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Abstract

Following the 2011 M9 Tohoku-Oki earthquake, the interplate seismicity drastically increased in the downdip extension; how-

ever, it disappeared within the rupture area. An Mw7.0 earthquake occurred in the downdip extension off Miyagi in March

2021, followed by an Mw6.7 earthquake in May 2021. To examine the initial evolution of the next M9 earthquake cycle, we

examined the regional seismicity and source processes of the two M˜7 earthquakes. We found that the March Mw7.0 earth-

quake was nucleated at a conditionally stable patch where repeating earthquakes emerged after the Tohoku-Oki earthquake.

The earthquake initiation from a conditionally stable patch at the deep plate boundary is probably a transient feature in the

postseismic period of the previous M9 earthquake. The stress enhancement caused by the Mw7.0 event facilitated the subse-

quent May Mw6.7 earthquake. These two M˜7 earthquakes ruptured the western seismic patches of the 1978 Mw7.5 Miyagi-Oki

earthquake, which is the most recent typical earthquake in an ˜40-year interval of M˜7.5 earthquake sequence, and loaded the

eastern shallow seismic patches for the sequence. Interplate seismicity in the updip area disappeared after the 2011 Tohoku-Oki

earthquake. Assuming that the spatial pattern of interplate earthquakes will be restored to a situation similar to that before

the Tohoku-Oki earthquake, the seismically active area should gradually expand to the updip area. Continued monitoring of

interplate seismicity is essential to examine how plate-locking evolves during the M9 earthquake cycle.
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Key Points (< 140 words)

1. May 2021 Mw7.0 earthquake was initiated at a conditionally stable patch
where repeating earthquakes emerged after the Tohoku-Oki earthquake

2. May 2021 Mw7.0 earthquake facilitated the March Mw6.7 earthquake in the
south via changes in stress

3. These earthquakes increased strain energy in the updip area, including the
area where ~M7.5 earthquakes have repeatedly occurred

Abstract (231 words)

Following the 2011 M9 Tohoku-Oki earthquake, the interplate seismicity dras-
tically increased in the downdip extension; however, it disappeared within the
rupture area. An Mw7.0 earthquake occurred in the downdip extension off
Miyagi in March 2021, followed by an Mw6.7 earthquake in May 2021. To ex-
amine the initial evolution of the next M9 earthquake cycle, we examined the
regional seismicity and source processes of the two M~7 earthquakes. We found
that the March Mw7.0 earthquake was nucleated at a conditionally stable patch
where repeating earthquakes emerged after the Tohoku-Oki earthquake. The
earthquake initiation from a conditionally stable patch at the deep plate bound-
ary is probably a transient feature in the postseismic period of the previous
M9 earthquake. The stress enhancement caused by the Mw7.0 event facilitated
the subsequent May Mw6.7 earthquake. These two M~7 earthquakes ruptured
the western seismic patches of the 1978 Mw7.5 Miyagi-Oki earthquake, which is
the most recent typical earthquake in an ~40-year interval of M~7.5 earthquake
sequence, and loaded the eastern shallow seismic patches for the sequence. In-
terplate seismicity in the updip area disappeared after the 2011 Tohoku-Oki
earthquake. Assuming that the spatial pattern of interplate earthquakes will
be restored to a situation similar to that before the Tohoku-Oki earthquake,
the seismically active area should gradually expand to the updip area. Contin-
ued monitoring of interplate seismicity is essential to examine how plate-locking
evolves during the M9 earthquake cycle.

Plain Language Summary (199 words)

Following the 2011 M9 Tohoku-Oki earthquake, plate-boundary earthquakes
stopped occurring within the rupture area, while many more earthquakes started
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to occur in the downdip extension. An M7.0 earthquake occurred in the downdip
extension off Miyagi in March 2021, followed by an M6.7 earthquake in May
2021. By examining these two plate-boundary earthquakes, we found that the
first M7.0 earthquake was initiated in an abnormal area where earthquakes could
not occur before the Tohoku-Oki earthquake. Earthquake initiation from such
an area is possible only under intense after-effects of the previous M9 earthquake.
The M7.0 earthquake increased the strain energy in the surrounding area and
facilitated the subsequent May M6.7 earthquake. These two M~7 earthquakes
ruptured the western part of the focal region of the 1978 M7.5 Miyagi-Oki earth-
quake, which is the most recent typical earthquake in an M~7.5 earthquake
sequence at ~40-year intervals. These two earthquakes further increased the
strain energy in the shallow eastern areas. Plate-boundary earthquakes are ex-
pected to restart in the Tohoku-Oki rupture area in the future. Thus, continued
monitoring of plate-boundary earthquakes along the Japan Trench is crucial to
reveal the after-effects of the 2011 M9 earthquake and the preparation process
of the next M9 earthquake.

