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The sliding movement between oceanic and crustal plates in subduction zones is accommodated through
both earthquakes and quasi-static or transient aseismic slip. On northeastern Japan megathrust, aseismic
transients, known as slow-slip events, are suggested to precede and trigger major earthquakes in their
immediate surroundings. However, the geodetic evidence for these episodic slow-slip events, as well as
their link to the seismicity on neighboring locked segments of the megathrust, is missing. Here, we
combine the on-shore geodetic data set with seismic observations during the interseismic period of
1996-2003 and demonstrate that episodic slow-slip events are prevalent across the down-dip portion
(~30-70 km depth) of the megathrust and the associated stress changes modulate the seismicity rate
on the neighboring seismogenic zone. Consequently, small- to moderate-size earthquakes are periodically
triggered, whose interaction through a domino effect might occasionally lead to major earthquakes. This
observation has a profound impact on the estimation of seismic hazard in the region, introducing a new
triggering mechanism that acts across the megathrust to the extent that has not been acknowledged
before.
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1. Introduction

At subduction zones, the general assumption is that seismic
rupture and steady or transient aseismic slip, such as afterslip and
slow-slip events (SSE), are distinct processes that occur on differ-
ent areas of the fault zone (Avouac, 2015; Noda and Lapusta, 2013;
Obara and Kato, 2016). Accordingly, subduction zone faults are
conceived as several macrostructures, identified with distinct long-
term behavior. These macrostructures are in turn characterized by
different geometrical (Gao and Wang, 2014; Heuret et al., 2012;
Tanioka et al.,, 1997) or frictional properties (e.g., Noda and La-
pusta, 2013), being either velocity-strengthening (VS) or velocity-
weakening (VW) in the framework of the rate-and-state friction
law (Dieterich, 1979; Ruina, 1983). In this perspective, the VS
aseismic (i.e., creeping) segments are considered to act as barriers,
inhibiting earthquake rupture that commonly initiates on the VW
seismic sections from further propagation. However, depending on
their size, the frictional properties, and the average interseismic
coupling, seismic ruptures may break into these rupture-impeding
segments (Kaneko et al., 2010). Moreover, temporary acceleration
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of creep rate in the form of SSEs has been shown to occur on
the creeping segments and modulate the timing of earthquakes on
nearby locked zones (Khoshmanesh and Shirzaei, 2018a; Schurr et
al., 2014; Socquet et al., 2017). Therefore, a successful effort to
predict the extent and timing of seismic rupture requires iden-
tification and detailed understanding of the interaction between
adjacent macrostructures.

On the northeast Japan subduction zone (N]SZ), the spatial
distribution of long-term coupling, constrained by either geode-
tic (e.g., on-shore Global Positioning System (GPS)) or seismic
(e.g., repeating earthquakes) data sets suggest that, consistent with
the general assumption, the subducting fault partitions into sev-
eral major creeping and locked macrostructures (Hashimoto et
al., 2009; Igarashi, 2003; Loveless and Meade, 2010; Suwa et al.,
2006). According to these coupling models, there are two persis-
tent creeping sections in the deep (> ~30 km) segments of NJSZ:
to the north, near the shore of Iwate prefecture in northern Hon-
shu, and to the south, off the shore of Ibaraki prefecture. The deep
zone in the central section of the fault, near the shore of Miyagi
and Fukushima prefectures, however, is characterized by high cou-
pling during the interseismic period and is suggested to host sev-
eral locked asperities that have generated large (M7+) historic
earthquakes (Shibazaki et al., 2011; Yamanaka and Kikuchi, 2004)
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Fig. 1. Study Area and observations. The long-term rate of GPS displacements during 1996-2003, corrected for the common-mode and seasonal errors, is shown using the
green arrows. The solid circles show the location of CRE sequences detected during 1996-2003 (Uchida and Matsuzawa, 2013). Size and color of each circle represent the
mean moment magnitude and the long-term creep rate of each CRE sequence, respectively. The time series and estimated long-term rate of the two CRE sequences identified
with I and II is shown in Fig. S2. The blue contour shows the area of 10-m-coseismic-slip of the Tohoku earthquakes based on the model from Shirzaei et al. (2014). The thin
black lines show the depth contour lines on the subducting slab and the outlines of historical earthquake rupture areas is plotted in green (Shibazaki et al., 2011). R1: 1611
M,,8.1; R2: 18 January 1981 My, 7.1; R3: 12 June 1978 M, 7.8; R4: 1936 M,,7.4; R5: 1938 M,,7.3. Inset: the location and tectonic setting of Japan, lying at the intersection of
Pacific, Okhotsk, Philippine Sea, and Amurian plates. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

(Fig. 1). The shallow portion of the NJSZ, except for a small zone
off the shore of Iwate prefecture that might be slightly creeping
(Uchida et al., 2016), is suggested to be highly coupled during the
interseismic period. Significant tsunamigenic events have ruptured
the shallow segment in the past, particularly in the central part
(Shibazaki et al., 2011; Yamanaka and Kikuchi, 2004), including the
2011 My9.0 Tohoku earthquake (Shirzaei et al., 2014; Simons et
al., 2011).

