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Abstract

Quantifying the stress distribution or finding mechanically coupled areas on the plate interface is fundamentally important for

conjecturing megathrust earthquakes that may occur in the future. Kinematically coupled areas, or slip deficit distributions,

on plate interfaces were commonly estimated by geodetic-data analyses. However, mechanically coupled areas are not identical

to the kinematically coupled areas. The present study develops an inversion method to estimate thestress rate distribution

as mechanically coupled areas. We apply this method to the Nankai trough subduction zone, southwestern Japan to detect

mechanically coupled areas. Some of the estimated coupled areas correspond to the rupture areas of historical earthquakes.

Others are in a deeper part, which may release the stress as aseismic slip. We then construct a rupture scenario that can occur

in the Nankai trough in the future based on the estimated mechanical coupling,assuming that an effective stress accumulation

period is 100 years. The scenario consists of a foreshock of MW 8.0 followed by an afterslip of MW 7.9 and a mainshock of

MW 8.2. Although the moment magnitude of the afterslip is similar to the foreshock, the energy released by the foreshock is

significantly larger than the afterslip because the stress drop of the afterslip is small.
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 23 
Abstract 24 
Quantifying the stress distribution or finding mechanically coupled areas on the plate interface is 25 
fundamentally important for conjecturing megathrust earthquakes that may occur in the future. 26 
Kinematically coupled areas, or slip deficit distributions, on plate interfaces were commonly 27 
estimated by geodetic-data analyses. However, mechanically coupled areas are not identical to 28 
the kinematically coupled areas. The present study develops an inversion method to estimate the 29 
stress rate distribution as mechanically coupled areas. We apply this method to the Nankai 30 
trough subduction zone, southwestern Japan to detect mechanically coupled areas. Some of the 31 
estimated coupled areas correspond to the rupture areas of historical earthquakes. Others are in a 32 
deeper part, which may release the stress as aseismic slip. We then construct a rupture scenario 33 
that can occur in the Nankai trough in the future based on the estimated mechanical coupling, 34 
assuming that an effective stress accumulation period is 100 years. The scenario consists of a 35 
foreshock of MW 8.0 followed by an afterslip of MW 7.9 and a mainshock of MW 8.2. Although 36 
the moment magnitude of the afterslip is similar to the foreshock, the energy released by the 37 
foreshock is significantly larger than the afterslip because the stress drop of the afterslip is small.  38 
 39 
Plain Language Summary 40 
The driving force that generates huge earthquakes originates from the coupling between 41 
overriding continental plate and subducting oceanic plate. How strong and which parts are 42 
coupled along the plate interface provide us with critical information for megathrust earthquakes 43 
that may occur in the future. Significantly coupled areas along the plate interface can be detected 44 
by the analysis of ground deformation. However, it is difficult to obtain a correct information 45 
about the stress of the coupling. To quantify the coupling along the plate interface, this study 46 
develops a method to estimate the stress rate based on elastic mechanics. We apply the method to 47 
the Nankai trough, in southwestern Japan, to estimate the plate coupling. Then, by using the 48 
estimated coupling information, we create a scenario for a sequence of earthquakes. This consists 49 
of a foreshock, a mainshock, and a slow slip between the foreshock and the mainshock. This 50 
study provides a method to obtain critical information about the mechanics on the plate boundary 51 
based on which we can create megathrust rupture scenarios. 52 
  53 
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1. Introduction  54 
The coupling between the overriding plate and the subducting plate is one of the most 55 

fundamental concepts for the generation of megathrust earthquakes. There are two types of 56 
definitions for coupling: kinematic coupling and mechanical coupling. It is important to 57 
recognize the difference between the two definitions (Wang and Dixon 2004). The mechanically 58 
coupled areas are the places where the shear stress is higher than the surrounding area due to 59 
higher friction coefficient or higher effective normal stress. As a result, a slip on the plate 60 
interface that is smaller than the average slip over the subducting plate, which we call slip deficit, 61 
occurs in and around the region. The slip deficit area is recognized as a kinematically coupled 62 
area. Typically, a kinematically coupled area is wider than a mechanically coupled area. In an 63 
extreme case, the kinematic coupling can occur even at a place where there is no stress or no 64 
friction if the adjacent mechanically coupled area causes the slip deficit (e.g., Herman et al. 65 
2018). In such a case, significant coseismic slip can occur without a local stress drop at the 66 
coseismic rupture. Actually, a large slip near the trench in the 2011 Tohoku-Oki earthquake was 67 
reported to be excited without a significant local stress drop, but was brought about by the 68 
fracture of the deeper part of the mechanically coupled area (Murphy et al. 2018; Lindsey et al. 69 
2021). It is the mechanical coupling that essentially gives a driving force or strain energy to 70 
generate earthquakes, and the kinematic coupling is a result of the mechanical coupling. 71 

Kinematically coupled areas have been commonly detected at various subduction zones 72 
by geodetic data analyses with the concept of back slip (e.g., Savage 1983). The coupled areas 73 
are also used for the assessment of megathrust earthquakes that may occur in the future (e.g., 74 
Baranes et al. 2018; Loveless and Meade 2015; Watanabe et al. 2018; Graham et al. 2021). Some 75 
studies reported that the slip deficit estimated before the earthquake roughly matched the 76 
earthquake rupture area. For example, for the 2009 Chilean earthquake, a portion of the main slip 77 
area was detected as the slip deficit before the earthquake (Lorito et al. 2011). Also, for other 78 
events, the areas of the coseismic rupture and the slip deficit during the interseismic period were 79 
in good agreement (Protti et al. 2014; Hashimoto et al. 2009; 2012; Loveless and Meade 2011). 80 
However, kinematical modeling does not always derive reasonable mechanical properties. 81 
Analyzing data containing coherent noise without appropriate constraints in inversion will result 82 
in a biased slip-deficit distribution causing an unrealistically extreme stress concentration or 83 
negative stress accumulation. We should consider not only kinematic coupling but also 84 
mechanical coupling to obtain a reliable model for the plate coupling.  85 

