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Temporal changes in state of stress in the Tokachi Oki area after the 2003
Tokachi Oki Earthquake
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A stress tensor inversion was carried out in the aftershock area of the 2003 Tokachi Oki earthquake for a
comparative study on the preseismic and postseismic stress state. The inversion technique was adopted from
Gephart (1990) to pursue the study with earthquake focal mechanism data from National Research Institute for
Earth Science and Disaster Prevention (NIED). Results of the inversion revealed significant change in stress field
before and after the main shock of the 2003 event. The preseismic uniaxial compression in strike slip stress
regime was changed to a transition from transpressional to a radial compression in a compressional regime.
Key words: 2003 Tokachi Oki earthquake, stress tensor inversion.

1. Introduction
The Hokkaido Island, at the northern extreme of Japanese

arc, is situated at the arc-arc collision zone accompanied by
the southwestward migration of the Kuril Arc during the
late Miocene (Seno, 1985; Moriya, 1986; DeMets, 1992;
Tsumura et al., 1999). Tectonics of Hokkaido and its sub-
urbs is further complicated by the consumption of both the
Pacific plate along the Kuril Trench and the Japan Trench
(Kanamori, 1971a, Suzuki et al., 1983; Moriya, 1986). In
the Tokachi Oki region, the subduction rate of Pacific plate
is estimated to 8 cm/yr towards NW (DeMets et al., 1990).
Therefore, occurrence of great earthquakes along the Kurile
trench is very common. However the interplate seismic
activities are confined in the vicinity of the Kurile trench,
intermediate to deep focus intra-slab earthquakes are fre-
quently occurring in Hokkaido and its outskirts and the
mechanism for individual type may vary in time and space
(Ozel and Moriya, 1999; Kosuga et al., 1996; Schwartz and
Ruff, 1985), where seismicity may reach up to a depth of
600 km (Hasegawa et al., 1983).

As discussed by many previous workers, seismic activ-
ity seems to be confined at three distinct depths in this area
(e.g. Hasegawa et al., 1978, 1983; Moriya, 1986; Suzuki
and Kasahara, 1996; Katsumata et al., 2003). The shal-
low events (<40 km) of interplate type are associated with
the mechanical coupling and decoupling of the two litho-
spheric slabs characterized by low angle thrusting. The in-
termediate depth events (40–120 km) and deep (>120 km)
events are responsible for or associated with the rupture of
downgoing lithospheric slab and are intraslab or intraplate
type. Nevertheless, in such kind of tectonic environment,
some shallow events characterized by normal faulting may
be associated with the intraplate type (Kanamori, 1971b;
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Isacks and Molnar, 1971; Astiz et al., 1988). Like northern
Honshu as discussed by Yoshii (1979), seismic activities in
this region has imaged a double seismic zone (Suzuki et
al., 1983) whereas Moriya (1986) insisted the double seis-
mic zone as an apparent image of the two lithospheric slabs
overlapped due to contortion, or even plastic deformation of
the Pacific Plate subducting in this region.

As a regular seismic phenomenon in this tectonic
province, the great earthquake of Tokachi Oki occurred on
Sep. 26, 2003 at 04:50 am (JST). The National Research
Institute for Earth Science and Disaster Prevention (NIED,
http://www.bosai.go.jp), Japan, measured this earthquake
with magnitude (Mw) 7.9 at 22 km depth at latitude 41.7
and longitude 144.2 (Fig. 1). The main shock of Tokachi
Oki earthquake was followed by enormous aftershock se-
quence.

The purpose of this study is to evaluate the change in
state of stress in the Tokachi Oki area after the great earth-
quake of 2003 so as to constrain some important insights
on earthquake phenomenology in terms of temporal change
in stress state. For this purpose a method propounded by
Gephart and Forsyth (1984) was employed.

2. Stress Tensor Inversion
There are many methods of stress tensor inversion that

use focal mechanism data (e.g. Gephart and Forsyth, 1984;
Michael, 1984, 1987; Carey-Gailhardis and Mercier, 1987).
All these inversion techniques hypothesize two basic as-
sumptions: (a) the deviatoric stress tensor in the area under
study is homogeneous and (b) slip occurs along the direc-
tion of the maximum shear stress resolved.

The method of Gephart and Forsyth (1984) is extensively
used in various tectonic provinces to evaluate the states of
stress (e.g. Gephart and Forsyth, 1984; Magee and Zoback
1993; Frepoli and Amato, 2000; Kiratzi, 2002; Kubo and
Fukoyama, 2003). This method of stress inversion was
selected for this study.

