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Abstract 

Inversion tectonics, in which old normal faults act as reverse faults in current stress fields, are frequently observed 
in northeastern Japan (Tohoku District); however, the conditions that control these fault activities remain unclear. To 
improve the identification of faults that are more favorable to slip under current stress conditions, the regional fault 
mechanisms in the Tohoku District must be better understood. The stress field in the Tohoku District and the likeli-
hood of fault activities were thus estimated using slip tendency (ST) analysis. The results show that in the eastern mar-
gin of the Japan Sea (EMJS), the reverse fault type is dominant in the stress field. The maximum horizontal direction 
changes clockwise from E–W to NW–SE from the northern to the southern regions and counterclockwise from NW–
SE to E–W from the Japan Sea to the inland area. In the Tohoku inland area, the estimated direction of the maximum 
horizontal axis changed after the 2011 Tohoku-Oki earthquake, from E–W to WNW–ESE. ST values were calculated 
for seven events in the EMJS area. To avoid the influence of the Tohoku-Oki earthquake, only stress field data prior 
to the 2011 Tohoku-Oki earthquake were used to determine ST values for four of the events in the Tohoku inland 
area. The results showed eastward-dipping fault planes with low dip angles (approximately 30°–45°) and large ST 
values (approximately > 0.7). The large ST values indicate that the stress field fault is favorable to slip and the results 
were consistent with the actual fault plane in the EMJS area. However, in the Tohoku inland area and the southern 
part of fault model of the 1993 Hokkaido Nansei-Oki earthquake, fault planes with large ST values were found to be 
inconsistent with the slipped fault plane, thus indicating that slipping was unfavorable. The regional differences are 
consistent with the volcano distribution and thus, the fluid supply from volcanic activity may have helped the fault 
slip under difficult stress conditions.
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Graphical Abstract

Introduction
In the region of northeastern Japan (Fig. 1A), the Pacific 
Plate subducts to the main island of Japan, and converges 
in an east–west direction. In the eastern margin of the 
Japan Sea (EMJS; Fig. 1A), due to the eastward movement 
of the Amur Plate relative to the Pacific Plate, a primary 
subduction zone has begun to form (e.g., Taira 2001). In 
the Tohoku region of Japan, stress fields with reverse fault 
types and east–west compressional axes are thus widely 
distributed (e.g., Terakawa and Matsu’ura 2010, 2023). 
The current compressional stress fields are estimated to 
have begun approximately three million years ago during 
the Quaternary period (e.g., Sato 1994; Taira 2001).

Several large earthquakes have occurred in the EMJS 
from Hokkaido to Niigata (e.g., Okamura 2010; Fig. 1A). 
Strain has been released from several faults and folds dis-
tributed in the north–south direction of the EMJS (e.g., 
Earthquake Research Committee 2003; see examples in 
Fig. 1B); these faults and folds are subsequently referred 
to as strain-concentrated zones (intense deformation 
zones in the EMJS; e.g., Okamura and Kato 2002) and 
defined as primary subduction zones (e.g., Kobayashi 
1983). Faults in the EMJS area are thought to have been 
formed due to the interactions of a tensional stress field 
associated with the formation of the Japan Sea (e.g., Jol-
ivet et  al. 1994; Okamura 2010). Consequently, numer-
ous high-dip-angle fault planes are widely distributed in 
the EMJS and Tohoku Districts of Japan (Okamura and 
Kato 2002; Okamura 2010). Current compressive stress 
fields cause fault activity in this area; however, the fault 
activity is strongly controlled by old geological structures 
formed during the formation of the Japan Sea. Inversion 
tectonics, in which old normal faults (high-dip-angle 
fault planes) now dip westward and act as reverse faults, 
are believed to be existent (Okamura et al. 1995). In the 

inland area of the Tohoku District, some recent large 
earthquakes have occurred on the high dip angle with 
westward-dipping fault plane (e.g., the 1998 Shizukuishi 
earthquake  [Mjma 6.1; Umino et al. 1998], 2003 northern 
Miyagi earthquake  [Mjma 6.4; Okada et al. 2003; Yoshida 
et  al. 2016], and 2008 Iwate-Miyagi Nairiku earthquake 
 [Mjma 7.2; Okada et al. 2012; Yoshida et al. 2014]; Fig. 1A), 
which may correspond to the eastern boundary of the 
contraction and uplifting of the Tohoku backbone range 
(e.g., Okada et  al. 2010). However, recent large earth-
quakes (e.g., the 1940 Shakotan-Oki earthquake  [Mjma 
7.5], 1964 Niigata earthquake  [Mjma 7.5], and 2019 Yama-
gata-Oki earthquake  [Mjma 6.7]) are confirmed to have 
occurred on low dip angle with eastward-dipping fault 
plane, and this may be related to eastward incipient sub-
duction of the oceanic lithosphere along the EMJS (Fukao 
and Furumoto 1975; Satake 1983; Hurukawa and Harada 
2013; Earthquake Research Committee 2019; Fig. 1A).

Based on the given data, the following two possibilities 
exist for fault activity in Tohoku, Japan: (1) inversion tec-
tonics, in which an old normal fault plane with a high dip 
angle (approximately 45◦ − 60◦) acts as a reverse fault, 
or (2) a reverse fault with a low dip angle (approximately 
30◦ − 45◦) was formed in the present stress field.

The activated fault planes in large earthquakes that have 
occurred in the Tohoku District of Japan, including the 
EMJS area have been studied using aftershock distribution, 
tsunami source models, and reflection surveys (e.g., Satake 
1986; Okamura et  al. 1998; Tanioka et  al. 1995; Yoshida 
et  al. 2014; Sibson 2009). Sibson (2009) summarized the 
inland earthquakes that have occurred since 1896; some of 
these may have been unfavorably oriented faults under the 
assumption of the Andersonian faulting theory, in which 
one of the principal axes of the stress field was coaxial with 
the fault strike, with σ3 (minimum principal stress axes) 
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being vertical. However, recent studies (e.g., Terakawa and 
Matsu’ura 2010, 2023) have shown the heterogeneity of the 
stress field in northeastern Japan and indicated that fault 
activities must be evaluated by considering the stress field 
in each focal area. Other studies have evaluated fault activ-
ity by physical methods including the slip tendency (ST) 
method (Morris et al. 1996). The ST value ( Ts ) is the ratio 
of shear stress to normal stress on the fault plane, and can 
be expressed as follows:

where Ts is the ST value, σs shear stress on the fault, σn 
normal stress on the fault, and µ coefficient of the fric-
tion on the fault. Ts was normalized between 0 and 1. 

(1)Ts = |σs|
µ|σn| ,

When Ts is large, the shear stress on the frictional resist-
ance of the fault is also high, thus making it easier for the 
fault to slip into a stress field.

Yukutake et al. (2015) investigated the applicability of 
the frictional reactivation theory to faults in Japan and 
found that faults adequately oriented to the stress fields 
had high slip ratios (> 1.0  m /1000  years) and large 
ST values ( Ts > 0.7 ). Miyakawa and Otsubo (2015) 
evaluated ST values using the active fault database of 
Japan (National Institute of Advanced Industrial Sci-
ence and Technology) for fault models and found that 
active faults in the Tohoku region generally had large 
ST values ( Ts > 0.7 ). Furthermore, inactive faults that 
did not slip during the Quaternary period showed low 
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Fig. 1 Study area in the northeastern Japan. In A, the blue area denotes the eastern margin of the Japan Sea (EMJS) and the red rectangle identifies 
the Tohoku District inland area. The blue and red stars indicate the epicenters of the target events in this study, which occurred in the EMJS 
area and Tohoku District, respectively. B The actual fault plane which was estimated in previous studies. The arrows on the fault plane denote 
the dipping directions
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ST values ( Ts < 0.6 ) (e.g., Miyakawa and Otsubo 2017). 
However, some active faults (e.g., the Haramachi seg-
ment in eastern Fukushima) showed low ST values 
( Ts ∼ 0.20 ), thought to be caused by differences in the 
dip angle.

Collettini and Trippetta (2007) used the ST method 
to investigate the relationship between aftershock 
sequences and the frictional reactivation theory in Col-
fiorito, Italy, and the 1999 Chi-Chi earthquake (Taiwan). 
A higher number of aftershocks were found to occur 
on fault planes with possible slip ( 0.6 < Ts < 0.9 ) than 
on the optimal fault plane ( Ts = 1 ). Further, they found 
fewer optimal fault planes in this region, meaning that 
stress release was performed on other planes.

Moeck et al. (2009) evaluated the reactivation of frac-
tures in geothermal and hydrocarbon reservoir areas 
using the ST method in the northeast German Basin, 
and found that the fault system in the volcanic rock layer 
had a maximum ST value of Ts = 0.39 , thus it was not 
optimally oriented to slip. However, experiments with 
cyclic fluid injections confirmed that microseismicity 
occurred in the volcanic rock layer, suggesting that even 
with a small Ts (i.e., the fault is unfavorable for slipping 
in the stress field), the fault may be active owing to the 
increased fluid pressure.

In this study, the likelihood of fault activity in the 
Tohoku District of Japan was estimated using the ST 
method and the nodal plane of the focal mechanism for 
the fault model of the previous earthquake. This is the 
first comprehensive evaluation of the ST method using 
the nodal planes of the focal mechanisms of actual earth-
quakes in the Tohoku region. Notably, for the EMJS area 
and the Tohoku District of Japan, this study tests the 
hypothesis whether inversion tectonics faults (high dip 
angle fault plane) or new reverse faults (low dip angle 
fault plane) are more favorable to slip under the present 
stress fields, and evaluates the conditions required for 
fault slip.

Previous studies have estimated the stress field in the 
EMJS area and Tohoku Districts of Japan. Stress fields 
were estimated using a small amount of focal mechanism 
data for the EMJS (Terakawa and Matsu’ura 2010, 2023) 
or by defining a uniform stress field over a wide area (e.g., 
Miyakawa and Otsubo 2015). To comprehensively con-
sider the stress state on the fault plane, it was required 
to evaluate smaller, more localized areas focusing on 
each earthquake event and/or fault plane, particularly in 
the EMJS area. The stress field for each earthquake focal 
area was thus, re-estimated in this study using data from 
a broader time window that has not been considered in 
previous studies. The relationship between the obtained 
ST values, re-estimated stress field, and surrounding 
environment is then discussed.

