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Key Points: 12 

• Slip histories of four Mw>7 intraslab down-dip compressional (DDC) earthquakes in the 13 
Tohoku region are estimated by finite-fault inversions. 14 

• The source parameters of these DDC earthquakes are in agreement with the previous 15 
scaling laws for intraslab earthquakes at a similar depth. 16 

• The recurrence intervals of these events are comparable with the ones of megathrust 17 
earthquakes similar to the 2011 Tohoku earthquakes. 18 

  19 
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Abstract 20 

We examine the source parameters of four Mw≥7.0 intraslab earthquakes that occurred 21 

near the Tohoku coast over the past two decades: 2003, 2011, 2021, and 2022. By analyzing the 22 

finite fault slip histories constrained by inland strong motion observations, we found that these 23 

earthquakes occurred within the upper plane of the subducted Pacific Plate due to downdip 24 

compression caused by plate unbending. These earthquakes have a more compact fault area and 25 

higher stress drop compared to shallow crustal earthquakes. Additionally, intraslab earthquakes 26 

have much slower relative rupture velocity than shallow crustal earthquakes. Good spatial 27 

correlations between the static stress drop and slip rate are found, which may suggest the 28 

compatibility between dynamic stress drop and static stress drop. The rupture area, average slip, 29 

asperity area, average static stress drop over the entire fault, and asperities are consistent with the 30 

reported scaling relationship for global intraslab earthquakes within a similar depth range. Using 31 

plate unbending, we found the recurrence intervals of these intraslab earthquakes are around 600 32 

years, which is comparable with that of the 2011 Tohoku earthquake. A visual spatial-correlation 33 

between the locations of these earthquakes and seismicity in the lower plane is reported. These 34 

findings provide insights into the tectonic background and source parameters of intraslab 35 

earthquakes in the Tohoku region and contribute to better seismic hazard assessment. 36 

  37 
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Plain Language Summary 38 

The study analyzes four large intraslab earthquakes that occurred near the Tohoku coast in Japan 39 

in the past two decades, with magnitudes of 7.0 or greater. The earthquakes happened within the 40 

upper plane of the subducted Pacific Plate due to the plate unbending, which causes 41 

compression. The rupture area, average slip, asperity area, and average static stress drop of these 42 

earthquakes are consistent with the reported scaling relationship for global intraslab earthquakes. 43 

In comparison with shallow crustal earthquakes with similar magnitude, these earthquakes have 44 

smaller fault areas, higher stress drop, and slow relative rupture velocity. The recurrence 45 

intervals of these earthquakes estimated using the plate unbending mechanism is around 600 46 

years, comparable with the 2011 Tohoku earthquake. The study also reports a spatial correlation 47 

between the locations of these earthquakes and seismicity in the lower plane. These findings 48 

provide a better understanding of the source parameters of intraslab earthquakes in the Tohoku 49 

region and contribute to better seismic hazard assessment. 50 

  51 
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 Introduction 52 

The Pacific Plate (>140 Ma)  subducts along the Japan trench at a rate of 88 mm/year (e.g., 53 

Kreemer, et al., 2014) under the off-shore region of Honshu Island Japan, creating one of the 54 

most seismically active regions in the world and hosting giant megathrust earthquakes, such as 55 

the great 2011 Mw 9.1 Tohoku earthquake (e.g., Ide et al., 2011; Shao et al., 2011; Simons et al., 56 

2011). The 2011 Tohoku earthquake nucleated 100 km from the Japan trench axis. Its rupture 57 

extended over a broad area with approximate dimensions of 500 km along strike and 200 km 58 

along dip (e.g., Ide et al., 2011; Shao et al. 2011; Simons et al., 2011). This giant earthquake 59 

produced not only a catastrophic seismic hazard but also significantly increased the seismic 60 

activity in this region, especially in the vicinity of the area with large coseismic slips (e.g., Toda 61 

and Stein, 2022).  62 

Within the enhanced seismological activity following the Tohoku earthquake, three Mw 63 

≥7.0 earthquakes—the 2011 Mw 7.1 Miyagi-Oki earthquake, 2021 Mw 7.1 Fukushima-Oki 64 

earthquake, and 2022 Mw 7.3 Fukushima-Oki earthquake (pink stars, Figure 1(a); Table 1)— 65 

focussed our attention. These earthquakes occurred at similar centroid depths (~50 km) and had 66 

similar thrust focal mechanisms (GCMT, http://www.globalcmt.org). Unlike the 2011 Mw 9 67 

Tohoku earthquake, which ruptured along the plate interface, these three earthquakes occurred 68 

within the subducted Pacific Plate. In the Tohoku region of Japan, many researchers have 69 

established that intraplate earthquakes define a double-plane seismic zone within the subducted 70 

slab over a depth range of 50–200 km (e.g., Umino and Hasegawa, 1975; Hasegawa et al., 1978; 71 

Suzuki et al., 1983; Kita et al., 2010; Hasagawa and Nakajima, 2017). The stress regime in the 72 

lower plane tends to be a down-dip extension (DDE); whereas in the upper plane, the stress 73 

regime tends to be down-dip compression (DDC) (Umino and Hasegawa, 1975; Hasegawa et al., 74 

1978). Kita et al. (2010) reported that the thickness of the upper plane is 22 km beneath Honshu 75 
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island and its nearby region. Based on their locations and focal mechanisms, these three 76 

earthquakes result from down-dip compression (DDC) within the upper plane.  77 

Large intraplate earthquakes often have higher seismic hazard impacts than interplate 78 

earthquakes within similar magnitude and centroid depth (e.g., Iwata and Asano, 2011). We plot 79 

the observed peak ground accelerations (PGAs) at surface K-NET and KiK-net stations (Aoi et 80 

al., 2000) from these four intraplate DDC earthquakes in Figures 1(b)-1(e) and compare these 81 

observations with those from the 2021/03/20 Mw 7.1 Miyagi-Oki earthquake. The 2021/3/20 82 

Miyagi-Oki earthquake is an interplate thrust earthquake on the plate interface (Figure 1a). This  83 

Miyagi-Oki earthquake has a similar centroid depth of 50 km (GCMT, 84 

http://www.globalcmt.org) as the 2021/02/13 Mw 7.1 Fukushima-Oki earthquake (e.g., Table 1). 85 

As seen in Figures 1(b) -1 (e) the PGAs vary with hypocentral distance (R) as R-3 for both intra- 86 

and interplate earthquakes when R is less than 200 km. However, for a given distance, the PGAs 87 

excited by the intraplate earthquakes are 2.2-4.9 times larger than the interplate earthquake. The 88 

difference in PGAs is apparently correlated with the difference in reported damage. The 89 

2021/02/13 Mw 7.1 Fukushima-Oki earthquake produced serious damage to the coastal region of 90 

Honshu: two fatalities, at least 186 injuries, and an economic loss of about $1.3 billion (JMA 91 