1. Introduction

M~7.5 earthquakes have occurred at intervals of about 40 years off Miyagi
(Miyagi-Oki), northeastern Japan. These M~7.5 earthquakes ruptured multiple
seismic patches with different combinations of the rupture patches. The 1978
Mw7.5 Miyagi-Oki earthquake is the most recent typical example (blue contour
in Figure 1; Yamanaka & Kikuchi, 2004), which ruptured a region containing
the focal areas of the 1933 M7.1, 1936 M7.4 (thin black contour in Figure 1),
and 1937 M7.1 earthquakes (Umino et al., 2006, 2007). The 2005 Mw7.2 Miyagi-
Oki earthquake ruptured the southeastern part of the rupture area of the 1978
earthquake (broken black contour in Figure 1; Yaginuma et al., 2006), but the
other parts remained unruptured (Okada et al., 2005; Wu et al., 2008).
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Figure 1. Interplate earthquakes from January 1, 1997, to May 14, 2021,
selected by the method of Asano et al. (2011) from the F-net moment tensor
catalog. Areas are (a): along the Japan Trench (black line) and (b): off Miyagi.
Green and orange beach balls show the focal mechanisms of the March 2021
Mw7.0 and the May 2021 Mw6.7 Miyagi-Oki earthquakes, respectively. Light
blue and light red beach balls show the focal mechanisms before and after the
2011 Tohoku-Oki earthquake, respectively. The thick black contour shows the
coseismic slip distribution of the Tohoku-Oki earthquake (Iinuma et al., 2012).
The thin black, blue, gray, and black broken contours show the slip areas of
the M7-7.5 earthquakes off Miyagi in 1936, 1978, 1981 (Yamanaka and Kikuchi,
2004), and 2005 (Yaginuma et al., 2006), respectively. The pink broken curve
represents the downdip limit of interplate earthquakes (Igarashi et al., 2001;
Uchida et al., 2009; Kita et al., 2010). The crosses show the stations used for
hypocenter relocation in this study. The inverse triangle shows the station, the
waveforms of which are shown in Figure 5.

The 2011 M9 Tohoku-Oki earthquake caused a large coseismic slip in a wide area
along the Japan Trench, including the source area of the 1978 Mw7.5 Miyagi-
Oki earthquake (e.g., Iinuma et al., 2012), and perturbed the generations of
the interplate earthquakes along the Japan trench. Interplate seismicity almost
disappeared inside the rupture area of the Tohoku-Oki earthquake, while many
interplate earthquakes followed the Tohoku-Oki earthquake in the surrounding
area (e.g., Asano et al., 2011; Kato and Igarashi, 2012; Hasegawa & Yoshida,
2015; Nakamura et al., 2016). The coseismic and postseismic slips of the Tohoku-
Oki earthquake increased the shear stress in the surrounding area (Asano et al.,
2011; Ozawa et al., 2012; Hasegawa et al., 2012; Kato & Igarashi, 2012; Uchida
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& Matsuzawa, 2013). The behavior of the repeating earthquakes changed after
the Tohoku-Oki earthquake (Uchida et al., 2015); the magnitudes and rupture
areas of many repeating earthquakes increased immediately after the Tohoku-
Oki earthquake and gradually returned to normal. Furthermore, new repeating
earthquake sequences emerged in some areas (Hatakeyama et al., 2017).

A decade after the 2011 Tohoku-Oki earthquake, an Mw7.0 (MJMA6.9) earth-
quake occurred off Miyagi (Miyagi-Oki) on March 20, 2021, near the western
edge of the rupture area of the 1978 Miyagi-Oki earthquake, which was followed
by an Mw6.7 (MJMA6.8) earthquake on May 1, 2021 (Figure 1). The low-angle
reverse fault focal mechanisms and depths (~60 km) indicate that these earth-
quakes occurred on the plate boundary. These earthquakes were the first M~7
interplate earthquakes in the Miyagi-Oki area after the Tohoku-Oki earthquake.

The Tohoku-Oki earthquake provides a rare opportunity to investigate how the
earthquake cycle of a great (M9) earthquake impacts the generation of smaller
(M7-8) earthquakes on the same fault. The present study addresses this issue by
examining the March 2021 Mw7.0 earthquake and the May 2021 Mw6.7 earth-
quake, which offer observations on the initial evolution of the M9 earthquake
cycle. We define the earthquake cycle’s initiation and end as immediately after
the previous earthquake and immediately before the next M9 earthquake, re-
spectively. We show that the March Mw7.0 mainshock was initiated in a deep
plate boundary area, where the accumulated stress had been released aseis-
mically before the Tohoku-Oki earthquake. We also show that the two M~7
Miyagi-Oki earthquakes and other smaller earthquakes contributed to reload-
ing the M9 rupture area, including the main rupture area of the 1978 Mw7.5
Miyagi-Oki earthquake.