As the primary goal of this study, here we use a combination of
repeating earthquake data set alongside on-shore GPS daily obser-
vations to investigate the time evolution of interseismic fault creep
during 1996-2003 and constrain the location of long-term creep-
ing and locked macrostructures on the NJSZ. Enabled by the daily
kinematic model of creep on the fault, we then provide evidence
for periodic SSEs on the down-dip creeping section of the NJSZ
and investigate their link to the seismicity on neighboring locked
macrostructures. Finally, motivated by our results and the previous
observations of distinct faulting processes that coexist on the same
portion of the NJSZ, we propose a conceptual model for NJSZ in
the context of rate and state friction law, which might unify the
macrostructural perspective of the subducting fault with the intri-
cate microstructural pattern, suggested by these observations.

2. Data and methods

The Japan subduction zone is an extremely well-instrumented
plate boundary, being monitored by the Japan Meteorological
Agency (JMA) seismic network as well as the GPS Earth Obser-
vation Network (GEONET), which comprises over 1200 stations
(Sagiya, 2004; Sagiya et al., 2000). This monitoring effort is moti-

vated by the fact that Japan is a seismically active region, lying on
the intersection of four tectonic plates: Pacific, Okhotsk, Amurian,
and Philippine Sea (Fig. 1 inset). Subduction of the Pacific plate be-
neath the Amurian microplate with a rate of 8 cm/year has been
the source of major tsunamigenic seismic events on the NJSZ, such
as the 2011 M9.0 Tohoku earthquake (Fig. 1). Here, we use the
GPS daily solutions for GEONET stations, provided by Ozawa et
al. (2012), and the Characteristically Repeating Earthquake (CRE)
dataset from the study by Uchida and Matsuzawa (2013) to con-
strain the spatiotemporal distribution of creep on the NJSZ. We
focused our analysis on the interseismic period of 1996-2003
when there were no earthquakes larger than M6.5 on the NJSZ. The
termination of this interseismic period is marked by the M,,8.3
Tokachi-Oki earthquake that occurred on 25 September 2003 near
the northern boundary of our study area (Miyazaki and Larson,
2008). Therefore, observations between 21 March 1996, which is
the earliest measurement in the GPS dataset, and 24 September
2003 are considered. Observations from 197 CRE sequences and
daily horizontal displacement time series recorded by 961 GPS
stations, with at least one year of observation and less than 0.2
years data gap, are used in a time-dependent inversion scheme
to determine the daily distribution of creep (Fig. 1). A triangular
mesh (Fig. S1), based on the fault geometry from Slab1.0 (Hayes
et al., 2012), is used to represent the subducting plate in the in-
version, as well as for the refinement of both datasets. Moreover,
we also quantified the times series of seismic activity using the
JMA seismic catalog in order to investigate the role of interseis-
mic creep and its transient variations in triggering earthquakes on
NJSZ. In particular, the seismic moment release, earthquake count,
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and Gutenberg-Richter b-value is estimated and compared to the
Coulomb stress variations resulting from creep rate changes.

2.1. Characteristically repeating earthquakes

Characteristically Repeating Earthquakes (CREs) are thought to
be associated with the repeated failure of relatively small asperi-
ties, occupying less than 1% of the active fault surface, loaded by
the surrounding aseismic slip (Nadeau et al.,, 1994; Nadeau and
Johnson, 1998). The seismic moment release provides quantitative
information about the amount of aseismic slip involved in these
seismic events. Using cross-spectral analysis, Uchida and Mat-
suzawa (2013) identified CREs on the northeast Japan subduction
zone, beginning in 1984, and grouped them into CRE sequences oc-
curring at discrete locations on the subducting plate interface. The
down-dip extent of the CREs limits to ~65 km depth. The location
and long-term creep rate inferred from CREs for the interseismic
period of 1996-2003 are shown using solid circles in Fig. 1. The
unusually high creep rate estimated from CREs at some locations
might be due to the localized stress perturbations resulting from
nearby repeating events and larger earthquakes. Moreover, failure
in distinguishing the nearby repeating events from truly overlap-
ping events might lead to the overestimation of associated creep
rates in those locations (Uchida and Biirgmann, 2019). These un-
certainties might lead to disagreement between creep estimated
from CREs and that obtained from geodetic observations, which
have been pointed out in previous studies (e.g., Khoshmanesh et
al., 2015; Shakibay Senobari and Funning, 2019).