Data and methods
Stress fields were calculated using the stress-tensor 
inversion method developed by Michael (1984, 1987). 
Michael’s method assumes the following three condi-
tions: (1) the same stress tensor acts on the target area; 
(2) earthquakes occur on existing faults in various direc-
tions; and (3) the slip vector direction is equal to shear 
stress direction on the fault (Wallace–Bott hypoth-
esis). The method statistically estimates the stress field 
from the nodal plane for the focal mechanisms. One of 
the nodal planes for the focal mechanisms indicates the 
actual fault plane. However, as the actual fault plane is 
unknown in many cases, this method randomly selects 
the nodal plane and estimates the uncertainties of the 
principal axes and the stress ratio evaluated using boot-
strap resampling (Michael 1987). The method also 
requires at least eight focal mechanisms to estimate the 
stress field, and generally, the more data used for the 
stress-tensor inversion, the more stable the solution will 
be.

In this study, two focal mechanism catalogs were used 
to calculate the stress field. The F-net Moment Tensor 
data (Fukuyama et  al. 1998) given by NIED (National 
Research Institute for Earth Science and Disaster Resil-
ience) were predominantly used. We also used focal 
mechanism data provided by Okada et  al. (2015, 2022) 
for the inland area of the Tohoku District. Okada et  al. 
(2015, 2022) estimated focal mechanisms using P-wave 
initial motions from temporary and permanent stations 
by adopting the method of the Hash program (Hardebeck 
and Shearer 2002). The Hash program evaluates the qual-
ity of focal mechanism based on the relationship between 
the best fitting solution and the possible solution, misfit 
of polarity, and station distribution. Only good quality 
data (quality A or B) from Okada et al. (2015, 2022) were 
used in this study. If there were duplicate events from 
both databases, the quality of the F-net moment tensor 
solution was also evaluated, and if its solution variance 
reduction was > 60, the F-net moment tensor solution 
was used in the stress inversion. Based on the brittle–
ductile transition (e.g., Scholz 1988) and aftershock dis-
tribution of large-to-moderate size earthquakes in this 
area (e.g., Tanioka et  al. 1995; Okada et  al. 2003; Huru-
kawa and Harada 2013), earthquakes due to fault activi-
ties are presumed to occur at depths of approximately 
0–30 km, hence this depth range was used in the present 
study.

Fault activity was evaluated using the ST method 
(Morris et  al. 1996). The ST value is the ratio of shear 
stress to normal stress on the fault plane, expressed 
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as in Eq.  (1). The ST plug-ins for Coulomb (Neves 
et  al. 2009) were used to calculate ST. Here, the princi-
pal stress directions for the stress tensor, stress ratio 
φ(= (σ2 − σ3)/(σ1 − σ3)) , fault shape (strike and dip), 
and coefficient of friction on the fault were required to 
calculate the ST value ( Ts ). For the principal stress direc-
tion and stress ratio φ , the results from the estimated 
stress fields were used. For the fault shape, the nodal 
planes of the focal mechanisms and models estimated 
in NIED and in previous research were used (Aida 1984, 
1989; Satake 1985, 1986; Kosuga et  al. 1986; Sato 1993; 
Hirasawa 1965; Fukao and Furumoto 1975; Tanioka et al. 
1995). The coefficient of friction was assumed to be 0.6 
(Byerlee 1978). A method for evaluating ST error has not 
yet been established in previous studies. Therefore, this 
study thus attempted to evaluate ST error by first using 
the uncertainty of each stress ratio. We varied the stress 
ratio within the error range by 0.1, and calculated the ST 
value for each stress ratio.

Then, the range of ST value errors was defined as 
from the minimum to the maximum ST. The best ST 

value is that which uses the best stress ratio. Finally, in 
some cases, the changes in ST were confirmed using the 
changes in dip and strike (see Additional file 1: Table S1).

The study area was divided into two regions: (1) the 
EMJS area (lat. 37− 42◦N , and lon. 137− 141◦E ; Fig. 1); 
(2) the Tohoku District inland area (lat. 36.5− 41.5◦N 
and lon. 139− 142◦E ; Fig. 1). For each region, we focus 
on the large-to-moderate earthquakes: (1) the EMJS 
area: the 1833 Shonai-Oki earthquake  Mjma 7.7, 1939 
Oga earthquake  Mjma 6.8, 1940 Shakotan-Oki earth-
quake  Mjma 7.5, 1964 Niigata earthquake  Mjma 7.5, 1983 
Nihonkai-Chubu earthquake  Mjma 7.7, 1993 Hokkaido 
Nansei-Oki earthquake  Mjma 7.8, and 2019 Yamagata-
Oki earthquake  Mjma 6.7; (2) the Tohoku District inland 
area: the 1998 Shizukuishi earthquake  Mjma 6.1, 2003 
northern Miyagi earthquake  Mjma 6.4, 2008 Iwate-
Miyagi Nairiku earthquake  Mjma 7.2, and 2016 Oshika 
Peninsula earthquake  Mjma 5.2. The following work-
flow was applied to the earthquake in each region: (1) 
check the spatial and temporal distribution of the focal 
mechanisms using f-net data; (2) estimate the stress 

Table 1 Slip tendency (ST) for Eastern margin of the Japan Sea (EMJS) calculated using focal mechanism

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values of Ts > 0.7 . The number and letter codes in the stress 
field correspond to the subareas identified in Fig. 5

Event Fault model Dip direction Stress field Ts best Ts error

Shakotan-Oki earthquake Fukao and Furumoto (1995) East 1 0.953 0.944 < Ts  < 0.993

Satake (1986) West 0.759 0.673 < Ts  < 0.915

Hokkaido Nansei-Oki earthquake Tanioka et al. (1995) MTRF East 2—All 0.601 0.597 < Ts  < 0.613

West 0.965 0.965 < Ts  < 0.975

East 2—North 0.619 0.612 < Ts  < 0.645

West 0.976 0.975 < Ts  < 0.991

East 2—South 0.611 0.603 < Ts  < 0.637

West 0.950 0.950 < Ts  < 0.964

Tanioka et al. (1995) CMT East 2—All 0.947 0.943 < Ts  < 0.960

West 0.431 0.412 < Ts  < 0.488

East 2—North 0.815 0.787 < Ts  < 0.996

West 0.371 0.370 < Ts  < 0.374

East 2—South 0.955 0.953 < Ts  < 0.964

West 0.440 0.409 < Ts  < 0.531

Nihonkai-Chubu earthquake Satake (1985) East 3—North 0.915 0.914 < Ts  < 0.934

West 0.429 0.424 < Ts  < 0.443

East 3—Middle 0.850 0.836 < Ts  < 0.975

West 0.506 0.503 < Ts  < 0.514

East 3—South 0.934 0.908 < Ts  < 0.994

West 0.609 0.601 < Ts  < 0.622

Oga earthquake Sato (1993) East 4 0.914 0.902 < Ts  < 0.930

West 0.805 0.833 < Ts  < 0.805

Niigata earthquake Hirasawa (1965) East 6 0.944 0.944 < Ts  < 0.971

West 0.691 0.660 < Ts  < 0.782

Yamagata-Oki earthquake F-net East 7 0.905 0.905 < Ts  < 0.906

West 0.805 0.833 < Ts  < 0.805
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field using regular gridding; (3) estimate the local stress 
fields around each large-to-moderate event; (4) calcu-
late ST for each event.

Ranges for the local stress fields were determined based 
on the distribution and number of focal mechanisms. In 
addition, the stress fields were estimated using several 
range patterns to assess whether they would result in 
notable changes.

Results
EMJS area
Focal mechanism distributions
To identify the stress fields, events occurring between 
January 1, 1997 and June 17, 2019 were considered. The 
target area in the EMJS was lat. 37− 42◦N , and lon. 
137− 141◦E . Only events at depths of 0–30  km were 
used. Focal mechanism distribution analysis showed 
that the reverse fault type was dominant in the study 
area (Fig.  2). The strike-slip fault type increased in the 
north when compared to that at lat. 39◦N . Most of the 
focal mechanism P-axes tended to be NW–SE at latitudes 
below 40◦N . Above 40◦N , the P-axes tended to be in the 
E–W direction at depths of 0–10 km. This boundary was 
located at lat. 39◦N for depths of 10–20 km and became 
ambiguous at depths of 20–30 km. The P-axis directions 
tended to be NW–SE in the Japan Sea and E–W in inland 
areas.

Stress field using regular gridding
The spatial variation in the stress field was first estimated 
using regular gridding. The target area was divided into 
small sub-areas ( 2◦ × 2◦ ) to estimate the stress field 
(Figs. 3 and 4). The serial number in Fig. 4 (for example, 
E-1) shows the sub-area in Fig. 3. Consequently, in most 
of the subareas, the reverse fault type was dominant, 
except in the southeastern subarea (Fig. 3, Subarea E-10).

The maximum horizontal direction ( SHmax ) rotated 
clockwise from E–W to NW–SE from the northern to 
southern areas. Additionally, SHmax was rotated coun-
terclockwise from NW–SE to E–W from the Japan Sea 
area to the coastal area. The uncertainties of SHmax in the 
inland areas were approximately 20.26–101.47°, which 
is larger than those in the Japan Sea area (approximately 
9.74–28.46°).

ST method for large‑to‑moderate earthquakes using the local 
stress field
The likelihood of a fault slip was evaluated using the ST 
method. The ST value for seven large-to-moderate earth-
quakes was calculated and compared with actual fault 
activity. The target events were the 1833 Shonai-Oki 
earthquake  Mjma 7.7, 1939 Oga earthquake  Mjma 6.8, 1940 
Shakotan-Oki earthquake  Mjma 7.5, 1964 Niigata earth-
quake  Mjma 7.5, 1983 Nihonkai-Chubu earthquake  Mjma 
7.7, 1993 Hokkaido Nansei-Oki earthquake  Mjma 7.8, and 
2019 Yamagata-Oki earthquake  Mjma 6.7 (Fig.  1A). For 

Fig. 2 Distribution of F-net focal mechanism solution in the eastern margin of the Japan Sea (EMJS). Each focal mechanism is plotted using 
the lower hemisphere projection. A, B, and C Events’ distribution that occurred in depth 0–10 km, 10–20 km, and 20–30 km, respectively
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six of the events (Oga, Shakotan-Oki, Niigata, Nihonkai-
Chubu, Hokkaido Nansei-Oki, and Yamagata-Oki), the 
mainshock focal mechanisms were estimated from previ-
ous studies (F-net; Satake 1985, 1986; Sato 1993; Fukao 
and Furumoto 1975; Hirasawa 1965; Tanioka et al. 1995). 
The nodal plane for the focal mechanisms was then used 
to calculate ST. The ST values for the 1833 Shonai-Oki 
earthquake  Mjma 7.7, 1983 Nihonkai-Chubu earthquake 
 Mjma7.7, and 1993 Hokkaido-Nansei-Oki earthquake 
 Mjma 7.8 were also estimated using fault models in previ-
ous studies (Aida 1984, 1989; Satake 1985; Kosuga et al. 
1986; Tanioka et al. 1995).