2. Method

2.1. Hypocenter relocation

We relocated earthquake hypocenters around the source regions of the 2021
Mw7.0 and Mw6.7 Miyagi-Oki mainshocks by following Yoshida and Hasegawa
(2018a and b). The waveform cross-correlation-based double-difference earth-
quake relocation method (Waldhauser & Ellsworth, 2000) was applied to 5426
MJMA≥2 earthquakes from March 1, 2003, to May 14, 2021, in the JMA (Japan
Meteorological Agency) unified catalog (Figure S1). We assumed the 1-D veloc-
ity model by Ueno et al. (2002).

We used 49070 P-wave and 47566 S-wave differential arrival time data from the
JMA unified catalog and 175817 P-wave and 204395 S-wave differential arrival
time data derived from the waveforms. We computed the cross-correlation func-
tions of band-passed waveforms (2-5 Hz) of nearby (< 3 km) earthquake pairs
separately for P- and S-wave windows, starting 0.3s before their arrival and end-
ing in 2.8 and 4.3s, respectively. The differential arrival time data were used
if the cross-correlation coefficients were higher than 0.8. The P- and S-wave
arrival times used to determine the P- and S-wave cross-correlation windows
were obtained from the JMA unified catalog. If the arrival time was unavail-
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able, theoretical travel times were used to set the time windows. The waveform
data were derived from onland stations (Figure 1) by Tohoku University, JMA,
NIED (National Research Institute for Earth Science and Disaster Resilience).
Two stations in small islands (Figure 1b) were operated by Tohoku University.

We evaluated the uncertainty in the relative hypocenter locations by recalculat-
ing the hypocenters 1000 times based on bootstrap resampling of differential
arrival time data. We computed the difference between the maximum and
minimum values at the 95% confidence interval of the hypocenter locations to
measure the estimation error.

2.2. Estimation of source processes

We first estimated the apparent moment rate functions (AMRFs) of the two
mainshocks and inverted them to obtain the spatiotemporal distributions of the
mainshock slips in the same manner as Yoshida et al. (2020), basically after
Ross et al. (2018).

To estimate the AMRFs, we applied the iterative time-domain approach by Lig-
orría and Ammon (1999) after Kikuchi and Kanamori (1982) to the S-waves
(transverse component) with a non-negative constraint. If the obtained AMRF
could explain more than 80% of the observed waveforms in variance reduction,
we regarded the deconvolution as ‘successful.’ We used the acceleration wave-
form data from onland stations of NIED KiK-net (NIED, 2019a) and offshore
stations of S-net (offshore; NIED, 2019b). The orientations of the S-net sensors
were corrected as per Takagi et al. (2019). The cut-off frequency of the low-pass
(fourth-order Butterworth-type) filter used in the deconvolution was set to 0.35
Hz.

The AMRFs were inverted for the spatiotemporal distribution of slip on the
fault, following Hartzell and Heaton (1983) and Mori and Hartzell (1990). We
assumed that the source nucleated at the center of the fault model space, and
the rupture front propagated over the fault with a constant velocity 𝑉𝑟 = 0.8 𝑉𝑠.
The fault geometry was assumed to be rectangular with a fault strike of 190°
and a dip angle of 25°, based on the focal mechanisms (Figure 1). The fault
length and width were set to twice the rupture distance over 25s (90 km). The
fault was divided into 25 × 25 subfaults.

At each subfault, we represented the local moment rate function as a superpo-
sition of five synthetic sub-moment rate functions (sMRFs). The first sMRF
started when the rupture front reached the center of the subfault, and the four
subsequent sMRFs followed at a regular interval 𝑡ℎ at each subfault. We ob-
tained the amplitudes of the sMRFs by solving the following linear equation:

𝑑obs = 𝐺𝑚 (1)

where 𝑑obs is the data vector containing the mainshock waveforms, 𝐺 is the
matrix of synthetics (AMRF waveforms), and 𝑚 is the solution vector of the
sMRF amplitudes. We computed the relative delay times between each subfault
and station using the 1-D model of Ueno et al. (2002). We introduced a constant
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damping factor (𝜆) and a smoothing factor (𝑒𝑠) with the same value (𝜆 = 𝑒𝑠 =2),
which was determined based on the trade-off curve (Figure S2) and employed
the non-negative least-squares algorithm of Lawson and Hanson (1995). We
assumed 𝑡ℎ = 0.8 𝑠 because of the minimum misfits for the two mainshocks.
The rigidity was assumed to be 50 GPa to compute the slip rate from the
moment rate. The total moment release of the subfaults was multiplied by the
constant to match the seismic moment of the earthquake.

We used the variance reduction VR between the theoretical and observed AM-
RFs to measure the consistency.

