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A B S T R A C T

Earthquake occurrence in the stress shadow provides a unique opportunity for extracting information about the
physical processes behind earthquakes because it highlights processes other than the ambient stress change in
earthquake generation. In this study, we examined the fault structure and the spatiotemporal distribution of the
aftershocks of the 2019 M6.7 Yamagata-Oki earthquake, which occurred in the stress shadow of the 2011 M9.0
Tohoku-Oki earthquake, to better understand the earthquake generation mechanism. The detection and hypo-
center relocation of the aftershocks led to the delineation of three planar earthquake structures consitent with
their focal mechanisms. The results suggest that individual aftershocks were caused by a slip on these macro-
scopic planar structures. Aftershock hypocenters rapidly migrated upward from the deeper part of the major
plane (fault), similar to the recent earthquake swarm sequences following the Tohoku-Oki earthquake in the
upper plate. Moreover, we investigated the temporal evolution of the surface strain rate distribution in the
source region using GNSS data. The east–west contraction strain rate in the source region of the Yamagata-Oki
earthquake, with an E–W compressional reverse fault mechanism, changed to an E–W extension as a result of the
Tohoku-Oki earthquake, and it continued until the occurrence of the Yamagata-Oki earthquake. The upward
hypocenter migrations, together with the earthquake occurrence in the stress shadow and in the E–W extension
strain rate field, suggest that a reduction in the fault strength due to uprising fluids contributed to the occurrence
of this earthquake sequence. Localized aseismic deformations, such as aseismic creeps, beneath the fault zone
may also have contributed to the earthquake occurrence. The results support the hypothesis that aseismic
processes in the deeper part of the fault play crucial roles in the occurrence of shallow intraplate earthquakes.

1. Introduction

Several destructive earthquakes have occurred during the last
60 years in the active deformation zone along the eastern margin of the
Japan Sea, such as the 1964 M7.5 Niigata earthquake, the 1983 M7.7
Nihonkai-Chubu earthquake, and the 1993 M7.8 Hokkaido Nansei-Oki
earthquake (Fig. 1). Nakamura (1983) and Kobayashi (1983) hy-
pothesized that this north–south striking deformation zone acts as a
nascent plate boundary and releases the accumulated strain energy
between the Eurasian and the North American plates. Subsequent
seismological and space geodetic observations confirmed a relative
plate motion proceeding along this deformation zone (Wei and Seno,
1998; Heki et al., 1999), although there are disagreements about the
location and mode of this nascent boundary (Ohtake, 1995) and the
microplate structures of both sides (Wei and Seno, 1998; Heki et al.,

1999). Complicated fault structures in this deformation zone suggest
that the accumulated strain is released by multiple intraplate faults
(Ohtake, 1995).

An M6.7 earthquake occurred west off the border between
Yamagata and Niigata prefectures on June 18, 2019 (JST) in this de-
formation zone, referred to as the 2019 Yamagata-Oki earthquake
(Figs. 1–3). The occurrence of this earthquake is enigmatic from the
point of view of the temporal evolution of the stress field in this region
that was affected by the 2011 M9 Tohoku-Oki earthquake. The state of
stress in this deformation zone is the WNW–ESE compressional reverse-
faulting regime (Okamura et al., 1995). The 2011 Tohoku-Oki earth-
quake and the associated postseismic slip reduced this WNW–ESE
compressional stress, and the reduced amount of differential stress was
estimated to be ~0.5 MPa (Yoshida et al., 2012). Thus, the Tohoku-Oki
earthquake created a stress shadow for typical WNW–ESE
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compressional reverse-fault earthquakes in this deformation zone
(Yoshida et al., 2019a). The shear stress magnitude on the fault of the
Yamagata-Oki earthquake after the Tohoku-Oki earthquake should be
lower than that just before the Tohoku-Oki earthquake. Nevertheless,
the M6.7 reverse-fault earthquake occurred in the stress shadow after
eight years (3021 d) from the 2011 earthquake (Fig. 3).

An important argument on the occurrence of shallow intraplate
earthquakes is the existence of local sources affecting the states of stress
and frictional strength of the fault zone (Iio and Kobayashi, 2002; Calais
et al., 2016). Previous studies suggested the important role of aseismic
processes progressing in the deeper part of the fault, including pore
pressure migrations and aseismic slips (Rice, 1992; Sibson, 1992; Liu
and Zoback, 1997; Iio and Kobayashi, 2002; Hasegawa et al., 2005).
Sibson (1992) proposed a model in which the pore pressure cycle as-
sociated with the upward fluid migrations controls the earthquake cycle
of shallow intraplate earthquakes. In this fault-valve model, a local
reduction in the fault strength due to increasing pore pressure is crucial
for the occurrence of earthquakes. Iio and Kobayashi (2002) argued
that the local stress concentration due to the localized deformation
beneath the fault accounts for various geophysical and geological ob-
servations. Hasegawa et al. (2005) incorporated these ideas to the de-
formation model of the arc crust in the subduction zone, in which fluids
dehydrated from the subducting slab play central roles.

