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Abstract

Earthquake occurrence in the stress shadow provides a unique opportunity for extracting the 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. Moreover, we investigated the temporal evolution of the surface strain rate distribution in

the source region by using GNSS data. The earthquake detection and hypocenter relocation succeeded in delineating three

planar structures of earthquakes. The results suggest that individual aftershocks were caused by a slip on the macroscopic

planar structures. Aftershock hypocenters rapidly migrated upward from the deeper part of the major plane (fault) similar to

the recent earthquake swarm sequences triggered by the 2011 Tohoku-Oki earthquake in the stress shadow in the upper plate.

East–west contraction strain rate in the source region of the Yamagata-Oki earthquake with E–W compressional reverse fault

mechanism changed to the E–W extension as a result of 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 the reduction in the fault strength due to the 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.
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Abstract 16 

Earthquake occurrence in the stress shadow provides a unique opportunity for 17 

extracting the information about the physical processes behind earthquakes because it 18 

highlights processes other than the ambient stress change in earthquake generation. In this 19 

study, we examined the fault structure and the spatiotemporal distribution of the 20 

aftershocks of the 2019 M6.7 Yamagata-Oki earthquake, which occurred in the stress 21 

shadow of the 2011 M9.0 Tohoku-Oki earthquake, to better understand the earthquake 22 

generation mechanism. Moreover, we investigated the temporal evolution of the surface 23 

strain rate distribution in the source region by using GNSS data. The earthquake detection 24 

and hypocenter relocation succeeded in delineating three planar structures of earthquakes. 25 

The results suggest that individual aftershocks were caused by a slip on the macroscopic 26 

planar structures. Aftershock hypocenters rapidly migrated upward from the deeper part 27 

of the major plane (fault) similar to the recent earthquake swarm sequences triggered by 28 

the 2011 Tohoku-Oki earthquake in the stress shadow in the upper plate. East–west 29 

contraction strain rate in the source region of the Yamagata-Oki earthquake with E–W 30 

compressional reverse fault mechanism changed to the E–W extension as a result of 31 

Tohoku-Oki earthquake, and it continued until the occurrence of the Yamagata-Oki 32 

earthquake. The upward hypocenter migrations, together with the earthquake occurrence 33 

in the stress shadow and in the E–W extension strain rate field, suggest that the reduction 34 

in the fault strength due to the uprising fluids contributed to the occurrence of this 35 

earthquake sequence. Localized aseismic deformations, such as aseismic creeps, beneath 36 

the fault zone may also have contributed to the earthquake occurrence. The results support 37 

the hypothesis that aseismic processes in the deeper part of the fault play crucial roles in 38 

the occurrence of shallow intraplate earthquakes. 39 

Keywords: Aseismic process, fluid migration, stress shadow, hypocenter relocation, 40 

aftershock, 2016 Yamagata-Oki earthquake 41 
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1. Introduction 43 

Several destructive earthquakes have occurred during the last 60 years in the 44 

active deformation zone along the eastern margin of the Japan Sea, such as the 1964 M7.5 45 

Niigata earthquake, the 1983 M7.7 Nihonkai-Chubu earthquake, and the 1993 M7.8 46 

Hokkaido Nansei-Oki earthquake (Fig. 1). Nakamura (1983) and Kobayashi (1983) 47 

hypothesized that this north–south striking deformation zone acts as a nascent plate 48 

boundary and releases the accumulated strain energy between the Eurasian and the North 49 

American plates. Subsequent seismological and space geodetic observations confirmed a 50 

relative plate motion proceeding along this deformation zone (Wei and Seno, 1998; Heki 51 

et al., 1999), although there are disagreements about the location and mode of this nascent 52 

boundary (Ohtake, 1995) and the microplate structures of both sides (Wei and Seno, 1998; 53 

Heki et al., 1999). Complicated fault structures in this deformation zone suggest that the 54 

accumulated strain is released by multiple intraplate faults (Ohtake, 1995). 55 

 56 

 57 

 58 

Fig. 1. Maps showing the source region of the 2019 M6.7 Yamagata-Oki earthquake. 59 

The red star indicates the hypocenter of the Yamagata-Oki earthquake. Black stars 60 

indicate the locations of the 1964 M7.5 Niigata earthquake, 1983 M7.7 Nihonkai-61 

Chubu earthquake and its largest aftershock (M7.1), and 1993 M7.8 Hokkaido 62 
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Nansei-Oki earthquake. Numbers above the stars denote the occurrence years and the 63 

JMA magnitudes. Orange lines indicate the traces of the active fault. Black thick lines 64 

and arrows indicate the plate boundaries and relative plate motions, respectively, 65 

according to Bird (2003). In this model, the location of the plate boundary between 66 

the Eurasian (or Amur) and North American (or Okhotsk) plates is based on 67 

Nakamura (1983). The broken curve indicates the location of this plate boundary 68 

proposed by Ohtake (1995). (a) Map showing northeast Japan. Blue arrows show the 69 

minimum compressional principle stress axis of the static stress change of the 2011 70 

Tohoku-Oki earthquake (Yoshida et al., 2012). NA: North American plate , EU: 71 

Eurasian plate. Broken contour lines show the coseismic slip distribution of the 2011 72 

Tohoku-Oki earthquake (Iinuma et al., 2012). (b) Enlarged view of the rectangle 73 

region of (a). Beach balls show the focal mechanisms listed in the F-net catalog 74 

(Fukuyama, 1998). Gray and red dots show the hypocenters of shallow earthquakes 75 