2021, 92 

https://www.bousai.go.jp/updates/r3fukushima_eq_0213/pdf/r3fukushima_eq_higai05.pdf). In 93 

contrast, the Mw 7.1 Miyagi-Oki earthquake resulted in 11 minor injuries.  94 

Although the off-shore region of Honshu is seismically very active, Mw 7 or larger 95 

intraplate earthquakes are rare. Kita et al., (2010) pointed out that before the 2011 Mw 9 Tohoku 96 

earthquake, the 2003 Mw 7.1 Miyagi-Oki earthquake (Figure 1a, Okada et al., 2003) may be the 97 

only example of a large intraplate earthquake in 100 years. We notice that the spatial 98 
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distributions of these large intraplate earthquakes (blue stars, Figure 1a) are not entirely random. 99 

In Figure 1a, the dotted orange line denotes the line of the aseismic front, i.e., the downdip limit 100 

of interplate earthquakes (Igarashi et al., 2001). The grey circles show the epicenters of relocated 101 

lower plate MJ > 3 events from 2002 to 2007, which were selected if their locations were >23 km 102 

below the plate interface (Kita et al., 2010). The eastern boundary of these earthquakes, marked 103 

by a thick black dashed line, is abrupt. We refer to it as the emergence of lower-plane seismicity 104 

(ELPS). Their focal mechanisms generally reflect the downdip extension (DDE) stress condition 105 

in the lower plane (Kita et al., 2010). In map view, the lines of the aseismic front and ELPS are 106 

close but do not overlap each other. We emphasize that the epicenters of all four Mw ≥7 107 

intraplate earthquakes are within 20 km of ELPS. As shown later there is an excellent spatial 108 

correlation between ELPS and the largest asperities of these earthquakes. In contrast, the 109 

epicenter of the 2011/4/11 earthquake is about 40 km east of the line of the aseismic front 110 

(Figure 1a). There are notable “gaps” north and south of the 2011/04/07 Miyagi-Oki earthquake. 111 

The seismic hazard associated with these possible intraslab DDC earthquakes emphasizes the 112 

importance of understanding their causative mechanism and frequency as well as the expected 113 

source properties. 114 

In this study, we use strong motion seismic waveforms to study the rupture histories of four 115 

intraslab earthquakes that occurred beneath the off-shore region of Honshu. We find that these 116 

earthquakes have a higher average stress drop than typical interplate earthquakes, but slower 117 

relative rupture velocity. There is a high spatial correlation between the distribution of static 118 

stress drop and slip rate. Our 2D strain budget analysis reveals that these earthquakes could have 119 

a recurrence interval comparable with that of the great Mw 9 Tohoku earthquake. Because of 120 

stress transfer (Lin and Stein, 2004), these earthquakes tend to occur along the down-dip edge of 121 
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the coseismic rupture of the Tohoku earthquake. We emphasize that special attention should be 122 

paid to the “gaps” (Figure 1a) where large magnitude intraslab DDC earthquakes may occur. 123 

Materials and Methods 124 

Using strong motion records of K-NET and KiK-net surface stations (Aoi et al., 2000) along 125 

the Tohoku region (Figure 2) we study these four Mw ≥7 DDC intraplate earthquakes. The data 126 

were downloaded from the data center of the National Research Institute for Earth Science and 127 

Disaster Resilience (NIED). After integrating the acceleration records to velocity, we bandpass 128 

filter between 0.05 Hz and 0.3 Hz. We constructed 1D velocity models for the region 129 

surrounding the causative fault plane (Table S1-S3), based on a combination of 3D crustal and 130 

upper mantle structure (e.g., Matsubara et al., 2019) and the crustal Q model released by the 131 

headquarters for earthquake research promotion (e.g., Koketsu et al., 2012). In map view, the 132 

source areas of the 2021 and 2022 Fukushima-Oki earthquakes partially overlap (Figure 2); we 133 

use the same 1D model for both earthquakes. Because our frequency range is less than 0.3 Hz, 134 

for which the influence of a shallow layer is relatively minor, we use the same 1D model for all 135 

stations. Theoretical Green’s functions are computed using the frequency-wavenumber algorithm 136 

of Zhu and Rivera (2002). To correct the timing for 3D wave propagation effects, we select an 137 

aftershock (Mw 4-5) near the hypocenter of each mainshock. We compute synthetic waveforms 138 

for the aftershock using its network focal mechanism and our assumed 1D velocity structure. At 139 

each station, we shift the observed S wave arrival to align with the synthetics. This timeshift is 140 

used to align the record of the mainshock at this station.  141 

For each earthquake, we approximate its causative fault as a rectangular fault plane. The 142 

strike and dip of this plane are those from the nodal plane of its NIED (F-net) moment tensor 143 

solution (Fukuyama et al., 1998) consistent with the aftershock distribution. We adopt the JMA 144 
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hypocenter for each of the three Tohoku aftershocks. For the 2003 Miyagi-Oki earthquake, we 145 

shifted its focal depth from 69 km (JMA) to 62 km so that the initial P and S wave waveforms 146 

can be simultaneously fitted. This shift is consistent with the JMA aftershock distribution (Figure 147 

2). The preferred fault plane information is summarized in Table 1.  148 

The fault planes of these earthquakes are discretized into subfaults. We use 4 km × 4 km 149 

subfaults for the 2022 event and 2 km × 2 km subfaults for 2003, 2011, and 2021 events. For 150 

each subfault, we used the nonlinear finite-fault inversion method of Ji et al. (2002) to invert for 151 

its slip amplitude, rake angle, rupture initiation time, and rise time which determines the shape of 152 

the analytic slip rate function. Details of the method can be found in Ji et al. (2002).   153 

Results 154 

We summarize the inversion results for each event. The preferred slip distribution and the 155 

cumulative moment-rate function for each event are shown in Figure 3 and Figure 4, 156 

respectively. The distributions of the average slip rate, which is defined as the ratio of inverted 157 

fault slip and rise time, are shown in Figure 5. The distributions of static stress drop in the 158 

direction of fault slip (direction of black arrows in Figure 3), which are estimated using the 159 

inverted slip distribution, are shown in Figure 6. The rise-time distributions are shown in Figure 160 

S3. The surface projections of the fault slip contours are plotted in Figure 7. 161 

The 2022/03/16 and 2021/02/13 Fukushima-Oki earthquakes 162 

For the 2021 MW 7.1 Fukushima-Oki earthquake, we adopt a fault plane that orients N28oE 163 

and dips 38o to east-southeast (Table 1) based on its focal mechanism and the distribution of 164 

aftershocks in the first month (Figure 2d). A comparison of observations and synthetics for the 165 

preferred solution is shown in Figure S5. We find a heterogenous slip distribution that includes 166 
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several patches with large slip, i.e., asperities (Figure 3b). The largest asperity has a dimension of 167 

approximately 20 km along the strike and 10 km downdip, centered about 17 km along the strike 168 

and 8 km up-dip (Figure 3b) from the hypocenter. According to JMA, the rupture initiated at a 169 

depth of 55.4 km (red star, Figure 3b). About 1 s after the initiation phase (Ellsworth and Beroza, 170 

1995), or perhaps a foreshock, the rupture propagated obliquely back along strike (N208oE) and 171 

up-dip toward the largest asperity. The rupture velocity is path dependent; the rupture along the 172 

path, highlighted by a black arrow (Figure 3b), has a velocity of about 2 km/s. The failure of the 173 

largest asperity occurred approximately 6 s to 13 s after the hypocentral nucleation. This asperity 174 

produced the largest pulse in its moment rate function (blue line, Figure 4). We find a seismic 175 

moment of 4.9×1019 Nm, yielding Mw 7.1. The peak slip is about 3.5 m. Most of the seismic 176 

moment was released in the first 14s. We subsequently calculate the distributions of slip rate 177 

