberg [1985]’(41)s declustering method (program
cluster2000x) that identifies aftershocks based on a physical two-parameter model of the
earthquake interaction process. We also check the stability by using a range of
declustering parameters (Tables S3 and S4).

Supplementary Text

Supplementary figures 1 to 14
Supplementary figures referred in the Methods and main text are shown below.
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Fig. S1.

Temporal distribution of small repeating earthquakes for near-shore Sanriku (A) and
offshore Sanriku (B) areas. The areas are shown in Fig. 2A. Circles show the occurrence
time of each earthquake and horizontal lines connect the earthquakes that belong to the
same sequence. Sequences are aligned from north to south. Vertical lines denote the
occurrence times of the 1989 (M7.2), 1992 (M6.9) and 1994 (M7.6) Sanriku-oki
earthquakes and the 2011 Tohoku-oki earthquake (M9.0) (See Fig. 2 for the epicenters).
Red vertical lines show the approximate rupture extent of these events from Yamanaka
and Kikuchi, 2004 (12). The circles are color-coded depending on the period between
these earthquakes. Note that some of the repeating earthquakes occurred just before the
four major earthquakes
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(A) Map showing GPS stations (squares), profile lines of the GPS data analyses (red
lines) and analyses area of the repeating earthquakes (black rectangles). Colors in the
offshore area are the same as those on Fig. 4 (Spatial distribution of periodicity (color
intensity) and dominant period (color) of interplate slip velocity estimated from small
repeating earthquakes). (B) Uncertainty of periodicity that was estimated for repeater-
derived slip-rate. (C) The distribution of dominant period (peak p-value) of M > 5
earthquakes for the period from 1984 to March 11, 2011 (before the Tohoku-oki
earthquake). The spatial window size is 0.8 degree (latitude) by 2.0 degree (longitude).
The estimation was performed for areas 20 or larger M > 5 earthquake exist.
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Fig. S3

Temporal distribution of small repeating earthquakes (top), magnitude-time plot of M >
5 earthquakes (middle) and temporal change of slip rate inferred from repeating
earthquakes (bottom) for areas A-H that are shown in Fig. S2 and offshore (1) and near-
shore Sanriku (J) areas. Vertical lines show the times of the 1994 Sanriku-oki (M7.6),
2003 Tokachi-oki (M8.0) and the 2011 Tohoku-oki (M9.0) earthquakes. Red curves are
sinusoidal functions fit to the slip rate changes. The best-fit periods are shown in each
panel. The colored and white symbols for repeating earthquakes and M > 5 earthquakes
show events during times of positive and negative amplitude of the sinusoid, respectively.
Blue lines show temporal change of horizontal land velocity gradient estimated from on-
land GPS stations for near-shore areas. Note that the GPS velocity gradient scales are
shown in blue on the right and analysis profiles are shown in Fig. S2A).
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Amplitude spectra of slip-rate time series for areas A-H shown in Fig. S2 and offshore
Sanriku, near-shore Sanriku areas shown in Fig. 2A. The original slip-rate time series are
shown in Fig. S3 and Figs. 2B, C. Red line in (I) shows spectrum for a limited period
from 1992 to 2011 to exclude two large earthquakes in 1989 and 1992. Also shown with
a blue line is the amplitude spectra of GPS gradient shown in Fig S3. Red and green dots
show the peak of the amplitude spectrum in each panel. Dashed lines show spectra for the
periods that are not constrained by 3 or more cycles. Note that the GPS data span 11
years, while the repeater data period is 19 or 28 years long.
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Fig. S5

(A) Schuster spectra (19) for M > 5 earthquakes in the near-shore Sanriku area for four
time periods shown in the figure (black, red, green, and blue circles). Amplitude
spectrum of the slip rate from the repeating earthquake data is also shown by red line. (B)
Magnitude vs. time plot of M > 5 earthquakes in the near-shore Sanriku area for the
period before the repeater analysis period (from 1930 to 1983). Red curve is the same
sinusoidal function as in Fig. 2C that is extrapolated back in time from the original fitting
range. Green and blue bidirectional arrows show the time periods used in Fig. S5A.
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Periodic slip rate and occurrence of M > 5 earthquakes. (A and B) Cross-correlation-
coefficient between the sinusoidal function and the slip-rate time series for a range of
periods around that estimated from the spectral analyses for offshore Sanriku (A) and
near-shore Sanriku (B) areas. (C and D) The ratio of M > 5 earthquake number in
positive phase of the sinusoidal curve fitted to the slip velocity to the number in negative
phase for a range of periods. (C) and (D) are for the offshore and near-shore Sanriku,
respectively. Black and dashed curves are for the period from 1984 to 2011 and 1956 to
1983, respectively. Black dots show the ratio for the period with the largest cross-
correlation-coefficient.