(z < 40 km) with the JMA magnitude ≥ 2.0 before and after the 2011 Tohoku-Oki 76 

earthquake, respectively, for the period from Jan. 1, 1997 to August 20, 2019. 77 

 78 

 79 

An M6.7 earthquake occurred west off the border between Yamagata and Niigata 80 

prefectures on June 18, 2019 (JST) in this deformation zone, referred to as the 2019 81 

Yamagata-Oki earthquake (Figs. 1–3). The occurrence of this earthquake is enigmatic 82 

from the point of view of the temporal evolution of the stress field in this region that was 83 

affected by the 2011 M9 Tohoku-Oki earthquake. The state of stress in this deformation 84 

zone is the WNW–ESE compressional reverse-faulting regime (Okamura et al., 1995). 85 

The 2011 Tohoku-Oki earthquake and the associated postseismic slip reduced this WNW–86 

ESE compressional stress, and the reduced amount of differential stress was estimated to 87 

be ~0.5 MPa (Yoshida et al., 2012). Thus, the Tohoku-Oki earthquake created a stress 88 

shadow for typical WNW–ESE compressional reverse-fault earthquakes in this 89 

deformation zone (Yoshida et al., 2019a). The shear stress magnitude on the fault of the 90 

Yamagata-Oki earthquake after the Tohoku-Oki earthquake should be lower than that just 91 

before the Tohoku-Oki earthquake. Nevertheless, the M6.7 reverse-fault earthquake 92 

occurred in the stress shadow after eight years (3,021 d) from the 2011 earthquake (Fig. 93 

3). 94 

 95 

 96 
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  97 

 98 

Fig. 2. Distribution of the hypocenters in the Japan Meteorological Agency (JMA) 99 

unified catalogue from March 1, 2003 to May 10, 2020. Blue circles represent the 100 

hypocenters. The size of each circle corresponds to the diameter of the fault, 101 

assuming a stress drop of 3 MPa. The star denotes the hypocenter of the mainshock. 102 

(a) A map view showing the focal region of the 2019 Yamagata-Oki earthquake and 103 

the hypocenter distribution. (b) A map view showing the focal mechanisms 104 

determined by the JMA by red “beach balls.” (c)–(j) Cross-sectional views of vertical 105 

hypocenter distribution along the lines indicated in (a).  106 

 107 

 108 

 109 
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 110 

 111 

Fig. 3. Magnitude-time diagrams of events in and around the source region of the 112 

2019 Yamagata-Oki earthquake for (a) -50 d to 350 d, (b) -6,000 d to 350 d, and (c) 113 

-1 d to 2 d following the mainshock. The blue and red circles with gray bars indicate 114 



7 

 

the earthquake magnitudes listed in the JMA unified catalogue and those of newly 115 

detected in this study, respectively. The black line denotes the cumulative number of 116 

earthquakes with magnitudes greater than 2.0. The green vertical line indicates the 117 

occurrence time of the 2011 Tohoku-Oki earthquake. 118 

 119 

 120 

An important argument on the occurrence of shallow intraplate earthquakes is the 121 

existence of local sources affecting the states of stress and fault strength of the fault zone 122 

(Iio and Kobayashi, 2002). Previous studies suggested the important role of aseismic 123 

processes progressing in the deeper part of the fault, including pore pressure migrations 124 

and aseismic slips (Rice, 1992; Sibson, 1992; Liu and Zoback, 1997; Iio and Kobayashi, 125 

2002; Hasegawa et al., 2005). Sibson (1992) proposed a model in which the pore pressure 126 

cycle associated with the upward fluid migrations controls the earthquake cycle of 127 

shallow intraplate earthquakes. In this fault-valve model, a local reduction in the fault 128 

strength due to increasing pore pressure is crucial for the occurrence of earthquakes. Iio 129 

and Kobayashi (2002) argued that the local stress concentration due to the localized 130 

deformation beneath the fault accounts for various geophysical and geological 131 

observations. Hasegawa et al. (2005) incorporated these ideas to the deformation model 132 

of the arc crust in the subduction zone, in which fluids dehydrated from the subducting 133 

slab play central roles. 134 

The occurrence of the M6.7 earthquake in the stress shadow provides a unique 135 

opportunity for extracting information about the physical processes behind earthquake 136 

generation. This is because the occurrence of earthquakes in the stress shadow highlights 137 

the processes other than the ambient stress change in earthquake generation. Previous 138 

studies have analyzed several earthquake swarm sequences triggered in the stress shadow 139 

of the 2011 Tohoku-Oki earthquake (Fig. 1) and showed the upward migration behavior 140 

of hypocenters (Okada et al., 2015; Yoshida and Hasegawa, 2018a and b) along several 141 

planar structures; they hypothesized that swarm activities were triggered by the reduction 142 

in the fault strength due to the upward migration of the pore pressure despite the reduction 143 

in the shear stress. This hypothesis is consistent with the model proposed for northeast 144 

Japan, in which the slab-derived fluids that have reached the crust play a central role 145 

(Hasegawa et al., 2005).  146 

In this study, we investigated the aftershock activities of the 2019 M6.7 Yamagata-147 

Oki earthquake that occurred in the stress shadow of the 2011 M9.0 Tohoku-Oki 148 

earthquake to understand the earthquake generation mechanism. We detected early 149 

aftershocks that relocated the hypocenters and determined the focal mechanisms of 150 
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earthquakes in the source region (Section 2). Moreover, we examined the temporal 151 

evolution of strain rates after the 2011 Tohoku-Oki earthquake. Afterwards, we 152 

investigated the fault structure and spatiotemporal evolution of the aftershocks (Section 153 