Local stress field The stress field was estimated using 
only the focal mechanisms around each event to calculate 
the ST values for events that occurred between January 
1, 1997, and December 31, 2019 (Fig. 5, the serial num-
ber shows regional area for each event). Each stress field 
showed a reverse fault type, and the SHmax trends were 
consistent with the results of regular gridding in the EMJS 
area (see above section and Figs. 3 and 4). Subsequently, 
ST was calculated for each nodal plane (Fig. 6). The uncer-
tainty in the stress fields was estimated by changing the 
input stress ratio within each stress ratio uncertainty 
(Table 1).

ST value using nodal planes For the ST values of the 
nodal planes, all eastward-dipping planes with a lower dip 
angle showed larger ST values than the westward-dipping 
planes with a higher dip angle, except for the 1993 Hok-
kaido-Nansei-Oki earthquake MTRF (Moment Tensor 
Rate Functions) solution. The eastward-dipping planes 
had lower dip angles than those of the earthquakes, except 
for the 1993 Hokkaido-Nansei-Oki earthquake, and the 
ST values were Ts > 0.7 . These planes were favorable for 
slipping into the stress field. For the 2019 Yamagata-Oki 
earthquake and the 1940 Shakotan-Oki earthquake, both 
planes were found to have large ST values ( Ts > 0.7).

ST value using the fault model Two types of fault mod-
els were proposed by Aida (1989) for the 1833 Shonai-
Oki earthquake. Model A is composed of two eastward-
dipping planes: A-north and A-south, while Model B is 
composed of a westward-dipping plane. Based on Model 
A, the stress fields were estimated for three areas, as fol-
lows: “All” (entire focal area, denoted as “5-All” in Fig. 5), 
“Middle 1” (focal mechanisms around the fault model 
without events occurring inland, denoted as “5-Middle 1” 
in Fig. 5), and “Middle 2” (focal mechanisms around the 
model with events occurring inland, denoted as “5-Mid-
dle 2” in Fig. 5). For the stress field All, each model exhib-
ited the ST value of approximately 0.6 (see Shonai-Oki 
earthquake in Table  2). For stress fields Middle 1 and 
Middle 2 (see Shonai-Oki earthquake in Table 2), the east-
ward-dipping plane (Model A) showed larger ST values 
( Ts ∼ 0.6− 0.75 ) than westward-dipping plane (Model B) 
( Ts ∼ 0.5 ), and when using Middle 1, fault plane A-South 
had a large ST value ( Ts > 0.7) . The results indicate that 
Model A is more favorable for slipping than Model B.

Fault models for the 1983 Nihonkai-Chubu earthquake 
proposed in previous studies (Aida 1984; Satake 1985; 
Kosuga et  al. 1986) were dipping in an eastward direc-
tion with a low dip angle (Fig.  6). Consequently, each 
model had a large ST value ( Ts > 0.7) (Table 2) and the 
fault plane slipped as it was favorable for slipping into the 
stress field.

Fig. 3 Distribution of estimated stress field in the eastern margin 
of the Japan Sea (EMJS). Each result of stress field is plotted, 2◦ × 2

◦ , 
at the center of each sub-area. The results are shown using lower 
hemisphere projections. Red, green, and blue circles denote 
the optimal solution for the σ1 , σ2 , and σ3 , respectively. Small pastel 
red, green, and blue without outlines denote the 95% confidence 
ranges for the σ1 , σ2 , and σ3 , respectively. The black line and gray fan 
denote the optimal solution and 95% confidence ranges for the SHmax 
orientation, respectively
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Tanioka et  al. (1995) proposed a fault model for the 
1993 Hokkaido Nansei-Oki earthquake, composed of 
one eastward-dipping plane with a low-dip-angle plane 
and two westward-dipping planes (Fig. 6). The eastward-
dipping plane (A in Table  3) and westward-dipping 
planes with low dip angles (B and C in Table 3) showed 
ST values of Ts > 0.7 . The westward-ipping planes with 
high dip angles (D and E in Table  3) had small ST val-
ues ( Ts < 0.6 ). These results indicate that the fault planes 
with a low dip angle plane slipped and were considered 
favorable for slipping into the stress field.

Tohoku district inland area
Focal mechanism distributions
To calculate the stress fields, the events that occurred 
between January 1, 1997 and December 31, 2019 were 
considered. The target area for this study was the 

Tohoku District inland area at lat. 36.5− 41.5◦N and 
lon. 139− 142◦E . Only events at depths of 0–30  km 
were used. To consider the influence of the 2011 
Tohoku-Oki earthquake, the data were divided into 
two periods: before the earthquake (January 1, 1997–
March 10, 2011) and after the earthquake (March 11, 
2011–December 31, 2019).

Assessments of the focal mechanism distributions 
showed that only a few events occurred at depths of 
20–30  km. Prior to the Tohoku-Oki earthquake, the 
reverse fault type was dominant south of lat. 40◦N 
(Fig.  7); the direction of the P-axis was E–W to NW–
SE. After the Tohoku-Oki earthquake, multiple events 
occurred north of lat. 40◦N ; the direction of the P-axis 
was NE–SW, and the reverse fault type was dominant in 
this area. Additionally, the number of strike-slip types 
and normal fault types increased after the Tohoku-Oki 

Fig. 4 Estimated stress field in the eastern margin of the Japan Sea (EMJS). φbest is the optimal value of the stress ratio ( φ(= σ2 − σ3)/(σ1 − σ3) ) 
with a 95% confidence range of φ . SHmax is the maximum horizontal compressional direction. Na is the number of focal mechanisms used for each 
stress inversion in each area. The numbers in the upper left correspond to the subareas identified in Fig. 3
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earthquake when compared to the data prior to the 
Tohoku-Oki earthquake.

Stress field using regular gridding
The spatial variations in the stress field were estimated 
using regular gridding, and the target area was divided 
into small regions ( 1◦ × 1◦ ). As there was a sufficient 
number of focal mechanisms, the region was divided 
into a finer grid than that used for the EMJS region. 
Consequently, the analysis showed that prior to the 
Tohoku-Oki earthquake, the stress field was dominant 
for the reverse fault type in this area. The SHmax direc-
tion was approximately E–W to WNW–ESE (Figs.  8 
and 9). After the Tohoku-Oki earthquake, the SHmax 
directions were ENE–WSW to NE–SW in the northern 
area and NW–SE in the southern area.

The stress ratio prior to the Tohoku-Oki earthquake 
was 0.6–0.7; however, after the Tohoku-Oki earth-
quake, it changed from 0.2 to 0.5. On the east coast of 
the Miyagi and Fukushima prefectures, the uncertainty 

of the stress ratio increased after the Tohoku-Oki 
earthquake, and this may be attributed to various focal 
mechanisms.

ST method for large‑to‑moderate earthquakes using the local 
stress field
The likelihood of a fault slip was evaluated using the ST 
method. The ST value for four large-to-moderate earth-
quakes was calculated and compared with actual fault 
activity.

The target events were the 1998 Shizukuishi earth-
quake  Mjma 6.1, 2003 northern Miyagi earthquake  Mjma 
6.4, 2008 Iwate-Miyagi Nairiku earthquake  Mjma 7.2, 
and 2016 Oshika Peninsula earthquake  Mjma 5.2 (Fig. 1).

Focal mechanism data split by  period The stress 
field was estimated using only the focal mechanisms 
that occurred between January 1, 1997 and December 
31, 2019, around each event. Considering the number 
of mechanism solutions and the influence of the 2011 

Fig. 5 Stress fields around each target event used for slip tendency analysis. Focal mechanism solutions were used in the area shown 
with the same-colored rectangle and the different numbers in the top left corner of each square indicate the earthquake event. The results are 
shown using lower hemisphere projections. Red, green, and blue circles denote the optimal solution for the σ1 , σ2 , and σ3 , respectively. Small pastel 
red, green, and blue without outlines denote the 95% confidence ranges for the σ1 , σ2 , and σ3 , respectively. The black line and gray fan denote 
the best and 95% confidence ranges for the SHmax orientation, respectively. φbest is the best value for the stress ratio ( φ(= σ2 − σ3)/(σ1 − σ3) ) 
and the 95% confidence range for φ . Na is the number of focal mechanisms used for each stress inversion in each area
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Tohoku-Oki earthquake, the data were divided into 
three terms for the 1998 Shizukuishi and 2003 northern 
Miyagi earthquakes: “term-I” (January 1, 1997 to March 
10, 2011); “term-II” (March 11, 2011 to December 31, 
2019); and “term-All” (January 1, 1997 to December 31, 
2019).

The 2008 Iwate-Miyagi Nairiku earthquake had a suffi-
cient number of focal mechanisms to enable estimations 
of the stress field. The magnitude of the 2008 Iwate-
Miyagi Nairiku earthquake was estimated as  Mjma 7.2. 
Stress changes were confirmed to occur after the large 
earthquake and thus may have also occurred after the 
2008 Iwate-Miyagi Nairiku earthquake. To investigate 
whether stress changes occurred and affected the ST val-
ues, focal mechanism data were divided into three terms: 
“IM (Iwate-Miyagi)-I” (January 1, 1997 to June 13, 2008); 
“IM-II” (June 14, 2008 to March 10, 2011); and “IM-III” 
(March 11, 2011 to December 31, 2019).

The 2016 Oshika Peninsula earthquake had only a few 
focal mechanisms, and consequently, only the events that 
occurred after the 2011 Tohoku-Oki earthquake were 
used. Additionally, only a few focal mechanisms were 
available for the F-net catalog, and consequently, the 
focal mechanism data estimated from the P-wave initial 
motions from Okada et al. (2015; 2022) were added.