(ratio of inverted fault slip and rise time at individual subfaults, Figure 5b) and static stress drop 178 

(Figure 6b). Both distributions are spatially heterogeneous. The slip rate changes from 0 to 4.4 179 

m/s and static stress drop varies from -12.0 to 46.3 MPa. Because the subfaults with large slip are 180 

often better constrained (Ji et al., 2002), we estimate the weighted average slip rate 𝐷ሶഥ  and 181 

weighted average static stress drop ∆𝜎ா defined as (Ji et al., 2002), 182 

𝐷ሶഥ = ∑ ஽೔(஽೔/்ೃ೔)భಿ ∑ ஽೔೔ಿ    (1) 183 ∆𝜎ா = ∑ ஽೔∆ఙೞ೔భಿ∑ ஽೔೔ಿ    (2) 184 

Here N denotes the total number of subfaults. For the ith subfault, 𝐷௜, 𝑇ோ௜and ∆𝜎௦௜ represent its 185 

slip, rise time, and the static stress drop in the direction of fault slip, respectively. Because ∆𝜎ா is 186 

twice the ratio of apparent “available elastic energy” to the seismic potency (Shao et al., 2012), 187 ∆𝜎ா is also referred to as the “energy-based static stress drop”（Noda et al. 2013). By definition, 188 
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𝐷ሶഥ and ∆𝜎ா reflect more of the rupture of asperities than a simple average over the entire fault. 189 

The near-fault strong ground motion and high-frequency far-field radiation are dominated by the 190 

rupture of these asperities (e.g., Somerville et al., 1999; Irikura and Miyake, 2011). For this 191 

earthquake, we obtain 𝐷ሶഥ of 1.03 m/s and ∆𝜎ா of 16.1 MPa (Table 2).  192 

  While the rupture velocity is strictly path dependent (Figure 3), we can estimate a slip-193 

weighted average rupture velocity 𝑉ோതതത as 194 

𝑉ோതതത = ∑ ஽೔௅೔/்೔భಿ∑ ஽೔೔ಿ     (3) 195 

where 𝐿௜ and 𝑇௜ are the distance from the center of the ith subfault to the hypocenter and the time 196 

the center of the ith subfault starts to rupture, respectively. With this definition 𝑉ோതതത is 1.79 km/s. 197 

The significance of 𝐷ሶഥ, ∆𝜎ா and 𝑉ோതതത are discussed later. 198 

  We notice positive spatial correlations between the fault slip (Figure 3b), slip rate (Figure 199 

5b), and static stress drop (Figure 6b). The subfaults with higher slips often have higher slip rates 200 

and high static stress drop. In Table 3, we provide the spatial correlations among fault slip, slip 201 

rate, and static stress drop defined as: 202 

𝑐𝑜𝑟∆ఙ஽ = ∑ 𝐷௜∆𝜎௜ேଵට∑ 𝐷௜ଶ ∑ ∆𝜎௜ଶேଵேଵ           (4𝑎) 

𝑐𝑜𝑟஽ = ∑ 𝐷௜𝑇௜ேଵට∑ 𝐷௜ଶ ∑ 𝑇௜ଶேଵேଵ              (4𝑏) 

𝑐𝑜𝑟஽ሶ஽ = ∑ 𝐷௜𝐷ሶ ௜ேଵට∑ 𝐷௜ଶ ∑ 𝐷ሶ ௜ଶேଵேଵ              (4𝑐) 

𝑐𝑜𝑟∆ఙ஽ሶ = ∑ 𝐷ሶ ௜∆𝜎௜ேଵට∑ 𝐷ሶ ௜ଶ ∑ ∆𝜎௜ଶேଵேଵ          (4𝑑) 
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Here 𝐷௜ , 𝑇௜ , 𝐷ሶ ௜ , and ∆𝜎௜  are slip, rise time, slip rate (=𝐷௜/𝑇௜), and static stress drop at the ith 203 

subfault. All correlations are larger than 0.75 with the correlation between fault slip and slip rate 204 

being 0.85 (Table 3).  205 

The 2022 Mw 7.3 Fukushima-Oki earthquake is the largest in this group of intraslab 206 

earthquakes. We have slightly adjusted the fault strike inferred from its NIED moment tensor 207 

solution (Fukuyama et al., 1998) to match the distribution of the JMA aftershocks during the first 208 

month. This results in a fault plane orienting N15oE and dipping 43o to east-southeast (Figure 2e). 209 

Our preferred model explains the observations well (Figure S4). The inversions show that the 210 

2022 Fukushima-Oki mainshock features two major asperities (Figures 2 and 4). The largest 211 

asperity has a dimension of 16 km (along strike) and 20 km (downdip), centered about 22 km 212 

along strike from the hypocenter (Figures 3a and 6a). A second asperity, centered 5 km back-213 

strike and 8 km downdip from the hypocenter, is not as well constrained. According to JMA, the 214 

rupture initiated at 56.6 km depth in the vicinity of the secondary asperity (Figure 6a). After a 215 

weak initiation (~2 seconds), the rupture propagated mainly unilaterally in the along-strike 216 

direction with a speed of about 2 km/s (black arrow, Figure 3a), leading to the failure of the 217 

largest asperity at about 6 s. The rupture front also migrated in the downdip direction but at a 218 

much slower velocity (~ 1 km/s), breaking a secondary asperity (Figures 3a and 6a). The seismic 219 

moment is 1.05×1020 Nm, yielding Mw 7.3. The peak slip is about 3.4 m. Most of the seismic 220 

moment occurred in the first 16.5 s (Figure 4). The slip-weighted slip rate (𝐷ሶഥ) is 1.17 m/s, 221 

rupture velocity (𝑉ோതതത) 1.66 km/s, and slip-weighted stress drop ∆𝜎ா  11.24 MPa. Similar good 222 

spatial correlations between the fault slip (Figure 3a), slip rate (Figure 5a), and stress drop 223 

(Figure 6a) can be seen. Their spatial correlations are summarized in Table 3. 224 
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   The JMA epicenter of the 2022 Mw 7.3 Fukushima-Oki earthquake (37.697oN, 141.622oE) 225 

is 7.6 km west-southwest (N118oW) of the JMA epicenter of the 2021 Fukushima-Oki 226 

earthquake (Figure 1a). These two Fukushima-Oki earthquakes have similar fault strikes (N15oE 227 

vs. N28oE) and fault dip (38o vs. 43o). Although in map view the fault planes of these two 228 

earthquakes overlap each other (Figure 7), their co-seismic fault planes are separated. The 229 

hypocenter of the 2022 Fukushima-Oki earthquake is 4.5 km beneath the fault plane of the 2021 230 

Fukushima-Oki earthquake, suggesting an echelon structure. As shown in Figure 7 the largest 231 

asperities of these two earthquakes do not overlap each other. This is important when we try to 232 

understand the mechanics of these earthquakes. 233 

 234 
The 2011/4/7 Mw 7.1 Miyagi-Oki earthquake 235 

  The 2011 Mw 7.1 Miyagi-Oki earthquake occurred less than one month after the 2011 Mw 236 