There have been fewer studies that estimated the distributions of mechanically coupled 86 
areas. Herman and Govers (2020) proposed an inversion analysis to determine the locked areas 87 
and found that less than 30 % of the total plate boundary is mechanically coupled along the 88 
South America subduction zone. Other studies estimate the mechanically coupled areas from the 89 
results of the slip deficit rate distributions based on continuum mechanics (e.g., Hok et al. 2011; 90 
Noda et al. 2018). Smoothing constraints are introduced in the kinematic inversions to avoid an 91 
unnecessarily large stress rate. Lindsey et al. (2021) developed a method to estimate the slip 92 
deficit distribution with an appropriate constraint for the shear stress rate distribution along the 93 
plate interface. Once we obtain the distributions of the mechanically coupled areas along the 94 
plate boundary, we can simulate possible earthquake ruptures by directly using them for the 95 
stress drop parameters based on earthquake mechanics (Hok et al. 2011; Yang et al. 2019; Noda 96 
et al. 2021).  97 
 The present study proposes a method to estimate shear-stress rate distributions and 98 
applies it to identify mechanically coupled areas along the Nankai Trough subduction zone, 99 
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southwestern Japan. Moreover, based on the shear stress distribution reconstructed from the 100 
estimated mechanically coupled areas assuming a stress-accumulation time, we create a possible 101 
earthquake sequence that could occur in the future. Section 2 explains the tectonic setting and a 102 
plate interface model in the Nankai trough used in this study. Section 3 develops an inversion 103 
method for stress rate distribution at the plate interface. In Section 4, we apply the method to the 104 
geodetic data detected by onshore and offshore GNSS stations at the Nankai trough. In Section 5, 105 
we show an example for a possible earthquake sequence scenario where a megathrust mainshock 106 
follows an afterslip of a foreshock from the estimated mechanically coupled areas. Section 6 107 
discusses the estimated mechanically coupled areas and the energetics of the earthquake 108 
sequence. Section 7 concludes this study. 109 
 110 
2. Nankai Trough Subduction Zone 111 
2.1 Megathrust earthquakes 112 

In southwestern Japan, the Philippine Sea plate subducts under the Amurian plate at a 113 
horizontal velocity of ~6 cm/year (DeMets et al. 2010) (Figure 1). Huge interplate earthquakes 114 
repeatedly occurred with the order of a recurrence interval of about 100 years (e.g., Ando 1975; 115 
Ishibashi and Satake 1998; Seno 2012). The rupture areas of the historical earthquakes were 116 
composed of various combinations of segmented areas. Five segments A, B, C, D, and E are 117 
proposed as shown in Figure 1 (Ishibashi and Satake 1998). The last earthquake sequence was 118 
the 1944 Tonankai earthquake (M 7.9) with the rupture areas of C and D and the 1946 Nankai 119 
earthquake (M 8.0) with the rupture areas of A and B. The 1707 Hoei earthquake (M 8.6) has 120 
been considered to have ruptured all areas (A, B, C, D, and E). Since seismograms are not 121 
available for historical events prior to the nineteenth century, there is some discussion about a 122 
possible rupture area for the 1707 Hoei earthquake. Recently, Furumura et al. (2011) proposed 123 
that the western edge of the segment A should be extended farther west. Seno (2012) remarked 124 
that segment E did not rupture at the 1707 Hoei earthquake.  125 
 126 

 127 
 128 



 5 

Figure 1. Tectonic setting and segmentation structure of the Nankai Trough, 129 
Japan. The Philippine Sea plate subducts under the Amurian plate at a 130 
horizontal velocity of ~6cm/year. Rupture areas of historical earthquakes are 131 
composed of different combinations of the segmented areas. 132 

 133 
2.2. Plate interface model 134 

We use the plate interface model in a 3-D subsurface velocity structure model referred to 135 
as the Japan Integrated Velocity Structure Model (JIVSM). The JIVSM was constructed from 136 
hypocenter distributions and subsurface exploration analyses (Koketsu et al. 2012). This model is 137 
used in various studies such as seismic wave propagation simulations (e.g., Maeda et al. 2017) 138 
and kinematic earthquake source process or CMT solution analyses in the 3-D structure (e.g., 139 
Takemura et al. 2020). The plate interface is given by the depth from the sea surface. The 5.25 140 
km depth contour agrees with the contour of the deepest sea depth (a bold gray dashed line in 141 
Figure 2a). Since a kink of the rupture surface causes unreasonably large stress concentration in 142 
elastic medium (e.g., Romanet et al. 2020), we apply a spatial low-wavelength pass filter to the 143 
plate interface to remove short-wavelength heterogeneity (Supporting information Text S1). We 144 
set the sea surface at z = 0 km and set a flat sea bottom at z = 5.25 km as a traction-free surface. 145 
We will calculate the displacements at the free surface in an elastic half-space to compare the 146 
observed displacements on the sea bottom and on the ground surface. We represent the plate 147 
interface with 5383 triangular elements with side lengths of approximately 10 km (Figure 2a). 148 
This study uses the Cartesian coordinate where the 𝑥-axis is taken as north, the 𝑦-axis as east, 149 
and the 𝑧-axis as vertically downward (Aki and Richards 2002).  150 