In order to use the CRE observations to invert for a daily creep
distribution on the fault mesh through time-dependent inversion,
we interpolated the dataset over time. To this end, first, the long-
term creep rate per CRE sequence is estimated through linear
regression (Fig. S2), considering sequences with more than three
events (Fig. 1). The estimated long-term rate is then used to obtain
a time series of daily creep at the location of each CRE sequence.
Therefore, no temporal variation is present in the interpolated time
series of CRE-creep for each sequence. Next, we spatially oversam-
ple the obtained sparse time series to assign a daily CRE-creep to
the triangular patches that have at least one CRE sequence within
their 50 km radius (Supplementary Text S1 and Figs. S3-S4).

2.2. Global positioning system

Here we use the GPS daily times series of GEONET stations
from Ozawa et al. (2012), provided in the stable Eurasian reference
frame after Apel et al. (2006). Only the horizontal components are
considered in this study, due to the low signal to noise ratio of the
vertical component and the contribution from subduction erosion
that adds additional complexity to the vertical deformation data
(Heki, 2004). To isolate the signal due to creep, we implement a
refinement procedure, through which we remove the effect of the
common-mode error and seasonal variations. The common-mode
error is a noise in the GPS time series, which is not related to
the tectonic movements and is common to all the stations within
the network (Wdowinski et al., 1997). A spatial filtering technique
based on a Helmert transformation (Mavrommatis et al., 2014) is
used to remove this error from the GPS time series (Supplemen-
tary Text S2 and Figs. S5-S7). Next, the seasonal signal in the GPS
time series is removed using a stochastic method based on Kalman
Filtering (Davis et al., 2012), which estimates the time-varying lin-
ear trend and harmonic coefficients for each station (Supplemen-
tary Texts S3-S4 and Figs. S8-S9). The green arrows in Fig. 1 and
Fig. S10 show the long-term rate of GPS stations relative to the
Amurian plate (Fukue station), estimated through linear regression
of the corrected time series.

The spatial gradients of corrected GPS observations are esti-
mated to obtain a first-order approximation of the spatiotempo-
ral variability of the fault coupling along the NJSZ, following the
work by Uchida et al. (2016) (Supplementary Text S5). This ap-
proach provides some insight into the fault coupling at the deeper
portion of NJSZ, in areas that are closer to the on-shore GPS sta-
tions. A stronger fault locking at the deep seismogenic segment
causes a larger westward displacement, especially at the location
of GPS stations closer to the trench. However, the GPS stations on
the western part of the Honshu, located above the deep ductile
creeping portion of the subducting slab, are less sensitive to the
coupling of the seismogenic section. Therefore, the spatial gradi-
ents of long-term and short-term GPS velocities can be used as a
proxy for the location of locked and creeping segments of subduct-
ing fault and creep rate variations, respectively.

2.3. Time-dependent slip inversion

To assess the model of interseismic creep on the NJSZ we used
the concept of backslip inversion (Savage, 1983). In this approach,
the entire subduction zone up to a depth of ~700 km, represented
by the Slab1.0 model (Hayes et al., 2012), is allowed to slip at its
long-term rate of 8 cm/year and the deformation time series at
the location of GPS stations are estimated using a forward model-
ing (Fig. S11). By subtracting the modeled values from the actual
displacements (Fig. S12), observed by the GPS stations and cor-
rected for the common-mode and seasonal error, we then solve
for the daily time series of creep on the shallow (< ~80 km) seg-
ment with opposite sign, as if the subduction zone undergoes a
hypothetical slip with normal sense. To associate the observations,
comprised of backslip GPS displacements (Fig. S12) and CRE-creep
with this shallow creep, we use a time-dependent inverse mod-
eling scheme (Khoshmanesh et al., 2015; Shirzaei and Biirgmann,
2013; Shirzaei et al., 2014) that solve for a static creep distribu-
tion for each time step (i.e. every day). The creep (C;) on each
patch at each time step (t =1,...,n) is related to the observa-
tions, L¢ = [Ly, Ly, Lc]™ as follows:

Ly vy ogl 0 0

— — 2
Ly | +| vy | =BC,Pe=| 0 o5l 0 (1)
Le |, [ve], 0 0 o§Pc

where, X, y, and c indices refer to the easting and northing com-
ponents of GPS displacement and CRE-creep observations, respec-
tively, ve = [vy, vy, vc]T is the vector of observation residuals, and
B is the Green’s functions matrix. The Green’s function used for
both inversion and forward modeling of horizontal GPS observa-
tions, mentioned above, is estimated assuming dip-slip motion on
triangular patches buried in an elastic, homogeneous half-space
medium (Meade, 2007) with a Poisson ratio of 0.25. The matrix
B also includes the Green's function for CRE-creep observation,
which is a matrix of size n, x nc, where n;, is the number of patches
with a CRE-creep assigned to them out of total n. patches making
up the fault (Fig. S4A). For each row of the matrix, the column
corresponding to the same patch in the vector of unknowns is one
and zero elsewhere. The weight matrix (P;) is scaled with a sep-
arate primary variance factor (og) for each set of observations to
determine the relative weight between them. Here we considered
o¢ =4 oozy =2, and o =1. It should be noted that the east

components of the GPS data are given more weight relative to the
north components, as the convergence rate is predominantly east-
west, and thus the signal to noise ratio for the north component is
smaller than that for the east component. Moreover, the CRE-creep
observation has the least weight among observation, due to lack of
temporal variability in the interpolated CRE observation and higher
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Fig. 2. Interseismic creep distribution. (A) Spatial gradient of GPS long-term velocities along 40-km-wide profiles on central and northern Honshu. (B) The spatial distribution
of long-term creep rate during 1996-2003 on the NJSZ, constrained using both GPS and CRE observations. The beach balls show the location and focal mechanism of M6
earthquakes that occurred during 1996-2003, color coded according to their moment magnitude. Blue contour line represents the coseismic rupture area of the Tohoku
earthquake based on the model from Shirzaei et al. (2014). The white star shows the hypocenter of this earthquake. The creeping segment, comprised of the patches with
long-term rates higher than 3 cm/year, and surrounding locked area, with annual Coulomb stressing rate of 0.5 KPa/year or higher, are enclosed by the green and black
curves, respectively. The red arrows represent the model residual, obtained as the difference between original (Fig. S12) and modeled backslip long-term GPS observations.

uncertainty inherent in these observations. Nonetheless, we also
tested equal weight between east and north component (UOZX =2,

agy =2, and agc =1), as well as between east component and CRE

observation (0§ =2, agy =1, and o =2). The relative weight of

CRE-creep between different patches (P.) is assigned using the es-
timated standard deviation (Fig. S4B). For the GPS time series (both
X and Y components), however, a uniform weight is assumed for
all the GEONET stations, determined by the identity matrix (I) in
the associated components of the weight matrix. To remove the
possible outliers, a spatial median filter (Hammond et al., 2016) is
applied to the GPS data set, which replaces the daily X and Y dis-
placements of each GPS station with the median value of nearby
stations found using Delaunay triangulation.

Equation (1) is solved subject to a reweighted L2-norm min-
imization of the observation residuals, whereby following each
iteration, the observations are reweighted based on the residu-
als from the previous iteration (Shirzaei and Biirgmann, 2013).
This approach allows the minimization of the effect of outliers
and other observation artefacts (O’leary, 1990). The unknowns (C¢),
consisting of the daily backslip creep, are also bounded during in-
version to be within —10 and 10 times that associated with the
long-term convergence rate (8 cm/year) for one day. This choice of
bounds enables us to detect short-term creep rate variation, with
rates up to 10 times that of tectonic rate. In the inversion step,
we also minimize the second-order derivative of the creep dis-
tribution in each time step to reduce the roughness of the slip
(Harris and Segall, 1987) using equation y DC; =0, where D is the
Laplacian operator, and y is the smoothing factor, which deter-
mines the roughness of the optimum creep model. The optimum
y, estimated as the point of maximum curvature of the trade-off

curve between model roughness and norm of residuals (Shirzaei
and Biirgmann, 2013), is determined to be 50 (Fig. S13).

3. Results
3.1. Fault coupling along NJSZ

The estimated spatial gradient of long-term GPS velocities in
northern and central Honshu (Fig. 2A) suggests that, in agreement
with the previously published coupling maps of NJSZ (Hashimoto
et al,, 2009; Igarashi, 2003; Loveless and Meade, 2010; Suwa et
al., 2006), the coupling in northern and southern parts of the fault
is lower relative to the central portion. To further investigate the
interseismic fault coupling, we invert the long-term horizontal dis-
placement rate of GEONET stations (by setting O’OZC =0 in Eq. (1))
for the average interseismic creep rate on the fault. The obtained
result (Fig. S14) reveals a locked section in the central part and two
creeping segments to the north and south, confirming the expected
fault coupling pattern inferred from the long-term velocity gradi-
ents of on-land GPS stations (Fig. 2A). Adding the CRE observations
does not change the location of the locked and creeping sections
but adds to their size and the spatial complexity of the model
(Fig. 2B). Moreover, the overall pattern of coupling seems to be
independent of the relative weight between different observations
(Fig. S15). Nonetheless, increasing the weight of CRE observations
results in an overall decrease in the degree of coupling along the
fault (Figs. S15), because some estimates of creep rate obtained
from raw CREs are unusually high and up to 15 cm/year (Fig. 1
and S4).