9 Tohoku earthquake. The focal mechanism and the relocated aftershocks (Nakajima et al., 237 

2011) suggest a fault plane orienting N20oE and dipping 40o to the west––similar to the two 238 

Fukushima-Oki earthquakes. Our preferred faulting model produces good agreement between the 239 

observations and the synthetics (Figure S6). The faulting model shows that the 2011 Miyagi-Oki 240 

earthquake initiated at the downdip edge of its largest asperity (Figure 3c). After a weak 241 

initiation (about 1 s), the rupture propagated obliquely along the strike and up-dip directions at a 242 

speed of ~2.3 km/s (black arrow, Figure 3c) before breaking the largest asperity. The total 243 

seismic moment is 5.0×1019 Nm, Mw 7.1. The peak slip is 3.1 m. Most of the seismic moment 244 

was released in the first 13 s (Figure 4). As with the other earthquakes that we analyzed we find a 245 

strong spatial correlation between the fault slip (Figure 3c), slip rate (Figure 5c), and stress drop 246 

(Figure 6c, Table 1). The slip weighted slip rate (𝐷ሶഥ), rupture velocity (𝑉ோതതത), and ∆𝜎ா are 1.18 m/s, 247 

1.93 km/s and 14.55 MPa, respectively. 248 



manuscript submitted to JGR Solid Earth 

 

 249 

2003/5/26 Mw 7.1 Miyagi-Oki earthquake 250 

  The preferred fault plane of the 2003 Mw 7.0 Miyagi-Oki earthquake orients N190oE and 251 

dips 69o to the west. A comparison of the observed ground motion and synthetics is shown in 252 

Figure S7. The slip distribution is fairly simple (Figure 3d). Most slip occurred on a patch 253 

roughly 20 km by 16 km where the peak slip is 2.5 m. The rupture initiated at its southern edge 254 

and propagated primarily in the back-strike direction (N20oE) for about 13 km. The rupture 255 

speed is slow. Along the direction highlighted by the black arrow (Figure 3d), the rupture speed 256 

is about 1.7 km/s. The total seismic moment is 3.4x1019 Nm, giving Mw 7.0. Most of the seismic 257 

moment was established in the first 10s.  The slip weighted slip rate (𝐷ሶഥ), rupture velocity (𝑉ோതതത), 258 

and ∆𝜎ா are 0.80 m/s, 1.63 km/s and 11.60 MPa, respectively. The correlation between fault slip 259 

and slip rate is low (0.7) in comparison with the other three earthquakes (>0.81, Table 3).  260 

Discussion 261 

As shown in Figure 1, the surface projections of the fault planes of three DDC earthquakes 262 

since 2011 are near the downdip edge of the co-seismic slip of the 2011 Tohoku earthquake 263 

(Shao et al., 2011). The surface projections of these Tohoku DDC aftershocks lie within the 40 264 

km and 50 km iso-depth contours of the subduction interface (Nakajima and Hasegawa, 2017). 265 

Although the detailed slip distribution in the downdip direction is limited by the azimuthal 266 

coverage of strong motion stations, the centroid depths are well constrained. From north to south, 267 

the centroid depths estimated using inverted finite fault slip models decrease slightly from 57 km 268 

(the 2011 earthquake), to 55 km (the 2022 earthquake), to 52 km (the 2021 earthquake). Our 269 

centroid depths are about 2-4 km shallower than the centroid depths from GCMT solutions 270 

(changing from 53.3 km to 50 km, Table 1). Importantly, the centroid depths of these three 271 
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earthquakes are 5-10 km below the subducted interface. The width of the upper plane of the 272 

double seismic zone is ~22 km (Kita et al., 2010). The P axes of the focal mechanisms are sub-273 

horizontal with azimuths of 281o-300o, consistent with the plate convergence direction between 274 

Pacific Plate and North America Plate (~295o, GSRM V2.1, Kreemer, et al., 2014).  275 

Such intraplate seismicity within the upper plate of the subducted slab was reported to be 276 

strongly affected by the megathrust earthquakes along the plate interface (Astiz et al., 1988; Lay 277 

et al., 1989). Most large intraslab compressional (DDC) earthquakes in the intermediate depth 278 

range occurred following the large (Mw>8.5) interplate rupture (Lay et al., 1989). A similar 279 

temporal correlation was also reported between megathrust earthquakes and outer-rise tensional 280 

earthquakes (Christenson and Ruff, 1983; Lay et al., 1989). The observed temporal pattern, i.e., 281 

infrequent Mw 7 intraslab thrust earthquakes before the 2011 Mw 9 Tohoku earthquake (Kita et 282 

al., 2010) and three such earthquakes within the following 11 years, is consistent with this 283 

temporal pattern of the global seismicity (Lay et al., 1989). The dip angle of the slab interface is 284 

about 18o above the hypocenters of the three Mw >7 Tohoku DDC aftershocks, and ~27o above 285 

the hypocenter of the 2003 Miyagi-Oki earthquake (Table 1). Thus, the dip angles (θ) of the fault 286 

planes relative to the plate interface vary from 42o to 61o, consistent with the hypothesis that 287 

these intraplate DDC earthquakes occurred on pre-existing normal faults of the outer-rise region 288 

(e.g., Nakajima et al., 2011; Ranero et al., 2003). 289 

The presence of four Mw 7 and larger DDC intraslab earthquakes within two decades offers 290 

a rare opportunity to investigate their shared rupture characteristics. In the following section, we 291 

first examine the kinematic and dynamic rupture properties of these intraslab DDC earthquakes. 292 

Moreover, motivated by their high seismic hazard potential (as depicted in Figure 1(a)), we also 293 

try to investigate their recurrence interval under a framework of plate unbending mechanism.  294 
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 295 

General characteristics of large DDC intraslab earthquakes 296 

The rupture initiation of these large intraslab DDC earthquakes is similar to shallow crustal 297 

earthquakes. Spatially, each rupture is initiated in the vicinity of a large slip patch or asperity 298 

(Figure 3, Mai et al. 2005). Temporally, each rupture started with a weak initiation phase with a 299 

duration of 1-2 s (Ellsworth and Beroza, 1995).  300 

  However, the rupture velocity of intraslab DDC earthquakes relative to the S wave speed in 301 

the source region (𝛽) is considerably slower than the typical relative rupture velocity of crustal 302 

earthquakes (~0.7-0.8𝛽, Kanamori, 1994; Ji and Archuleta, 2021). As shown in Figure 3, the 303 

rupture velocity from the hypocenter to the major asperities varies from about 1.0 km/s to 2.3 304 

km/s, less than 51% of 𝛽  (4.5 km/s, Table S1, S2 S3). The slip-weighted average rupture 305 

velocities of these earthquakes (𝑉ோതതത), which are more sensitive to the rupture time of fault patches 306 

with large co-seismic slip,  are also slow, varying from 1.6 km/s to 1.9 km/s (0.36-0.43𝛽).  307 