3) and extracted information about the generation mechanism of the Yamagata-Oki 154 

earthquake and more generally, shallow intraplate earthquakes (Section 4). 155 

 156 

 157 

2. Data and Methods 158 

In this section, we describe the data (subsection 2.1) and methods to detect early 159 

aftershocks (subsection 2.2), to relocate hypocenters (subsection 2.3), and to determine 160 

focal mechanisms (subsection 2.4) of earthquakes that occurred in the source region of 161 

the 2019 Yamagata-Oki earthquake. We also explain the method to estimate the surface 162 

strain rate prior to the mainshock by using global navigation satellite system (GNSS) data 163 

(subsection 2.5). 164 

 165 

2.1. Data 166 

We analyzed 4,255 earthquakes listed in the Japan Meteorological Agency (JMA) 167 

unified catalogue from March 1, 2003 to May 10, 2020 (Fig. 2) and the waveforms 168 

recorded at the seismic stations surrounding the source region (Fig. S1). For the following 169 

waveform analyses (subsection 2.2, 2.3 and 2.4), we constructed P- and S-wave windows 170 

starting from 0.3 s before the arrival with the durations of 2.5 s and 4.0 s, respectively, 171 

for each earthquake-station pair. For the arrival time, we used manually picked times 172 

listed in the JMA unified catalogue, if available; otherwise, we used theoretical arrival 173 

times computed by assuming the same velocity model as used in the JMA unified 174 

catalogue. Moreover, we used the daily location data at the national GNSS network called 175 

GEONET (GNSS Earth Observation Network System; 176 

https://www.gsi.go.jp/ENGLISH/index.html) (Fig. S1) provided by the Geospatial 177 

Information Authority of Japan (GSI) to estimate the strain rate (subsection 2.5).  178 

 179 

2.2. Detection of early aftershocks 180 

The minimum magnitude of completeness temporally increases for a certain period 181 

immediately after a large earthquake. To obtain a comprehensive view of the 182 

spatiotemporal evolution of the aftershocks of the 2019 Yamagata-Oki earthquake, we 183 

https://www.gsi.go.jp/ENGLISH/index.html
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performed early aftershock detection to identify the undetected earthquakes in the JMA 184 

unified catalogue. In the first step, we used the waveform data obtained at the two nearest 185 

stations to identify the possible events, which are not detected in the JMA unified 186 

catalogue. In the second step, we used the waveform data obtained at a large number of 187 

stations to verify that the identified events are earthquakes in the source region. 188 

We first applied the template matching method (Schaff and Waldhauser, 2010) to 189 

the continuous waveform data obtained at the two nearest stations (YATSUM and 190 

AWASHI shown by purple inverted triangles in Fig. S1) from the source region from June 191 

18 to June 19, 2019 (JST). We followed the procedure outlined in Yoshida and Hasegawa 192 

(2018a) modified after Shelly et al. (2013). We used 4,255 earthquakes in the JMA unified 193 

catalogue (referred to as JMA events) as template events. We applied a bandpass filter 194 

with a passband frequency of 5–12 Hz to the continuous waveforms and the S-wave 195 

windows of the JMA events and then downsampled the waveforms to 25 samples per 196 

second.  197 

We compared the S-wave windows of the template events (duration of 4.0 s) with 198 

the continuous waveform data; we calculated the correlation coefficients 𝑐𝑐𝑖 (the 𝑖-th 199 

point) on each waveform at each time lag (incremented at 0.04 s intervals), We computed 200 

the time series of 𝑐𝑐𝑖′ = max(𝑐𝑐𝑖−1, 𝑐𝑐𝑖, 𝑐𝑐𝑖+1), and obtained the sum of 𝑐𝑐𝑖′ over all 201 

the stations and components (𝐶𝐶𝑖 ). We computed the median value and the median 202 

absolute deviation (MAD) of 𝐶𝐶𝑖 for the day. If 𝐶𝐶𝑖 exceeds the median value added 203 

by the twelve times of MAD, we regarded it as a possible missing event unless it is listed 204 

in the JMA unified catalogue. Consequently, we newly obtained 1,207 possible events. 205 

Signals of certain newly-detected events were too small to evaluate whether they 206 

corresponded to the waveforms of earthquakes in the source region. As the second step, 207 

we compared the waveforms of the possible events with those of the JMA events at a 208 

large number of stations (46 green triangles in Fig. S1) to eliminate such uncertain events. 209 

For each possible event, we constructed the P-wave and S-wave windows in the same 210 

way as for the JMA events (durations of 2.5 s for P-wave and 4.0 s for S-wave starting at 211 

0.3 s before their onsets). The onset timing is assumed to be the same as that of the most 212 

correlated JMA event during the detection. We evaluated the waveform similarity 213 

between each newly-detected event and JMA event at each station and component; when 214 

a newly-detected event did not satisfy the waveform similarity threshold for five or more 215 

JMA events, we eliminated that event. The threshold of the waveform similarity is 0.8 in 216 

cross-correlation coefficients for the P- and/or S-wave windows at more than two stations. 217 

Consequently, we eliminated 829 events and obtained 378 new events (Fig. 3c). Thus, we 218 
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created our earthquake catalogue, which consists of 4,556 earthquakes in total. 219 

We determined the magnitudes of the newly-detected events based on the relative 220 

waveform amplitudes of P- and S-waves to those of JMA events. We assumed that the 221 