𝑉 𝑅(%) = 100 × ∑𝑛
𝑖=1 (1 − ∑(𝑑𝑖(𝑡𝑗)−𝑠𝑖(𝑡𝑗))2

∑ 𝑑2
𝑖 (𝑡𝑗) ) (2)

where 𝑑𝑖 (𝑡𝑗) and 𝑠𝑖 (𝑡𝑗) are the observed and synthetic time series of the i-th
AMRFs, respectively, and 𝑛 is the number of the AMRFs. We evaluated the
uncertainty in the coseismic slip distribution by recalculating it 1000 times based
on bootstrap resampling of the AMRF data.

3. Results

3.1. Seismicity around the focal regions

We obtained the relocated hypocenters of 5298 events (Figure 2). The medians
of the uncertainties in the hypocenters are 0.003° (0.26 km) in longitude, 0.002°
(0.21 km) in latitude, and 0.28 km in depth. The across-strike cross-section of the
relocated hypocenters (Figure 2) shows that not only interplate earthquakes but
also intraslab and intraplate earthquakes occurred in this region. We regarded
the 2736 earthquakes within 3 km of the plate boundary (Hasegawa et al., 1994)
as interplate earthquakes and hereafter focused on them (Figure 3).
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Figure 2. Seismicity around the March 2021 Mw7.0 and the May 2021 Mw6.7
earthquakes. (a): Map and (b): cross-section showing the relocated hypocen-
ters (circles) with 𝑀JMA ≥ 2. Green and orange circles with crosses show the
hypocenters of the March 2021 Mw7.0 and the May 2021 Mw6.7 Miyagi-Oki
earthquakes, respectively, with the circle sizes indicating the rupture areas as-
suming a stress drop of 3 MPa. Blue circles show earthquakes that occurred
between the Tohoku-Oki earthquake and the March 2021 Mw7.0 earthquake.
Black and red ones show the earthquakes before the Tohoku-Oki earthquake
and after the 2021 Mw7.0 earthquake, respectively. Circles with light color show
the earthquakes more than 3 km away from the plate boundary (Hasegawa et
al., 1994). The broken line denotes the Moho depth (Uchida et al., 2010).
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Figure 3. Interplate seismicity around the March 2021 Mw7.0 earthquake and
the May 2021 Mw6.7 earthquake. (a): Before the 2011 Tohoku-Oki earthquake
(April 2003 to March 11, 2011) (b): after the Tohoku-Oki earthquake and be-
fore the March 2021 Mw7.0 earthquake (March 11, 2011, to March 20, 2021),
(c): after the March 2021 Mw7.0 earthquake and before the May 2021 Mw6.7
earthquake (March 20, 2021, to April 2021), and (d): after the May 2021 Mw6.7
earthquake (May 1, 2021, to May 13, 2021). The color of the circles indicates
the occurrence times of the earthquakes, as in Figure 2. The circle sizes corre-
spond to the source sizes under a stress drop of 3 MPa. (e): Magnitude-Time
(M-T) diagram.

A small number of interplate earthquakes occurred in the study area before the
Tohoku-Oki earthquake, but the number sharply increased after the Tohoku-
Oki earthquake (Figures 3e and 4). The increase in seismicity was pronounced
near the hypocenter of the March 2021 Mw 7.0 mainshock (the broken rectan-
gle in Figures 2a and 3a–e). A magnified view (Figure 4) shows that four M5-6
earthquakes (broken circles) occurred very close to the mainshock hypocenter:
an Mw5.3 earthquake in 2011, an Mw5.9 earthquake in 2013, an Mw6.1 earth-
quake in 2016, and an Mw5.1 earthquake in 2018. The inter-event distances of
these four earthquakes were much shorter than the source sizes of the four earth-
quakes (circle size in Figure 4a) and the mainshock, even when considering the
estimation error; they probably ruptured the same seismic patch. Inside the M5-
6 repeating earthquake source regions, M2-3 repeating earthquakes also occurred
(Figures 4a and b), forming a hierarchical structure. Few earthquakes occurred
around this region before the Tohoku-Oki earthquake (Figure 4c); almost all
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of these repeating earthquakes occurred after the Tohoku-Oki earthquake. The
March 2021 Mw7.0 mainshock rupture (green star in Figure 4) initiated near
the M5-6 repeating earthquake sequence and the M2-3 repeating earthquake
sequences.

Figure 4. Seismicity near the hypocenter of the March 2021 Mw7.0 mainshock
(green star). (a) and (b): relocated hypocenters in the areas indicated by the
red rectangle in Figures 3 and 4a, respectively. Broken circles indicate the four
M5-6 repeating earthquakes. The vertical and horizontal lines show the 95 %
confidence intervals of the hypocenters. (a) shows the confidence intervals only
for M>5 earthquakes, while (b) for all earthquakes. The white star shows the
event (EGF event) whose waveforms were used for the empirical Green’s func-
tions (EGFs). (c): M-T diagram. Blue stars indicate the four M5-6 repeating
earthquakes, squares show the events in the range of (b), and circles show other
events in the range of (a). The events are represented in the same colors as
those in Figure 2.