 151 
Figure 2. (a) The plate interface of the subducting Philippine Sea plate. The depth 152 
of the interface measured from the sea surface is contoured at a depth of 5.25 km 153 
with the bold gray dashed line and 10, 20, 30, 40, 50, and 60 km with the fine 154 
dashed lines. The trench corresponds to a depth of 5.25 km of the plate interface. 155 
We set a flat sea bottom at z = 5.25 km as a traction-free surface. (b) The locations 156 
of the center of the 256 basis functions are plotted by dots.  157 

 158 
3. An Inversion Method for Mechanical Coupling Distribution 159 
3.1. Displacement velocity and stress velocity 160 
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This section explains a method for estimating the stress rate along the plate interface. We 161 
take a unit vector in the slip direction 𝐞!"#$(𝐱) that is in the same direction as the movement of 162 
the Amurian plate (hanging wall) with respect to the Philippine Sea plate (foot wall). Then, the 163 
slip direction points to the southeast (approximately N120°E). The 3-D slip vector is estimated 164 
from the plate motion vector in MORVEL (DeMets et al. 2010) and the plate interface geometry. 165 
The slip vector is then given by 𝐬(𝐱, 𝑡) = 𝑠(𝐱, 𝑡)𝐞!"#$(𝐱). When the slip amount 𝑠(𝐱, 𝑡) is 166 
negative, it represents the slip deficit along the plate interface. The traction on the plate interface 167 
caused by the slip distribution is denoted by 𝐭(𝐱, 𝑡). Assuming that the shear stress dominates in 168 
the slip direction, we give the shear stress as the inner product of the traction and the slip 169 
direction as 𝑡%(𝐱, 𝑡) = 𝐭(𝐱, 𝑡) ∙ 𝐞!"#$(𝐱). The positive shear stress represents mechanical coupling 170 
between the overriding and subducting plates. We will estimate the rate of the shear stress 171 
𝑡̇!(𝐱, 𝑡) from GNSS displacement rate data.  172 

We represent the shear stress rate distribution 𝑡̇!(𝐱, 𝑡) as the sum of the Gaussian-type 173 
basis functions. The j-th basis function 𝑓&(𝐱) of which center is located at 1𝑥& , 𝑦& , 𝑧&2 on the plate 174 
interface is given by 175 

𝑓&(𝐱) = 𝑒'
()')!*

"
+(,',!*

"

-" . (1)  

The shear stress rate distribution is given by 176 

𝑡̇!(𝐱, 𝑡) =5𝑚&(𝑡)𝑓&(𝐱)
.

&/0

=5𝑚&(𝑡)𝑒
'
()')!*

"
+(,',!*

"

-"
.

&/0

 (2)  

where the coefficient 𝑚& has a dimension of stress rate (e.g., MPa/year) and the spatial size of 177 
each basis function is set as 𝑎 = 32 km. We set the total number of the basis functions as 𝑀 =178 
256. Figure 2b shows the locations of 1𝑥& , 𝑦&2 (𝑗 = 1,2,⋯256) for each basis function. The grid 179 
spacing is set as 32 km in the (𝑥, 𝑦) coordinates.  180 

We then obtain the slip distribution 𝑔	&(𝐱) generating the stress change represented by the 181 
j-th basis function of 𝑓&(𝐱) in an elastic half-space medium. To obtain 𝑔	&(𝐱), we calculate the 182 
stress change at the center of the 𝑘th triangular element caused by unit slip at the 𝑙th triangular 183 
element 𝐺2345-64789 where 𝑘, 𝑙 = 1,⋯ ,𝑁 (N=5383) by using an algorithm of Nikkhoo and Walter 184 
(2015). The 𝐺2345-64789 has a dimension of stress over slip (e.g., MPa/m). By using the matrix 185 
𝐺2345-64789, we can represent the non-dimensional stress distribution 𝑓&(𝐱) (Eq. (1)) caused by the 186 
slip distribution 𝑔	&(𝐱) as  187 

𝑓	 &(𝐱𝒌) =5𝐺2345-64789𝑔	&(𝐱𝒍)
<

3/0

			(𝑘 = 1,… ,𝑁) (3)  

where the slip distribution 𝑔	&(𝐱) has a dimension of slip over stress (e.g., m/MPa). By solving 188 
the system of equations of Eq. (3), we estimated the slip distribution 𝑔	&(𝐱𝒍) that excites the j-th 189 
stress change 𝑓	 &(𝐱𝒌) (𝑘 = 1,⋯ ,𝑁). For example, Figures 3a and 3b show the j-th (𝑗 = 105) 190 
stress change distribution 𝑓	0=>(𝐱) and the corresponding slip distribution 𝑔	0=>(𝐱). The stress 191 
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change distribution 𝑓	 &(𝐱) shows a concentric pattern given by Eq. (1) (Figure 3a). On the other 192 
hand, for the slip distribution 𝑔	&(𝐱) the slip is amplified near the free surface and the concentric 193 
pattern is distorted (Figure 3b). This indicates that the slip deficit can occur even in a region 194 
without mechanical coupling.  195 
 196 

 197 
Figure 3. (a) An example of the basis function of the stress change 198 
distribution 𝑓& given by Eq. (1) where 𝑗 = 105 and the location of the 199 
center is given by a small gray circle (𝑦0=> = 64 km East, and 𝑥0=> =200 
−96 km North). The dimension of MPa is multiplied by the stress 201 
change distribution for intuitive understanding of the response. The 202 
horizontal displacements 𝐡0=> caused by the stress-rate basis function 203 
𝑓0=> are plotted by arrows. (b) The distribution of the slip 𝑔	& that causes 204 
the stress change distribution in (a).  205 

 206 
We then calculate the horizontal velocity vector 𝐡&(𝑥, 𝑦) on the free surface. This is 207 

calculated from the slip distribution 𝑔	&(𝐱) in an elastic half-space (Nikkhoo and Walter 2015). 208 
This horizontal vector has a dimension of displacement per stress (e.g., m/MPa). We show the 209 
horizontal displacement 𝐡0=>(𝑥, 𝑦) in Figure 3a as an example. 210 

As a result, when the stress rate distribution is given by Eq. (2) using the coefficients 𝑚& 211 
for the 𝑗th basis function, the slip velocity 𝐬̇(𝐱, 𝑡) at the plate interface is given by 212 

𝐬̇(𝐱, 𝑡) =5𝑔&(𝐱)
.