JMA magnitude is equal to the moment magnitude (Hanks and Kanamori, 1979) and the 222 

ratio of the waveform amplitude is equal to the ratio of the seismic moment when the 223 

station is the same and the sources have similar focal mechanisms and locations. We first 224 

aligned the timings of the waveforms by using the lag time of each waveform pair with 225 

high similarity (cc ≥ 0.8). The waveform similarity ensures similarity in the source 226 

mechanism and location. Afterwards, we compared the amplitudes of the waveform pairs 227 

at each time, applied principal component analysis (PCA), and obtained the best 228 

amplitude ratio of the waveform pair (Yoshida et al., 2019b). We obtained the amplitude 229 

ratios of a detected event with various JMA events at various seismic stations and 230 

determined the seismic moment of the detected event as the mean value weighted by the 231 

cross-correlation coefficient. We finally determined the magnitude of the detected events 232 

by using the relationship between the seismic moment and the moment magnitude (Hanks 233 

and Kanamori, 1979). 234 

 235 

2.3. Hypocenter relocation 236 

We relocated the hypocenters of earthquakes from our earthquake catalogue 237 

obtained in subsection 2.2 using the double-difference method (Waldhauser and Ellsworth, 238 

2000) following the procedure outlined in Yoshida and Hasegawa (2018a). We first 239 

extracted the P-wave (101,611) and S-wave (131,760) differential arrival time data from 240 

the JMA unified catalog. We also used the waveform data obtained at stations close to the 241 

source area (Fig. S1a) for the waveform correlation measurements of differential arrival 242 

times. These stations are operated by Tohoku University, JMA, and NIED Hi-net 243 

(National Research Institute for Earth Science and Disaster Resilience, 2019a) where 244 

three-component velocity-type seismograms are recorded at a sampling rate of 100 Hz. 245 

We applied a bandpass filter with frequencies ranging between 5 and 12 Hz and computed 246 

the cross-correlation function. Differential arrival times derived from the cross-247 

correlation function were used for the relocation if the cross-correlation coefficient was 248 

higher than 0.8. The size of the differential arrival time data for P- and S-waves, derived 249 

from the waveform cross-correlation delay measurements, was 650,500 and 810,036, 250 

respectively.  251 

We applied the double-difference earthquake relocation method (Waldhauser and 252 
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Ellsworth, 2000) to the differential arrival time data. We assumed the 1-D velocity model 253 

of Hasegawa et al. (1978), which was routinely used at Tohoku University to determine 254 

the hypocenter locations and focal mechanisms of the events in northeast Japan. We 255 

evaluated the uncertainty in the relative hypocenter locations by recalculating the 256 

hypocenters 1,000 times, based on bootstrap resampling of differential arrival time data. 257 

 258 

2.4. Determination of focal mechanisms 259 

To determine the focal mechanisms, we used the relative amplitudes of direct P- 260 

and S-waves corrected by those of a reference earthquake whose focal mechanism was 261 

already determined. We followed the procedure outlined in Yoshida et al. (2019b), which 262 

utilizes the amplitude ratios of P-, SH-, and SV-waves by assuming that the medium in 263 

the vicinity of the source is homogeneous and isotropic (Dahm, 1996). We restricted the 264 

distance between the target and reference events to less than 3 km to reduce the 265 

differences in the propagation and site effects. We used the waveform correlation between 266 

the target and reference earthquakes to reliably obtain the amplitude ratio data.  267 

We adopted twelve focal mechanisms listed in the JMA unified catalogue (Fig. 2b) 268 

as reference focal mechanisms using the P-wave first-motion polarity data. We applied a 269 

bandpass filter with frequency of 2–5 Hz to both the P-wave and S-wave windows. The 270 

amplitude ratio was computed at each seismic station using the same method described 271 

in subsection 2.1, when the cross-correlation coefficient is greater than 0.75 between the 272 

waveforms of the target event and the reference event. If the amplitude ratio data were 273 

obtained from more than eight different seismic stations and 15 channels, we estimated 274 

the moment tensor components. We computed 2,000 focal mechanisms for each target 275 

event based on the bootstrap resampling of the amplitude ratio data. The difference in the 276 

focal mechanisms from the best solution was measured by the 3-D rotation angle (Kagan, 277 

1991). If the 90% confidence interval was larger than 30°, we discarded the result. If focal 278 

mechanism of one target event was obtained from different reference events, we adopted 279 

the one with the minimum confidence interval. 280 

 281 

2.5. Estimation of strain rate prior to the mainshock 282 

We estimated the temporal changes in the surface strain rate prior to 2019 283 

Yamagata-Oki earthquake by using the location data at the national GNSS network 284 

GEONET. We estimated the spatial distribution of surface strain rates in the following 285 

periods: (1) March 9, 2009 to March 10, 2011 (before the 2011 Tohoku-Oki earthquake), 286 
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(2) March 12, 2011 to June 18, 2014 (after the coseismic change of the 2011 Tohoku-Oki 287 

earthquake), (3) June 19, 2014 to June 18, 2018, and (4) June 19, 2018 to June 18, 2019 288 