The inversion calculates four unknown parameters defin-
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Fig. 1. (a). Spatial distribution of aftershocks of the 2003 Tokachi Oki earthquake in the study area. The inset map depicts regional tectonics in and
around the study area (after Katsumata et al., 2003); NA: North American Plate, EU: Eurasian Plate, PA: the Pacific Plate, PH: the Philippine Sea
Plate and KT: Kurile Trench. Arrows indicate the directions of plate motion. Open circles represent the epicenters of aftershocks; scale for magnitude
being given on the right side of the map. Star represents the epicenter of the main shock, whose focal mechanism is plotted on the southwest corner of
the map. (b). Vertical Section along P Q (N45W∼S45E). The solid red line represent the plate boundary (after Katsumata et al., 2003) (c). Vertical
section along P ′ Q′ (N45E∼S45W). The solid red line represent the plate boundary (after Katsumata et al., 2003)

ing the best fit stress tensor: orientation (trend/plunge) of
three principal stress axes and a parameter ‘R’ defining the
relative size of the intermediate principal stress with respect
to the maximum and minimum principal stresses. The best
fit stress tensor is the one characterized by the minimum
sum of misfit rotation (�) which is the sum of angle of
rotation between each observed slip vector and calculated
(model) slip vector.

The stress ratio defined as: R = (σ1 − σ2)/(σ1 − σ3) de-
termines the shape of the stress ellipse in a region (Mcken-

zie, 1969; Gephart and Forsyth, 1984), where ‘σ1’, ‘σ2’ and
‘σ3’ are the maximum, intermediate and minimum principal
stresses respectively. Other workers (e.g., Angelier, 1979;
Etchecopar et al., 1981; Ritz and Tabaoda, 1993), defined
‘R’ as ‘R’ = (σ2 − σ3)/(σ1 − σ3). However, the inversion
could not reveal absolute magnitudes of individual principal
stress; the ‘R’ value determined by the inversion provides
important insights on the relative sizes of principal stresses.

Referring to the value of ‘R’, three fold stress states viz.
uniaxial, biaxial and triaxial can be categorized as ‘R’ ap-
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Fig. 2. Spatial distribution of focal mechanisms used in stress inversion for the preseismic condition. Total no. of data is 39, characterized by higher
variance reduction (>75%) and shallow depth (<40 km).
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Fig. 3. Spatial distribution of aftershock focal mechanisms used in stress tensor inversion. Total no. of data is 120 characterized by higher variance
reduction (>75%) and shallow depth (<40 km).

proaches to ‘0’ (or 1.0), 0.5 and midway between nearly
uniaxial (compression: 0.85 > R > 1.0 or extension:
0 > R > 0.15) and nearly biaxial (0.45 < R < 0.55).
As discussed by Ritz and Tabeoda (1993), the value of ‘R’

encompasses varieties of inferences on the state of stress
in different stress regimes (tectonic loadings). For exam-
ple, R → 1.0 in an extensional regime is interpreted as a
radial extension whereas the same value of ‘R’ in a strike-
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Fig. 4. (a) Lower Hemispheric projection of P- and T -axes for the preseismic data set. Total number of data is 39, the left panel is for the P-axis and the
right panel is for the T -axis population. The mean orientation of P-axis (trend/plunge) is 140/54 which is represented in the figure by the blue solid
square. The mean orientation of T -axis is 135/71 represented by the blue solid inverted triangle. The great circle represents the trace of downgoing
Pacific slab (after Ozel and Moriya, 2003), and the arrow represents the dip direction of the downgoing slab. (b) Lower Hemispheric projection of P-
and T -axes for the postseismic data set. Total number of data is 120. The mean P-axis is 145/43 and the mean T -axis is 172/74.

slip regime (or a compressional regime) indicates a uniaxial
compression. Similarly R → 0 in an extensional regime is
indicative of a uniaxial extension whereas the same value of
‘R’ in a compressional regime indicates a radial compres-
sion. Bellier and Zoback (1995) and Bellier et al. (1997)
have provided detailed discussions on interpretation of R
values.

3. Data
In this study we used focal mechanism data published by

National Research Institute for Earth Science and Disaster
Prevention (NIED). Altogether 278 focal mechanism solu-
tions of aftershocks during the period 2003/9/26∼2004/4/4
were used to evaluate the stress tensor after the occur-
rence of Tokachi Oki main shock. To study the state of
stress before the 2003 main shock about 300 data were re-
trieved from the NIED solutions that occurred in the period
1997/1/1∼2003/9/20.

Figure 1 illustrates the distribution of aftershocks in the
study area. The onset of aftershocks in the area exhibits a
northeastward extension of seismcity after the occurrence
of main shock (Fig. 1(a)). The depth section (Fig. 1(b)
and (c)) indicate most of the events are confined at shallow
depth (<40 km).