&/0

𝑚&(𝑡) (4)  

and the horizontal velocity at the surface is given by  213 

𝐮̇(𝑥, 𝑦, 𝑡) =5𝐡&(𝑥, 𝑦)
.

&/0

𝑚&(𝑡). (5)  

where 𝑀 is the number of the basis functions (𝑀 = 256). 214 
 215 
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3.2 Inversion Analysis 216 
We can estimate the stress rate on the plate interface from the surface velocity using Eq. 217 

(5). However, the actual surface velocity observed at GNSS stations includes the deformation 218 
from block motions and inelastic deformations inside the overriding continental plate in addition 219 
to the deformation caused by the slip along the plate boundary (e.g., Nishimura et al. 2018; Noda 220 
et al. 2018). Since such deformations are not explained by the assumed model, they behave as 221 
coherent noise and will bias the result. To minimize the contributions from the sources in the 222 
continental plate, we use the surface strain as data in the inversion analysis (e.g., Noda, A. et al. 223 
2013). We construct triangular meshes consisting of the GNSS observation points based on 224 
Delaunay triangulation. We then estimate the horizontal strain rate 𝛜̇ = (𝜖)̇), 𝜖)̇,, 𝜖,̇,) at each 225 
cell from observed velocity 𝑢̇) and 𝑢̇, at each GNSS station assuming the strain rate in each 226 
triangular element is constant. Then, based on Eq. (5), we use the linear relation 227 

𝛜̇7 =5	
.

&/0

𝐆7&? 	𝑚& . (6)  

to estimate 𝑚& from the observed strain rate at the 𝑖th point. The matrix 𝐆7&?  represents the strain 228 
rate at the 𝑖th point caused by the 𝑗th basis function of the stress rate at the plate boundary. Here, 229 
we assume that the strain rate 𝛜̇7 and the stress rate coefficient 𝑚& do not change over time.  230 

 231 

4. Data Analysis 232 
4.1 Data 233 

We use GNSS horizontal displacement rates obtained from daily coordinate data of 234 
GEONET (Sagiya, 2004) from March 2005 to February 2011 by the same procedure in Noda et 235 
al. (2018). We also use seafloor geodetic data obtained from GNSS-Acoustic observations from 236 
2006 to 2015 (Yokota et al. 2016). We don’t use any weighting functions in our inversion 237 
analysis for land and seafloor data sets. Figure 4 shows the horizontal velocity used for the 238 
inversion analysis in this study. The southern coast side is moved northwest due to the 239 
subducting Philippine Sea plate with a velocity of about ~50mm/yr.   240 
 241 
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 242 
Figure 4. Horizontal velocities obtained from GNSS from March 2005 to 243 
February 2011and GNSS-Acoustic observations (Yokota et al. 2016) in 244 
southwestern Japan. The relative velocity vectors at the GNSS stations to 245 
the reference point Fukue station (a gray triangle) and the seafloor 246 
velocities with respect to the Amur plate are plotted. 247 

 248 
We calculate the strain rate at 1114 triangular elements from the horizontal 249 

displacements. Figures 5a-c shows each component of the strain rate tensor at each point. On the 250 
Shikoku island (𝑥 = ~ − 50	km, 𝑦 = ~ − 80km), the dominant deformation shows NS and EW 251 
contraction and shear deformation of the order of ~0.1 mm/km/year = 10'@/year.  252 
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 253 
Figure 5. The horizontal strain rates transformed from GNSS velocity 254 
data: (a) 𝜖!!, (b) 𝜖!", and (c) 𝜖"" (x: north and y: east). The 255 
corresponding strain rates calculated from the estimated plate 256 
coupling: (d) 𝜖!!, (e) 𝜖!", and (f) 𝜖"".  257 
 258 

We suppose that the stress rate is basically positive along most of the plate interface 259 
during the interseismic period (e.g., Lindsey et al. 2021) and estimate 𝑚& 	with a non-negative, 260 
damping inversion scheme. We minimize the value 261 

5T𝜖̇7 −5	
.

&/0

𝐺7&? 	𝑚&T

A

+ 𝛼A5W𝑚&WA
.

&/0

<#

7/0

 (7)  

under the constraint 𝑚& > 0 to estimate 𝑚&. The total number of data is 𝑁B = 1114 × 3. We set  262 
𝛼 = 0.02 [m/km/MPa] by trial-and-error to obtain a stable stress rate distribution. 263 
 264 
4.2. Results 265 

The estimated stress rate distribution is shown in Figure 6a. The surface strain rates 266 
calculated from the estimated stress rate are compared in Figures 5d, 5e, and 5f, which nicely 267 
reproduces the long-wavelength components of the strain rate distribution. In Figure 6a indicates 268 
that high-shear-stress-rate regions marked as Muroto, Kii, Kumano, and Enshu are on the plate 269 
interface shallower than 25 km. The place marked as Bungo is on the deeper plate interface 270 
around 30 km depth. In these areas, the shear stress is accumulated at > ~2kPa/year. If the stress 271 
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accumulates for ~100 years, these areas are expected to host earthquakes with a stress drop of > 272 
~0.2MPa. These high-stress-rate distributions (Bungo, Mouroto, Kii, Kumano, and Enshu) are 273 
similar to the stress rate distribution estimated from the slip deficit rate distribution in Noda et al. 274 
(2018; 2021). The high-stress regions of Muroto, Kii, Kumano, and Enshu may persist for a long 275 
time and caused historical Nankai trough earthquakes (e.g., Baba et al. 2002; Murotani et al. 276 
2015; Sagiya and Thatcher 1999; Tanioka et al. 2001).  277 