We find that the area that accommodated the coseismic slip
(>10 m) of the 2011 Tohoku earthquake is characterized by near-
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zero creep predicted by our model, marking a locked fault segment
within 36° to 39° latitude and depths shallower than ~30 km
(Fig. 2B). This locked segment is adjacent to a deep fast creep-
ing portion to the north (enclosed by the green curve in Fig. 2B),
near the shore of Aomori and Iwate prefectures that aseismically
slips by an average rate up to 8 cm/year throughout the inter-
seismic period. The up-dip area of this creeping segment shows
almost no creep during the interseismic period but later hosted
postseismic slip due to the 2003 M,, 8.3 earthquake (Miyazaki and
Larson, 2008). Another creeping segment is located in the southern
part of our study area, near the shore of Ibaraki and Chiba Prefec-
tures. The shallow portion of this southern segment also contains
three smaller creeping zones. However, since the GPS displacement
observations in this area are also affected by the movement be-
tween the Philippine Sea and Okhotsk Plates, which adds to its
complexity, we do not include this segment in our further analy-
sis.

It is noteworthy that the resolved high coupling in the shallow
portions of the megathrust, near the trench, might also be related
to the lower sensitivity of the on-shore geodetic observation to slip
on this area (Loveless and Meade, 2010). Adding CRE observations
can reduce the uncertainty, albeit in the deeper portion, where
most of the observed CRE sequences are located (Fig. 1 and S4).
Nonetheless, lack of the repeater activity on the shallow megath-
rust can be indicative of the high degree of coupling during the
interseismic period (Uchida and Biirgmann, 2019).

3.2. Temporal variations of creep rate

The temporal variations of creep rate on the NJSZ, in particu-
lar, within the northern creeping segment, is evident in the time
series of the spatial gradient of short-term velocity for on-shore
GPS stations that locate inside the four northern profiles (Fig. S16).
These profiles are chosen due to their proximity to the northern
creeping segment, which is also evident in their relatively lower
long-term velocity gradient (Fig. 2A). To further investigate the
temporal variation of interseismic creep on the subducting slab,
we invert for the daily slip time series for the period 21 March
1996 to 24 September 2003. We use a combination of the daily so-
lutions of GPS horizontal components, corrected for the common-
mode error and seasonal signals (Section 2.2), and the CRE dataset,
oversampled on the triangular fault patches (Section 2.1 and Fig.
S4). Provided the optimum creep model, the synthetic displace-
ment time series agrees well with that of GPS observations (Figs.
S17-S18), with an average standard deviation of 1 mm for both
X and Y components (Figs. S19-S20). Note that the disagreement
between modeled and original observation in some days (Figs. S19-
S20) results in locally large misfits, which are propagated forward
and cause a slight discrepancy in the cumulative displacements
of some stations (Figs. S17-S18). The possible causes of the lo-
calized large misfits include the choice of bounds for the daily
creep, noise of the GPS observations, and also the unmodeled creep
on the other fault segment that has not been considered in this
study.

To investigate the short-term creep rate variation, focusing on
the northern creeping segment (inside green curve in Fig. 2B), we
spatially average the cumulative creep, which improves the signal
to noise ratio (Fig. S21). The time series of short-term creep rate
(Fig. 3A), estimated using this average cumulative creep, shows
variations with an almost semi-annual cycle. This creep rate varia-
tion is also evident in the spatial distribution of cumulative creep
in three-months moving windows during 1996.25-2003.75 (Fig.
S22). Since the GPS displacement time series are corrected for any
annual and semi-annual artefacts as well as common-mode error,
the observed cyclic creep rate variations are not likely due to these
errors in the GPS measurements. Therefore, we suggest that these
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Fig. 3. Creep rate variations. (A) Temporal evolution of average creep rate within the
northern creeping segment estimated using a three-month moving window with a
step size of two. (B) The spatial distribution of estimated constant acceleration along
NJSZ. The blue contour line and beach balls are the same as in Fig. 2B.

creep rate changes are indicators for periodic SSEs that occur on
the creeping segment. Also, comparing the creep rate evolution,
with that obtained in Uchida et al. (2016), using the CRE obser-
vations for a smaller area near-shore of Iwate Prefecture shows
an overall good agreement between the two (Fig. S23). To explain
the minor discrepancy, especially between 2001 and 2002, we note
that the creep rate time series in the present study are averaged
over a larger area compared to that of Uchida et al. (2016). More-
over, the temporal resolution of each CRE sequence in Uchida et al.
(2016) is in the order of several months or years (Fig. S2), whereas
the GPS observations, used to constrain the creep rate changes
in the present study, have a daily temporal resolution. Therefore,
using GPS, we were able to detect short-term creep rate varia-
tion, which might be hard to achieve using the CRE observations
alone.