  The low relative rupture velocity is consistent with our estimates of seismic radiation 308 

efficiency 𝜂ோ, which is defined as 𝜂ோ = 2𝜇(𝐸ோ/𝑀଴)/∆𝜎ா, where 𝐸ோ is radiated seismic energy 309 

and 𝜇 is the rigidity in the source region (e.g., Kanamori and Heaton, 2000). We estimate 𝐸ோ 310 

from the moment rate functions of the rupture process determined through the inversion 311 

(Vassiliou and Kanamori, 1982). 𝜂ோ varies from 0.045 to 0.18 with a geometric mean of 0.085. 312 

These values are considerably lower than the average of shallow crustal earthquakes (0.25-1.0, 313 

Venkataraman and Kanamori, 2004) or Mw>7 megathrust earthquakes (~0.39, Ye et al., 2016) 314 

but are consistent with the previous reports of the intermediate depth earthquakes (0.09, Poli and 315 

Preto, 2016). Lower 𝜂ோ indicates that the most of available strain energy was used to break the 316 

fault (e.g., Kanamori and Heaton, 2000). From an energy balance consideration near the rupture 317 
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tip, the relative rupture velocity should be positively correlated with 𝜂ோ  (Andrews, 1976; 318 

Kanamori and Rivera, 2006). We then suspect that the observations of both lower relative 319 

rupture velocity and lower 𝜂ோ are the consequences of reactivating pre-existing outer-rise fault 320 

planes.  321 

  All four earthquakes have spatially heterogeneous slip distributions (Figure 3), which 322 

require more than one parameter to depict their general characteristics. We have estimated the 323 

rupture area ( 𝐴) , average slip (D), and asperity area ( 𝐴௔ ) of each of these earthquakes.  324 

Following Somerville et al., (1999), the rupture area (𝐴) is defined as a rectangle consisting of 325 

subfaults whose slip is greater than 0.3 times the average slip (D). The asperity area (𝐴௔) is a part 326 

of the rupture area consisting of subfaults whose slip is more than 1.5D. The results are 327 

summarized in Table 2. Each parameter generally increases with the seismic moment. The 328 

scaling relations of 𝐴, D, and 𝐴௔ with seismic moment are crucial for predicting strong ground 329 

motion for future earthquakes (e.g., Somerville et al., 1999; Irikura and Miyake, 2011). Arai et 330 

al. (2015) and Sasatani et al. (2006) regressed the self-similar scaling relations of D, A and Aa for 331 

large Japanese inrtaslab earthquakes. Iwata and Asano (2011) further expanded such an analysis 332 

for large global intraslab earthquakes. They used a dataset including 12 Mw 6.6-8.3 events with 333 

focal depths ranging from 35 km to 108 km; however, their dataset includes only one DDC 334 

earthquake–the 2003 Mw 7 Miyagi-Okiearthquake. Iwata and Asano (2011) assumed 𝐷 ∝335 𝑀଴ଵ/ଷ, 𝐴 ∝ 𝑀଴ଶ/ଷ , and 𝐴௔ ∝ 𝑀଴ଶ/ଷ ; for a given magnitude 𝐷, 𝐴,  and 𝐴௔  are log-normal 336 

distributed. The black solid and dashed lines in Figures 8a-8c show their scaling relations Our 337 

estimates of 𝐷, 𝐴, and 𝐴௔  for these four DDC earthquakes agree remarkably well with these 338 

relations. For a given magnitude, intraslab earthquakes generally have smaller D and 𝐴  in 339 

comparison with shallow crustal earthquakes (Somerville et al., 1999, Iwata and Asano, 2011). 340 
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However, for these four earthquakes the geometric mean of 𝐴௔/𝐴 ratio is 0.216, which is nearly 341 

identical to previously reported ratios for shallow crustal earthquakes (~0.22) and interplate 342 

thrust earthquakes (~0.25) (Irikura and Miyake, 2011).  343 

  Heterogeneous slip distributions lead to heterogeneous static stress drop distributions 344 

(Figure 6), which again are difficult to describe with a single parameter. Here we determine and 345 

compare three different average static stress drop estimates. First, using seismic moment and 346 

fault area 𝐴, the average static stress drop over the entire fault ∆𝜎௦ can be estimated with the 347 

relation ∆𝜎௦~2.44𝑀଴/𝐴ଷ/ଶ(Kanamori and Anderson, 1975). Although this formula was derived 348 

from a circular crack model (Eshelby, 1957), it is also a fairly precise approximation for 349 

rectangular faults if the fault’s aspect ratio is less than four (Noda et al., 2013). The ∆𝜎௦ of these 350 

four earthquakes changes slightly from 4.6 MPa to 6.3 MPa. Their geometric mean is 5.7 MPa 351 

with a factor of 1.16 uncertainty. The average ∆𝜎௦ is slightly larger (24%) than the average ∆𝜎௦of 352 

4.6 MPa reported by Iwata and Asano (2011) for intraslab earthquakes and about 2.5 times of the 353 

average stress drop of shallow crustal earthquakes (~2.3 MPa) estimated using the same 354 

approach (Somerville et al., 1999). Second, if replacing the seismic moment 𝑀଴ and rupture area 355 𝐴  with the cumulative asperity seismic moment (𝑀଴௔ ) and cumulative asperity rupture area 356 

(𝐴௔), one can define a stress drop ∆𝜎௦ ஺ using the same formula. This ∆𝜎௦ ஺ can be viewed as a 357 

proxy for the average static stress drop over the asperity area (Irikura and Miyake, 2011). For 358 

four DDC earthquakes, it changes from 14.3 MPa to 22 MPa with a geometric mean of 17.7 MPa 359 

and a factor of 1.2 uncertainty. It is 1.7 times of the mean ∆𝜎௦ ஺ of shallow crustal earthquakes 360 

(10.5 MPa, Irikura and Miyake, 2011). We recognize that the rigidity of the source region for 361 

these intraslab earthquakes (6.7×104 MPa) is about two times larger than shallow inland crustal 362 

earthquakes (3.3×104 MPa). The roughly a factor of two difference in average ∆𝜎௦  and ∆𝜎௦ ஺ 363 
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between intraslab and crustal earthquakes can be explained using the hypothesis that the mean 364 

strain drop (rather than stress drop) of earthquakes is magnitude independent (e.g., Vallee, 2013). 365 

Third, the above two stress drop estimates do not consider the heterogeneous static stress drop 366 

distributions (Figure 6) derived from the inverted slip distribution. The slip-weighted average 367 ∆𝜎ா (equation 2) of an earthquake is estimated using its slip distribution (Figure 3) and static 368 

stress drop distribution (Figure 6) and can be viewed as the weighted measure for the static stress 369 

drop of the entire rupture. For these four events, ∆𝜎ா changes from 11.2 MPa to 16.1 MPa with a 370 

geometric mean of 13.2 MPa and a factor of 1.2 uncertainty. By definition, ∆𝜎ா is most sensitive 371 

to the fault patches with higher slips. So it is closer to ∆𝜎௦ ஺ than ∆𝜎௦. Note this mean ∆𝜎ா  is 372 

about 4 times the mean ∆𝜎ா of Mw>7 subduction earthquakes (3.44 MPa, Ye et al., 2016). We 373 

find that inequality relation ∆𝜎௦ ≤ ∆𝜎ா ≤ ∆𝜎௦ ஺  holds for each of these four earthquakes. 374 