Figure 5 compares the initial parts of the acceleration waveforms of the March
Mw7.0 mainshock (bottom) and the M5-6 repeating earthquakes observed at a
nearby station (MYGH04: triangle in Figure 1a, b). They have similar shapes
near the onsets (t=0-1 s) despite the waveforms containing high frequencies (f >
1 Hz) that are affected by their rupture processes. The initial waveform (t=0-1 s)
of the Mw7.0 mainshock is especially similar to the 2013 Mw5.9 earthquake, 2016
Mw6.1 earthquake, and 2018 Mw5.1 earthquake (Figures 5d, g, j, m), suggesting
that their initial ruptures evolved similarly. The waveform amplitude of the
Mw7.0 mainshock is smaller than that of the 2013 Mw5.9 earthquake initially (t
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< 1 s; Figure 5f), but becomes much larger at t>3s, reflecting the main rupture
(Figures 5e, n). The wave amplitude of the Mw 7.0 earthquake is similar to those
of the 2016 Mw6.1 and 2018 Mw5.1 earthquakes at the beginning (Figures 5i, l,
o).

Figure 5. Low-passed acceleration waveforms (f < 5 Hz) of vertical P-wave
of the 2021 Mw7.0 Miyagi-Oki earthquake and the nearby four 𝑀JMA5-6 earth-
quakes (shown by the broken circles in Figure 4a). The left panels (a, d, g, j, m)
show the waveforms normalized by the maximum amplitudes during the first 2s.
The middle ones (b, e, h, k, n) show the waveforms without normalization. The
right ones (c, f, i, l, o) show the enlarged view of the initial waveforms (colored
in the left and middle ones) without normalization. The black traces show the
March mainshock. 

The aftershocks of the March mainshock (Figure 3c) focused on the southern
area from the mainshock hypocenter (green cross in Figure 3b). The May Mw6.7
mainshock occurred further to the south (orange cross in Figure 3c). Earth-
quakes occurred near the hypocenter of the May mainshock, even before the
Tohoku-Oki earthquake (Figures 3a, S3). The number rapidly increased after
the Tohoku-Oki earthquake, and a few earthquakes occurred after the March
mainshock and before the May mainshock (Figure S3).

3.2. Rupture processes
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We chose the waveforms of the 2018 Mw5.1 earthquake (Figures 5i, j, and white
star in Figure 4) as the EGFs for the May Mw7.0 mainshock and the waveforms
of the 2020 M5.2 earthquake (white star in Figure S3) for the March Mw6.7
mainshock because of their close distances. We derived 52 AMRFs for the March
Mw7.0 mainshock and 62 AMRFs for the May Mw6.7 mainshock (Figures 6, 7)
from approximately 200 observations.

The AMRFs of the two mainshocks showed a clear directional dependence. In
the March Mw7.0 mainshock, the AMRFs had large amplitudes and short du-
rations at western and southern stations, while they had two pulses with small
amplitudes and long durations at northern stations (Figures 6a, 7a). This di-
rectional dependence suggests that the March mainshock comprised two major
slips, the first rupture propagated in a southeastern direction, and the latter slip
occurred south of the first one. In the May Mw6.7 mainshock, the AMRF am-
plitudes tended to be larger in the north and smaller in the south. The AMRF
amplitudes were also smaller with longer durations at the western stations. This
directional dependence suggests that the May mainshock propagated to the east
and the north.

Figure 6. AMRFs of (a): the March 2021 Mw7.0 mainshock and (b): the May
2021 Mw6.7 mainshock. Their maximum amplitudes are presented based on the
color scale. Tick marks denote 5s intervals. The stars show the corresponding
earthquake epicenters.
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Figure 7. Observed AMRFs (black traces) compared with computed ones (red
traces) for (a): the March 2021 Mw7.0 event and (b): the May 2020 Mw6.7
event. The numbers in parentheses indicate the respective azimuth angles of
the stations.

The slip distributions obtained from the AMRF inversions (Figure 8) well re-
produced the observed AMRFs (Figure 7) and are consistent with the above
inferences from the AMRFs. The March Mw7.0 mainshock had two large slip
regions: several km ESE (first rupture; t=4–7 s) and ~20 km south of the
hypocenter (second rupture; t=8–12 s). In the May Mw6.7 mainshock, the
maximum slip area was located a few kilometers southeast of the hypocenter.
The total slip area was longer in the north direction as a moderate slip prop-
agated to the north. The initial ruptures propagated in the updip direction
for both earthquakes. These characteristics were robust among the results of
bootstrap resampling (Figure S4) and did not change if different sizes of fault
model space (Figure S5) or different rupture speeds (Figure S6) were assumed.
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Figure 8. Results of the waveform inversions of (a): the March 2021 Mw7.0
event and (b): the May 2020 Mw6.7 event. The upper panels show the coseismic
slip distributions, and the lower panels show the source time functions.