(before the 2019 Yamagata-Oki earthquake). 289 

We used the routine daily coordinate solutions (F3 solutions) provided by the GSI 290 

obtained at the GEONET stations (Fig. S1). We applied the method by Shen et al. (1996) 291 

to the mean displacement rates during these periods and obtained the spatial distribution 292 

of the strain rate at each 0.05°-spaced grid node.  293 

 294 

 295 

3. Results 296 

3.1. Fault Structure 297 

We obtained the relocated hypocenters of 4,501 events and determined the focal 298 

mechanisms for 269 events. Location data for 55 earthquakes were removed because their 299 

hypocenters were located above the ground surface (49 JMA events and six newly-300 

detected events). We computed the differences between the maximum and minimum 301 

values in the 95% confidence interval of the hypocenter locations (Fig. S2) and obtained 302 

the medians as a measure of estimation error: 0.0014° in longitude, 0.0013° in latitude, 303 

and 0.22 km in depth for the JMA events and 0.0021° in longitude, 0.0017° in latitude, 304 

and 0.33 km in depth for the newly-detected events. 305 

The present hypocenter relocation succeeded in delineating a few planar structures 306 

of hypocenters (Fig. 4) from the scattered distribution of the initial hypocenters of the 307 

JMA unified catalog (Fig. 2). Such drastic changes in the hypocenter distribution were 308 

also obtained for other earthquake clusters in northeast Japan based on a similar relocation 309 

method by using numerous and precise differential arrival time data (Yoshida and 310 

Hasegawa, 2018a and b, Yoshida et al., 2020). The largest plane of aftershock hypocenters 311 

is the one dipping eastward approximately 15 km long and 10 km wide (gray rectangle in 312 

Fig. 4a and gray lines in Figs. 4c–i), at the bottom of which the mainshock hypocenter is 313 

located. We also observed two west-dipping conjugate planes in the southern part (green 314 

rectangle and green lines) and the shallower part (black rectangle and red lines) of the 315 

aftershock area.  316 

 317 

   318 

 319 
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 320 

 321 

Fig. 4. Distribution of the relocated hypocenters. (a) A map view showing the focal 322 

region of the 2019 Yamagata-Oki earthquake. Blue circles represent the hypocenters. 323 

The size of each circle corresponds to the diameter of the fault, assuming a stress 324 

drop of 3 MPa. The star denotes the hypocenter of the mainshock. Gray, green, and 325 

red rectangles denote the model fault planes. Red crosses indicate the hypocenters of 326 

the newly-detected events. The sizes of the crosses are ten times as large as those of 327 

the JMA events in order to clearly show their distribution. (b) The moment release 328 

amount of the aftershocks computed at each 0.04°-spaced grid-cel is shown by the 329 

color scale. The black ellipse shows the seismic gap. (c)–(j) Cross-sectional views of 330 

the vertical hypocenter distribution along the lines indicated in (a). Gray, green, and 331 

black lines denote the model fault planes. 332 

 333 

Earthquakes in and around the aftershock area before the mainshock (Figs. 5a and 334 

b) also appear to have occurred along the same fault structures as aftershocks. Some 335 
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earthquakes were located near the hypocenter of the mainshock, but most were located 336 

on the western segments of the fault structure of aftershocks (Figs. 5c and d). 337 

 338 

 339 

 340 

Fig. 5. Spatiotemporal distribution of earthquakes. The occurrence times measured 341 

from the mainshock are shown in the color scale in (a), (c) map-view and (b), (d) 342 

cross-sectional view within the range shown by the broken rectangle in (a) and (c). 343 

(a), (b): before the mainshock. (c), (d): after the mainshock. The star indicates the 344 

mainshock.  345 

 346 

 347 

Figure 6 shows the spatial distribution of the focal mechanisms determined in this 348 
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study and by the JMA before and after the Yamagata-Oki earthquake. Most of them have 349 

WNW–ESE compressional reverse-fault focal mechanisms similar to that of the 350 

mainshock. Most of those aftershocks have nodal planes nearly parallel to the alignments 351 

of the hypocenters, suggesting that individual aftershocks occur on the macroscopic 352 

planar structures illustrated by the hypocenters. 353 

 354 

 355 

 356 

Fig. 6 (a), (b) Distribution of the focal mechanisms of aftershocks. Focal mechanisms 357 

are shown by the beach ball in (a), (c) map-view and (b), (d) cross-sectional view 358 

within the range shown by the broken rectangle in (a) and (c). (a), (b): before the 359 

mainshock. (c), (d): after the mainshock. Blue circles indicate the locations of 360 

relocated hypocenters.  361 

 362 

3.2. Seismic gap of earthquakes before and after the mainshock 363 

 Aftershocks did not occur in the area up to 2–3 km from the mainshock hypocenter along 364 
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the east-dipping fault plane (z = 12.5–15.0 km in Figs. 4f–h). Intensive aftershock 365 

activities occurred in the shallower portions above this seismic gap along the east-dipping 366 

plane (z = 10.0–12.5 km) and along two conjugate planes. A seismic gap of aftershocks 367 

formed at a deeper portion of the aftershock area and along the shallower side of the 368 

mainshock hypocenter along the east-dipping fault plane. In this area, earthquakes did not 369 

occur before the mainshock. 370 

To analyze this tendency differently, we computed the seismic moment release 371 

amount of each earthquake by assuming that the magnitude is equal to the moment 372 

magnitude. Then, we summed the moment release amount rate at each evenly-spaced 373 

point every 0.04° by using the aftershocks within the nearest grid-cell (Fig. 4 (b)). The 374 

moment release amount of aftershocks and earthquakes before the mainshock is smaller 375 

(< 1011 − 1012 Nm) in the region up to 2–3 km from the mainshock hypocenter along 376 

the east-dipping fault plane, corresponding to the seismic gap, than the other regions in 377 

its shallower extension (~1013 Nm).  378 

 379 

3.3. Migration and expansion of the aftershock distribution 380 

The aftershock area appears to expand with time (Figs. 5c and d). Fig. 7 shows the 381 

spatiotemporal evolution of the aftershock distribution in four periods: (a), (b) 0 to 0.2 d, 382 