Earlier studies on the interseismic creep in NJSZ (Mavrom-
matis et al., 2014; Yokota and Koketsu, 2015) and San Andreas
Fault (Khoshmanesh and Shirzaei, 2018b) provided evidence for
a decadal-scale acceleration before large earthquakes. To estimate
such long-term transients from the optimum creep model, we fit
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Fig. 4. Spatiotemporal evolution of creep on NJSZ. Cumulative creep and seismicity within six-months moving windows. The M4 and M5+ earthquakes are shown using solid
green and blue circles, respectively. Wherever available, the focal mechanism of earthquakes is shown using the beach balls. The limits of the northern creeping segment and
surrounding locked zone, as shown in Fig. 2B is also shown for each panel to enable a visual comparison between the short-term and long-term results.

the equation d(t) = vo(t — to) + %a(t — tg)? to the obtained time
series of creep. In this equation, d(t) is the cumulative creep at
time t relative to reference time ty, and unknowns are the initial
velocity (vo) and constant acceleration (a). The results (Fig. 3B)
show an intricate distribution of decadal acceleration (a) along the
NJSZ, with an overall change in the sign of acceleration moving
from north to south. In particular, there is a fast deceleration zone,
extending from the trench to depth of ~40 km at 39°-41° lat-
itude, which might be associated with the decaying postseismic
deformation of 1994 M,,7.7 Sanriku earthquake. The interseismic
creep in the northern creeping segment, however, seems to be
lacking a long-term transient signal. Moreover, the maximum ac-
celeration occurs in the deep portion (>60 km) of southern parts
of the NJSZ at 35°-37° latitude, and on the very southern por-
tion of the fault. However, as mentioned earlier, the creep time
series obtained for this part of the fault is less reliable due to the
scarcity of CRE observations (Fig. 1 and S4) and the movement be-
tween the Philippine Sea and Okhotsk Plates affecting the on-shore
GPS observations. Note that the large-scale creep transient prior to
the 2011 M,9.0 Tohoku earthquake, discussed in previous studies
(Mavrommatis et al., 2014; Yokota and Koketsu, 2015) most possi-
bly started in ~2002 (Yokota and Koketsu, 2015) and is absent in
our creep acceleration map, which corresponds to the time interval
1996-2003.

4. Discussion
4.1. Interaction between SSEs and seismicity

Visual inspection of the location of M6 earthquakes within the
interseismic period on the NJSZ shows that they occur within the
periphery of, or outside, the long-term creeping zones (Fig. 2B).
Moreover, the temporal evolution of interseismic creep and seis-
micity in six-months moving widows reveals that although the
creep distribution is not always confined to the long-term creep-
ing segment, the majority of M5+ earthquakes occur in the locked
area adjacent to the transient creep (Fig. 4). This observation sug-
gests that the shear stress change due to creep and SSEs possibly
loads the adjacent locked asperities (Hirose et al., 2010). Further-
more, the distribution of M6 earthquakes during 1996-2003 com-
pared with the map of long-term acceleration (Fig. 3B) indicates
that all these events occurred either on the decelerating parts or
the transition between accelerating and decelerating zones. This
observation may further support the idea that the imparted stress
due to long-term creep acceleration possibly enhances the earth-
quake rupture on a decelerating segment, which has been accu-
mulating strain over the years (Khoshmanesh and Shirzaei, 2018b;
Mavrommatis et al., 2014).

To investigate the impact of SSEs that occur inside the north-
ern creeping segment on the seismic activity of the neighboring
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Fig. 5. Interaction of SSEs and seismicity. (A) Temporal evolution of average creep rate within the northern creeping segment (cyan), as well as Coulomb stressing rate (black)
and total seismic moment (red) in the neighboring locked segment. The red dashed line shows the time series of total seismic moment when the seismicity inside the
creeping segment is added to that of neighboring locked segment. A temporal moving window of three months width (horizontal black error bar on Coulomb stressing rate
curve) and step size of two months is used. The value associated with each moving window is displayed in its middle point. Green vertical lines indicate the timing of M6
earthquakes, shown using the stars and color-coded by their moment magnitude. (B) Temporal evolution of M4+ earthquakes count and the Gutenberg-Richter b-value in
the neighboring locked segment, compared with time series of seismic moment release. The time series of creep rate is also shown in the background using cyan shaded

area.