However, relative to ∆𝜎௦  and ∆𝜎௦ ஺ , ∆𝜎ா is sensitive more to the fine-scale slip/stress drop 375 

variations on the fault surface (Noda et al., 2013; Adams et al., 2019), which is limited by the 376 

highest frequency that can be modeled and subfault size.  ∆𝜎ா estimated using finite fault slip 377 

models is close to its lower bound (Adams et al., 2019).  378 

  We notice good spatial correlations between the distributions of fault slip, slip rate, and 379 

static stress drop for a given earthquake (Figures 3, 5, and 6). The correlation between the slip 380 

and static stress drop 𝑐𝑜𝑟∆ఙ஽  changes slightly from 0.81 to 0.90 with a mean of 0.86. The 381 

correlation between fault slip and slip rate (𝑐𝑜𝑟஽ሶ஽ , 0.81-0.90) is as high as 𝑐𝑜𝑟∆ఙ஽ , though the 382 

correlation of the fault slip and rise time varies significantly among the four earthquakes (0.47-383 

0.75).  The correlation between static stress drop and slip rate (𝑐𝑜𝑟∆ఙ஽ሶ ) varies from 0.69 to 0.78, 384 

also significant. While high 𝑐𝑜𝑟∆ఙ஽  is expected (e.g., Noda, et al., 2013; Adams et al., 2019), the 385 

high 𝑐𝑜𝑟∆ఙ஽ሶ  is less documented but may shed the light on the relationship between the static stress 386 
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drop and dynamic stress drop. For the steady state slip pulse model, Kanamori (1994) showed 387 

that one can estimate the dynamic stress drop (or effective stress drop in Brune (1970)) as 388 

∆𝜎ௗ = 2𝜋 𝜇〈𝑉෠〉/𝑉ோ               (5) 

here 〈𝑉෠〉 is the average slip velocity on one side of the fault and 𝑉ோ is the rupture velocity. As 389 

shown in Table 2, the slip-weighted average slip rate 𝐷ሶഥ changes from 0.8 m/s to 1.17 m/s. If we 390 

assume a log-normal distribution for 𝐷ሶഥ, the expected values of 𝐷ሶഥ is 1.03 m/s with a factor 1.2 391 

uncertainty. Approximating 〈𝑉෠〉 as 𝐷ሶഥ/2 and 𝑉ோ  as slip weighted average rupture velocities 𝑉ோതതത, 392 

the inferred ∆𝜎ௗ from equation (5) changes from 10.4 MPa to 15.0 MPa with a geometric mean 393 

of 12.6 MPa. The mean ∆𝜎ௗ  is in good agreement with the mean slip-weighted average ∆𝜎ா 394 

(13.2 MPa) obtained above. Although there are several assumptions in estimating ∆𝜎ௗ  and 395 

uncertainties, the agreement suggests that ∆𝜎ௗ  and ∆𝜎ா  are comparable (e.g., Heaton, 1990; 396 

Kanamori, 1994;; Ji and Archuleta, 2021). 397 

  In short, the rupture characteristics of these intraslab DDC earthquakes are generally 398 

consistent in terms of rupture area (𝐴), average slip (D), asperity area (𝐴௔), average static stress 399 

drop over entire fault (∆𝜎௦) and asperities  (∆𝜎௦ ஺). These earthquakes feature more compact fault 400 

areas and then higher stress drop in comparison with shallow crustal earthquakes. Intraslab DDC 401 

earthquakes also have abnormally slower relative rupture velocity than shallow crustal 402 

earthquakes (e.g., Kanamori, 1994; Heaton, 1990). The inferred slip-weighted average dynamic 403 

stress drop is comparable with the slip-weighted average static stress drop.  404 

 405 

Temporal correlation, Strain budget, and seismic hazard 406 

The intraplate DDC earthquakes in the Japan subduction zone have been interpreted as the 407 

result of plate unbending (e.g., Kawakatsu, 1986; Wang, 2002; Sandiford et al., 2020). 408 
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Kawakatsu (1986) showed numerically that the strain rate due to the plate unbending is large 409 

enough to account for the seismic strain rate observed at several subduction zones, including 410 

Tohoku, in a depth range from 50 km to 200 km. The largest intraslab earthquake near Tohoku 411 

that Kawakatsu (1986) predicted has an mb of 6.5, which is equivalent to an Mw of 7 using the 412 

relation Kawakatsu (1986) adopted. The significant seismic hazard caused by the four Mw 7 and 413 

larger intraslab DDC earthquakes and their distribution along the subduction zone (e.g., Figure 414 

1(a) and Figure 7) draw our attention to the areas between these earthquakes, namely, the area 415 

between the 2022 Fukushima-Oki earthquakes and the 2011 Miyagi-Oki earthquake, and the 416 

region between the 2003 and 2011 Miyagi-Oki earthquakes. Along the coast parallel direction, 417 

the lengths of these regions are comparable with that of the 2021 Mw 7.1 Fukushima-Oki 418 

earthquake (Figure 7). In principle, the subducted slab beneath these regions can host similar Mw 419 

7 intraplate DDC earthquakes. However, the temporal correlation between the megathrust and 420 

large intraslab DDC earthquakes (Lay et al., 1989) suggests that these regions might have 421 

already experienced similar Mw ~7 DDC earthquakes following the previous Tohoku type 422 

earthquake. From a perspective of seismic hazard evaluation, it is important to know whether the 423 

unbending strain/stress loading during the inter-seismic period before the 2011 M 9 Tohoku 424 

earthquake is sufficient to produce another intra-slab Mw 7 DDC earthquake at the same place.  425 

  The recurrence interval of the 2011 Tohoku earthquake has been extensively studied as a 426 

parameter in assessing seismic hazards. Nakata et al. (2016) reviewed geological data of tsunami 427 

sediments, historical documents, and previous 2D numerical modeling results, which suggest that 428 

the recurrence interval of the Mw 9 earthquakes in the Tohoku-Oki region ranges from 500 to 429 

1000 yrs. Based on their comprehensive 3D simulations, Nakata et al., (2016) obtained a 430 
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recurrence interval of 700-770 years (Nakata et al., 2016). Therefore, it is reasonable to use 750 431 

years as a proxy for its recurrence interval.  432 

  To estimate the unbending strain rate within the upper plane, we consider a simple 2D 433 

subduction flexure model along the plate motion direction, as shown in Figure 9. Under the 434 

outer-rise region in front of the Japan trench, the Pacific Plate bends, resulting in an extensional 435 

upper plane (blue region), compressional lower plane (red region), and a neutral plane in 436 

between (Figure 9). Such stress loading results in not only the increasing curvature of the Pacific 437 

Plate when it moves toward the trench but also the extensive outer-rise seismicity. Sandiford, et 438 

al. (2020) recently analyzed the flexure of subducted slabs around the Pacific Ocean using the 439 