(c), (d) 0.2 to 2 d, (e), (f) 2 to 30 d, and (g), (h) 30 to 300 d from the mainshock. 383 

Hypocenters tend to be located in the deeper portion in the earlier period (Figs. 7a and b) 384 

but expand to the shallower part in the later periods (Figs. 7c through d). Fig. 8 shows the 385 

direct comparison of the occurrence times of aftershocks with depth, longitude, and 386 

latitude. We sorted the earthquakes by time and divided them into 45 bins with 100 events. 387 

We computed the two levels above or below where 10% of the events are contained in 388 

each bin and showed the levels in Fig. 8. The aftershock hypocenters moved toward the 389 

shallower part approximately following the logarithm of time (Figs. 8a and b). 390 

Aftershocks in the deeper portion of the fault (z >13 km) intensively occurred in the first 391 

day from the mainshock but ceased after ~1 d from the mainshock (Fig. 8a).  392 
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 393 

 394 

Fig. 7 Spatiotemporal distribution of earthquakes for four periods: (a), (b) 0 to 0.2 d, 395 

(c), (d) 0.2 to 2 d, (e), (f) 2 to 30 d, and (g), (h) 30 to 300 d from the mainshock. The 396 

color scale in shows the relative number of earthquakes ordered by time from the 397 

beginning to the end of the periods. (a), (c), (e), (g): map-view; (b), (d), (f), (h): cross-398 

sectional view within the range shown by the broken rectangle in (a), (c), (e) and (g). 399 

Gray and black circles show the location of earthquakes before and after these periods, 400 

respectively.  401 
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Fig. 8 Spatiotemporal distribution of aftershocks. (a), (b): depth, (c), (d): longitude, 406 

and (e), (f): latitude. Blue and red circles show the events taken from the JMA unified 407 

catalogue and those detected in this study, respectively. Occurrence times are shown 408 

in the linear scale in (a), (c), and (e) and in the logarithmic scale in (b), (d), and (f). 409 

Yellow curves in (b), (c), and (d) show the levels above and below where 10% of the 410 

events are contained in each bin with 100 events sorted by time. 411 

 412 

3.4. Strain rate prior to the mainshock 413 

Fig. 9 shows the spatial distribution of the strain rate for four periods: (a) March 9, 414 

2009 to March 10, 2011 (before the 2011 Tohoku-Oki earthquake), (b) March 12, 2011 415 

(after the coseismic change of the 2011 Tohoku-Oki earthquake) to June 18, 2014, (c) 416 

June 19, 2014 to June 18, 2018, and (d) June 19, 2018 to June 18, 2019 (before the 2019 417 

Yamagata-Oki earthquake).  418 

Northeast Japan including the source region of the Yamagata-Oki earthquake was 419 

characterized by the E–W contraction strain rate before the 2011 Tohoku-Oki earthquake 420 

(Fig. 9a), which is consistent with the results of the previous studies (Sagiya et al., 2000; 421 

Yoshida et al., 2015). However, the 2011 Tohoku-Oki earthquake drastically changed the 422 

spatial distribution of the strain rate, and the east-west extension strain rate spread all over 423 

the region (Fig. 9b). This E–W extension continued near the source region of the 424 

Yamagata-Oki earthquake after the Tohoku-Oki earthquake (Fig. 9c) because of the 425 

postseismic deformation such as the afterslip (Ozawa et al., 2011) along the plate interface 426 

and the viscoelastic response of the mantle (Hu et al., 2016). The E–W extension strain 427 

rate further continued until the occurrence of the Yamagata-Oki earthquake, as shown in 428 

the strain rate map for the latest period (from June 19, 2018 to June 18, 2019), which was 429 

just before the Yamagata-Oki earthquake. 430 
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 431 

Fig. 9. Spatial distribution of the strain rate in northeast Japan obtained from 432 

GEONET data for four periods prior to the 2019 Yamagata-Oki earthquake: (a) 433 
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March 9, 2009 to March 10, 2011 (before the 2011 Tohoku-Oki earthquake), (b) 434 

March 12, 2011 (after the coseismic change of the 2011 Tohoku-Oki earthquake) to 435 

June 18, 2014, (c) June 19, 2014 to June 18, 2018, and (d) June 19, 2018 to June 18, 436 

2019 (before the 2019 Yamagata-Oki earthquake). The E–W contraction rate is 437 

shown by the color scale. The bars denote principal contraction strain rate axes. The 438 

star indicates the location of the Yamagata-Oki earthquake. 439 

 440 

 441 

There are two GNSS stations near the source region of the Yamagata-Oki 442 

earthquake (blue crosses in Fig. S1), one of which is located west of the source region 443 

and the other east. Fig. 10 shows the temporal changes in the distance in the E–W 444 

direction between these stations. The E–W distance between the two stations continued 445 

to increase after the 2011 Tohoku-Oki earthquake, suggesting that the E–W extension 446 

continued even before the Yamagata-Oki earthquake. 447 

 448 

 449 

 450 

 451 

Fig. 10. Distance change in the E–W direction between the two GPS stations (1162 452 

and 0231; blue crosses in Fig. S1) near the source region of the 2019 Yamagata-Oki 453 

earthquake from Jan. 1, 2007 to Sep. 30, 2019. The positive sign indicates the 454 
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increase in the distance between the two stations. 455 