The occurrence of the M6.7 earthquake in the stress shadow pro-
vides a unique opportunity for extracting information about the phy-
sical processes behind earthquake generation. This is because the oc-
currence of earthquakes in the stress shadow highlights the processes

other than the ambient stress change in earthquake generation.
Previous studies have analyzed several earthquake swarm sequences
triggered in the stress shadow of the 2011 Tohoku-Oki earthquake
(Fig. 1) and showed the upward migration behavior of hypocenters
(Okada et al., 2015; Yoshida and Hasegawa, 2018a; Yoshida and
Hasegawa, 2018b) along several planar structures; they hypothesized
that swarm activities were triggered by the reduction in the fault
strength due to the upward migration of the pore pressure despite the
reduction in the shear stress. This hypothesis is consistent with the
model proposed for northeast Japan, in which the slab-derived fluids
that have reached the crust play a central role (Hasegawa et al., 2005).

In this study, we investigated the aftershock activities of the 2019
M6.7 Yamagata-Oki earthquake that occurred in the stress shadow of
the 2011 M9.0 Tohoku-Oki earthquake to understand the earthquake
generation mechanism. We detected early aftershocks, relocated the
hypocenters and determined the focal mechanisms of earthquakes in
the source region (Section 2). Moreover, we examined the temporal
evolution of strain rates after the 2011 Tohoku-Oki earthquake. After-
wards, we investigated the fault structure and spatiotemporal evolution
of the aftershocks (Section 3) and extracted information about the
generation mechanism of the Yamagata-Oki earthquake and more
generally, shallow intraplate earthquakes (Section 4).

2. Data and methods

In this section, we describe the data (Subsection 2.1) and methods to
detect early aftershocks (Subsection 2.2), to relocate hypocenters

Fig. 1. Maps showing the source region of the 2019 M6.7 Yamagata-Oki earthquake. The red star indicates the hypocenter of the Yamagata-Oki earthquake. Black
stars indicate the locations of the 1964 M7.5 Niigata earthquake, 1983 M7.7 Nihonkai-Chubu earthquake and its largest aftershock (M7.1), and 1993 M7.8 Hokkaido
Nansei-Oki earthquake. Numbers above the stars denote the occurrence years and the JMA magnitudes. Orange lines indicate the traces of the active fault. Black thick
lines and arrows indicate the plate boundaries and relative plate motions, respectively, according to Bird (2003). In this model, the location of the plate boundary
between the Eurasian (or Amur) and North American (or Okhotsk) plates is based on Nakamura (1983). The broken curve indicates the location of this plate
boundary proposed by Ohtake (1995). (a) Map showing northeast Japan. Blue arrows show the minimum compressional principle stress axis of the static stress
change of the 2011 Tohoku-Oki earthquake (Yoshida et al., 2012). NA: North American plate, EU: Eurasian plate. Broken contour lines show the coseismic slip
distribution of the 2011 Tohoku-Oki earthquake (Iinuma et al., 2012). (b) Enlarged view of the rectangle region of (a). Beach balls show the focal mechanisms listed
in the F-net catalogue (Fukuyama et al., 1998). Gray and red dots show the hypocenters of shallow earthquakes (z < 40 km) with the JMA magnitude ≥2.0 before
and after the 2011 Tohoku-Oki earthquake, respectively, for the period from Jan. 1, 1997 to August 20, 2019. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Subsection 2.3), and to determine focal mechanisms (Subsection 2.4)
of earthquakes that occurred in the source region of the 2019 Yama-
gata-Oki earthquake. We also explain the method to estimate the sur-
face strain rate prior to the mainshock by using global navigation sa-
tellite system (GNSS) data (Subsection 2.5).

2.1. Data

We analyzed 4255 earthquakes listed in the Japan Meteorological
Agency (JMA) unified catalogue from March 1, 2003 to May 10, 2020
(Fig. 2) and the waveforms recorded at the seismic stations surrounding
the source region (Fig. S1). For the following waveform analyses
(Subsections 2.2, 2.3 and 2.4), we constructed P- and S-wave windows
starting from 0.3 s before the arrival with the durations of 2.5 s and
4.0 s, respectively, for each earthquake-station pair. For the arrival
time, we used manually picked times listed in the JMA unified cata-
logue, if available; otherwise, we used theoretical arrival times com-
puted by assuming the same velocity model as used in the JMA unified
catalogue. Moreover, we used the daily location data at the national
GNSS network called GEONET (GNSS Earth Observation Network
System; https://www.gsi.go.jp/ENGLISH/index.html) (Fig. S1) pro-
vided by the Geospatial Information Authority of Japan (GSI) to esti-
mate the strain rate (Subsection 2.5).

2.2. Detection of early aftershocks

The minimum magnitude of catalogue completeness temporally
increases for a certain period immediately after a large earthquake. To
obtain a comprehensive view of the spatiotemporal evolution of the
aftershocks of the 2019 Yamagata-Oki earthquake, we performed early
aftershock detection to identify the undetected earthquakes in the JMA
unified catalogue. In the first step, we used the waveform data obtained
at the two nearest stations to identify the possible events, which are not
detected in the JMA unified catalogue. In the second step, we used the
waveform data obtained at a large number of stations to verify that the
identified events are earthquakes in the source region.