Slab 1 global slab interface model (Hayes et al., 2012). Their results showed that the maximum 440 

curvature (𝐾௠௔௫ ) of ~2×10-6/m is acquired at 50 km relative to the trench axis, along the 441 

direction of subduction (Figure 9). Plate unbending occurs immediately after the point of the 442 

maximum curvature, leading to the change of the stress field within the subducted slab, i.e., 443 

compressional upper plane (pink region), extensional lower plane (blue region), and a neutral 444 

plane at about 22 km below the plate interface (Kita et al., 2010). Ignoring the temporal variation 445 

of slab curvature, the compressional strain rate ( 𝜀ሶ௦௦),  within the upper slab due to plate 446 

unbending can be approximated as (e.g., Sandiford, et al., 2020)) 447 𝜀ሶ௦௦ ≈ 𝑦 ∙ 𝑢௦ డ௄డ௦        (6)  448 𝐾 represents the plate curvature; and in this 2D simplification, 𝐾 is a function of the distance (𝑠) 449 

relative to the trench axis along the slab midplane. 𝑦 denotes the normal distance to the neutral 450 

plane; it varies from zero to the thickness of the upper plane (𝑦௠௔௫). 𝑦௠௔௫ was found to be 22 km 451 

(Kita et al., 2010). 𝑢௦ of 88 mm/yr is the plate convergence speed (Kreemer, et al. , 2014). While 452 

the estimate of 𝜀ሶ௦௦ is subject to relatively large uncertainty due to the difficulty in measuring 453 
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precisely the slab dip angle (Kawakatsu, 1986), we focus our attention on the total upper-plate 454 

shortening rate 𝛿ሶ௧௢௧௔௟ defined as 455 𝛿ሶ௧௢௧௔௟ = ׬ 𝜀ሶ௦௦𝑑𝑠௦భ௦బ ~𝑦 ∙ 𝑢௦(𝐾௠௔௫ − 𝐾௦భ)  (7) 456 

where 𝑠଴ denotes the location of the midplane relative to the trench axis where the Pacific Plate 457 

has the largest curvature 𝐾௠௔௫. In Standiford et al. (2020), 𝑠଴ was found to be ~50 km and 𝐾௠௔௫ 458 

is 2×10-6/m. When 𝑠ଵ is large, for example 𝑠ଵ =400 km, the depth of the slab interface is about 459 

150 km and 𝐾௦భ can be ignored. 𝛿ሶ௧௢௧௔௟ then changes from 0 to 3.9 ×10-3m/yr, with a mean 𝛿ሶ௧௢௧௔௟തതതതതതത 460 

of 1.9×10-3m/yr in the slab normal direction.  461 

  For the large DDC earthquakes that break through the majority of the upper plane, the 462 

average along slab shortening released by a thrust earthquake can be approximated as 𝐷cosθ: 𝐷 463 

and θ  are average fault slip and the dip angle relative to slab interface, respectively (e.g., 464 

Kawakatsu, 1986). As shown in Table 1, the average fault slip 𝐷 varies from 0.76 m to 1.6 m. 465 

We determined the dip angle of the slab interface, which is about 18o above the hypocenters of 466 

the three Tohoku aftershocks, and ~27o above the hypocenter of the 2003 Miyagi-Oki earthquake 467 

(Table 1). The along-slab shortening caused by these earthquakes varies from 0.43 m to 0.76 m. 468 

If these earthquakes are the response to the total upper plate shortening, their mean recurrence 469 

intervals would be about 301 yrs (225 yrs to 394 yrs using the values of individual earthquakes). 470 

However, small intraplate DDC earthquakes also contribute to the total unbending strain budget 471 

of the upper plate. Let us assume that the DDC earthquakes within the upper plane obey the 472 

Gutenberg and Richter relation, 𝑙𝑜𝑔10(𝑁) = 𝑎 − 𝑏𝑀௪ , 𝑁 denotes the number of earthquakes 473 

with moment magnitude 𝑀௪ or larger (Gutenberg and Richter, 1956) and 𝑏 is 1. These MW 7 474 

DDC earthquakes broke through the majority portion of the upper plane, it is reasonable to treat 475 

them as the maximum magnitude intraslab DDC earthquakes (Kawakatsu, 1986). The ratio 476 
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between the total seismic moment of small magnitude intraplate DDC earthquakes and these MW 477 

7 earthquakes is 1 (e.g., McGarr, 2014). If cumulatively these small DDC earthquakes make a 478 

similar contribution to the plate shortening as MW 7 earthquakes, the average recurrence interval 479 

of MW 7 earthquakes will be a factor 2 larger, i.e., 600 yrs (450 yrs to 788 yrs).  480 

  This strain budget analysis suggests that the upper plane of the subducted slab is in a 481 

relatively high-stress stage but cannot predict the exact locations of large DDC earthquakes. Lin 482 

and Stein (2004) pointed out that the static Coulomb stress perturbation created by the 483 

megathrust, such as the 2011 Tohoku earthquake, will promote thrust faulting within the 484 

subducted slab near the downdip edge of the mainshock rupture if it is close to failure. The 485 

locations of three DDC earthquakes since 2011 are consistent with this interpretation (Figure 486 

1(a)). The spatial correlation between these earthquakes and the aseismic deformation front 487 

(Figure 1(a)) might reflect the fact that giant earthquakes rupture nearly the entire locked 488 

interface. However, the exception, i.e., the 2003 Miyagi-Oki earthquake, does exist.  489 

   Furthermore, in this study, we also observe a visual correlation between the line of the 490 

emergence of lower-plane seismicity (ELPS, Figure 9) and the map view of these DDC 491 

earthquakes (Figure 1(a) and Figure 8). We suspect that such a correlation is not coincidental. 492 

The relocated lower-plane seismicity occurred between 2002 and 2007 (Kita et al., 2010). Even 493 

before the great Tohoku earthquake, the extension stress of the lower plane reached the brittle 494 

failure stage. Stevens and Avouac (2021) recently reported that the seismicity rate is proportional 495 

to the strain rate measured by geodetic methods. Therefore, the ELPS can be interpreted as an 496 

indicator of a higher lower-plane strain rate. If the intraslab seismicity in this depth range is 497 

mainly a result of plate unbending, the higher lower-plane strain rate must be accompanied by 498 

the higher strain rate within the upper plane of subducted slab, right above. We suspect that this 499 
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is the reason for the visual correlation between ELPS and the map view of these DDC 500 

earthquakes. The mechanical cause of such strain rate concentration may be attributed to the slab 501 

structure. Previous tomographic studies have reported a spatial correlation between the fault 502 

planes of the intraslab DDC earthquakes and the heterogeneities within the slab in terms of P and 503 

S wave velocity speeds and Poisson’s ratio (Mishra and Zhao, 2004; Nakajima et al., 2011; 504 

Wang et al., 2022).    505 

  We admit that the 2D approximation suffers some uncertainties. Besides average fault slip, 506 

the width of the upper plate, 𝐾௠௔௫, and 𝐾ସ଴଴ etc, the compressional unbending strain may also be 507 

released aseismically. Wang (2002) and Kita et al. (2006) pointed out that at depth of ~75 km or 508 

more, the density increase caused by metamorphic eclogite formation induces a stretching 509 

deformation within the subducted oceanic crust. This effect can be large enough to offset the 510 

compressional unbending strain and lead to the observation of small normal faulting earthquakes 511 

directly beneath the subducted plate interface. Given the short history of modern seismic 512 

observations, it is also possible that the large DDC earthquakes that occurred between two 513 

megathrusts had already released the cumulative compressional strain, i.e., the 2003 Mw 7.0 514 