long-term high-coupling parts of the NJSZ, we estimate the time
series of Coulomb failure stress change (AC) at the center of fault
patches located outside this creeping zone (Supplementary text S7
and Fig. S24). Focusing on the fault patches surrounding the north-
ern creeping segment, with annual Coulomb stressing rate of 0.5
KPa/year or higher (black curve in Fig. 2B), the time series of total
AC increases intermittently (Fig. 5A), consistent with that of SSEs
(Fig. 3A). We further investigated the correspondence between the
time series of the total seismic moment of earthquakes smaller
than M6 within 15-km-distance of the adjacent locked segment
and the associated Coulomb stressing rate change (Fig. 5A). The
comparison suggests that all the spikes in the seismic moment re-
lease correspond to the temporary increase of the Coulomb stress-
ing rate due to SSEs on the creeping segment. Adding the seismic
moment associated with the earthquakes within the creeping seg-
ment (Fig. S25) to that of adjacent locked segment results in an
even better agreement between the timing of SSEs and earthquake
activity (Fig. 5A and S26). Moreover, most of the M6 earthquakes
occur within the time window of increased Coulomb stressing rate.
This observation may suggest a causal relationship between SSEs
on the northern creeping segment and seismicity, especially on the
nearby locked portion of the NJSZ.

We further evaluate the time series of Gutenberg-Richter b-
value (Gutenberg and Richter, 1944) using the seismic records
within 15-km-distance of the adjacent locked segment (Supple-
mentary Text S6). The b-value time series shows the temporal
evolution of the ratio of smaller to larger earthquakes, which is
inversely proportional to the effective normal stress on the fault
(Khoshmanesh and Shirzaei, 2018a; Schorlemmer et al., 2005; Tor-
mann et al.,, 2013). The temporal pattern of estimated b-value time
series is negatively correlated with the total seismic moment as
well as the number of M4+ earthquakes (Fig. 5B). Considering the
correspondence between Coulomb stress (creep rate) and seismic
moment (Fig. 5A), this observation suggests that the SSEs on the
down-dip creeping segment often cause a proportional increase in
the number of large earthquakes within the neighboring locked re-
gion, decreasing the b-value. The time variation of b-value is also
suggested to be caused by the temporary change in the mecha-
nism type of earthquakes from thrust to normal after large earth-
quakes, such as the 2011 M,,9.0 Tohoku earthquake (Biirgmann et
al.,, 2016). This, however, is less likely to be a major factor in the

b-value changes observed here, due to the absence of particularly
large earthquakes in our study period.

4.2. Microstructures on megathrust

Here it has been shown that the acceleration of creep in the
form of SSEs on the northern creeping segment might periodi-
cally modulate the seismic activity in the adjacent locked area of
the NJSZ. However, focusing on the long-term creeping and locked
macrostructures, the interaction between SSEs in the former and
seismicity in the latter is not entirely straightforward, as suggested
by the lack of seismicity elevation during some of the SSEs and
occurrence of two M6 events during non-peak Coulomb stress pe-
riods (Fig. 5). One of these two M6 events is happening inside
and close to the edges of, and the other one outside, the creep-
ing segment, both adjacent to a zone of localized accelerated creep
(see panel 2002.75-2003 of Fig. S22). Therefore, the transient creep
is not strictly limited to the northern creeping section; it might
sometimes happen in part of the creeping segment and also in the
surrounding long-term high-coupling area and trigger earthquakes
in their vicinity, as is evident in the spatiotemporal distribution
of creep (Fig. 4 and Fig. S22). Some authors have previously pro-
vided evidence for several episodes of SSE in the locked segment
of NJSZ that ruptured during the 2011 Tohoku earthquake (Ito et
al., 2013; Kato et al.,, 2012; Uchida et al., 2016) and accommo-
dated several historic M7+ seismic events (Shibazaki et al., 2011;
Yamanaka and Kikuchi, 2004) (Fig. 1). One such SSE that initiated
~20 days before the event, likely triggered the 2011 M,,9.0 earth-
quake (Kato et al., 2012). This locked zone also hosted other types
of aseismic transients, such as the postseismic slip of the 2003
M, 8.3 (Miyazaki and Larson, 2008) and 2011 My9.0 earthquakes
(Fukuda et al., 2013; Shirzaei et al., 2014).

Moreover, the northern long-term creeping segment is not en-
tirely devoid of seismic asperities, and as evident from the dis-
tribution of seismicity (Figs. 2, 4, S22), several M5+ earthquakes
have occurred in this area. It is also in agreement with Uchida
et al. (2016), which suggested that part of the northern creeping
segment, near the shore of Iwate, includes some seismic asper-
ities, capable of M5+ earthquakes that are triggered by SSEs in
this zone. This evidence of distinct modes of slip coexisting on the
same fault segment and their complex interaction can challenge
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trigger earthquake in their immediate surroundings.

the macrostructural perspective that grossly divides the fault zone
into major seismogenic and aseismic segments (e.g., Noda and La-
pusta, 2013).