We first applied the template matching method (Gibbons and
Ringdal, 2006; Schaff and Waldhauser, 2010) to the continuous wa-
veform data obtained at the two nearest stations (YATSUM and
AWASHI shown by purple inverted triangles in Fig. S1) from the source
region from June 18 to June 19, 2019 (JST). We followed the procedure
outlined in Yoshida and Hasegawa (2018a) modified after Shelly et al.
(2013). We used 4255 earthquakes in the JMA unified catalogue (re-
ferred to as JMA events) as template events. We applied a bandpass
filter with a passband frequency of 5–12 Hz to the continuous wave-
forms and the S-wave windows of the template events and then
downsampled the waveforms to 25 samples per second.

We compared the S-wave windows of the template events (duration
of 4.0 s) with the continuous waveform data; we calculated the corre-
lation coefficients cci (the i-th point) on each waveform at each time lag

Fig. 2. Distribution of the hypocenters in the Japan Meteorological Agency (JMA) unified catalogue from March 1, 2003 to May 10, 2020. Blue circles represent the
hypocenters. The size of each circle corresponds to the diameter of the fault, assuming a stress drop of 3 MPa. The star denotes the hypocenter of the mainshock. (a) A
map view showing the focal region of the 2019 Yamagata-Oki earthquake and the hypocenter distribution. (b) A map view showing the focal mechanisms determined
by the JMA by red “beach balls.” (c)–(j) Cross-sectional views of vertical hypocenter distribution along the lines indicated in (a). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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(incremented at 0.04 s intervals), We computed the time series of
cci ′ = max (cci−1,cci,cci+1), and obtained the sum of cci′ over all the
stations and components (CCi). We computed the median value and the
median absolute deviation (MAD) of CCi for the day. If CCi exceeds the
median value added by the twelve times of MAD, we regarded it as a
possible missing event unless it is listed in the JMA unified catalogue.
Consequently, we newly obtained 1207 possible events.

As the second step, we eliminated uncertain events from the newly-
detected possible events by comparing the waveforms of the events
with those of the JMA events at various stations (46 green triangles in
Fig. S1). For each possible event, we constructed the P-wave and S-
wave windows in the same way as for the JMA events (durations of
2.5 s for P-wave and 4.0 s for S-wave starting at 0.3 s before their on-
sets). The onset timing is assumed to be the same as that of the most
correlated JMA event during the detection. We evaluated the waveform
similarity between each newly-detected event and JMA event at each
station and component; when a newly-detected event did not satisfy the

waveform similarity threshold for five or more JMA events, we elimi-
nated that event. The threshold of the waveform similarity is 0.8 in
cross-correlation coefficients for the P- and/or S-wave windows at more
than two stations. Consequently, we eliminated 829 events and ob-
tained 378 new events (Fig. 3c). Thus, we created our earthquake
catalogue, which consists of 4556 earthquakes in total.

We determined the magnitudes of the newly-detected events based
on the relative waveform amplitudes of P- and S-waves to those of JMA
events. We assumed that the JMA magnitude is equal to the moment
magnitude of Hanks and Kanamori, 1979 and the ratio of the waveform
amplitude is equal to the ratio of the seismic moment when the station
is the same and the sources have similar focal mechanisms and loca-
tions. We first aligned the timings of the waveforms by using the lag
time of each waveform pair with high similarity (cc ≥0.8). The wa-
veform similarity ensures similarity in the source mechanism and lo-
cation. Afterwards, we compared the amplitudes of the waveform pairs
at each time, applied principal component analysis (PCA), and obtained

Fig. 3. Magnitude-time diagrams of events
in and around the source region of the 2019
Yamagata-Oki earthquake for (a) −50 d to
350 d, (b) −6000 d to 350 d, and (c) −1 d
to 2 d following the mainshock. The blue
and red circles with gray bars indicate the
earthquake magnitudes listed in the JMA
unified catalogue and those of newly de-
tected in this study, respectively. The black
line denotes the cumulative number of
earthquakes with magnitudes greater than
2.0. The green vertical line indicates the
occurrence time of the 2011 Tohoku-Oki
earthquake. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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the best amplitude ratio of the waveform pair (Yoshida et al., 2019b).
We obtained the amplitude ratios of a detected event with various JMA
events at various seismic stations and determined the seismic moment
of the detected event as the mean value of individual estimates
weighted by the cross-correlation coefficient. We finally determined the
magnitude of the detected events by using the relationship between the
seismic moment and the moment magnitude (Hanks and Kanamori,
1979). We estimated the completeness of magnitude (Mc) by the
modified maximum curvature method reported in Woessner and
Wiemer (2005). Our earthquake detection successfully reduced Mc from
1.3 to 1.0 for the day following the Yamagata-Oki earthquake (Fig. S3).

2.3. Hypocenter relocation

We relocated the hypocenters of earthquakes from our earthquake
catalogue obtained in Subsection 2.2 using the double-difference
method (Waldhauser and Ellsworth, 2000) following the procedure
outlined in Yoshida and Hasegawa (2018a). We first extracted the P-
wave (101,611) and S-wave (131,760) differential arrival time data
from the JMA unified catalogue of the event pairs, with distances less
than 4.0 km. We also used the waveform data obtained at stations close
to the source area (Fig. S1) for the waveform correlation measurements
of differential arrival times. These stations are operated by Tohoku
University, JMA, and NIED Hi-net (National Research Institute for Earth
Science and Disaster Resilience, 2019a) where three-component velo-
city-type seismograms are recorded at a sampling rate of 100 Hz. We
applied a bandpass filter with frequencies ranging between 5 and 12 Hz
and computed the cross-correlation function for the waveforms of each
event pair, with a horizontal distance less than 3.0 km. Differential
arrival times derived from the cross-correlation function were used for
the relocation if the cross-correlation coefficient was higher than 0.8.
The number of the differential arrival time data for P- and S-waves,
derived from the waveform cross-correlation delay measurements, was
650,500 and 810,036, respectively. The mean number of correlated
neighbors (at more than two stations) of each event was 63 for JMA
events and 49 for newly-detected events.