Figure 6b shows a slip deficit rate distribution (derived using Eq. (4)) indicating that 278 
there are dominant slip deficit rates (> 6cm/year) at Muroto and Kii. Also, we recognize that the 279 
high-slip-deficit areas look smoother than the stress-rate distributions. These slip-deficit 280 
distributions are similar to those in previous studies (e.g., Noda et al. 2018; Hori et al. 2021). 281 
This supports the validity of the method proposed in this study. 282 
 283 

 284 
Figure 6. (a) Estimated shear stress rate at the plate interface. Contour 285 
lines are plotted at 2kPa/year intervals. (b) Slip deficit rate at the plate 286 
interface. Contour lines are plotted at 10mm/year intervals. 287 

 288 
4.3 A recovery test of stress distribution 289 

To check the resolution of the stress rate distribution estimation, we perform a recovery 290 
test. We suppose a stress rate distribution as shown in Figure 7a which is a simplified 291 
distribution for the estimated stress distribution. We then added random noise with a standard 292 
deviation of 8 × 10'C [1/year] obtained by comparing the strain rate data we used in the 293 
inversion and the theoretical strain rates calculated from Figure 6a. We invert the synthesized 294 
strain data to recover the stress distribution with the same procedure as in Figure 6. We also set 295 
the same value of 𝛼 as Figure 6. Figure 7b shows the result indicating that the overall pattern of 296 
five highly stressed regions was recovered. The recovered distribution is smoother than the 297 
targets. In particular, the highly stressed areas of Kii and Kumano show relatively lower 298 
resolution. We should note that the low-frequency earthquakes and long-term slow slip event 299 
occurred near the trench around Kumano (e.g., Obara and Kato 2016). On the other hand, the 300 
Kumano area in Figure 6 corresponds to the rupture area of the 1944 Tonankai earthquake (M 301 
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7.9) (e.g. Ichinose et al. 2003; Baba and Cummins 2005; Sherril and Johnson 2021). However, 302 
based on the result of the recovery test, we might not have clearly resolved the location of the 303 
highly stressed area around Kumano. It is possible that the highly stressed area is located slightly 304 
landward to avoid the slow earthquake area near the trench. To resolve more precise locations of 305 
the highly stressed areas, particularly near the trench, more geodetic observations are needed for 306 
offshore regions (e.g.,Yokota et al. 2016; Kimura et al. 2019).  307 

 308 
Figure 7. Recovery test for stress rate distribution. (a) Assumed stress distribution. 309 
(b) Estimated stress distribution.  310 

 311 
5. Possible Rupture Scenario: Seismic and Aseismic Ruptures 312 

Since we have obtained the mechanically coupled distributions, we are able to create 313 
rupture scenarios for the Nankai trough earthquakes that may occur in the future. Although the 314 
estimated distribution contains uncertainties that will be improved if more offshore observation 315 
data are available, the scenario created herein can provide material for further development. This 316 
section presents an example about how to construct this scenario.  317 

In the Nankai trough, earthquakes of approximately M 8 – 8.5 occurred successively with 318 
different time intervals. The 1854 Nankai earthquake (M 8.4) occurred 32 hours after the 1854 319 
Tonankai earthquake (M 8.4). The 1944 Tonankai earthquake (M 7.9) was followed by the 1946 320 
Nankai earthquake (M 8.0) approximately two years later. The modeling of successive great 321 
earthquakes in this region was conducted with earthquake cycle simulations, where the friction 322 
distribution was simplified and assumed (e.g., Hori et al., 2004). In subduction zones in the 323 
world, large earthquakes can be triggered by a preceding aseismic slip (e.g., Miyazaki et al. 324 
2011; Kato et al. 2012; Ruiz et al. 2014). Hence, in the Nankai trough, the afterslip of a 325 
foreshock might cause frictional weakening in neighboring mechanically coupled areas and 326 
trigger a larger mainshock earthquake. In other words, the afterslip of the foreshock might work 327 
as a pre-slip for a mainshock. Therefore, we consider a possible scenario including a foreshock, 328 
an aseismic slip, and a mainshock.  329 

Assuming that earthquakes are generated by the stress, particularly, the amount of stress 330 
that has been accumulated since the previous earthquake, we assume that the stress accumulated 331 
over a certain period is the stress drop for coseismic ruptures (e.g., Hok et al. 2011). We also 332 
assume that the stress rate of the interseismic period is constant and the stress accumulation time 333 
is 100 years. Note that the stress rate can change during the interseismic period by viscoelastic 334 



 13 

deformation after the previous earthquake (e.g., Sasajima et al. 2019; Li et al. 2020). Hence, we 335 
should consider the accumulation time of 100 years here as an effective accumulation time rather 336 
than the actual time. Figure 8 shows the accumulated stress on the plate interface when we set 337 
the effective accumulation time at 100 years. Stresses are accumulated significantly in areas 338 
labeled Mu, Ki, Ku, and En at depths shallower than approximately 25 km. At the area labeled 339 
by Bu, the depth is rather deep (approximately 30 km) where slow slip events (MW 6.8-6.9) 340 
repeatedly occurred at an interval of approximately six years (Hirose et al. 2005; Takagi et al. 341 
2016). We hence consider that the stress may be released aseismically in the Bu region.  342 