12



80 1 1 1 1 1 30 L L L 1 1 L
A Offshore B Near-shore
260 1 !
c 207
8 40 i
2
(] 104
T 20 -
0 L o]
180 -120 -60 O 60 120 180 -180 -120 -60 O 60 120 180
40 ' ' ' ' ' 15 1 1 1 1 1 1 1
C Offshore D Near-shore
=
2 10,
820
O
o 51
[T

0 L 0
180 -120 -60 O 60 120 180 -180 -120 -60 O 60 120 180
Phase(degree) Phase(degree)

Fig. S7

Frequency distribution of M > 5 earthquakes for each 15 degree bin of the phase of the
sinusoidal curve fitted to repeater-derived slip rate for offshore and near-shore Sanriku,
respectively. (A, B) original catalogue, (C, D) declustered catalogue by using
Reasenberg’s method. The phase zero is the peak of sinusoidal curve.
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Fig. S8

Frequency distribution of repeating earthquakes before and after M=5 mainshocks. The
frequency is normalized by the number of mainshocks considered. (A-C) Daily number
for offshore Sanriku, near-shore Sanriku and areas A-H shown in Fig. S2B. (D-F) The
same but showing the number of repeaters per 10-day intervals over + 200 days from the
mainshocks. Vertical lines at zero denote the time of M=5 earthquakes and the total
number of mainshocks considered (N) is shown near the line. Vertical dashed lines mark
three pre-mainshock periods for which spatial distribution of repeaters are shown in Figs
S10 and S11. Horizontal red lines denote average daily (A-C) and 10 day (D-F) number
of repeating earthquakes (normalized by N) in the whole analysis period.
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Spatial distribution of repeating earthquakes relative to the epicenter of M = 5
earthquakes in offshore Sanriku area (A), near-shore Sanriku area (B) and areas A-H (C)
before the M =5 earthquakes. Left, middle and right columns show the distribution in 21
to 14 days, 14 to 7 days and 7 to O days before the M =5 mainshock earthquakes,
respectively. The color of circles show the relative time to the M =5 mainshock
earthquakes. The total number of mainshocks considered for each area are provided in

Fig. S9.
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Spatial distribution of repeating earthquake relative to the epicenter of M =6 (small
circles) and M=7 (large circles) mainshock earthquakes in offshore Sanriku area (A)
near-shore Sanriku area (B) and areas A-H (C). Left, middle and right columns show the
distribution in 21 to 14 days, 14 to 7 days and 7 to O days before the mainshock
earthquakes, respectively. The color of circles shows the relative time before mainshocks.
The total number of mainshocks considered for each area are provided in Fig. S9.
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Fig. S12

Relationship between GPS-gradient and interplate locking. Left panels show strong
locking period and right panels show weak locking period. (A) and (B) Schematic figures
showing the interplate locking and surface deformation. (C) and (D) Schematic figures
showing the relationship between distance along the subducting direction and horizontal
ground velocity in subduction direction. (E) and (F) Examples of observed horizontal
GPS velocity vectors offshore Ibaraki for the 1-year periods, starting from January 5,
2008 and February 4, 2007, respectively. (G) and (H) Examples of observed relationship
between distance along the subducting direction (N105°E) and horizontal ground velocity
in the subduction direction for the periods shown in Figs (E) and (F), respectively. Each
circle and error bars show velocity and its standard error, respectively.
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Fig. S13

Temporal change of the GPS velocity gradient and its spectra for profile lines a — j (A-J).
The profile lines are shown in Fig. S2A. The disturbance around 2005 in a — j and around
2003-2004 in a — c are due to the M7.2 Miyagi-oki and M8.0 Tokachi-oki earthquake,
respectively. Green dots in the right panels show the peak amplitude of the spectra.
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Fig. S14