We applied the double-difference earthquake relocation method
(Waldhauser and Ellsworth, 2000) to the differential arrival time data.
We assumed the 1-D velocity model of Hasegawa et al. (1978), which
was routinely used at Tohoku University to determine the hypocenter
locations and focal mechanisms of the events in northeast Japan. Hy-
pocenters were updated during 15 iterations. In the first five iterations,
we weighted the catalogue data 10 times larger than the cross-corre-
lation derived data to constrain the relative locations at a larger scale
(> 1 km). In the latter 10 iterations, we weighted the cross-correlation
derived data 50 times stronger than the catalogue data to delineate
shorter-scale (< 1 km) structures. We evaluated the uncertainty in the
relative hypocenter locations by recalculating the hypocenters 1000
times, based on bootstrap resampling of differential arrival time data.

2.4. Determination of focal mechanisms

To determine the focal mechanisms, we used the relative amplitudes
of direct P- and S-waves corrected by those of a reference earthquake
whose focal mechanism was already determined. We followed the
procedure outlined in Yoshida et al. (2019b), which utilizes the am-
plitude ratios of P-, SH-, and SV-waves by assuming that the medium in
the vicinity of the source is homogeneous and isotropic (Dahm, 1996).
We restricted the distance between the target and reference events to
less than 3 km to reduce the differences in the propagation and site
effects. We used the waveform correlation between the target and re-
ference earthquakes to reliably obtain the amplitude ratio data.

We adopted twelve focal mechanisms listed in the JMA unified
catalogue (Fig. 2b) as reference focal mechanisms using the P-wave
first-motion polarity data. We applied a bandpass filter with frequency
of 2–5 Hz to both the P-wave and S-wave windows. The amplitude ratio

was computed at each seismic station using the same method described
in Subsection 2.1, when the cross-correlation coefficient is greater than
0.75 between the waveforms of the target event and the reference
event. If the amplitude ratio data were obtained from more than eight
different seismic stations and 15 channels, we estimated the moment
tensor components. We computed 2000 focal mechanisms for each
target event based on the bootstrap resampling of the amplitude ratio
data. The difference in the focal mechanisms from the best solution was
measured by the 3-D rotation angle (Kagan, 1991). If the 90% con-
fidence interval was larger than 30°, we discarded the result. If focal
mechanism of one target event was obtained from different reference
events, we adopted the one with the minimum confidence interval.

2.5. Estimation of strain rate prior to the mainshock

We estimated the temporal changes in the surface strain rate prior to
the 2019 Yamagata-Oki earthquake by using the location data at the
national GNSS network GEONET. We estimated the spatial distribution
of surface strain rates in the following periods: (1) March 9, 2009 to
March 10, 2011 (before the 2011 Tohoku-Oki earthquake), (2) March
12, 2011 to June 18, 2014 (after the coseismic change of the 2011
Tohoku-Oki earthquake), (3) June 19, 2014 to June 18, 2018, and (4)
June 19, 2018 to June 18, 2019 (before the 2019 Yamagata-Oki
earthquake).

We used the routine daily coordinate solutions (F3 solutions) pro-
vided by the GSI obtained at the GEONET stations (Fig. S1). We applied
the method by Shen et al. (1996) to the mean displacement rates during
these periods and obtained the spatial distribution of the strain rate at
each 0.05°-spaced grid node.

3. Results

3.1. Fault Structure

We obtained the relocated hypocenters of 4501 events and de-
termined the focal mechanisms for 269 events. Location data for 55
earthquakes were removed during the relocation procedure because
their hypocenters were located above the ground surface (49 JMA
events and six newly-detected events). We computed the differences
between the maximum and minimum values in the 95% confidence
interval of the hypocenter locations (Fig. S3) and obtained the medians
as a measure of estimation error of the relative location: 0.0014° in
longitude (0.12 km in distance), 0.0013° in latitude (0.14 km in dis-
tance), and 0.22 km in depth for the JMA events and 0.0021° in long-
itude (0.18 km in distance), 0.0017° in latitude (0.19 km in distance),
and 0.33 km in depth for the newly-detected events.

The present hypocenter relocation succeeded in delineating a few
planar structures of hypocenters (Fig. 4) from the scattered distribution
of the initial hypocenters of the JMA unified catalogue (Fig. 2). Such
drastic changes in the hypocenter distribution were also obtained for
other earthquake clusters in northeast Japan based on a similar re-
location method by using numerous and precise differential arrival time
data (Yoshida and Hasegawa, 2018a; Yoshida and Hasegawa, 2018b;
Yoshida et al., 2020). The largest plane of aftershock hypocenters is the
one dipping eastward approximately 15 km long and 10 km wide (gray
rectangle in Fig. 4a and gray lines in Fig. 4c–i), at the bottom of which
the mainshock hypocenter is located. We also observed two west-dip-
ping conjugate planes in the southern part (green rectangle and green
lines) and the shallower part (black rectangle and red lines) of the
aftershock area.