 456 

 457 

4. Discussion 458 

4.1. Occurrence mechanism of the 2019 Yamagata-Oki earthquake in the stress 459 

shadow 460 

The 2019 M6.7 Yamagata-Oki earthquake occurred in the coseismic stress shadow 461 

of the 2011 M9.0 Tohoku-Oki earthquake. The seismicity rate in the source region of the 462 

Yamagata-Oki earthquake decreased after the Tohoku-Oki earthquake in agreement with 463 

the stress shadow (Fig. 3b). The source region was located in the E–W extension and 464 

north–south contraction strain rate field even immediately before the Yamagata-Oki 465 

earthquake (Fig. 9d). The occurrence of the Yamagata-Oki earthquake with the east-west 466 

compressional reverse-faulting mechanism in this situation provides important 467 

constraints for the occurrence mechanism; thus, the occurrence of this earthquake is 468 

related to the local effects on the stress and/or fault strength.  469 

We observed an upward migration of aftershocks of the 2019 Yamagata-Oki 470 

earthquake (Fig. 8b). Similar upward migrations were also observed for several 471 

earthquake swarms triggered in the central part of northeast Japan after the 2011 Tohoku-472 

Oki earthquake (Okada et al., 2015; Yoshida and Hasegawa, 2018a, b). Those earthquake 473 

swarms occurred in the stress shadow of the 2011 Tohoku-Oki earthquake as well and 474 

were caused by the increase in pore pressure after the 2011 earthquake (Terakawa et al., 475 

2013; Yoshida et al., 2016, 2017). The upward migration of the aftershocks of the 476 

Yamagata-Oki earthquake to the outside of the three main planes (z < 10 km in Figs. 7 477 

and 8) can be explained by the upward fluid discharge after the earthquake. By 478 

considering the involvement of fluids, we can also explain the occurrence of the 479 

mainshock in the stress shadow because the increase in pore fluid pressure reduces the 480 

fault strength. 481 

Aftershock migration can be explained by the effects other than the pore pressure 482 

migration, such as postseismic slip propagation (Wesson, 1987; Kato, 2004; Hsu et al., 483 

2006; Kato et al., 2007; Peng and Zhao, 2009; Frank et al., 2017; Perfettini et al., 2018; 484 

Yoshida et al., 2020) and aftershock-to-aftershock interactions (Helmstetter, 2002). By 485 

adopting these models, we may explain the observed upward aftershock migration 486 

without pore pressure migration. The expansion of the aftershock region with the 487 

logarithm of time observed in this study (Fig. 8b) is consistent with the observations and 488 

simulations of the post-seismic slip (Kato et al., 2007; Peng and Zhao, 2009; Perfettini et 489 

al., 2018). However, even if these stress triggering models are adopted as the cause of the 490 
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expansion of the aftershock region, the mainshock occurrence in the stress shadow should 491 

still be explained independently. We also need to explain the occurrence of the M6.7 E–492 

W compressional reverse-faulting earthquake in the field with the increased E–W 493 

extensional strain rate. One possible explanation is based on the localized deformation in 494 

the deeper part; if aseismic slips proceed in the deeper extension of the fault, they may 495 

locally increase the shear stress on the fault and cause an earthquake even in the 496 

macroscopic stress shadow of the Tohoku-Oki earthquake. Meneses-Gutierrez and Sagiya 497 

(2016) recently analyzed the surface deformation in the Niigata-Kobe Tectonic Zone 498 

(NKTZ), which is also located in the stress shadow of the 2011 Tohoku-Oki earthquake. 499 

They found a localized contraction zone around the northern part of the NKTZ both 500 

before and after the Tohoku-Oki earthquake and explained this observation by a persistent 501 

aseismic creep in the deeper portion of the fault. Aseismic creeps may decelerate when 502 

the shear stress magnitude decreases but may not completely cease. Previous studies 503 

suggested that the active deformation zone along the eastern margin of the Japan Sea is 504 

the northern extension of the NKTZ (Nakamura, 1983). However, it is not likely that such 505 

a deeper deformation alone, which probably slowed down after the 2011 earthquake if 506 

existed, increased the shear stress to exceed the level just before the 2011 Tohoku-Oki 507 

earthquake and caused the mainshock rupture of the 2017 Yamagata-Oki earthquake. In 508 

fact, we did not observe an east-west contraction between the two nearest GNSS stations 509 

before the Yamagata-Oki earthquake (Fig. 10b).  510 

Thus, we preferred the pore pressure migration model to explain the occurrence of 511 

the 2019 Yamagata-Oki earthquake. Pore pressure increase may also promote localized 512 

deformation beneath the fault zone. It may reduce the strength of the deeper extension 513 

part of the fault and accelerate creeps on it, even triggering aseismic slip events. It is 514 

possible that ore pressure migration and localized deformation in the deeper part of the 515 

fault may have coexisted and contributed to the occurrence of the 2019 Yamagata-Oki 516 

earthquake. The propagation of the postseismic slip and the aftershock-to-aftershock 517 

interaction may also have contributed to the aftershock migration together with the pore 518 

pressure migration. 519 

Seismic tomography results suggest that a low-velocity zone in the mantle wedge 520 

extends westward from beneath the volcanic front to beneath the Japan Sea (Zhao et al., 521 

2011). The low-velocity zone is considered to represent the ascending flow portion of the 522 

secondary convection within the mantle wedge and therefore contains fluids dehydrated 523 

from the slab and resultant melts (Hasegawa and Nakajima, 2004). Fluids released from 524 

the mantle diapirs rising from this low-velocity zone in the mantle wedge may reach 525 

beneath the focal region of the 2019 Yamagata-Oki earthquake. They may also contribute 526 
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to the formation of the active deformation zone along the eastern margin of the Japan Sea. 527 