Comparison of slip rate inferred from the analyses using different time-window lengths
for offshore (A-C) and near-shore (D-F) Sanriku areas. Blue, red and black lines show
slip rates from 1.0, 0.5 and 0.3 year time window analysis, respectively. Data are plotted
at the center of each time window. Other panels are the same as Figs. 2B and C. The peak

amplitudes depend on the time-window but the intervals between peaks and estimated
periods do not change much.
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Table S1 (separate file). The list of repeating earthquakes used in this study. The original
data was reported by Uchida and Matsuzawa (2013) (10).
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Table S2

Period  Uncertainty Number of = Npos/Npeg  Number of M>=5  Np,/N,eq Probability [%]
Area p g p g 1
(year) (year) Repeaters  (Repeater) earthquakes (M>5) (M>5)
Offshore 3.0 0.1 482 3.3 194 6.2 0.0
Sanriku
Near-shore 2.7 0.6 1113 1.3 68 33 0.0
Sanriku
A 7.8 0.5 208 2.1 22 1.8 7.8
B 13 0.7 157 13 15 1.5 25
C 5.2 0.3 108 2.3 38 18 0.0
D 2.0 0.6 285 1.4 19 2.8 3.8
E 2.5 0.7 150 1.8 44 0.29 0.0
F 5.2 0.1 152 2.6 69 0.47 0.0
2.3 0.5 342 1.5 82 2.6 0.0
H 2.5 0.3 379 1.6 117 8.8 0.0

Npos and Npeg mean number of earthquake in the positive and negative phase of sinusoid,
respectively. For the Nyos/Nneg ratio, “inf” means the ratio is infinity (Nyeq is zero) and “-* means
the number of earthquake in the magnitude range is zero. Earthquakes in the depth range from 0

to 90km are used.

! Probability of earthquakes occurring in the positive period than the observed value to be by

random chance.

2 Earthquakes within 20 km from the plate models of Slab 1.0 (42) are used to count earthquake

number.
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Table S2 (Continue)

Area Number of M>=4  Npyos/Npeg Probability [%] Number of M>=6 Nyos/Npeg  Probability [%]
earthquakes (M>4) (M>4) * earthquakes (M>6) (M>6) *
Offshore 413 6.8 0.0 18 inf 0.0
Sanriku
Near-shore 189 2.9 0.0 6 5.0 10
Sanriku
A 51 2.9 0.0 4 inf 45
B 42 1.6 6.2 0 - -
C 85 9.6 0.0 5 inf 31
D 46 1.9 2.7 2 inf 27
E 125 0.42 0.0 10 0.43 4.7
F 190 0.36 0.0 10 0.25 0.4
G 254 2.7 0.0 10 2.3 22
H 243 6.6 0.0 17 16 0.0
Table S2 (Continue)
Area Number of M>=5 Npos/Nneg Probability [%]
earthquakes 2 (M>5) (M>5) 12
Offshore 176 6.7 0.0
Sanriku
Near-shore 69 3.3 0.0
Sanriku
A 15 2.8 2.9
B 14 1.3 34
C 37 36 0.0
D 18 2.6 5.5
E 33 0.32 0.0
F 38 0.58 2.0
G 68 2.6 0.0
H 59 11 0.0
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Table S3 Ratio of the number of earthquakes in the positive and negative phases of the
sinusoid (Npos/Nneg) as a function of the choice of declustering parameters for offshore
Sanriku area. Numbers in parentheses are total number of M > 5 events in declustered
catalogs. P and Q are related to the duration of interaction period and size of interaction
zone, respectively.

Q
P 20 30 50
0.50 2.8 (79) 2.8 (76) 2.8 (76)
0.90 2.1 (64) 2.0 (59) 2.0 (59)
0.99 2.6 (75) 2.5 (69) 2.5 (69)

Table S4 The same as Table S3 for near-shore Sanriku area.

Q
P 20 30 50
0.50 1.2 (53) 1.2 (53) 1.2 (53)
0.90 1.2 (46) 1.2 (46) 1.2 (46)
0.99 1.2 (53) 1.2 (53) 1.2 (53)
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