Some earthquakes appear to have occurred along the same fault
structures as aftershocks even before the mainshock. A few of them
were located near the hypocenter of the mainshock, but most were
located on the western segments of the fault structure of aftershocks
(Fig. 5c and d).

Fig. 6 shows the spatial distribution of the focal mechanisms
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determined in this study and by the JMA before and after the Yamagata-
Oki earthquake. Most of them have WNW–ESE compressional reverse-
fault focal mechanisms similar to that of the mainshock. Most of those
aftershocks have nodal planes nearly parallel to the alignments of the
hypocenters, suggesting that individual aftershocks occur on the mac-
roscopic planar structures illustrated by the hypocenters.

3.2. Seismic gap of earthquakes before and after the mainshock

Aftershocks did not occur in the area up to 2–3 km from the
mainshock hypocenter along the east-dipping fault plane
(z = 12.5–15.0 km in Fig. 4f–h). Intensive aftershock activities oc-
curred in the shallower portions above this seismic gap along the east-
dipping plane (z = 10.0–12.5 km) and along two conjugate planes. A
seismic gap of aftershocks formed at a deeper portion of the aftershock
area and along the shallower side of the mainshock hypocenter. In this
area, earthquakes did not occur before the mainshock.

To analyze this tendency differently, we computed the seismic
moment release amount of each earthquake by assuming that the
magnitude is equal to the moment magnitude. Then, we summed the
moment release amount at each evenly-spaced point every 0.04° by
using the aftershocks within the nearest grid-cell (Fig. 4(b)). The mo-
ment release amount of aftershocks and pre-mainshock earthquakes is
smaller (< 1011 − 1012 Nm) in the region up to 2–3 km from the

mainshock hypocenter along the east-dipping fault plane, corre-
sponding to the seismic gap, than the other regions in its shallower
extension (~1013 Nm).

3.3. Migration of the aftershock distribution

The aftershock area appears to migrate with time (Fig. 5c and d).
Fig. 7 shows the spatiotemporal evolution of the aftershock distribution
in four periods: (a), (b) 0 to 0.2 d, (c), (d) 0.2 to 2 d, (e), (f) 2 to 30 d,
and (g), (h) 30 to 300 d from the mainshock. Hypocenters tend to be
located in the deeper portion in the earlier period (Fig. 7a and b) but
expand to the shallower part in the later periods (Fig. 7c through d).
Fig. 8 shows the direct comparison of the occurrence times of after-
shocks with depth, longitude, and latitude. We sorted the earthquakes
by time and divided them into 45 bins with 100 events. We computed
the two levels above or below where 10% of the events are contained in
each bin and showed the levels in Fig. 8. The aftershock hypocenters
moved toward the shallower part approximately following the loga-
rithm of time (Fig. 8a and b). Aftershocks in the deeper portion of the
fault (z > 13 km) intensively occurred in the first day from the
mainshock but ceased after ~1 d from the mainshock (Fig. 8a).

Aftershock migration is clearly seen, especially for the period
0.3 days after the mainshock, during which Mc was relatively high
(1.3), even after detection (Fig. S3c). One concern is that aftershock

Fig. 4. Distribution of the relocated hypocenters. (a) A map view showing the focal region of the 2019 Yamagata-Oki earthquake. Blue circles represent the
hypocenters. The size of each circle corresponds to the diameter of the fault, assuming a stress drop of 3 MPa. The star denotes the hypocenter of the mainshock. Gray,
green, and red rectangles denote the model fault planes. Red crosses indicate the hypocenters of the newly-detected events. The sizes of the crosses are ten times as
large as those of the JMA events in order to clearly show their distribution. (b) The moment release amount of the aftershocks computed at each 0.04°-spaced grid-cel
is shown by the colour scale. The black ellipse shows the seismic gap. (c)–(j) Cross-sectional views of the vertical hypocenter distribution along the lines indicated in
(a). Gray, green, and black lines denote the model fault planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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migration is actually an outcome of the temporal change in the detec-
tion capability. However, the same aftershock migration is observed
even if we set the lower limit of magnitude to be 1.5 (Fig. S4), which is
higher than Mc for the first day after the mainshock. Moreover, after-
shock migration is visible not only in the first 0.3 days, but also in the
100 days following the mainshock (Fig. 8b). These observations support
that the observed aftershock migration is not artifact by the temporal
change in the detection capability, but actually occurred.

3.4. Strain rate prior to the mainshock

Fig. 9 shows the spatial distribution of the strain rate for four per-
iods: (a) March 9, 2009 to March 10, 2011 (before the 2011 Tohoku-Oki
earthquake), (b) March 12, 2011 (after the coseismic change of the
2011 Tohoku-Oki earthquake) to June 18, 2014, (c) June 19, 2014 to
June 18, 2018, and (d) June 19, 2018 to June 18, 2019 (before the
2019 Yamagata-Oki earthquake).