As an overall trend, each event showed a reverse or 
strike-slip fault type (8, 9, 10, and 11 in Fig. 5). The SHmax 
trends were consistent with the results for regular grid-
ding in the Tohoku District inland area (see above sec-
tion) (Fig. 8).
Local stress field and  the  ST value 1998 Shizukuishi 
earthquake
The results for the 1998 Shizukuishi earthquake were 
assessed first. Based on the focal mechanism distribu-
tion, it was possible to investigate several patterns in the 
local areas, and two types in the region (Area A and Area 
B in Fig.  5) were assessed for spatial changes. From the 
results of the 1998 Shizukuishi earthquake, the estimated 
stress field in Area A showed a reverse fault type solution 
in term-I (see 9—Area A-I in Fig. 5), and Area B showed 
a strike-slip fault type (see 9—Area B-I in Fig. 5). How-
ever, the uncertainties for both σ2 and σ3 overlapped and 
the SHmax directions indicated E–W. Therefore, the stress 
fields for Areas A and B had approximately the same 
results in term-I. Term-II and term All showed strike-slip 
fault type solutions, with the SHmax direction being ENE–
WSW, while the uncertainties for σ2 and σ3 overlapped 
(see 9-Area A-II and 9-Area A-All in Fig. 5). More data 
were used for term-II than term All, and consequently, 
the stress field for term All was considered to be similar 
to that of term-II.

Fig. 6 Slip tendency (ST) values for the eastern margin of the Japan Sea (EMJS). A The ST values with westward-dipping plane. B The ST values 
with eastward-dipping plane. C The distribution of the target events. The left boxes in A, B The ST value of fault model. The color of the nodal plane 
shows the ST value. The arrows on the nodal plane denote the dipping directions. The number written at the top of each box indicates the stress 
field in Fig. 5 used to calculate ST value
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The results of the ST method showed that both nodal 
planes had large ST values ( Ts > 0.7 ) (9 in Fig. 10, values 
are shown in Table 4). The differences in ST values were 

small (< 0.1) for most terms, but both nodal planes were 
favorable for slipping into the stress field.

Table 2 Slip tendency (ST) for 1833 Shonai-Oki and 2008 Nihonkai-Chubu earthquakes calculated using fault models

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values of Ts > 0.7 . The number and letter codes in the stress 
field correspond to the subareas identified in Fig. 5

Events Fault model Dip direction Stress field Ts best Ts error

Shonai-Oki earthquake Aida (1989) A-North East 5—All 0.604 0.598 < Ts  < 0.671

A-South East 0.578 0.559 < Ts  < 0.623

B West 0.603 0.603 < Ts  < 0.603

A-North East 5—Middle 1 0.676 0.571 < Ts  < 0.834

A-South East 0.742 0.740 < Ts  < 0.744

B West 0.461 0.461 < Ts  < 0.461

A-North East 5 -Middle 2 0.619 0.588 < Ts  < 0.702

A-South East 0.676 0.669 < Ts  < 0.693

B West 0.536 0.534 < Ts  < 0.542

Nihonkai-Chubu earthquake Aida (1984) North East 3—North 0.798 0.798 < Ts  < 0.798

South East 0.949 0.948 < Ts  < 0.997

North East 3—Middle 0.843 0.843 < Ts  < 0.905

South East 0.783 0.724 < Ts  < 0.986

North East 3—South 0.956 0.948 < Ts  < 0.987

South East 0.827 0.773 < Ts  < 0.925

Kosuga et al. (1986) North East 3—North 0.770 0.769 < Ts  < 0.780

South East 0.766 0.752 < Ts  < 0.837

North East 3—Middle 0.847 0.846 < Ts  < 0.885

South East 0.758 0.757 < Ts  < 0.879

North East 3—South 0.960 0.957 < Ts  < 0.977

South East 0.900 0.873 < Ts  < 0.983

Satake (1985) North East 3—North 0.881 0.878 < Ts  < 0.902

South East 0.883 0.879 < Ts  < 0.933

North East 3—Middle 0.925 0.924 < Ts  < 0.957

South East 0.800 0.782 < Ts  < 0.961

North East 3—South 0.991 0.989 < Ts  < 0.998

South East 0.905 0.866 < Ts  < 0.994

Table 3 Slip tendency (ST) for 1993 Hokkaido Nansei-Oki earthquake calculated using fault models

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values of Ts > 0.7 . The number and letter codes in the stress 
field correspond to the subareas identified in Fig. 5

Events Fault model Dip direction Stress field Ts best Ts error

Hokkaido Nansei-Oki earthquake Tanioka et al. (1995) A East 2—All 0.947 0.943 < Ts  < 0.960

B, C East 0.943 0.943 < Ts  < 0.961

D, E West 0.513 0.497 < Ts  < 0.562

A East 2—North 0.815 0.787 < Ts  < 0.996

B, C East 0.935 0.933 < Ts  < 0.953

D, E West 0.586 0.525 < Ts  < 0.821

A East 2—South 0.955 0.953 < Ts  < 0.964

B, C East 0.929 0.929 < Ts  < 0.957

D, E West 0.507 0.497 < Ts  < 0.537
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Fig. 7 Distribution of F-net focal mechanism solution in the Tohoku District inland area. Each focal mechanism is plotted using the lower 
hemisphere projection. A, B, and C The events that occurred from January 1, 1997 to March 10, 2011 (before the Tohoku-Oki earthquake). D, E, 
and F The events that occurred from March 11, 2011 to December 31, 2019 (after the Tohoku-Oki earthquake). A and D, B and E, and C and F Events’ 
distribution that occurred in depth 0–10 km, 10–20 km, and 20–30 km, respectively
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2003 northern Miyagi earthquake
From the results of the 2003 northern Miyagi earthquake, 
the eastward-dipping plane showed a large ST value 
( Ts > 0.7 ) for most terms (11 in Fig. 10, values are shown 
in Table 5). After the Tohoku-Oki earthquake (term-II), 
however, the ST value was reduced (11–II in Fig.  10). 
However, the eastward-dipping plane with a low dip 
angle had a larger ST value than the westward-dipping 
plane with a high dip angle in each term.

The largest foreshock  (Mjma 5.6) and largest aftershock 
 (Mjma 5.5) of the 2003 northern Miyagi earthquake were 
also assessed (Fig. 10). In the study area, the largest after-
shocks and foreshocks occurred in the northern and mid-
dle regions, respectively, while the main shocks occurred 

in the southern region (see Fig.  10). Based on these 
locations, the study area was divided into three regions 
(North, Middle, and South) for stress field estimations 
(11-North, 11-Middle, and 11-South in Fig. 5). Each area 
represents a reverse fault type for the stress field, and 
accordingly, the ST values for each event were calculated. 
The mainshock and largest foreshock had larger ST val-
ues in the eastward-dipping plane with a low dip angle. 
However, the largest aftershock in the westward-dipping 
plane with a high dip angle plane showed a large ST value 
( Ts > 0.7 ), which was larger than that of the eastward-
dipping plane (Fig. 10 and Table 5).

Fig. 8 Distribution of the estimated stress field in the Tohoku District inland area. Each result is plotted, 1◦ × 1
◦ , at the center of each sub-area. A, 

B The events that occurred from January 1, 1997 to March 10, 2011 (before the Tohoku-Oki earthquake) and from March 11, 2011 to December 31, 
2019 (after the Tohoku-Oki earthquake), respectively. The results are shown using lower hemisphere projections. Red, green, and blue circles denote 
the optimal solution for σ1 , σ2 , and σ3 , respectively. Small pastel red, green, and blue without outlines denote the 95% confidence ranges for σ1 , σ2 , 
and σ3 , respectively. The black line and gray fan denote the best and the 95% confidence ranges for the SHmax orientation, respectively
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2008 Iwate‑Miyagi Nairiku earthquake
For the 2008 Iwate-Miyagi Nairiku earthquake, each term 
represented a reverse fault type for the stress field. As the 
two databases each had a sufficient number of solutions, 

the difference in the stress fields was also evaluated first 
using only F-net data (10-F in Fig. 5) and again after add-
ing Okada data (10-F + P in Fig. 5). There were no signifi-
cant changes between stress fields determined using the 

Fig. 9 Estimated stress field in the Tohoku District inland area. A, B The estimated stress field using data from January 1, 1997 to March 10, 2011 
(before the Tohoku-Oki earthquake) and from March 11, 2011 to December 31, 2019 (after the Tohoku-Oki earthquake), respectively. The number 
and letter codes in the upper left corners of each square correspond to the subareas identified in Fig. 8. Red, green, and blue circles denote 
the optimal solution for σ1 , σ2 , and σ3 , respectively. Small pastel red, green, and blue without outlines denote the 95% confidence ranges for σ1 , 
σ2 , and σ3 , respectively. The black line and gray fan denote the best and the 95% confidence ranges for the SHmax orientation, respectively. φbest 
is the optimal value for the stress ratio ( φ(= σ2 − σ3)/(σ1 − σ3) ) at a 95% confidence range of φ . Na = is the number of focal mechanisms used 
for each stress inversion in each area
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10-F and 10-F + P data. However, more focal mechanisms 
resulted when using the 10-F + P than the 10-F data. The 
10-F + P solution thus showed smaller uncertainty than 
the 10-F solution. Regarding the temporal change, the 
SHmax directions were WNW–ESE in 10-IM-I and 10-IM-
II and NE–SW in 10-IM-III (Fig. 5). The uncertainty of σ2 
and σ3 directions overlapped in 10-IM-I, and the stress 
field had a strike-slip component (Fig. 5).

From the ST method results, the nodal plane with an 
eastward-dipping plane and with a low dip angle showed 
a large ST value ( Ts > 0.7 ) for all terms (Fig.  10 and 
Table  4). The eastward-dipping plane was favorable for 
slipping into the stress field.

2016 Oshika Peninsula earthquake
The stress field was transpressive during the 2016 Oshika 
Peninsula earthquake (8 P and 8 F + P in Fig. 5), and the 
direction of the SHmax was N–S. The results of the ST 
method showed that both nodal planes had large ST 
values ( Ts > 0.7 ; Fig.  10 and Table  5); however, the dif-
ferences in ST values were small ( Ts < 0.1 ). Both nodal 
planes were favorable for slipping into the stress field, 
and other factors might have influenced the selection of 
the slip plane.

Discussion
Effect of fault plane selection on stress field estimation
The stress fields were estimated for the 2003 north-
ern Miyagi earthquake  Mjma 6.4 and the 2016 Oshika 

Peninsula earthquake  Mjma 5.2, but they contained wide 
uncertainties and were not stable. Consequently, the 
stress fields for these two earthquakes were re-estimated 
using the slip instability method (Vavryčuk et  al. 2013; 
Vavryčuk 2014) and the results were compared.