Miyagi-Oki earthquake. Nevertheless, the above analyses support our hypothesis that the “gaps” 515 

among the four DDC earthquakes along the ELPS have high seismic hazard potential. The strain 516 

accumulation due to plate unbending during the inter-seismic period (~750 yr) of Mw 9 517 

earthquakes is sufficient to have the repeating occurrence of such Mw 7 intraslab DDC 518 

earthquakes. Given the large seismic hazard potential of such intraslab earthquakes, special 519 

attention should be made.   520 
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 521 

Conclusions 522 

Using the finite-fault inversion method we have determined the faulting kinematics of four 523 

Mw≥7 compressional intraslab earthquakes that occurred along the Tohoku region in the last 524 

two decades. From our analysis, these earthquakes are characterized by slow rupture velocity, 525 

high static stress drop, and high spatial correlation between slip rate and static stress drop. 526 

Because the source areas for these intraslab events are close to the coast of the Tohoku region, 527 

these high-stress drop earthquakes produce higher ground motion than the interplate earthquakes 528 

with similar magnitude in the Tohoku region. Understanding the causative mechanism for such 529 

intraslab earthquakes is then important for considering potential hazard in this region. 530 

All DDC earthquakes ruptured within the upper plane of the subducted Pacific Plate (Kita et 531 

al., 2010), consistent with plate unbending mechanics (Kawakatsu, 1986). We show that the 532 

compressional strain loading due to this mechanism is sufficient to support the recurrence of 533 

such events in a period of about 600 yrs, comparable with the reported recurrence interval of the 534 

2011 Tohoku earthquake. While plate unbending mechanics cannot precisely predict the event 535 

locations, we notice that all four events occurred in the vicinity of the emergence of lower plane 536 

seismicity (ELPS), which can be used as a proxy to predict the future locations of such 537 

earthquakes. This correlation is consistent with plate unbending mechanics. Alternatively, the 538 

occurrence of the three DDC earthquakes since 2011 can also be interpreted as the result of static 539 

stress perturbation excited by the 2011 M 9 Tohoku earthquake.  We emphasize that special 540 

consideration should be given for the area between the 2022 Fukushima-Oki earthquakes and the 541 

2011 Miyagi-Oki earthquake, and the region between the 2003 and 2011 Miyagi-Oki 542 

earthquakes, which can host compressional intraslab earthquakes with similar magnitude.  543 

544 
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 755 
Figure 3 756 

 757 
Figure 3. Inverted slip distribution for each earthquake with asperities outlined by red 758 

rectangles. For each earthquake the black arrows indicate the rupture propagation direction from 759 

the hypocenter (red star) along which the rupture velocity is measured. 760 
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Figure 5 768 
 769 

 770 
Figure 5: Spatial distribution of slip rate on the fault for each of four DDC earthquakes. The 771 

earthquake is labeled by the year in which it occurred . The slip rate is defined as ratio of 772 

inverted coseismic slip and rise time. Black lines are contours of the inverted slip. Red stars mark 773 

the hypocenters. 774 
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 776 
Figure 6 777 

 778 
Figure 6: Distribution of static stress drop at the co-seismic slip direction for each of four DDC 779 

earthquakes. The earthquake is labeled by the year in which it occurred. Black contours for each 780 

map denote the inverted co-seismic slip (Figure 3). Red stars mark the hypocenters. 781 
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Figure 7 784 

 785 
Figure 7: Surface projections of four DDC earthquakes in solid contours (intervals of 1 m), 786 

accompanied by the iso-depth contours of the plate boundary (dashed lines, Nakajima and 787 

Hasegawa, 2006). Note that the regions of high slip during the 2021 (denser blue contours) and 788 

2022 (denser red contours) Fukushima-Oki earthquakes complement each other along the slab-789 

strike direction.  790 
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Figure 8 793 

 794 

Figure 8: The moment dependency of rupture area (a), average fault slip (b), and asperity area 795 

(c) for intra-plate earthquakes. Empirical relations and data from three other studies (Sasataini et 796 

al., 2006; Iwata and Asano, 2011 and Arai et al., 2015) are included for comparison. See text for 797 

details. 798 
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Table 1. Information of Mw 7 and larger earthquakes studied  812 
 813 

Date 

Hypocenter *1 

MW
*2 

Nodal 
Plane*2 

(Strike, Dip) 

Slab Dip 
Angle*3 Lat. Lon. Depth 

[km] 

2022/3/16 37.697o 141.623o 56.6 7.4 (15°, 43°) 18.5o 

2021/2/13 37.729o 141.699o 55.4 7.1 (28°, 38°) 17.1o 

2011/4/7 38.227o 141.879o 62.9 7.1 (20°, 40°) 17.5o 

2003/5/26 38.821o 141.651o 62.0*4 7.0 (190°, 69°) 26.9o 

2021/3/20*5 38.468o 141.628o 59.5 7.0 (192°, 17°) 16.5° 

 814 
*1 Based on the JMA catalog 815 
*2 Based on NIED (Fukuyama et al., 1998) 816 
*3 Estimated based on Nakajima and Hasegwa (2006) 817 
*4 Based on waveform analysis for PS-time 818 
*5 Interplate earthquake that we compared PGA  (Figure 1 and Figure S1) with Intraslab 819 
earthquake 820 
  821 
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 822 
Table 2. Source parameters for each event 823 

 824 
*1 Based on the area of aftershock 825 
*2 Resultant values estimated in this study 826 
*3 Based on slip-weighted average (Noda et al., 2013) 827 

  828 

2022/3/16 44.0 28.0 1.08E+20 1232.0 1.60 1.17 6.08 16.07 11.24 9.60E+14 9.97E-02

2021/2/13 42.0 24.0 4.93E+19 880.0 0.76 1.03 4.60 21.99 16.14 3.26E+14 9.80E-02

2011/4/7 36.0 24.0 4.81E+19 720.0 0.95 1.18 6.07 19.32 14.55 2.23E+14 5.11E-02

2003/5/26 28.0 24.0 3.44E+19 560.0 0.89 0.80 6.32 14.31 11.60 5.28E+14 1.66E-01

ER

[J]

Average Slip*2

(After Trim)
[m]

△σE
*3

[MPa]
△σS

 *2

[MPa]
ηR

Weighted Slip
Rate*2 [m/s]

△σasperity
2

[MPa]

Trimmed Fault
Surface
[km2]

Date Length*1

[km]
Width*1

[km]
 MO

*2

[Nm]
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 829 
Table 3. Spatial correlations among fault slip, slip rate, and static stress drop  830 

 2003 2011 2021 2022 Mean 1𝜎 𝑐𝑜𝑟∆ఙ஽  0.85 0.82 0.85 0.90 0.86 0.034 𝑐𝑜𝑟஽ 0.60 0.47 0.47 0.75 0.57 0.132 𝑐𝑜𝑟஽ሶ஽ 0.81 0.90 0.86 0.85 0.85 0.037 𝑐𝑜𝑟∆ఙ஽ሶ  0.69 0.78 0.78 0.76 0.75 0.042 

 831 