For the accuracy of stress tensor inversion, focal mecha-
nism data with percentage of variance reduction ≥75 were
selected. Assuming the 2003 Tokachi Oki earthquake an
interplate and considering the typical depth of downdip ter-
mination of the interplate earthquakes at subduction zones
(Tichelaar and Ruff, 1993), only the aftershocks shallower
than 40 km were selected for the inversion. Under these cri-
teria only 39 out of 300 events were selected (Fig. 2) for the
preseismic condition and only 120 out of 278 aftershocks
were selected (Fig. 3) for the postseismic condition.

Orientations (trend/plunge) of P and T axes of the both
data sets are plotted in a stereogram in Fig. 4. The great
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Fig. 5. Result of the stress tensor inversion in the area before the occurrence of the 2003 earthquake, (a) Lower hemispheric projection of the principal
stress axes, calculated from the inversion. Small squares, inverted triangle and circles respectively represent the maximum, intermediate and minimum
principal stress axes searched within 95% confidence limit of minimum sum of misfit rotation. σ1, σ2 and σ3 represent the best fit principal stress
axes with minimum sum of misfit rotation. (b) Histograms showing the R-values and associated sum of misfit rotation. ‘Phi’, ‘R’ and ‘theta’ are the
angle made by the σ2 axis with σ1 axis in σ1-σ3 plane, the stress ratio and the minimum sum of misfit rotation for the best fit stress tensor. ‘N ’ is the
total number of stress models searched within 95% confidence limit of minimum sum of misfit rotation.

Table 1. A priori values used in stress inversion and result of the inversion.

Parameters Preseismic condition Postseismic condition
A priori values No. of data 39 120

Primary stress axis Mean P-axis (140/54) Mean P-axis (145/43)
Secondary stress axis Mean T -axis (135/71) Mean T -axis (172/74)

Result of stress inversion R 0.9 0.2
Phi −80.044 11.525

Theta 6.273 8.019
σ1 (trend/plunge) 303/17 307/8
σ2 (trend/plunge) 154/71 38/11
σ3 (trend/plunge) 36/10 183/76

R=Stress Ratio. Phi=rake of σ2 on the plane perpendicular to σ1. Theta=minimum sum of misfit rotation. σ1, σ2 and σ3 are the
principal stress axes.

circle in Fig. 4 represents the trace of the subducting Pa-
cific Slab (adopted from Ozel and Moriya, 2003). The
mean orientation of P-axis population before and after the
2003 main shock does not differ significantly (P = 140/54
and 145/43 respectively before and after the main shock).
The preseismic mean T -axis (135/71) was however rotated
southward (172/74) in the postseismic condition. The mean
orientations of P and T -axis populations were used as a pri-
ori values of the maximum and minimum principal stress

axes during the stress inversion.

4. Result
Exact method of FMSI (Gephart, 1990) was used to in-

vert the stress tensor from the available focal mechanism
data. The mean values of P- and T -axis (Fig. 4) were used
as a priory values of the maximum and minimum principal
stress axes which were chosen as the primary and secondary
stress axes assuming an uncertainty of 60◦ so that the best
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Fig. 6. Result of stress tensor inversion in the study area after the occurrence of the 2003 earthquake. Symbols are the same as in Fig. 5.

fit stress tensor could be searched within a cone of 60◦ in a
grid space with 10◦ grid spacing. The a priori values and re-
sult of stress inversion are presented in Table 1. The uncer-
tainties of 60◦ for the a priori values were chosen because
the mean P and T orientations are highly variable from the
dip direction of the subducting Pacific Slab (Fig. 4). From a
number of stress models tested in the inversion, those falling
within 95% confidence limit of minimum sum of misfit ro-
tation were plotted in the stereogram (Figs. 5 and 6).

The 95% confidence limit of minimum sum of misfit ro-
tation was calculated by using the following formula modi-
fied by Gephart and Forsyth (1984) from Parker and McNutt
(1980).∑

95 = [(1.96(π/2−1)1/2n1/2 +n)/(n−4)]θ ; where, ‘n’
is the number of observation and ‘θ ’ is the minimum sum
of misfit rotation.

