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Basic theory of deformation of continuum body

�Elasticity: Δε = Δσ / k

!ε = Aσ n

Δε > 0

�Viscosity:

�Plasticity:

due to the change of stress

depending on absolute stress

�ys: yield stress)
including both brittle and aseismic deformation

when σ ≥ ys

in-elastic deformation            permanent deformation

(particularly to the coupling at the plate-interface)
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Tohoku-oki earthq.

Reduction of EW
compression

Less seismicity

well understood with ΔCFF

ΔCFF = Δτ s + µΔσ n

ΔCFF and stress shadow �after the Tohoku-oki earthquake�

Change of seismicity after Tohoku-oki �Toda et al. 2011)

Toda et al. GRL, 38:L00G03. https://doi.org/10.1029/2011gl047834
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Fig. 2. Time sequence of the great interplate earthquakes along
the Nankai trough (after Sangawa, 1992). Horizontal lines indi-
cate the fracture zones of those identified from historical docu-
ments. Dots indicate those identified from archaeological studies.
The locations of archaeological sites are shown in the upper map.
We treat the earthquakes after 887 here.

are taken from ‘The list of disastrous earthquakes in
Japan’ (National Astronomical Observatory, 1997).
These data cover more than 1000 years.
The historical earthquake data in Southwest Japan

show that large intraplate earthquakes have occurred
frequently for several decades before to a decade af-
ter the occurrence of the great interplate earthquakes.
The average frequency of the intraplate earthquakes
in the period from 50 years before to 10 years after
the great interplate earthquakes is about four times
higher than in other periods (Utsu, 1974). In the
Kinki region (Fig. 1), the temporal variation in seis-
micity is statistically significant (Fig. 3) (Hori and
Oike, 1996).
To explain the temporal variation in seismicity in

Southwest Japan before and after the great interplate
earthquakes as shown in Fig. 3, some mechanisms

Fig. 3. Histogram of the time series in the Kinki region before
and after the great interplate earthquakes along the Nankai trough
(from Hori and Oike, 1996). The origin of the horizontal axis,
year 0, corresponds to the occurrences of the great interplate
earthquakes in 887, 1096, 1361, 1498, 1605, 1707, 1854 and
1944. Each occurrence time is that of the first event in a couple
of great interplate earthquakes which occur successively within
several years.

have been proposed. We can classify them into two
groups. In the first group, stress changes caused by
great interplate earthquakes make intraplate earth-
quakes occur earlier or later. In the former case, some
intraplate earthquakes are likely to occur just after
the great interplate earthquakes. In the latter case, a
large intraplate earthquake cannot occur for a certain
period (Tq in Fig. 4) after a great interplate earth-
quake. If the period is long enough, the intraplate
earthquake can occur only during several decades be-
fore the next great interplate earthquake (Shimazaki,
1978). In the second group, stress changes caused
by large intraplate earthquakes make other intraplate

Fig. 4. Hypothetical change in stress on an inland fault (modified
from Shimazaki, 1978). ∆− , T and P− are the decrease of stress
caused by a great interplate earthquake, time interval between
the great interplate earthquakes and rate of increasing tectonic
stress on the fault, respectively. ∆−=T represents the rate of
stress change caused by back slip on the plate boundary where
the great interplate earthquakes occur. A large earthquake cannot
occur on the fault for a certain period .Tq/ after a great interplate
earthquake.

Inland earthquakes in SW Japan 
happen much more frequently 
50 years before and 10 years after 
the Nankai Earthquakes.
This phenomena can also be under-
stood with ΔCFF (stress shadow).

Stress shadow in SW Japan (Hori & Oike, 1996, 1999) 

Hori and Oike 1996. J Phys Earth 44:349–356
Hori and Oike 1999. Tectonophysics 308:83–98
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Figure 7.  Temporal evolution of ΔCFF (black) and Δτs (red) on the inland active faults with historically recorded earthquakes (Figure 3 and Table 3). 
Temporal evolution of ΔCFF and Δτs due to all the sources examined in this study (i.e., NKTZ compression, interplate earthquakes, interplate locking, 
and inland earthquakes) is shown by solid lines and that due to only NKTZ compression is shown by dashed lines.

Δτs

Inland earthquakes happen, when ΔCFF renews the maximum

[Source of stress]
�Nankai earthq.
�Inland earthq.
�secular EW com-
pression�3 kPa/yr)

more detailed study by Shikakura, Fukahata & Hirahara (2014, JGR) 

Shikakura et al. 2014.
JGR 119:502–518. https://doi.
org/10.1002/2013J B010156
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Meneses-Gutierrez & 
Sagiya (2016, EPSL) 

Analyzing GNSS data of pre- and post- Tohoku-oki
earthq., they succeeded in separating elastic (long w.l.) 
and inelastic (short w.l.) deformation.
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Meneses-Gutierrez & Sagiya 2016. EPSL 450:366–371. https://doi.org/10.1016/j.epsl.2016.06.055



aseismic fault slip that satisfies the preseismic and postseismic deformation in combination with the
aforesaid elastic heterogeneity.

Quantitative analysis for each time period is performed as follows. First, using a set of model parameters
describing aseismic faulting and elastic heterogeneity, we calculate a theoretical displacement and displace-
ment rate for the corresponding time period at every 10 km. For the coseismic deformation, theoretical dis-
placement is calculated without effects of aseismic faulting. On the other hand, in the preseismic and
postseismic period, theoretical displacement rates include the aseismic faulting effects in addition to the
elastic heterogeneity effects. In the preseismic period, the elastic structure and the aseismic fault slip create
localized contraction. In the coseismic stage only elastic extension occurs. In the postseismic period, elastic
extension and inelastic contraction are combined to produce the total deformation. Figure 6 schematically
describes observed short-wavelength components of strain or strain rate distribution and its decomposition
into different causes.