 343 

 344 
Figure 8. Stress accumulation for 100 years, where the estimated 345 
stress rate distribution does not change with time.  346 

 347 
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 348 
 349 

Figure 9. Possible rupture scenario including a foreshock, an afterslip, and a 350 
mainshock created based on the stress accumulated for 100 years. (a) Stress drop of 351 
the foreshock. The gray line indicates the rupture area where we set the stress drop 352 
and slip is allowed. Slip is not allowed outside the rupture area. (b) Slip distribution 353 
of the foreshock. (c) Stress distribution after the foreshock. (d) Stress drop of the 354 
afterslip. The black line indicates the area where we set the stress drop. Slip is 355 
allowed on the whole plate interface. (e) Slip distribution of the afterslip. The range 356 
of the color bar is different from those in (b) and (h). (f) Stress distribution after the 357 
afterslip. (g) Stress drop of the mainshock. The gray line indicates the rupture area 358 
(h) Slip distribution of the mainshock. (i) Stress distribution after the mainshock. 359 
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 360 
In Figure 8, we assume that a foreshock occurs as the strain energy release by the fracture 361 

of mechanically coupling area Ki. Assuming that seismic slip occurs at a depth shallower than 25 362 
km, we selected the foreshock rupture area as indicated by the gray line in Figure 9a and 363 
calculated the slip distribution of the foreshock. To estimate the slip distribution 𝑔(𝐱),	we used 364 
the following equation: 365 

𝑓(𝐱𝐤) = 5𝐺2345-64789𝑔(𝐱𝒍)

<$

3/0

	(𝑘 = 1, . . , 𝑁E) (8)  

where 𝑓(𝐱𝐤) is the stress drop distribution for the foreshock (Figure 9a) and 𝐺2345-64789 is the 366 
shear stress response that is also used in Eq. (3). We limit the range 𝑁E inside the rupture area 367 
(𝑁E = 392). Figure 9b shows the estimated slip distribution of the foreshock. The moment 368 
magnitude of this event is MW 7.96. We calculate the stress distribution after the foreshock by 369 
adding the stress change caused by the foreshock to the stress distribution before the foreshock. 370 
Figure 9c shows the stress distribution after the foreshock. The stress was increased outside the 371 
rupture area. 372 

We suppose that an afterslip follows the foreshock. The stress drop for the afterslip is set 373 
at the deeper part of the foreshock as shown in Figure 9d. The aseismic slip area possibly 374 
develops with increasing time (Kato et al. 2012; Ruiz et al. 2014). Supposing that the time 375 
elapses sufficiently from the foreshock, we did not limit the slip area for the afterslip in our 376 
scenario. We used Eq. (8) with all elements 𝑁E = 𝑁(= 5383). Here, we assume that the stress 377 
drop is zero 𝑓(𝐱𝐤) = 0 outside the area where the stress drop occurs (black line in Figure9d). 378 
Figure 9e shows the estimated afterslip slip distribution. The moment magnitude is MW 7.88, 379 
which is similar to the foreshock. The stress distribution after the afterslip is shown in Figure 9f.  380 

We then suppose that the afterslip that invades in the high-stress region of Muroto 381 
(marked as Mu) triggers a mainshock. Assuming that the rupture area of the mainshock is located 382 
in the shallower part (depth: < 25km), we set the rupture area for the mainshock (Figure 9g). As 383 
in the case of the foreshock, we estimated the slip distribution based on Eq. (8) (𝑁E = 910) from 384 
the stress drop. Figure 9h shows the slip distribution of the mainshock. The moment magnitude 385 
was MW 8.23, which is significantly greater than the foreshock and the aftershock. While the 386 
higher stress area is located at a depth of between 10 and 20 km and does not reach the free 387 
surface (Figures 9f and 9g), significant slip occurs near the trench due to the effects of the free 388 
surface (Figure 9h).  389 
 390 
6. Discussion 391 
6.1 Energetic consideration  392 

We showed a rupture scenario of a foreshock (MW 7.96), an afterslip (MW 7.88), and the 393 
main shock (MW 8.23). The moment magnitude of the afterslip was almost the same as that of the 394 
foreshock. Here we examine these events from the viewpoint of energy. The elastic strain energy 395 
released from the lithosphere by an earthquake is one of the most fundamental quantities that 396 
characterize the earthquake (e.g., Kostrov 1974). However, the released strain energy depends on 397 
the initial stress, which is uncertain in the lithosphere. To avoid this difficulty, Kanamori (1977) 398 
assumed a complete stress drop for an earthquake and used 399 
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𝑊= =
1
2[𝐷7

	

F
1𝑇7#G# − 𝑇7H#G2𝑑𝑆 (9)  

as a measure of a strain energy related to the earthquake faulting. This is often called the 400 
minimum strain energy or the available energy. Using the energetic stress drop Δ𝜎I (Noda, H. et 401 
al. 2013): 402 

Δ𝜎I =
𝜇
𝑀=

[𝐷7
	

F
1𝑇7#G# − 𝑇7H#G2𝑑𝑆, (10)  

the minimum strain energy is represented as  403 

Δ𝑊= =
1
2𝜇𝑀=Δ𝜎I . (11)  

The energetic stress drop Δ𝜎I becomes greater when the slip or stress has more short-404 
wavelength components (Noda, H. et al. 2013; Saito and Noda 2020). Hence, the energetic stress 405 
drop and the minimum strain energy of our rupture scenario constructed from the stress 406 
distribution estimated from a GNSS data inversion are basically smaller than actual values 407 
because our rupture scenario may lack the short-wavelength components.  408 