The focal mechanism has two nodal planes: the fault 
plane and the auxiliary plane. To apply an assumption 
of the Wallace–Bott hypothesis, the nodal plane for the 
fault must be determined; however, this is only possible 
by distinguishing the fault plane using other informa-
tion (e.g., coseismic surface faults and aftershock dis-
tributions). With Michael’s method, the fault plane is 
randomly selected from the two nodal planes of each 
focal mechanism. The incorrect selection of auxiliary 
surfaces can lead to biased results and unstable solu-
tions with large uncertainties. Vavryčuk et  al. (2013) 
defined fault instability ( I  ) based on Lund and Slunga 
(1999) as follows:

where µ is the coefficient of the friction; τc and σc are the 
shear and normal stresses along the fault in the optimal 
orientation, respectively; τ and σ are the shear and nor-
mal stresses along the analyzed fault plane, respectively; 
and σ1 is the maximum principal stress. Consequently, 
Eq.  (2) does not depend on absolute stress values, 
and I can only be evaluated from µ , the shape ratio 
R(= 1− φ = (σ1 − σ2)/(σ1 − σ3)) , and the directional 

(2)I = τ−µ(σ−σ1)
τc−µ(σc−σ1)

,

Fig. 10 Slip tendency (ST) values for the Tohoku District inland area. A The ST values with westward-dipping plane. B The ST values 
with eastward-dipping plane. C The distribution of the target events. The left boxes in panels A and B show the ST value of the fault model. The 
color of the nodal plane shows the ST value. The arrows on the nodal plane denote the dipping directions. The number written at the top of each 
box indicates the stress field in Fig. 5 used to calculate ST value
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cosines n which define the inclination of the fault plane 
from the principal stress axis. It can thus be normalized 
using σ1 = −1 , σ2 = 2R− 1 , and σ3 = 1 , as follows:

It then follows that 

where I is expressed between 0 and 1. When I = 1 , the 
fault plane is in its most unstable state, and this indicates 
that the nodal plane is the principal fault plane. The fault 
plane can thus be selected from the two nodal planes 

(3)I = τ+µ(σ+1)

µ+
√

1+µ2
.

(4)σ = −n2
1
+ (2R− 1)n22 + n2

3

(5)
τ =

√
n21 + (2R− 1)2n22 + n23 −

(
−n21 + (2R− 1)n22 + n23

)2

using I , and the stress field can be estimated using a nar-
rower confidence range than that in Michael’s method if 
this selection is adequate.

To assess the effect of the fault plane selection on the 
stress tensor inversion, Vavryčuk’s method was applied 
to re-estimate the stress field of the 2003 northern 
Miyagi earthquake  Mjma 6.4 and 2016 Oshika Penin-
sula earthquake  Mjma 5.2.

2003 northern Miyagi earthquake  Mjma 6.4
For all periods and ranges, the results did not differ sig-
nificantly from those obtained using Michael’s method 
(Figs.  5 and 11, and Table  6). The results re-estimated 
using Vavryčuk’s method had smaller uncertainties in σ1 , 
σ2 , and σ3 directions (Fig. 11) compared with the results 
estimated using Michael’s method. The optimal values 
for the stress ratio ( φBest ) and optimal SHmax direction 

Table 4 Slip tendency (ST) for 1998 Shizukuishi and 2008 Iwate-Miyagi Nairiku earthquakes calculated using focal mechanism

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values of Ts > 0.7 . The number and letter codes in the stress 
field correspond to the subareas identified in Fig. 5

Events Fault model Dip direction Stress field Ts best Ts error

Shizukuishi earthquake F-net East 9-Area A–I 0.884 0.792 < Ts  < 0.895

West 1997–2011 0.885 0.883 < Ts  < 0.885

East 9–Area A–II 0.697 0.576 < Ts  < 0.752

West 2011–2019 0.839 0.589 < Ts  < 0.980

East 9–Area A–All 0.744 0.585 < Ts  < 0.791

West 1997–2019 0.891 0.572 < Ts  < 0.998

East 9–Area B–I 0.733 0.246 < Ts  < 0.968

West 1997–2011 0.650 0.375 < Ts  < 0.770

East 9–Area B–II
2011–2019

0.746 0.692 < Ts  < 0.772

West 0.774 0.463 < Ts  < 0.956

East 9–Area B–All
1997–2019

0.724 0.567 < Ts  < 0.825

West 0.786 0.491 < Ts  < 0.999

Iwate-Miyagi Nairiku earthquake F-net East 10–F–IM–I
1997–2008
(F-net)

0.955 0.949 < Ts  < 0.963

West 0.704 0.685 < Ts  < 0.724

East 10–F–IM–II
2008–2011
(F-net)

0.967 0.967 < Ts  < 0.968

West 0.679 0.678 < Ts  < 0.686

East 10–F–IM–III
2011–2019
(F-net)

0.813 0.732 < Ts  < 0.910

West 0.578 0.356 < Ts  < 0.662

East 10–F + P–IM–I
1997–2008
(F-net and P wave polarity)

0.876 0.784 < Ts  < 0.982

West 0.660 0.636 < Ts  < 0.676

East 10–F + P–IM–II
2008–2011
(F-net and P wave polarity)

0.949 0.942 < Ts  < 0.960

West 0.707 0.704 < Ts  < 0.710

East 10–F + P–IM–III
2011–2019
(F-net and P wave polarity)

0.865 0.823 < Ts  < 0.952

West 0.540 0.527 < Ts  < 0.622
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( SHmaxBest ) were slightly changed, but were within the 
error range for the results estimated using Michael’s 
method.

2016 Oshika peninsula earthquake  Mjma 5.2
Using only the P-wave polarity data, the stress field was 
shown to have a transpressive type, which was closer to 
the reverse fault type (8 P in Fig.  11, values are shown 

Table 5 Slip tendency (ST) for 2003 Miyagi and 2016 Oshika Peninsula earthquakes calculated using focal mechanism

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values Ts > 0.7 . The number and letter codes in the stress field 
correspond to the subareas identified in Fig. 5

Events Fault model Dip direction Stress field Ts best Ts error

Northern Miyagi earthquake mainshock F-net East 11–Area All–I 0.960 0.959 < Ts  < 0.962

West 1997–2011 0.717 0.717 < Ts  < 0.725

East 11–Area All–II 0.790 0.732 < Ts  < 0.888

West 2011–2019 0.380 0.352 < Ts  < 0.884

East 11–Area All–All 0.975 0.971 < Ts  < 0.980

West 1997–2019 0.672 0.672 < Ts  < 0.687

East 11–South 0.981 0.980 < Ts  < 0.986

West 1997–2011 0.639 0.638 < Ts  < 0.645

Largest foreshock F-net East 11–Middle 0.950 0.946 < Ts  < 0.964

West 1997–2011 0.673 0.673 < Ts  < 0.771

Largest aftershock F-net East 11–North 0.508 0.506 < Ts  < 0.869

West 1997–2011 0.981 0.981 < Ts  < 0.982

Oshika peninsula earthquake F-net SE 8–F + P 0.887 0.881 < Ts  < 0.895

NE (F-net and P wave polarity) 0.824 0.824 < Ts  < 0.824

SE 8–P 0.877 0.863 < Ts  < 0.893

NE (P wave polarity) 0.812 0.805 < Ts  < 0.819

Fig. 11 Analysis of the estimated stress field using slip instability methods. The results are shown using lower hemisphere projections. In the left 
circle of the slip instability results, the blue plus mark and red circle denote the T and P axes, respectively. The green circle, cross, and plus mark 
denote the best direction for σ1, σ2, and σ3, respectively. The red, green, and blue dots denote the uncertainty of σ1, σ2, and σ3, respectively. The 
results using Michael’s method and the name of each area (for example “8P Oshika Peninsula”) are the same as those in Fig. 5
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in Table 7). Including the F-net data, the stress field was 
transpressive (8 P + F in Fig.  11, values are shown in 
Table  7), and was similar to the results estimated using 
Michael’s method (Fig. 11). The uncertainty of each prin-
cipal-stress direction was smaller than that estimated 
using Michael’s method, and the φBest and SHmaxBest did 
not change significantly. The re-estimated stress fields 
were almost the same as those estimated using Michael’s 
method.

Effect on the ST value
ST values were calculated using the re-estimated stress 
fields (Fig. 12 and Table 8). Focusing on the ST values, the 
results of the 2016 Oshika Peninsula earthquake showed 

almost the same results as previously (see Results, sec-
tion). The best principal stress axis in the results using 
only the P-wave polarity data (8 P in Fig.  11) showed a 
reverse fault type. However, uncertainty of the prin-
cipal stress directions in the results determined using 
Michael’s method and Vavryčuk’s method were overlap-
ping (8 P in Fig.  11), and consequently, no significant 
change was identified. The uncertainty of the ST value 
became smaller than that obtained from the stress ten-
sor inversion results using Michael’s method (Michael’s 
stress field; Tables  5 and 8). This may be because the 
uncertainty of the stress ratio was smaller than that of the 
previous one (Tables 6 and 7). The best principal axis in 
the results using only the P-wave polarity data in the 2016 

Table 6 Stress field parameters for the 2003 northern Miyagi earthquake

The number and letter codes in the Area column correspond to the subareas identified in Figs. 5 and 11

Area Michael’s method Slip instability method

σ1  
azimuth 
plunge

σ2  
azimuth 
plunge

σ3  
azimuth 
plunge

φ  
min  
best  
max

σ1  
azimuth 
plunge

σ2  
azimuth 
plunge

σ3  
azimuth 
plunge

φ  
min  
best  
max

11–Area All–I 84 174 − 8 0.48
0.79
0.98

276 185 50 0.57
0.64
0.72

0 4 86 6 6 82

11–Area All–II 38 129 − 60 0.06
0.64
0.99

208 115 307 0.24
0.45
0.74

3 21 69 5 26 64

11–Area All–All 7 165 − 22 0.55
0.85
0.99

272 182 17 0.63
0.72
0.78

1 7 83 1 5 84

11–North 68 158 − 23 0.09
0.77
0.98

225 133 7 0.40
0.47
0.77

0 17 73 13 9 74

11–Middle − 98 172 25 0.3
0.78
0.99

278 187 55 0.39
0.55
0.77

4 6 83 8 8 79

11–South 99 8 − 137 0.29
0.67
1.00

102 12 230 0.52
0.67
0.81

5 7 81 3 4 85

Table 7 Stress field parameters for the 2016 Oshika Peninsula earthquake

The number and letter codes in the Area column correspond to the subareas identified in Figs. 5 and 11

Area Michael’s method Slip instability method

σ1  
azimuth  
plunge

σ2  
azimuth  
plunge

σ3  
azimuth  
plunge

φ  
min  
best  
max

σ1  
azimuth  
plunge

σ2  
azimuth  
plunge

σ3  
azimuth  
plunge

φ  
min  
best  
max

8–P − 5 87 − 101 0.01 
0.24
 0.66

7 277 136 0.16
0.29
0.39

3 31 59 3 4 85

8–F + P − 2 92 − 100 0.03
 0.29
 0.65

4 99 268 0.16
0.32
0.39

6 38 52 6 42 48
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Oshika Peninsula earthquake showed an approximate 
reverse fault type (8 P in Fig. 11). Using the same data-
set the results showed a transpressive type when using 
Michael’s method (Fig.  11). These results were probably 
due to the differences in the selection of the fault planes 
in each stress tensor inversion method. As mentioned 

above, the uncertainty of the principal stress axes was 
overlapping, and this indicates that the stress field does 
not significantly change. However, small differences in 
the stress field type may have affected the ST values. 