As an alternative hypothesis, we suggest that the megathrust
might be paved with individual asperities, namely localized high
frictional strength (competent) contact areas of different size that
are capable of seismic rupture, embedded in the low strength
(incompetent) creeping area, which act as seismic barriers (Lay
et al, 1982) (Fig. 6A). This hypothesis is supported by the field
observations of exhumed subduction zones, which suggest that
isolated clusters of competent material of different scales are em-
bedded within incompetent gouge matrix, forming a mélange of
variable frictional strength (Bebout and Barton, 2002; Fagereng,
2011; Fagereng and Sibson, 2010; Meneghini et al, 2010). The
high-frequency seismic waves recorded during the 2011 Tohoku
earthquake also point to the intricate rheology of fault material
(Meng et al., 2011).

The suggested intricate microstructure of the megathrust can
be further elaborated according to the rate-and-state friction law,
in particular, the a — b parameter, which determines the change of

friction coefficient in response to variations of loading rate in the
steady-state condition (Dieterich, 1979; Ruina, 1983). A negative
a — b, known as VW properties, is required for the frictionally un-
stable regime, corresponding to the seismogenic asperities (Chen
and Lapusta, 2009; Dublanchet et al., 2013; Noda and Lapusta,
2013). Whereas, the creeping matrix of the fault is characterized
by VS or weak VW properties, indicated by positive or small neg-
ative a — b, respectively (Scholz, 1998) (Fig. 6A). In case of VS, the
matrix is stably creeping in the absence of external stress per-
turbation, and is also capable of hosting aseismic transient slip
through either SSEs or afterslip, if subject to stress perturbation
caused by, e.g., nearby earthquakes or transient pore fluid pressure
elevation (Khoshmanesh and Shirzaei, 2018a; Perfettini and Am-
puero, 2008). A small negative a — b, in combination with elevated
fluid pressure, has also been suggested to be a favorable condition
for SSE (Leeman et al., 2016; Liu and Rice, 2007). The condition re-
quired for aseismic transients is also met if the a—b of background
matrix has a slip-rate-dependent behavior, being less VW (Kaproth
and Marone, 2013; Shibazaki and lio, 2003) or VS (Fukuda et al,,
2013; Sawai et al., 2017) with increasing loading rate. Therefore,
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both SSEs and regular earthquakes can coexist on such a friction-
ally heterogeneous fault, and the distinctive factor of the long-term
creeping and locked macrostructures is the spatial density of VW
asperities and frictional properties of the creeping barrier (Corbi et
al., 2017; Dublanchet et al., 2013; Nakata et al.,, 2011; Noda and
Lapusta, 2013; Yabe and Ide, 2017) (Fig. 6).

In such a frictionally heterogeneous structure, an increase in
shear stress caused by the SSEs is accommodated by the isolated
failure of small to moderate-size asperities on the adjacent locked
segment (Lay et al., 1982) (Fig. 6B). The efficient interaction be-
tween these small or moderate earthquakes, on the other hand,
may generate enough stress perturbation through a domino ef-
fect and might occasionally lead to rupture of bigger asperities
(Konca et al., 2008; Lay et al, 1982). The rupture on large as-
perities, in turn, could further grow laterally and break through
nearby stressed asperities to form the source of the major earth-
quakes, such as the 2011 events (Corbi et al., 2017; Dublanchet
et al., 2013) (Fig. 6B). However, the seismic asperities and barriers
might not be permanent features, but instead, their size and space
might vary within the megathrust depending on the slip and stress
history (Konca et al., 2008; Park and Mori, 2007). This might ex-
plain the lack of a significant increase in seismic activity during
some of the SSEs.

5. Conclusion

Here we constrained the time evolution of creep during the
interseismic period of 1996-2003 on the northeastern Japan sub-
duction zone. To this end, we used the creep estimates obtained
from CRE observations in addition to the on-shore GPS displace-
ment, corrected for common-mode and seasonal error. The ob-
tained long-term coupling map reveals two main creeping sections
to the north and south of the NJSZ, at depths larger than ~30 km,
while the rest of megathrust, including the rupture zone of 2011
My 9.0 earthquake is highly coupled during the interseismic pe-
riod. Focusing on the northern creeping segment, we show the
creep rate is not steady and instead evolves as a series of episodic
SSEs. Quantified using the time series of released seismic moment,
earthquake count, and Gutenberg-Richter b-value, we show that
SSEs in the northern creeping segment are often accompanied by
an increase in the seismic activity in their neighboring locked seg-
ment. This observation has a profound impact on the estimated
seismic hazard in the region because it suggests a new trigger-
ing mechanism might exist, which acts across the megathrust on a
range that was not known before.
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