The rupture area of the March mainshock showed a complementary relationship
with the aftershock distribution (Figure 9a). Most aftershocks were located just
north of the southern patch at 38.3°N and 141.6°E. Figure 9c shows the shear
stress change on the plate boundary due to the March mainshock slip based
on Okada (1992) with Poisson’s ratio of 0.25 and rigidity of 50 GPa. Here,
we discarded areas with non-significant slips (less than 0.3 m; Fig. S4) from
the coseismic slips to avoid contamination from nonsignificant slips. The shear
stress on the plate boundary should increase in areas far from the mainshocks
(where no coseismic slip occurs) and in the aftershock area, regardless of this
operation (Figure S7). The aftershocks and the May mainshock (orange star in
Figures 9b, c) occurred in the region where the shear stress increased by the
mainshock rupture (Figures 9c and S7).
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Figure 9. Relationship between the source regions of the 2021 Mw7.0 and
Mw6.7 mainshocks and the 1978 and 2005 Miyagi-Oki earthquakes. The green
and orange stars show the hypocenters of the March 2021 Mw7.0 earthquake
and the May 2021 Mw6.7 earthquake, respectively. (a) and (b): Comparison of
the coseismic slip distribution. The contours and the color scale indicate the
coseismic slip distribution of the March mainshock in (a) and that of the sum
of the two 2021 earthquakes in (b). (c): Shear stress change by the March 2021
Mw7.0 earthquake on the plate boundary. (d): Summed shear stress change
by the two 2021 earthquakes on the plate boundary. The thick blue and thin
black contours in (a) and (c) show the slip area of the 1978 Mw7.5 (Yamanaka
& Kikuchi, 2004) and the 2005 Mw7.2 Miyagi-Oki earthquake (Yaginuma et al.,
2006), respectively. Black circles in (a) and (c) show the relocated hypocenters
of the earthquakes after the March 2021 Mw7.0 earthquake and before the May
2021 Mw6.7 earthquake.

The energy-based stress drop, calculated as the weighted mean of the shear
stress change with respect to the slip amount (Noda et al., 2013), was 3.3 MPa
for the March Mw7.0 mainshock and 1.8 MPa for the May Mw6.7 mainshock.
The estimates of the average stress drops can vary by several times when as-
suming different model space lengths, even when using the weighted average.
The average stress drops of the March Mw7.0 mainshock and the May Mw6.7
earthquake are 10.5 and 2.8 MPa, respectively, in the small model space case
(Figs. S5a and c). The average value in the large model space case is 1.2 and 0.4
MPa for the March Mw7.0 mainshock and May Mw6.7 earthquake, respectively
(Figs. S5c and d). The primary reason for this difference is that, in a larger
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model space case, small artificial slips are distributed over the fault, leading to
underestimation of the weighted average of the stress drops. However, in the
case of a smaller model space, the actual slip area outside the model space may
disappear artificially. From here on, we used the results of the main models
(Figure 8).

We estimated the radiation energy 𝐸𝑅 using the method of Vassiliou and
Kanamori (1982): 𝐸𝑅 = 5.2 × 1014 J for the March Mw7.0 mainshock and
𝐸𝑅 = 2.3 × 1014 J for the May Mw6.7 mainshock. The scaled energies 𝐸𝑅/𝑀0
were 1.3 × 10−5 and 1.2 × 10−5 for the March Mw7.0 mainshock and the
May Mw6.7 mainshock, respectively. The radiation efficiencies (Kanamori
& Rivera, 2006) were 0.66 for the March mainshock and 0.59 for the May
mainshock, falling within the typical range of Mw > 6.7 interplate earthquakes
(Venkataraman & Kanamori, 2004).

4. Discussion

1. Generations of the March 2021 Mw7.0 earthquake and the May
Mw6.7 earthquake

The March 2021 Mw7.0 mainshock was initiated in an area where repeating
earthquakes emerged after the Tohoku-Oki earthquake. In this area, the seis-
micity rate of interplate events was quite low before the Tohoku-Oki earthquake.
The focal depth of the March mainshock was near the lower limit of the inter-
plate earthquakes (Figure 1; Igarashi et al., 2001), suggesting that aseismic slip
was dominant in this area before the Tohoku-Oki earthquake when the creeping
rate was close to or slower than the plate convergence rate. After the Tohoku-
Oki earthquake, seismic slips started to occur in some of the aseismic segments
(Uchida et al., 2015; Hatakeyama et al., 2017). This behavior suggests that the
slip behavior in regions where interplate earthquakes emerged after the Tohoku-
Oki earthquake depends on the loading rate, known as the conditionally stable
region (Scholtz, 1998) — aseismic slip occurs under slow loading, but seismic slip
can occur under faster loading (Uchida et al., 2015; Hatakeyama et al., 2017).
The present observation suggests that the March mainshock was initiated in a
conditionally stable region where the repeating earthquake sequence emerged
after the Tohoku-Oki earthquake.