The estimated energy 𝑊= of the foreshock, the afterslip, and the mainshock were 409 
3.3 × 100>J, 0.47 × 100> J, and 10.1 × 100> J, respectively. Although the seismic moments of 410 
the foreshock and the aftershock were almost the same, the minimum strain energy of the 411 
foreshock was about seven times larger than that of the afterslip. This is because the stress drop 412 
of the afterslip is substantially smaller than the foreshock. The minimum strain energy in 413 
addition to the seismic moment would be important to characterize the size or magnitude of 414 
earthquake faulting when considering earthquake mechanics. 415 
 416 
6.2 Afterslip scenarios 417 

Mainshock rupture scenarios were proposed in some previous studies and the scenarios 418 
were often used for hazard assessment of strong ground motions and tsunamis (e.g., Hok et al. 419 
2011; Melgar et al. 2016; Yang et al. 2019). On the other hand, few studies include afterslip 420 
scenarios. However, monitoring afterslips is very important for the assessment of megathrust 421 
rupture occurrence because the afterslip or aseismic slips possibly trigger larger earthquakes 422 
(e.g., Matsuzawa et al. 2010; Segall and Bradley 2012). In order to create useful sequential 423 
rupture scenarios, it is necessary to understand more deeply the relation between aseismic slip 424 
and main ruptures and include possible aseismic slips in the rupture scenarios. There are at least 425 
two different driving forces causing afterslips: (i) the stress that the mainshock loads on the 426 
surroundings and (ii) the stress that is stored during the interseismic period. For example, in the 427 
case of the 2011 Tohoku earthquake, the afterslip that occurred around the mainshock large slip 428 
area may be caused by the stress loaded by the mainshock (Agata et al. 2019; Fukuda and 429 
Johnson 2021). On the other hand, the afterslip also occurred off Fukushima, which is 430 
approximately 200 km away from the epicenter (e.g., Iinuma et al. 2016), where no large 431 
significant stress change was expected from the mainshock. The cause of this afterslip may be 432 
the stress accumulated during the interseismic period and the mainshock may serve as a trigger 433 
for the afterslip. In order to understand the mechanism of afterslip generation more deeply, it 434 
may be useful to quantify the energy balance for the afterslip faulting: strain energy increase by a 435 
mainshock, tectonic loading during the interseismic period, and the energy release by the 436 
afterslip. As this study showed, quantifying the stress accumulation and the fault motion causing 437 



 17 

the strain energy release will work as a basic framework for understanding afterslip mechanics. 438 
Hence, it would be important to measure not only the seismic moment but also the minimum 439 
strain energy or the distribution of the stress change on the afterslip fault surface. It will be 440 
necessary in future studies to deepen our knowledge about afterslip or aseismic slip generation 441 
associated with large earthquakes to create more realistic and useful rupture scenarios for a 442 
sequence of earthquake ruptures. 443 
 444 
6.3 Plate interface and subsurface structure 445 

Some studies estimating slip deficit distributions used a plate interface model that is 446 
different from that used in earthquake hypocenter determination. This difference sometimes 447 
causes a difficulty in a detailed comparison between the plate-coupling distributions and 448 
hypocenter distributions. This study used a plate boundary model, the JIVSM (Koketsu et al. 449 
2012), which is also used for 3-D seismic wave propagation and earthquake and slow earthquake 450 
hypocenter distributions around the Nankai trough (e.g., Maeda et al. 2017; Takemura et al. 451 
2020). The common plate interface model between seismic and geodetic data analyses enables us 452 
to compare the coupling distributions with the coseismic slips, aseismic slips, and aftershock 453 
distributions in detail on the same plate interface. This would be useful to monitor seismic and 454 
aseismic activities and estimate the change of the mechanical state, such as the stress and friction 455 
properties on the plate interface associated with large earthquakes and aseismic slips. 456 

This study assumed a homogeneous half-space elastic medium to calculate the 457 
deformation and the stress. The viscoelastic mantle should be taken into consideration in the 458 
future. Noda et al. (2018) showed that the estimated slip deficit distributions can change 459 
according to the thickness of the elastic layer overlying the viscoelastic half-space, whereas it 460 
was difficult to determine the thickness from the available geodetic data set. Sherrill et al. (2021) 461 
analyzed the long-term surface deformation over 70 years assuming a 2-D elastic-viscoelastic 462 
structure in the 3-D space. Hori et al (2021) showed that the 3-D elastic structure affects the 463 
estimation of the slip deficit distributions in the Nankai trough. The results of the stress 464 
estimation can vary according to 3-D subsurface structures. In future, a systematic analysis about 465 
the effects of medium heterogeneity on the stress distribution in the Nankai trough is important 466 
and the data analysis in the heterogeneous structure will give us a more realistic estimation. At 467 
that time, the results in a homogeneous half-space elastic medium in this study will work as a 468 
reference for further development. 469 
 470 
7. Conclusions 471 