The ST value differences between Michael’s stress fields 
and the re-estimated stress fields using Vavryčuk’s method 

Fig. 12 Slip tendency (ST) values determined using the stress parameter estimated with the slip instability method. A The ST values 
with westward-dipping plane. B The ST values with eastward-dipping plane. C The distribution of the target events. The left boxes in A and B show 
the ST value of the fault model. The color of the nodal planes indicates the ST value. The arrows on the nodal plane denote the dipping directions. 
The number written at the top of each box indicates the stress field in Fig. 11 used to calculate ST value

Table 8 Slip tendency (ST) determined using stress field parameters estimated by the slip instability method

ST value ( Ts) error is calculated using the uncertainty of each stress ratio. Bold numbers indicate ST best values of Ts > 0.7 . The number and letter codes in the stress 
field correspond to the subareas identified in Figs. 5 and 11

Events Fault model Dip direction Stress field Ts best Ts error

Northern Miyagi earthquake mainshock F-net East 11–Area All–I 0.876 0.876 < Ts  < 0.876

West 1997–2011 0.834 0.834 < Ts  < 0.835

East 11–Area All–II 0.759 0.745 < Ts  < 0.806

West 2011–2019 0.316 0. 272 < Ts  < 0.427

East 11–Area All–III 0.939 0.939 < Ts  < 0.939

West 1997–2019 0.756 0.755 < Ts  < 0.756

East 11–South 0.977 0.977 < Ts  < 0.977

West 1997–2011 0.677 0.677 < Ts  < 0.679

Largest foreshock F-net East 11–Middle
1997–2011

0.894 0.894 < Ts  < 0.895

West 0.777 0.767 < Ts  < 0.799

Largest aftershock F-net East 11–North
1997–2011

0.489 0.457 < Ts  < 0.500

West 0.984 0.983 < Ts  < 0.987

Oshika peninsula earthquake F-net SE 8–F + P 0.946 0.945 < Ts  < 0.950

NE (F-net and P-wave 
polarity)

0.753 0.752 < Ts  < 0.758

SE 8–P 0.709 0.653 < Ts  < 0.814

NE (P-wave polarity) 0.639 0.624 < Ts  < 0.664



Page 20 of 29Tagami et al. Earth, Planets and Space           (2024) 76:39 

were within a range of 0.1 (Tables 5 and 8). The reversal of 
the ST values for the nodal planes (for example, “ Ts of the 
east-dipping plane > Ts of the west-dipping plane” became 
“ Ts of the east-dipping plane < Ts of the west-dipping 
plane”) was not confirmed. The differences of 0.1 were 
mostly larger than the uncertainties for each result, and 
consequently, ST is likely to vary by 0.1 due to the small 
stress variations between the two methods. Thus, it is pos-
sible that a small change in the stress field may cause an 
error in the ST value of approximately 0.1.

Summary of the comparisons
The re-estimated stress fields determined using Vavryčuk’s 
method had a smaller level of uncertainty and more stabil-
ity than those estimated using Michael’s method. However, 
the re-estimated stress fields were almost identical to those 
estimated using Michael’s method. The small change in the 
results for the 2016 Oshika earthquake may be because of the 
differences in the selection of the fault planes in each stress 
tensor inversion method. The difference in selection is prob-
ably attributed to the small number of mechanism solutions. 
For the 2003 northern Miyagi earthquake, the stress fields 
estimated using Michael’s method were sufficiently reliable.

Synthetic slip: rake difference vs. ST values
The rake angle (calculated rake) on the fault plane of the 
estimated stress field was calculated and then compared 
with the rake angle of the fault model (model rake). To 
calculate the rake, a synthetic slip program was utilized 
that was developed by Neves et  al. (2009). To compare 
the calculated rake with the model rake, the following 
rake difference was defined:

(6)
Model rake − Calculated rake = Rake difference.

If the actual and estimated stress fields are similar, the 
rake differences are expected to be close to zero. The 
relationship between the model differences and ST was 
also examined. Rake differences are calculated using 
same dataset (local stress field and fault model) as the ST 
method.

Overall, the ST values were concentrated around 0.4–
1.0 and rake differences around 0◦–45◦ (Fig. 13). The 1998 
Shizukuishi earthquake exhibited a rake difference of 
approximately 80◦ (Fig.  14). Earthquakes in the Tohoku 
inland area had larger rake differences than those in the 
EMJS area (Fig. 13). Moreover, even if the rake difference 
was the same on the east- and west-dipping planes, the 
east-dipping planes tended to show a higher ST value.

The Tohoku inland area was assessed in relation to 
three earthquakes (the 1998 Shizukuishi earthquake, 
2003 northern Miyagi earthquake, and 2008 Iwate-Miy-
agi Nairiku earthquake). The whole term was divided 
into two terms: “term-I,” before the 2011 Tohoku-Oki 
earthquake (blue dot in Fig. 14), and “term-II,” after the 
2011 Tohoku-Oki earthquake (red dot in Fig.  14). After 
the earthquake, the rake differences had a tendency to 
increase (red dot in Fig. 14) from < 20◦ to > 20◦ for the 
2003 northern Miyagi earthquake and 2008 Iwate-Miy-
agi Nairiku earthquake. For the 1998 Shizukuishi earth-
quake, the rake differences were distributed around 20◦ 
for two of the four cases which used the term-I stress 
(blue dot in Fig. 14) but increased to 40◦–90◦ for all four 
cases which used the term-II stress (red dot in Fig. 14). 
Therefore, if the stress field changed, the rake difference 
increased.

From the results of the stress field estimation in 
this study, the tendency of the stress fields was found 
to change before and after the 2011 Tohoku-Oki 

Fig. 13 Relationship between the rake difference and slip tendency (ST) values. Each dot indicates the rake difference and the ST values calculated 
for the target event in this study. Green dots denote the values for westward-dipping planes. Yellow dots denote the values of eastward-dipping 
planes
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earthquake. This was attributed to the apparent change in 
the stress field caused by the stress change on the hang-
ing wall side of the plate boundary (Okada et  al. 2011, 
2015; Yoshida et  al. 2018). These changes in the stress 
field also affect the rake difference. For the 2008 Iwate-
Miyagi Nairiku earthquake, blue dots in Fig. 14 show the 
results of the rake differences using the stress fields for 
term-I and term-II (time frame details were presented 
above in the Results, section). Consequently, all blue dots 
are distributed between the rake differences of 0◦ to 20◦ , 
and the ST values ranged from 0.6 to 1.0 (Fig.  14). The 
tendencies of the stress fields, ST values, and rake differ-
ences did not change before and after 2008.

These small rake differences imply that the stress field 
used for the calculation was closer to the state of the 
stress field when the event occurred. This indicates that 
it is better to use the stress field to evaluate the fault 
activities without the influence of the large earthquake 
(Tohoku-Oki earthquake).

Stress ratio change: influence of the 2011 Tohoku‑Oki 
earthquake
Parameter setting in stress ratio change
In this study, the change in the stress field trend before 
and after the 2011 Tohoku-Oki earthquake was con-
firmed using the stress ratio change. The stress ratio 
change was determined to confirm if the changes in 
the stress fields were caused by the effects of the 2011 
Tohoku-Oki earthquake using the fault model estimated 
in a previous study (Hayes 2011). The stress ratio change 
was calculated using the Coulomb program (Toda et al. 
2005; Lin and Stein 2004). The friction coefficient in the 
fault gouge was estimated to be 0.1–0.2 (Lockner et  al. 
2011), while Byerlee (1978) estimated that it was 0.6 
using experimental data. A simple calculation test was 
first conducted using the coefficient of friction µ = 0, 
0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, and the results showed that 
when the coefficient of friction (µ) was 0.5 and 0.6 there 
was little change in the stress. Therefore, the coefficients 
of friction (µ) used were 0, 0.1, and 0.4. Hayes (2011) used 
a fault model of the Tohoku-Oki earthquake, where the 

Fig. 14 Relationship between the rake difference and slip tendency (ST) values calculated for three inland events. Three events occurred 
in the Tohoku District inland area. Red and blue indicate data from before and after the Tohoku-Oki earthquake, respectively. A histogram showing 
the rake differences is shown
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effective vertical stress was calculated from the lithostatic 
and hydrostatic pressures as follows:

As a general values, rock  density = 2.84 × 103kg/m3 , 
water  density  = 1.00× 103kg/m3 , and acceleration  of 
gravity = 9.8m/s2 . Therefore, the value of effective verti-
cal stress was calculated to be 180 bar/km.

Based on this value, the minimum principal stress 
( S3) for 180  bar/km and intermediate principal stress 
( S2) for S3 × 1.01, 1.02, 1.03, 1.04, 1.05, 1.06, 1.07, 1.08,
1.09, 1.10, 1.20, 1.30, 1.40, and1.50 , were evaluated. The 
maximum principal stress ( S1) was also calculated using 
the stress ratios S2 and S3 . To consider the possibility 
that S3 was smaller than 180 bar/km, we also calculated 
stress ratio change with S3 for 45  bar/km (= quarter of 
180 bar/km) and S2 for S3 × 1.01, . . . , 1.50 . To investigate 
the results when changing the value of S3 , we examined 
with the S2 instead of S3 for 180 bar/km, 90 bar/km, and 
45 bar/km and S1 for S2 × 1.01, . . . , 1.50.