The temporarily increased magnitudes of repeating earthquakes in the downdip
extension after the Tohoku-Oki earthquake tended to gradually decrease, prob-
ably because of the decay of the afterslip speed (Uchida et al., 2015). As for
the M5-6 repeating earthquakes near the March mainshock hypocenter, the lat-
est 2018 earthquake (Mw5.1) was smaller than the previous ones (Mw5.3-6.1)
that occurred in 2011, 2013, and 2016 (Figure 4c). The onset amplitude of the
March mainshock waveform was also smaller than that of the 2013 earthquake
and comparable to that of the 2016 and 2018 earthquakes (Figure 5). How-
ever, the March mainshock became considerably larger than the previous M5-6
repeating earthquakes, as it involved the two large slip areas in the ESE and
further south (Figure 8a). The previous M5-6 earthquakes did not cause large
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slips in these distant areas.

The question to be considered is: why did only the earthquake in 2021 cause
significant slips at the two distant patches? One possibility is the gradual accu-
mulation of strain energy caused by the afterslip of the Tohoku-Oki earthquake;
the stress level at the two large slip areas may have almost reached the fault
strength only recently (after the 2018 Mw5.1 earthquake). The maximum co-
seismic slip amount is approximately a few meters, comparable to the afterslip
amount derived from the GPS data (Iinuma et al., 2016; Tomita et al., 2020).
This hypothesis may explain why only the earthquake in 2021 caused large slips
in the two patches.

M2-3 repeating earthquakes occurred inside the source regions of the M5-6 re-
peating earthquakes near the mainshock hypocenter (Figure 4), suggesting that
seismic patches in this region form a hierarchical structure similar to that formed
by the Kamaishi repeating earthquakes and others (Uchida et al., 2007; Okuda
& Ide, 2018; Ide, 2019). The ruptures of the M5-6 earthquakes and the March
mainshock may have been initiated from a small patch (Ide & Aochi, 2005).
The similar onsets of the March mainshock and the M5-6 earthquakes (Figure
5) may reflect that they grew similarly, suggesting that their rupture initiation
and growth were influenced by persistent structure (Okuda & Ide, 2018; Ide,
2019). However, seismic slips in the source areas of the M5-6 repeating earth-
quakes and the initiation point of the March mainshock occurred only under fast
loading, as in the postseismic phase of the 2011 M9 earthquake (i.e., the initial
phase of the next M9 earthquake). The rupture behavior varies depending on
the time-variant friction, stress, and loading conditions in the surrounding area.

The March mainshock increased the shear stress around the source region, ex-
plaining the aftershock cluster on the southern side (Figure 9b). The locations
of aftershocks are limited, which is consistent with the hypothesis that the sur-
rounding interplate segments are basically aseismic. The static stress change
caused by the March mainshock also increased the shear stress near the May
Mw6.7 mainshock in the southeast, which probably contributed to the occur-
rence of the May earthquake.

1. Evolution of plate-locking during the M9 earthquake cycle

Before the Tohoku-Oki earthquake, large interplate earthquakes occurred inside
the main rupture area of the Tohoku-Oki earthquake (Figure 10). The M7.0,
M6.9, and M7.3 earthquakes in 1981, 2003, and on March 9, 2011, respectively,
occurred approximately 100 km east of the high seismicity areas at present.
Repeating earthquakes and two other M~7 earthquakes have occurred since
1915 in offshore areas (Uchida and Burgmann, 2021). Geodetic data also show
decadal unfastening of the plate boundary offshore of Miyagi and Fukushima
before the earthquake (Mavrommatis et al., 2015; Yokota & Koketsu, 2015).
An important factor for seismicity inside the rupture area of the Tohoku-Oki
earthquake is fault creep, which may have intruded the main rupture area of
the Tohoku-Oki earthquake during the later part of the earthquake cycle (e.g.,
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Johnson et al., 2016), as inferred from the earthquake cycle simulations based
on friction laws (e.g., Hori & Miyazaki, 2011; Nakata et al., 2016; Barbot,
2020). Therefore, fault creep may have modulated the shear stress inside the
rupture area of the Tohoku-Oki earthquake and facilitated the inner interplate
earthquakes before the Tohoku-Oki earthquake.