Northeast Japan including the source region of the Yamagata-Oki
earthquake was characterized by the E–W contraction strain rate before
the 2011 Tohoku-Oki earthquake (Fig. 9a), which is consistent with the
results of the previous studies (Sagiya et al., 2000; Yoshida et al., 2015).
However, the 2011 Tohoku-Oki earthquake drastically changed the
spatial distribution of the strain rate, and the east-west extension strain
rate spread all over the region (Fig. 9b). This E–W extension continued
near the source region of the Yamagata-Oki earthquake after the To-
hoku-Oki earthquake (Fig. 9c) because of the postseismic deformation,

such as the afterslip along the plate interface (Ozawa et al., 2011) and
the viscoelastic response of the mantle (Sun et al., 2014; Hu et al., 2016;
Tomita et al., 2020). The E–W extension strain rate further continued
until the occurrence of the Yamagata-Oki earthquake, as shown in the
strain rate map for the latest period (from June 19, 2018 to June 18,
2019), which was just before the Yamagata-Oki earthquake.

There are two GNSS stations near the source region of the
Yamagata-Oki earthquake (blue crosses in Fig. S1), one of which is
located west of the source region and the other east. Fig. 10 shows the
temporal changes in the distance in the E–W direction between these
stations. The E–W distance between the two stations continued to in-
crease after the 2011 Tohoku-Oki earthquake, suggesting that the E–W
extension continued even before the Yamagata-Oki earthquake.

4. Discussion

4.1. Occurrence mechanism of the 2019 Yamagata-Oki earthquake in the
stress shadow

The 2019 M6.7 Yamagata-Oki earthquake occurred in the coseismic
stress shadow of the 2011 M9.0 Tohoku-Oki earthquake. The seismicity
rate in the source region of the Yamagata-Oki earthquake decreased
after the Tohoku-Oki earthquake in agreement with the stress shadow
(Fig. 3b). The source region was located in the E–W extension and
north–south contraction strain rate field even immediately before the
Yamagata-Oki earthquake (Fig. 9d). The occurrence of the Yamagata-

Fig. 5. Spatiotemporal distribution of earthquakes. The occurrence times measured from the mainshock are shown in the colour scale in (a), (c) map-view and (b), (d)
cross-sectional view within the range shown by the broken rectangle in (a) and (c). (a), (b): before the mainshock. (c), (d): after the mainshock. The star indicates the
mainshock.
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Oki earthquake with the east-west compressional reverse-faulting me-
chanism in this situation provides important constraints for the occur-
rence mechanism, on the basis that there need to be some local effects
to cause an earthquake in the macroscopic stress shadow; thus, the
occurrence of this earthquake is probably related to the local effects on
the stress and/or fault strength. We observed an upward migration of
aftershocks of the 2019 Yamagata-Oki earthquake (Fig. 8b). Similar
upward migrations were also observed for several earthquake swarms
triggered in the central part of northeast Japan after the 2011 Tohoku-
Oki earthquake (Kosuga et al., 2014, Okada et al., 2015; Yoshida and
Hasegawa, 2018a, Yoshida and Hasegawa, 2018b). Those earthquake
swarms occurred in the stress shadow of the 2011 Tohoku-Oki earth-
quake as well and were caused by the increase in pore pressure after the
2011 earthquake (Terakawa et al., 2013; Yoshida et al., 2016). Many
aftershocks of the Yamagata-Oki earthquake occurred on the three
dominant planar structures, which may indicate that the planes are
highly permeable and acted as fluid conduit. In the later period, some
aftershocks are located above the three dominant planes
(8 < z < 10 km in Figs. 7 and 8), which may have occurred on small
fault structures activated by upward fluid discharge from the dominant
planes. Although we could not estimate the focal mechanisms of the
shallower earthquakes, some of the shallow events may have focal
mechanisms unfavorably oriented from the regional stress field due to
high pore pressures (Terakawa et al., 2013; Yoshida et al., 2016). By
considering the involvement of fluids, we can also explain the occur-
rence of the mainshock in the stress shadow because the increase in

pore fluid pressure reduces the fault strength.
Aftershock migration can be explained by the effects other than the

pore pressure migration, such as postseismic slip propagation (Wesson,
1987; Kato, 2004; Hsu et al., 2006; Kato, 2007; Peng and Zhao, 2009;
Frank et al., 2017; Perfettini et al., 2018; Yoshida et al., 2020) and
aftershock-to-aftershock interactions (Helmstetter and Sornette, 2002).
By adopting these models, we may explain the observed upward
aftershock migration without pore pressure migration. The expansion of
the aftershock region with the logarithm of time observed in this study
(Fig. 8b) is consistent with the observations and simulations of the post-
seismic slip (Kato, 2007; Peng and Zhao, 2009; Perfettini et al., 2018)
and difficult to explain by the commonly used simple pore pressure
diffusion model (Shapiro et al., 1997). However, if these stress trig-
gering models are adopted as the cause of the migrationof the after-
shock region, the mainshock occurrence in the stress shadow should
still be explained independently. We also need to explain the occur-
rence of the M6.7 E–W compressional reverse-faulting earthquake in
the field with the increased E–W extensional strain rate.