The results of the stress fields estimated using Michael’s 
method (input stress field) were used for the directions of 
the principal stress and stress ratio. In this section, three 
areas (the 1998 Shizukuishi earthquake, 2003 north-
ern Miyagi earthquake, and 2008 Iwate-Miyagi Nairiku 
earthquake) are focused.

Results of stress ratio change
The stress ratio change was calculated from the focal 
mechanisms under the above conditions using the Cou-
lomb program (Lin and Stein 2004; Toda et  al. 2005). 
These focal mechanisms resulted in exhibiting stress 
fields. Michael’s method was used to estimate the stress 
field (output stress field) using the output mechanism 
solution in the same area as that of the input stress field. 
In this study, we focus on the change in the stress ratio. 
The results of the output stress field were compared with 
the stress field estimated using the actual data. If the out-
put stress field (result of stress ratio change) was similar 
to the stress field estimated using the actual data (stress 
field after 2011 Tohoku-Oki earthquake), this indicated 
a possibility that the stress change occurred due to the 
effects of the 2011 Tohoku-Oki earthquake under the 
same environment as we set.

Using this procedure, the conditions under which the 
stress field changes were examined, before and after the 
Tohoku-Oki earthquake, were thought to be the effects of 
the stress disturbances caused by large-scale earthquakes. 

(7)

Effective vertical stress = Lithostatic pressure
−Hydrostatic pressure

=

(
2.84 × 103 × 9.8

)
Pa/m

−

(
1.00× 103 × 9.8

)
Pa/m ∼ 180bar/km

All results showed similar types of stress fields and con-
sequently, the stress ratio and the SHmax direction were 
focused on when comparing the stress fields.

The cases where the stress ratio and SHmax were closer 
to the stress fields after the Tohoku-Oki earthquake were 
confirmed, as described in the following.

1998 Shizukuishi earthquake In the case of the 1998 
Shizukuishi earthquake, when S3 = 180 bar/km, the SHmax 
direction and stress ratio were closer to the stress field 
after the Tohoku-Oki earthquake and could not be repro-
duced by stress change (see Additional file  1: Fig.  S1). 
When S3 = 45 bar/km, S2 = 46.8 to 49.5 bar/km, S1=81.0 
to 135.0 bar/km and µ = 0, the SHmax direction became 
close to the Tohoku-Oki earthquake (see Additional file 1: 
Fig. S2). When S3 = 45 bar/km, S2 = 46.8 to 47.3 bar/km, 
S1=81.0 to 90 bar/km and µ = 0.1, the stress ratio became 
close to the Tohoku-Oki earthquake (see Additional 
file  1: Fig.  S2).When S3 = 43.8  bar/km, S2 = 45  bar/km, 
S1 = 67.5 bar/km, and µ = 0, the SHmax direction became 
close to the Tohoku-Oki earthquake (see Additional file 1: 
Fig. S3). Furthermore, when S3 = 45.0 to 43.8 bar/km, S2 = 
45 bar/km, and µ = 0.4, SHmax the direction was smaller 
than that prior to the Tohoku-Oki earthquake (see Addi-
tional file 1: Fig. S3).

2003 northern Miyagi earthquake For the 2003 northern 
Miyagi earthquake, when S3 = 180 bar/km the SHmax direc-
tion was closer to that after the Tohoku-Oki earthquake in 
S1 = 261.8 to 316.4 bar/km, S2=234.0 to 270 bar/km, and 
µ = 0 (see Additional file 1: Fig. S4). When S3 = 45 bar/km, 
S1 = 79.1 bar/km and S2 =67.5 bar/km, the SHmax direction 
became closer to that after the Tohoku-Oki earthquake 
with µ = 0, 0.1, and 0.4 (see Additional file 1: Fig. S5). Fur-
thermore, the SHmax direction became closer to that after 
the Tohoku-Oki earthquake with the following three con-
ditions: (1) S2 = 45 bar/km, S1 = 49.5 to 67.5 bar/km, S3 = 
1.3 to 36.3 bar/km, and µ = 0.1; (2) S2 = 45 bar/km, S1 = 
47.3 to 67.5 bar/km, S3 = 1.3 to 40.6 bar/km, and µ = 0; 
and (3) S2 = 45 bar/km, S1 = 47.7 to 67.5 bar/km, S3 = 1.3 
to 39.8 bar/km, and µ = 0.4 (see Additional file 1: Fig. S6).

2008 Iwate‑Miyagi Nairiku earthquake For the 2008 
Iwate-Miyagi Nairiku earthquake, when S3 = 180 bar/km 
and µ = 0, the SHmax direction and stress ratio became 
close to that after the Tohoku-Oki earthquake for S1 = 
185.1 to 334.3  bar/km and S2 = 181.8 to 234.0  bar/km 
(see Additional file  1: Fig.  S7). When S3 = 180  bar/km, 
the stress ratio became closer with the following three 
conditions: (1) S1 = 185.1 to 334.3 bar/km and S2 = 181.8 
to 252.0 bar/km, and µ = 0; (2) S1 = 282.9 to 334.3 bar/
km and S2 = 216.0 to 252.0 bar/km, and µ = 0.1; and (3) 
S1 = 205.7 to 334.3  bar/km and S2 = 189.0 to 252.0  bar/
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km, and µ = 0.4. When S3 = 45 bar/km, SHmax direction 
became similar with the following conditions: S1 = 46.3 
to 47.6 bar/km, S2 = 45.5 to 45.9 bar/km, and µ = 0, 0.1 
and 0.4; S1 = 47.9 bar/km, S2 = 49.5 bar/km, and µ = 0 and 
0.1 (see Additional file 1: Fig. S8). When S3 = 45 bar/km, 
the stress ratio become similar with the S1 = 47.6, and 83.6 
to 96.4  bar/km, S2 = 45.5, and 54.0 to 58.5  bar/km, and 
µ = 0 (see Additional file 1: Fig. S8). Furthermore, when 
S2 = 180 bar/km and µ = 0, SHmax the direction and stress 
ratio became closer after the Tohoku-Oki earthquake in 
S1 = 181.8 to 270.0  bar/km and S3 = 131.5 to 179.0  bar/
km (see  Additional file  1: Fig.  S9). When S2 = 180  bar/
km and µ = 0.1, SHmax the direction showed a smaller 
value than that prior to the Tohoku-Oki earthquake in S1 
= 181.8 to 216.0 bar/km and S3 = 131.5 to 160.6 bar/km. 
Furthermore, the stress ratio became close in S1 = 234.0 to 
270.0 bar/km and S3 = 150.9 to 131.5 bar/km. When S2 = 
180  bar/km and µ = 0.4, the stress ratio became closer 
to that after the Tohoku-Oki earthquake in S1 = 198.0 to 
270.0 bar/km and S3 = 131.5 to 170.3 bar/km.

Influence of the 2011 Tohoku‑Oki earthquake on the stress 
field For the 1998 Shizukuishi and 2003 northern Miy-
agi earthquakes, the magnitude of S3 was found to cor-
respond to 30% of the lithostatic pressure, which might 
suggest a high pore fluid pressure of 70% of the lithostatic 
pressure, while for the 2008 Iwate-Miyagi Nairiku earth-
quake, the magnitude of S3 corresponded to > 60% of the 
lithostatic pressure. This difference in the magnitude of 
S3 may be due to the difference in decay time from the 
earthquakes, i.e., in the temporal recovery of fluid pres-
sure (e.g., Sibson 1990).

Under some stress conditions we assumed a stress field 
similar to that observed after the Tohoku-Oki earth-
quake was confirmed. It is thus possible that the stress 
field changed after the Tohoku-Oki earthquake due to 
the stress disturbance caused by large-scale earthquakes 
under these conditions. Notably, this could be a pos-
sible interpretation; however, the temporal change was 
enhanced and apparently caused within the heterogene-
ous stress field and high pore fluid pressure (e.g., Smith 
and Dieterich 2010; Terakawa et al. 2013; Terakawa and 
Matsu’ura 2022). This result supports the idea that the 
factor of the large rake difference calculated using the 
stress field of the Tohoku-Oki earthquake (see above sec-
tion) was caused by the effects of the Tohoku-Oki earth-
quake. The target events of this study, which are located 
in the Tohoku District inland area, occurred prior to the 
Tohoku-Oki earthquake. Thus, to evaluate the fault states 
under similar conditions when an event occurred, the 
stress field prior to the Tohoku-Oki earthquake should be 
used. In any case, the effects of the large earthquakes that 

caused changes in the stress field over a wide area should 
be excluded.

Comparison with previous studies
In this section, the results of this study are compared 
with those of relevant previous studies. Stress fields were 
estimated in this study, and the reverse fault type was 
found to be dominant in the EMJS. The SHmax direction 
was E–W in the northern area and rotated clockwise to 
the southern area. Furthermore, the SHmax direction was 
NW–SE in the Japan Sea area and rotated counterclock-
wise to the coastal area. The reverse fault type of stress 
field was dominant in the Tohoku District inland area. 
The SHmax direction was approximately E–W to WNW–
ESE prior to the Tohoku-Oki earthquake. After the 
Tohoku-Oki earthquake, however, the SHmax direction 
was ENE–WSW to NE–SW in the northern area, while 
in the southern area, it was NW–SE.

The results of the stress fields in the Tohoku inland area 
were consistent with those of previous studies (e.g., Ter-
akawa and Matsu’ura 2010; Miyakawa and Otsubo 2015; 
Yoshida et al. 2015; Yukutake et al. 2015; Miyakawa and 
Otsubo 2017; Terakawa and Matsu’ura 2022; Uchide 
et  al. 2022). Terakawa and Matsu’ura (2010) estimated 
the stress fields in the EMJS area using fewer NIED 
moment tensor solutions than used in this study. Their 
results estimate the direction of maximum compression 
to be E–W in north of 39◦ N and WNW–ESE or NW–SE 
south of 39◦ N. Terakawa and Matsu’ura (2022) estimated 
centroid moment tensor data from 1997 to 2020 and con-
firmed that the stress direction prior to the 2011 Tohoku-
Oki earthquake was stable for approximately 14  years. 
However, the stress direction changed after the 2011 
Tohoku-Oki Earthquake. They concluded that the 2011 
Tohoku-Oki earthquake caused these significant changes. 
Uchide et al. (2022) estimated the focal mechanism solu-
tion and stress field using data from NIED, Hinet, JMA 
(Japan Meteorological Agency), and GSJ/AIST (Geologi-
cal Survey of Japan, AIST) stations. From their results, 
the SHmax showed an N–S direction along the Sanriku 
coast and an E–W direction in other areas of the Tohoku 
District. After the 2011 Tohoku-Oki earthquake, the 
SHmax direction was rotated clockwise and anticlockwise 
in the central and eastern parts of the Tohoku District 
area, respectively. Particularly in the southern part of the 
Tohoku District inland area, the direction of the short-
ening strain (e.g., Miura et al. 2004) and the results from 
this study for the SHmax direction were approximately the 
same. The detailed strain distribution in the northern 
part was unknown; however, the direction of the relative 
motion between the Amur Plate, corresponding to the 
western side of the EMJS area, and the North American 
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Plate (Heki et al. 1999) or Okhotsk Plate (Wei and Seno 
1998), corresponding to the eastern side of the EMJS 
area, was estimated to be approximately E–W. This is 
consistent with the direction of maximum compression 
identified in the northern EMJS in this study.