Figure 10. Interplate earthquakes before and after the Tohoku-Oki earthquake.
(a) Map view. Green and orange beach balls show the focal mechanisms of the
March 2021 Mw7.0 and the May 2021 Mw6.7 Miyagi-Oki earthquakes, respec-
tively. Light blue and light red beach balls show the focal mechanisms before
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and after the 2011 Tohoku-Oki earthquake, respectively. The large light blue
beach ball indicates the largest M7.3 foreshock of the Tohoku-Oki earthquake
on March 9, 2011. The blue, thin black, gray, and thick black contours show
the slip areas of the M7-7.5 earthquakes off Miyagi in 1936, 1978, 1981 (Ya-
manaka and Kikuchi, 2004), and 2005 (Yaginuma et al., 2006), respectively.
Other details are the same as in Figure 1. (b): latitude vs. occurrence time
plot for interplate earthquakes before (blue) and after (red) the Tohoku-Oki
earthquake.

After the Tohoku-Oki earthquake, postseismic slip occurred at the downdip
extension of the rupture area (Ozawa et al., 2012; Uchida and Matsuzawa, 2013)
instead of inner fault creep. Yoshida et al. (2021) found that the ruptures of the
interplate earthquakes in the downdip area tended to propagate in the updip
direction after the Tohoku-Oki earthquake. The fault creep (postseismic slip)
near the downdip limit of the interplate earthquake (outside of the main rupture
area of the Tohoku-Oki earthquake) probably facilitates the updip ruptures of
current interplate earthquakes in the area. In the cases of the March 2021 Mw7.0
and May 2021 Mw6.7 mainshocks, the ruptures initially propagated in the updip
direction. The March Mw7.0 and the May Mw6.7 mainshocks ruptured the
western part of the rupture area of the 1978 Mw7.5 Miyagi-Oki earthquake
(Seno et al., 1980; Yamanaka & Kikuchi, 2004). They increased the shear stress
on the main rupture area of the 1978 earthquake, which is located further east.

The repeating earthquake occurrence at the patch estimated to be the initial
rupture point of the March 2021 earthquake is considered a transient feature,
which is possible only under the fast loading by the postseismic slip of the
Tohoku-Oki earthquake. The nucleation of an M~7 earthquake from such a
repeating earthquake patch is a also transient feature only in the initial phase
of the M9 earthquake cycle. The present observation shows that the downdip
extension of the Tohoku-Oki earthquake, showing aseismic to seismic transition
after the earthquake, can produce not only small to moderate repeating earth-
quakes but also M~7 earthquakes. Because of their close distance to the land
area, deep interplate events can cause stronger shaking on land than similar-
sized offshore events. It is possible that the Miyagi-Oki seismic patches, which
had caused M~7.5 earthquakes in about a 40-year interval, can simultaneously
slip with the deep slip area and result in a larger earthquake. Therefore, it is ex-
tremely important to continue monitoring seismicity in this area to understand
the spatiotemporal evolution of deep-interplate-earthquake ruptures.

Interplate seismicity in the updip area disappeared after the 2011 Tohoku-Oki
earthquake (Figure 10). However, the spatial pattern of the interplate earth-
quakes will probably be restored to a situation similar to that before the Tohoku-
Oki earthquake in the earthquake cycle of the next Tohoku-Oki earthquake. The
seismically active area of the interplate earthquakes is expected to gradually ex-
pand to the updip area with continuing updip ruptures and creep intrusion. It
is important to reveal how interseismic plate-relocking evolves and interplate
earthquakes restart to occur inside the M9 Tohoku-Oki rupture area.
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1. Conclusion

The 2011 Tohoku-Oki earthquake largely affected the stress and locking states
on the plate boundary. Many earthquakes started to occur at downdip seg-
ments that were aseismic before the Tohoku-Oki earthquake, while interplate
earthquakes almost disappeared inside the rupture area. The March 2021 Mw7.0
Miyagi-Oki earthquake was initiated from the previously aseismic segment in the
downdip extension, where repeating earthquakes emerged after the Tohoku-Oki
earthquake. The Mw7.0 earthquake propagated east and then south from the
repeater patch, and the resultant shear stress redistribution facilitated the May
2021 Mw6.7 earthquake located about 30 km south. The Mw6.7 earthquake
propagated east and then north. The two earthquakes ruptured the western
part of the rupture area of the 1978 M7.5 Miyagi-Oki earthquake, which is a
part of an earthquake sequence with an ~40-year cycle before the Tohoku-Oki
earthquake. The two earthquakes increased the shear stress in the adjacent
segment, including the main shallow rupture area of the 1978 earthquake.

Interplate earthquakes off Miyagi are currently concentrated in the downdip
extension of the Tohoku-Oki earthquake. The spatial pattern of interplate seis-
micity is expected to be restored to a situation similar to that before the Tohoku-
Oki earthquake in the future. The seismically active area expands to the updip
area, affected by downdip earthquake ruptures and aseismic slips. Continued
monitoring of interplate seismicity and aseismic slip at the deep plate boundary
along the Japan Trench is crucial to reveal how the earthquake cycle evolves,
leading to the next M9 earthquake.
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