One possible explanation is based on the localized deformation in
the deeper part; if aseismic slip proceeds in the deeper extension of the
fault, they may locally increase the shear stress on the fault and cause
an earthquake even in the macroscopic stress shadow of the Tohoku-
Oki earthquake. Meneses-Gutierrez and Sagiya (2016) recently ana-
lyzed the surface deformation in the Niigata-Kobe Tectonic Zone
(NKTZ), which is also located in the stress shadow of the 2011 Tohoku-
Oki earthquake. They found a localized contraction zone around the

Fig. 6. (a), (b) Distribution of the focal mechanisms of aftershocks. Focal mechanisms are shown by the beach ball in (a), (c) map-view and (b), (d) cross-sectional
view within the range shown by the broken rectangle in (a) and (c). (a), (b): before the mainshock. (c), (d): after the mainshock. Blue circles indicate the locations of
relocated hypocenters.
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northern part of the NKTZ after applying a short wavelength filter both
before and after the Tohoku-Oki earthquake and explained this ob-
servation by a persistent aseismic creep in the deeper portion of the
fault. Aseismic creeps may decelerate when the shear stress magnitude
decreases but may not completely cease. Previous studies suggested
that the active deformation zone along the eastern margin of the Japan
Sea, where the Yamagata-Oki earthquake occurred, is the northern
extension of the NKTZ (Nakamura, 1983). Thus, aseismic creep might
have also occurred in the deeper extension of the source fault of the
Yamagata-Oki earthquake. However, it is not likely that such a deeper
deformation alone increased the shear stress on the fault to exceed the
level just before the 2011 Tohoku-Oki earthquake and caused the
mainshock rupture of the 2019 Yamagata-Oki earthquake since such
aseismic slips should have slowed down after the 2011 earthquake even
if they existed. Furthermore, there is no observational evidence that
such deep extension of the fault actually exists in the source area of the
Yamagata-Oki earthquake. In fact, we did not observe an east-west
contraction between the two nearest GNSS stations before the Yama-
gata-Oki earthquake (Fig. 10).

Thus, we preferred the pore pressure migration model to explain the
occurrence of the 2019 Yamagata-Oki earthquake. However, if a deep
extension of the fault actually existed, pore pressure increase may also
promote localized deformation beneath the fault zone. It may reduce
the strength of the deeper extension part of the fault, accelerate creeps
on it and even trigger aseismic slip on it. It is possible that pore pressure
migration and localized deformation in the deeper extension of the fault
may have coexisted and contributed to the occurrence of the 2019
Yamagata-Oki earthquake. The propagation of the postseismic slip and
the aftershock-to-aftershock interaction may also have contributed to
the aftershock migration together with the pore pressure migration.

Seismic tomography results suggest that a low-velocity zone in the
mantle wedge extends westward from beneath the volcanic front to
beneath the Japan Sea (Zhao et al., 2011). The low-velocity zone is
considered to represent the ascending flow portion of the secondary
convection within the mantle wedge and, therefore, contains fluids
dehydrated from the slab and resultant melts (Hasegawa and Nakajima,
2004). Fluids released from the mantle diapirs rising from this low-
velocity zone in the mantle wedge may reach beneath the focal region
of the 2019 Yamagata-Oki earthquake. They may also contribute to the
formation of the active deformation zone along the eastern margin of
the Japan Sea.

The present observations support the hypothesis that the involve-
ment of fluids plays an important role in the occurrence of the main-
shock-aftershock sequences. The involvement of fluids has been more
often reported for earthquake swarms (Parotidis et al., 2005; Yukutake
et al., 2011; Shelly et al., 2013) but has also been considered for
mainshock-aftershock sequences (Nur and Booker, 1972; Yamashita
and Knopoff, 1987; Sibson, 1992). In fact, the differential stress mag-
nitude in northeast Japan is estimated to be too small (a few tens of
MPa) to cause earthquakes without the reduction in fault strength
(Yoshida et al., 2014; Yoshida et al., 2015). Recently, Matsumoto et al.
(2020) examined the foreshocks and aftershocks of the 2017 M5.3
Kagoshima Bay earthquake and reached a similar conclusion that the
foreshock-mainshock-aftershock sequences were caused by the fluid
movements. They found that foreshock hypocenters migrated along the
mainshock fault plane and that aftershock hypocenters migrated up-
ward similarly to the present observations. In the fault-valve model of
Sibson (1992), uprising fluids originated from the deeper portion re-
duced the fault strength, caused the earthquake, and discharged further
upward. This model not only accounts for the observation features of

the 2017 Kagoshima Bay earthquake, but also the newly observed
features of the 2019 Yamagata-Oki earthquake; i.e., its occurrence in
the stress shadow and the upward migration of aftershock hypocenters.

4.2. Seismic gap and the large coseismic slip region of the mainshock

We delineated three planar structures of hypocenters (Fig. 4). The
mainshock hypocenter is located at the deepest edge of the east-dipping
plane of the hypocenters distribution, which likely represents the
mainshock fault plane, on which a seismic gap (the ellipse in Fig. 4b)
existed near the mainshock hypocenter.