The involvement of fluids has been more often reported for earthquake swarms 528 

(Parotidis et al., 2005; Yukutake et al., 2011; Shelly et al., 2013) but has also been 529 

considered for mainshock-aftershock sequences (Nur and Booker, 1972; Yamashita and 530 

Knopoff, 1987; Sibson, 1992). In fact, the differential stress magnitude in northeast Japan 531 

is estimated to be too small (a few tens of MPa) to cause earthquakes without the 532 

reduction in fault strength (Yoshida et al., 2014, 2015a, 2015b, and 2016). The present 533 

observations support the hypothesis that the involvement of fluids plays an important role 534 

in the occurrence of the mainshock-aftershock sequences. Recently, Matsumoto et al. 535 

(2020) examined the foreshocks and aftershocks of the 2017 M5.3 Kagoshima Bay 536 

earthquake and reached a similar conclusion that the foreshock-mainshock-aftershock 537 

sequences were caused by the fluid movements. They found that foreshock hypocenters 538 

migrated along the mainshock fault plane and that aftershock hypocenters migrated 539 

upward similarly to the present observations. In the fault-valve model of Sibson (1992), 540 

uprising fluids originated from the deeper portion reduced the fault strength, caused the 541 

earthquake, and discharged further upward. This model accounts for the newly observed 542 

features of the 2019 Yamagata-Oki earthquake; i.e., its occurrence in the stress shadow 543 

and the upward migration of aftershock hypocenters.  544 

 545 

4.2. Seismic gap as a clue to estimate the large coseismic slip region of the mainshock 546 

We delineated three planar structures of hypocenters (Fig. 4). The mainshock 547 

hypocenter is located at the deepest edge of the east-dipping plane of the hypocenters 548 

distribution, which likely represents the mainshock fault plane.  549 

The seismic gap of aftershocks near the mainshock hypocenter (the ellipse in Fig. 550 

4b) likely represents a large coseismic slip area of the mainshock (Figs. 4a and b). A large 551 

amount of shear stress may have been released in the area with the large coseismic slip of 552 

the mainshock, which may be the reason the aftershocks did not occur there. Previous 553 

studies reported a spatial separation between the mainshock coseismic slip area and the 554 

areas where aftershocks are active based on the direct comparison of aftershock 555 

distribution and coseismic slip distribution (Mendoza and Hartzell, 1988; Das and Henry, 556 

2003; Woessner et al., 2006; Asano et al., 2011; Ebel and Chambers, 2016; Yoshida et al., 557 

2016; Yoshida et al., 2016 and 2020; Ross et al., 2017b, 2018; Wetzler et al., 2018). The 558 

spatial separation can be attributed to the differences in the frictional properties along the 559 

fault. 560 

 561 

4. Conclusions 562 
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In this study, we investigated the fault structure and spatiotemporal variations of 563 

the aftershocks of the 2019 M6.7 Yamagata-Oki earthquake, which occurred in the stress 564 

shadow of the 2011 M9.0 Tohoku-Oki earthquake, to understand the occurrence 565 

mechanisms of earthquake sequences. Additionally, we investigated the spatiotemporal 566 

evolution of horizontal strain rates before the occurrence of the mainshock. 567 

Precisely relocated aftershock hypocenters formed three planar structures. One of 568 

the two nodal planes of focal mechanisms of each event were almost parallel to the 569 

hypocenter alignments, suggesting that individual aftershocks were mainly caused by 570 

afterslip along the faults delineated by the aftershocks. A seismic gap of aftershocks 571 

existed near the mainshock hypocenter on the major east-dipping plane may reflect the 572 

area with large coseismic slip of the mainshock. Aftershock hypocenters rapidly migrated 573 

upward from the deeper part of the fault similar to the recent earthquake swarm sequences 574 

triggered after the 2011 Tohoku-Oki earthquake in the stress shadow.  575 

The spatial distribution of the surface strain rate in northeast Japan, including the 576 

source region of the 2019 Yamagata-Oki earthquake, was characterized by E–W 577 

contraction strain rate; however, the 2011 Tohoku-Oki earthquake drastically changed the 578 

spatial distribution and the E–W extension strain rate spread over northeast Japan. Near 579 

the source region of the Yamagata-Oki earthquake, this E–W extension strain rate 580 

progressed until the occurrence of the mainshock due to the postseismic deformation. 581 

The observed upward hypocenter migrations, together with the earthquake 582 

occurrence in the stress shadow and in the E–W extension strain rate field, suggest that 583 

the Yamagata-Oki earthquake was caused by the reduction in the fault strength due to the 584 

rising crustal fluids from the deep part. Moreover, the existence of fluids may promote 585 

aseismic deformations in the deeper part of the fault. Localized aseismic deformations 586 

beneath the fault may have contributed to the occurrence of this earthquake and the 587 

formation of the active deformation zone along the eastern margin of the Japan Sea.  588 

In this study, we constrained the occurrence mechanism of the 2019 Yamagata-Oki 589 

earthquake by considering the occurrence of earthquake in the stress shadow. Fluid 590 

migrations likely contribute to the occurrence of more earthquakes. Aseismic processes, 591 

including pore pressure migrations and localized aseismic deformations, in the deeper 592 

part of the fault play important roles in the occurrence of increased shallow intraplate 593 

earthquakes. 594 
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