The estimated ST values in the EMJS and Tohoku 
inland areas in this study were compared with the actual 
fault planes and ST values estimated in previous studies 
(e.g., Hatori 1969; Satake and Abe 1983; Aida 1984, 1989; 
Satake 1985, 1986; Umino et al. 1985, 1998; Kosuga et al. 
1986; Sato et  al. 1986; Nakanishi et  al. 1993; Sato 1993; 

Tanioka et al. 1995; Okada et al. 2003, 2012; Ohta et al. 
2008; Hurukawa and Harada 2013; Yoshida et  al. 2014, 
2016; Earthquake Research Committee 2019; Fig.  15). 
The low dip angle planes in this study showed high ST 
values ( Ts > 0.7 ), and most of the fault planes were east-
ward-dipping. This means that fault planes with a low dip 
angle are favorable to slip in the study areas.

In the EMJS area, the fault planes that were thought 
to be active exhibited high ST values ( Ts > 0.7 ). In con-
trast, in the Tohoku inland area, fault planes that actually 
slipped tended to have small ST values ( Ts < 0.6).

Fig. 15 Relationship between the actual fault planes and slip tendency (ST) values. A is same as B in Fig. 1. The arrow on the fault plane denotes 
the dipping direction. B The distribution of volcanoes and a summary of the relationship between the ST values and the actual fault plane in this 
study. Orange and green dots indicate the distributions of the active volcano and quaternary volcano, respectively. Red and blue triangles indicate 
the events for the actual fault plane, which has larger and smaller ST values, respectively. The pink triangle shows the events on both planes having 
a larger ST value
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Miyakawa and Otsubo (2015) discussed the effects of 
pore fluid pressure on the ST value. They assumed that 
pore fluid pressure affects the normal stress and cal-
culated ST while varying the pressure. As a result, they 
examined the active fault with low ST values in the stress 
field of the Tohoku region (fault plane with a high dip 
angle), which revealed high ST values when the pore fluid 
pressure was high. Magma is one of the origins of under-
ground pore water. Therefore, the volcanic distribution 
and ST values in Tohoku, Japan, were compared using 
a map for active volcanoes in Japan (https:// www. data. 
jma. go. jp/ svd/ vois/ data/ tokyo/ STOCK/ bulle tin/ catal og/ 
appen dix/v_ active. html) and list of Quaternary volcanoes 
(https:// gbank. gsj. jp/ volca no/ index. htm).

The relationship between the distribution of volca-
noes and the ST values determined in this study are 
shown in Fig. 15. In the Tohoku inland area, the results 
were selected using the stress field before the Tohoku-
Oki earthquake. More volcanoes are distributed in the 
Tohoku inland area than in the EMJS area.

The 1998 Shizukuishi earthquake and 2008 Iwate-
Miyagi Nairiku earthquake were characterized by the 
existence of volcanoes near the mainshocks. Addition-
ally, around the 2003 northern Miyagi earthquake, low-
seismic-velocity regions were distributed in the deeper 
regions, suggesting the existence of fluid (Okada et  al. 
2010). This suggests that high pore fluid pressure may 
be one of the factors that leads to the activation of high-
west-dipping faults in the Tohoku inland area (e.g., Sib-
son 1990; Okada et al. 2007, 2012).

For the earthquakes around the Oshika Peninsula and 
Kinkazan Island, both nodal planes had almost the same 
dip angle (40°–50°) and calculated ST. As this area is in 
the east of the rift zone during the formation of the Japan 
Sea, it is possible that high-dip faults were not formed 
and that an earthquake occurred in the optimal newly 
formed fault plane for the present stress field.

In the EMJS area, the southern fault plane of the 1993 
Hokkaido Nansei-oki earthquake exhibited low ST val-
ues. The southern plane was distributed on the western 
part of Okushiri Island. Mount Katsumayama is a Qua-
ternary volcano located on Okushiri Island; therefore, 
high pore fluid pressure may have possibly affected its 
fault activity.

In contrast, the 1939 Oga earthquake occurred adjacent 
to the Quaternary volcanoes located in Oga Peninsula 
(Toga, Megata, and Kanpuz/;an). The Oga earthquake is 
presumed to have caused the activity of an east-dipping 
reverse fault extending N–S. Previous studies (e.g., Sato 
1993) have suggested that an east-dipping plane with a 
low dip angle slipped during the Oga earthquake. There-
fore, the ST values obtained in this study were relatively 
high for both planes.

Some studies have confirmed a low seismic wave veloc-
ity area, suggesting the existence of fluid in the Tohoku 
inland and EMJS areas (e.g., Zhao et al. 2011). However, 
the distribution of volcanoes suggested that the influ-
ence of the pore fluid pressure was greater in the Tohoku 
inland area than in the EMJS area. It was thus considered 
that the fault plane, which is unfavorable for slipping in 
the stress field, may be easily activated in the Tohoku 
inland area.

For the Oga earthquake, however, there were cases 
when west-dipping planes with a high dip angle were not 
active, even if volcanoes existed. This could be owing to 
one of the following three reasons: (1) there is no high-
dip-angle fault plane; (2) the high-dip-angle fault plane 
has not been active for a long time and the cohesive force 
is recovering; or (3) the differential stress is small (Sib-
son 2012; Sibson and Ghisetti 2018, etc.). Comparisons 
between past seismic activity and future fault activity 
are thus necessary. Furthermore, examining the long-
term activity is required to monitor the activity of old 
high-dip-angle fault planes in both the EMJS and Tohoku 
inland areas.

Conclusions
Stress fields in the Tohoku District of Japan, including 
the EMJS area, were estimated in this study. This was fol-
lowed by an evaluation of the likelihood of fault slip using 
the ST method. The reliability of the stress fields was then 
examined by comparing the ST values with the actual 
activities. The following five conclusions were drawn:

1) The EMJS stress field has a reverse fault type that 
was also dominant in the Tohoku inland area. Prior 
to the 2011 Tohoku-Oki earthquake, the SHmax direc-
tion was from E–W to NW–SE; however, after the 
2011 Tohoku-Oki earthquake, it changed from ENE–
WSW to NE–SW. The stress change was calculated 
using a fault model for the Tohoku-Oki earthquake 
and the assumed effective vertical stress. Under the 
assumed conditions, the SHmax direction and stress 
ratio were examined and found to be similar to those 
of the stress field after the Tohoku-Oki earthquake. 
The stress change analysis showed that the stress dis-
turbance from the 2011 Tohoku-Oki earthquake may 
have caused changes in the stress fields. The results 
thus indicate that when evaluating fault activity using 
stress fields, the effects of large earthquakes must also 
be considered.

2) The stress fields estimated using Michael’s method 
showed a high level of uncertainty in the results for 
the 2003 northern Miyagi and 2016 Oshika Peninsula 
earthquakes. The stress fields were consequently re-
estimated using the slip instability method, and the 

https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/bulletin/catalog/appendix/v_active.html
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/bulletin/catalog/appendix/v_active.html
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/bulletin/catalog/appendix/v_active.html
https://gbank.gsj.jp/volcano/index.htm
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results were more stable for the 2003 northern Miy-
agi earthquake and were altered for the 2016 Oshika 
Peninsula earthquake when compared to the results 
obtained using Michael’s method. This is because 
the number of focal mechanism solutions was insuf-
ficient for the 2016 Oshika Peninsula earthquake. 
The results thus indicate that, to obtain more reliable 
results, an increased number of focal mechanisms is 
required. Furthermore, for the 2003 northern Miyagi 
earthquake, the magnitude correlation for the ST 
values was almost the same as with the Michael’s 
and Vavryčuk’s methods. If the stress differences are 
small, similar ST values could thus be obtained.

3) Rake differences were larger in the Tohoku inland 
area than in the EMJS area. The rake differences were 
larger after the 2011 Tohoku-Oki earthquake when 
compared with those before. The results of this and 
previous studies have confirmed that stress field 
trends changed before and after the 2011 Tohoku-
Oki earthquake, although it is unclear whether this 
temporal change was actual or apparent in a heter-
ogeneous stress field, such as in the aftershock area 
(e.g., Smith and Heaton 2015); however, the large 
rake may have influenced this change of direction. 
Thus, when a large earthquake causes a change in 
the stress field over a wide area, its effect should be 
excluded.

4) The ST values indicate that eastward-dipping planes 
with a low dip angle are favorable to slip under 
the stress field of the study area. In the EMJS area, 
eastward-dipping fault planes with low dip angles 
exhibited large ST values, which is consistent with 
the actual fault activity. In the EMJS, fault slipping is 
favorable with the current stress field. In the Tohoku 
inland area, the eastward-dipping fault plane showed 
a large ST value; however, the actual fault plane esti-
mated in previous studies was westward-dipping and 
had a high dip angle. The results indicate that the 
actual fault plane is unlikely to slip with the current 
stress field in the Tohoku inland area.

5) Fault planes that cannot easily slip into stress fields, 
such as the fault plane in the Tohoku inland area 
and the southern part of the fault model of 1993 
Hokkaido Nansei-oki earthquake, are favorable in 
volcano neighborhoods. Factors related to volcanic 
activity (e.g., pore fluid pressure) may thus cause fault 
activity.

6) Overall, the study shows that the ST value does not 
change significantly when the estimated stress field is 
stable in the Tohoku inland area, where the slipping 
of planes into the stress field is unfavorable, and con-
sequently, certain factors and other stress fields were 
identified as causing fault slip.

To identify the factors that cause fault slip, similar 
evaluations of other cases from different regions will be 
required. Furthermore, to include values such as the pore 
fluid pressure and friction coefficient in the ST value, it 
will be necessary to confirm the factors that cause slip.
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