Previous studies reported a spatial separation between the main-
shock coseismic slip area and the areas where aftershocks are active
based on the direct comparison of aftershock distribution and coseismic
slip distribution (Mendoza and Hartzell, 1988; Das and Henry, 2003;
Woessner et al., 2006; Asano et al., 2011; Ebel and Chambers, 2016;
Yoshida et al., 2020; Wetzler et al., 2018). The seismic gap of after-
shocks near the mainshock hypocenter (the ellipse in Fig. 4b) likely
represents a large coseismic slip area of the mainshock (Fig. 4a and b).
If we assume that the aftershock gap represents the large slip region, the
length (~11.5 km) is much smaller than the typical fault length of a
M6.7 earthquake, based on the circular crack model (Eshelby, 1957)
with a stress drop of 3 MPa (~25 km) and a model based on empirical
relationships (~30 km; Wells and Coppersmith, 1994), suggesting that
a substantial portion of seismic moment was released on the small as-
perity. However, the result of a waveform inversion based on strong
motion data from NIED K-NET and Kik-net (National Research Institute
for Earth Science and Disaster Resilience, 2019b) of the Yamagata-Oki
earthquake indicates that the large coseismic slip of this earthquake
actually occurred in the area with many aftershocks (https://www.
kyoshin.bosai.go.jp/kyoshin/topics/Yamagataoki_20190618/
inversion_en/) west from the aftershock gap, although the discrepancy
between the region with large coseismic slip and the aftershock gap
comes from the estimation error of the coseismic slip distribution due to
the difficulty in constraining the rupture speed (Lay et al., 2010).

5. Conclusions

In this study, we investigated the fault structure and spatiotemporal
variations of the aftershocks of the 2019 M6.7 Yamagata-Oki earth-
quake, which occurred in the stress shadow of the 2011 M9.0 Tohoku-
Oki earthquake, to understand the occurrence mechanisms of earth-
quake sequences. We exploited the assumption that there need to be
some local effects to cause an earthquake in the macroscopic stress
shadow. Additionally, we investigated the spatiotemporal evolution of
horizontal strain rates before the occurrence of the mainshock.

Precisely relocated aftershock hypocenters formed three planar
structures. One of the two nodal planes of focal mechanisms of each
event were almost parallel to the hypocenter alignments, suggesting
that individual aftershocks were mainly caused by afterslip along the
faults delineated by the aftershocks. A seismic gap of aftershocks near
the mainshock hypocenter on the major east-dipping plane may reflect
the area of large coseismic slip during the mainshock. Aftershock hy-
pocenters rapidly migrated upward from the deeper part of the fault,
similar to the recent earthquake swarm sequences triggered after the
2011 Tohoku-Oki earthquake in the stress shadow.

The spatial distribution of the surface strain rate in northeast Japan,
including the source region of the 2019 Yamagata-Oki earthquake, was
characterized by an E–W contraction strain rate; however, the 2011
Tohoku-Oki earthquake drastically changed the spatial distribution and

Fig. 7. Spatiotemporal distribution of earthquakes for four periods: (a), (b) 0 to 0.2 d, (c), (d) 0.2 to 2 d, (e), (f) 2 to 30 d, and (g), (h) 30 to 300 d from the mainshock.
The colour scale in shows the relative number of earthquakes ordered by time from the beginning to the end of the periods. (a), (c), (e), (g): map-view; (b), (d), (f),
(h): cross-sectional view within the range shown by the broken rectangle in (a), (c), (e) and (g). Gray and black circles show the location of earthquakes before and
after these periods, respectively.
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Fig. 8. Spatiotemporal distribution of aftershocks. (a), (b): depth, (c), (d): longitude, and (e), (f): latitude. Blue and red circles show the events taken from the JMA
unified catalogue and those detected in this study, respectively. Occurrence times are shown in the linear scale in (a), (c), and (e) and in the logarithmic scale in (b),
(d), and (f). Yellow curves in (b), (c), and (d) show the levels above and below where 10% of the events are contained in each bin with 100 events sorted by time. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Spatial distribution of the strain rate in northeast Japan obtained from GEONET data for four periods prior to the 2019 Yamagata-Oki earthquake: (a) March
9, 2009 to March 10, 2011 (before the 2011 Tohoku-Oki earthquake), (b) March 12, 2011 (after the coseismic change of the 2011 Tohoku-Oki earthquake) to June
18, 2014, (c) June 19, 2014 to June 18, 2018, and (d) June 19, 2018 to June 18, 2019 (before the 2019 Yamagata-Oki earthquake). The E–W contraction rate is
shown by the colour scale. The bars denote principal contraction strain rate axes. The star indicates the location of the Yamagata-Oki earthquake.
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the E–W extension strain rate spread over northeast Japan. Near the
source region of the Yamagata-Oki earthquake, this E–W extension
strain rate progressed until the occurrence of the mainshock due to the
postseismic deformation.

The observed upward hypocenter migrations, together with the
earthquake occurrence in the stress shadow and in the E–W extension
strain rate field, suggest that the Yamagata-Oki earthquake was caused
by a reduction in the fault strength due to rising crustal fluids from the
deep part. Moreover, if the deep extension of the fault actually existed
in the lower crust, fluids may have promoted aseismic deformations in
that deep part of the fault. Such localized aseismic deformations be-
neath the fault may have partly contributed to the occurrence of this
earthquake and the formation of the active deformation zone along the
eastern margin of the Japan Sea.

In this study, we attempted to constrain the occurrence mechanism
of the 2019 Yamagata-Oki earthquake by considering the occurrence of
an earthquake in the stress shadow, on the basis that some local effects
are required to cause such an earthquake. Fluid migrations and other
aseismic processes likely contribute to the occurrence of earthquakes in
more general situations.
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