We developed an inversion method to estimate mechanically coupled areas on the plate 472 
interface and applied it to the GNSS data observed in southwestern Japan. We found some 473 
mechanically coupled areas where the stress rate is greater than 4kPa/yr along the Nankai trough 474 
(Figure 6a). Some of them correspond to the rupture areas of the historical Nankai earthquakes. 475 
Others found in deeper parts may work as aseismic slips to release stress. Based on the estimated 476 
coupled areas, we constructed a rupture scenario that could occur in the future. By assuming the 477 
stress accumulation period was 100 years, we obtained the stress distribution on the plate 478 
boundary. Earthquake ruptures are supposed to be generated as a result of the stress drop. The 479 
scenario we constructed consisted of a foreshock of Mw 8.0 followed by an afterslip of Mw 7.9 480 
and a mainshock of Mw 8.2. Although the moment magnitude of the hypothesized afterslip is 481 
more or less the same as the hypothesized foreshock, the energy released by the foreshock is 482 
significantly larger than the afterslip because the stress drop of the foreshock is larger. In order to 483 
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compare events when the stress drops are significantly different, it is useful to use the minimum 484 
released strain energy, or available energy, to characterize the magnitude of the events. 485 
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Text S1. Smoothed plate interface model 
The Japan Integrated Velocity Structure Model (JIVSM) (Koketsu et al. 2012) is one of the 
reference 3-D subsurface structure models, which are used in seismological studies in 
Japan (e.g. Maeda et al. 2017). The JIVSM includes the plate interface between the 
Amurian plate and the Philippine Sea plate. We modify a plate boundary for use in 
elastostatic responses in a homogeneous half-space medium. The plate boundary is 
given by the depth at grid points with 1km grid spacing in geological coordinates. Figure 
S1(a) plots the plate interface in the x-y coordinates after the coordinate transformation 
using the GMT (Wessel & Smith 1998). The trough line at 5.25 depth from the sea 
surface is plotted as a bold gray dashed line. We employ the Laplacian operator to 
evaluate short-wavelength components of the plate interface. The finite difference form 
of ∇!ℎ(𝑥, 𝑦) is given by 

∇!ℎ#𝑥" , 𝑦#' ≈
ℎ#𝑥" + Δ𝑥, 𝑦#' − 2ℎ#𝑥" , 𝑦#' + ℎ#𝑥" − Δ𝑥, 𝑦#'

(Δ𝑥!)

+
ℎ#𝑥" , 𝑦# + Δ𝑦' − 2ℎ#𝑥" , 𝑦#' + ℎ#𝑥" , 𝑦# − Δ𝑦'

(Δ𝑦!)  
(S1)  

where ℎ(𝑥, 𝑦) is the depth of the plate interface. Figure S1(b) plots the value of (S1) as 
roughness of the plate interface. The area where the value is larger than 0.1 km/km2 is 
widely recognized. In addition, we plot the dip angle at each point on the plate interface 
in Figure S1(c). We find a stripe pattern parallel to the trough line. We consider that the 
roughness and stripe pattern may not be real. 

We employ a long-wavelength pass filter  

𝑓#𝑘$ , 𝑘%' = exp 5−
4𝑘!

𝑘&!
7

= exp

⎣
⎢
⎢
⎡
−

4𝑘!

;2𝜋𝜆&
>
!

⎦
⎥
⎥
⎤
 

(S2)  

where 𝑘 = -𝑘"! + 𝑘#!. The cut-off wavelength is set as 𝜆$ = 80km. We multiplied Eq. (S2) 

with ℎ12𝑘" , 𝑘#3 (the 2-D Fourier spectrum of the plate depth ℎ(𝑥, 𝑦)) and obtained the 
filtered plate depth by using the inverse Fourier transform. Since this study assumed an 
elastic half-space, we removed the plate depth shallower than the sea depth of 5.25 km.  

The modified plate depths, roughness, and dip angles are shown in Figure S1 (d), 
(e), and (f), respectively. The plate interfaces after the modification (Figure S1(d)) looks 
almost the same as Figure S1(a). However, the roughness of the plate interface (Figure 
S1(e)) and the dip angle stripe pattern are removed (Figure S1(f)). 
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Figure S1 (a) Plate interface of the Philippine Sea plate in the Cartesian coordinates in 
the JIVSM. The depth of the plate interface is measured from the sea surface. (b) The 
value of the Laplacian of the plate boundary in the JIVSM. (c) The dip angle of the 
boundary in the JIVSM. (d) Low-pass filtered plate interface. This study calls this the 
smoothed JIVSM plate interface. (e) The value of the Laplacian of the smoothed JIVSM 
plate interface. (f) The dip angle of the boundary on the smoothed JIVSM plate interface.  
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Text S2. Stress rate and possible rupture scenarios 
The estimated shear stress rate and the slip distributions of the possible rupture 
scenarios are plotted in the Cartesian coordinates in Figure 6 and Figure 9. Here, we plot 
these in the geological coordinates.  

 
Figure S2 (a) Estimated shear stress rate at the plate interface. Contour lines are plotted 
at 2kPa/year intervals. (b) Slip deficit rate at the plate interface. Contour lines are plotted 
at 10mm/year intervals. 
 

 
Figure S3 Slip distributions of possible rupture scenarios: (a) the foreshock, (b) the 
afterslip, and (c) the mainshock. 
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Data Set S1. Depth of the smoothed plate interface shown in Figure S1d. First, second and third 
columns: y [km] in EW, x [km] in NS and z [km] in the down; fourth and fifth columns: longitude 
and latitude. These data in a file “phsplate.yxlonlat” 

Data Set S2. Stress rate distributions shown in Figure 6a. These data (stress rate [kPa/yr]) are in 
a file “stressrate.lonlat” in the geological coordinates, following the format used in the GMT. 

Data Set S3. Sip distributions of the foreshock in Figure 9b. These data (sip [m]) are in a file 
“slip_foreshock.lonlat” in the geological coordinates, following the format used in the GMT. 

Data Set S4. Slip distributions of the afterslip in Figure 9e. These data (sip [m]) are in a file 
“slip_afterslip.lonlat” in the geological coordinates, following the format used in the GMT. 

Data Set S5. Slip distributions of the mainshock in Figure 9h. These data (sip [m]) are in a file 
“slip_mainshock.lonlat” in the geological coordinates, following the format used in the GMT. 