Once displacement distributions are calculated for the preseismic, coseismic, and the postseismic periods, we
compute horizontal strain distributions using Shen et al.’s method (Shen et al., 1996) and decompose the
strain and strain rate patterns by its wavelength in the same manner as was done for the observed E-W strain
and strain rate distributions; a planar surface is used to remove long wavelengths from the coseismic distri-
bution, and a moving average filter with a radius of 65 km is used for the preseismic and postseismic periods.
Lastly, the root-mean-square (RMS) residual between the observation and the calculated short-wavelength
component is evaluated to assess the fit of the model.

3.2. Modeling Result With a Constrained Elastic Stiffness Contrast

There are eight free parameters in the grid search calculation: horizontal location of the weak zone (in the
east-west direction), elastic ratio of the weak zone with respect to surroundingmedium (a), location (horizon-
tal coordinate and depth of the top of the fault), dip angle, and slip rate of the aseismic fault. Ohzono et al.
(2012) suggested 10–20% elastic weakening in Northern NKTZ with respect to the surrounding medium;
thus, we constrain the weak zone to be 10–50% weaker than the surrounding medium in the Mid-Niigata
region (k2 = ak1, 0.5< a< 0.9) for the calculation of the coseismic period. The elastically weakened structure
location is estimated every 10 km within the target region, with its horizontal width changing for 30, 40, 50,
and 60 km. For the dislocation model in an elastic half-space, we consider both of east and west dipping
faults with a purely reverse motion, characteristic in the area of study. Locations of the top of the fault
(horizontal location every 5 km and locking depth every 2 km [0–20 km]), dip angle (30–70°, every 10°),

Figure 6. Schematic representation of elastic structure within the crust adopted in this study and model deformation process in the Mid-Niigata region through the
Tohoku-oki earthquake cycle (a–c). Three springs connected in series are used to represent the crust in this study. k1 and k2 denote the elastic constant of the
springs (k2 < k1) and a ratio between k1 and k2. Blue, red, and purple lines denote contribution from weak elastic zone (a), aseismic fault slip (b), and total defor-
mation (c) in the strain component, respectively. Elastic heterogeneities within the crust and aseismic fault slip can explain amplitude and horizontal change of
contraction peak in the preseismic and postseismic period.

10.1029/2018JB015567Journal of Geophysical Research: Solid Earth

MENESES-GUTIERREZ ET AL. 6079

elastic
def.

viscous
def.

total

pre-seismic co-seismic post-seismic

�Problems�
�Contrast of elastic constant (the value of a)� 0.8 ~ 0.9 times (coseismic)

0.3 ~ 0.4 times (interseismic)
�Slip rate of the buried fault is significantly slower in the post-seismic.
�The recurrence interval of the Tohoku-oki earthq. is only about 300 –
500 years (because of faster strain rates in the pre-seismic period).

Meneses-Gutierrez et al. (2018)� 
��������	������	�����������������	���
���	

suggest the strain rate was faster in the pre-seismic

Meneses-Gutierrez et al. 2018. JGR 123:6072–6085. 
https://doi.org/10.1029/2018jb015567



Assertion of this study
The concept of stress shadow on the basis of ΔCFF would be 
applicable not only to seismic activity but also to crustal deformation.

Because of plastic deformation, the EW shortening rate 
would be faster before the Tohoku-oki earthquake.

broken�inelastic strain�viscous�plastic�
solid�total strain�inelastic�elastic�
thin: Ikeda (1996)� bold: this study

Ikeda�1996; Active Fault Res.�
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�time�
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This study

Onset of plastic strain   

Ikeda 1996. Active Fault Res 15:93–99
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Fukahata et al. 2020. EPS
72:18, https://doi.org/
10.1186/s40623-020-1144-1



Because               ,

Towards a quantitative estimate of plastic strain rate

d =VE +VV +VP

dS
b =VVS

b +VPS
b

dS
a =VVS

a

d = dL + dS ; Vi =ViL +ViS

d: observation, VE: elastic, VV: viscous, VP: plastic

Separation into short (S) and long (L) wavelength components:

Total strain rate�

Because             , we obtain for before (b) and after (a) the Tohoku-oki,VES ≅ 0

VVS
b ≈VVS

a VPS
b ≅ dS

b − dS
a

(i = E,V ,P)

(We assumed             ) VP
a ≅ 0

Fukahata et al. 2020. EPS
72:18, https://doi.org/
10.1186/s40623-020-1144-1



Comparison of 
contraction rates 
before and after 
Tohoku earthquake

Contraction rate is faster before the Tohoku-oki earthquake.
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Summary
�The concept of stress shadow based on ΔCFF would be applicable 
not only to seismic activity but also to crustal deformation.

�EW shortening rate was significantly faster before the Tohoku-oki,
probably because plastic strain proceeded at that time.

�strain�

�time�

broken�inelastic strain�viscous�plastic�
solid�total strain�inelastic�elastic�
thin: Ikeda (1996)� bold: this study

Onset of plastic strain   

Fukahata et al. 2020. EPS
72:18, https://doi.org/
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Ikeda 1996. Active Fault Res 15:93–99