The minimum sum of misfit rotation for the two data
sets are far below the threshold value of 20◦ as discussed
by Bellier et al. (1997) indicating fairly reliable inversion
result. The number of stress models within 95% confidence
limit are comparable for the two data sets (N = 29 for
preseismic data set and N = 56 for the postseismic data
set). Histograms of ‘R’ values for the stress models within
95% confidence limit of minimum sum of misfit rotation are
plotted against the misfit rotation of stress models in Figs. 5

and 6.
For the preseismic condition R = 0.9 and the orienta-

tions of the stress axes (σ1 = 303/17, σ2 = 154/71 and
σ3 = 36/10) indicates nearly uniaxial compression in the
strike-slip regime (Ritz and Taboda, 1993). The state of
stress for this data set is illustrated in Fig. 7(a). On the
other hand, for the postseismic condition the inversion re-
sult (R = 0.2, σ1 = 307/8, σ2 = 38/11 and σ3 = 183/76)
revealed nearly radial compression in compressional regime
(Fig. 7(b)). The inversion result shows that the value of
‘R’ and the type of vertical principal stresses are signifi-
cantly changed by the 2003 Tokachi Oki earthquake in the
study area; however the orientation of the maximum princi-
pal stress axis was not affected significantly.

5. Discussion and Conclusion
The Mw 7.9 interplate event of 2003 broke the seismic

quiescence in the Tokachi Oki area and augmented the seis-
micity in the area by more than 11 times as the preseimic
events for more than 6 years period (N = 300) is nearly
the same as the postseismic events for about 6 months
(N = 277). Occurrence of the 2003 main event after an
interseismic period of more than 50 yr (since the previous
Tokachi Oki event in the same source region is dated back
to 1952), suggests that the mechanical coupling of this seis-
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Fig. 7. Mohr diagrams illustrating the state of stress in the study area (a) preseismic and (b) postseismic condition. σ1, σ2, and σ3 represent the
maximum, intermediate and the minimum principal stress respectively. The Mohr circles are plotted without scale based on R values.
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Fig. 8. Orientation of the principal stress axes in depth section with respect to the downgoing Pacific slab (a) preseismic and (b) postseismic condition.
The depth section is adopted from Fig. 1(b) without any exaggeration in scale.

mogenic zone was not weak.
Orientations of P- and T -axis revealed that the P-axes

are preferentially clustered in SE and NW direction (normal
to the Trench Axis) with comparatively shallow dip both
in pre-seismic and post-seismic conditions, whereas the T -
axes show steep plunges in SW and NE direction (Fig. 4).
The mean orientation (trend/plunge) of P-axis is found as
140/54 and 145/43 before and after the occurrence of the
main shock whereas the Pacific slab dips at 320/40. On
the other hand the mean orientation of T -axis is 135/71 and
172/74 for the two data sets. Mean T -axis exhibits a steep
angle with the dip direction of the Pacific slab.

Stress tensor inversion of the focal mechanism data re-
vealed that the orientation of the maximum principal stress
before and after the main shock remained nearly unchanged
(307/8 after the main shock and 303/17 before the main
shock, Figs. 5 and 6) as compared to the intermediate and
minimum principal stress axes. The orientation of the prin-
cipal stress axes with respect to the plate boundary in the
study area is illustrated in Fig. 8, the boundary of Pacific
slab being adopted from Katsumata et al. (2003). The max-
imum principal stress before the main shock is nearly paral-
lel to the subducting Pacific slab which was disturbed by the

release of strain energy during the 2003 Tokachi Oki earth-
quake and became more horizontal (Fig. 8). Nevertheless,
the dip directions of the maximum principal stress axes re-
main nearly unchanged and are nearly the same as the dip
direction of the downgoing Pacific slab (Fig. 9), indicating
the dominating stress before and after the 2003 earthquake
was supplied by the tectonic stress driving the Pacific slab
beneath the Kurile Trench.

However coseismic stress changes during an earthquake
in an area are negligible with respect to the preexisting shear
stress, this small perturbation in stress field is sufficient
to enhance the seismicity in a seismogenic zone (Scholz,
2002). Yagi (2004) calculated the static stress drop in the
area as much as 10 MPa in the main asperity region along
with the maximum increase of 3 MPa in the area surround-
ing the main asperities of the 2003 event. This slight mod-
ification in shear stress in the area should have affected
the preexisting principal stress directions and changed the
stress ellipsoid in the study area.

Figure 7 represents the stress tensors in the study area
for the two data sets exhibiting the temporal change in state
of stress, where the Mohr circles are plotted without scale
based on ‘R’ values. Figure 7 shows that the state of stress
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Fig. 9. Comparison of principal stress axes along with the dip direction
of the Pacific slab. The red square, inverted triangle and circle represent
the maximum, intermediate and minimum principal stress after the oc-
currence of the 2003 event whereas the blue ones represent those before
the occurrence of the 2003 event. The great circle represents the lower
hemispheric projection of the trace of the Pacific slab and the arrow line
represents the dip direction of the slab.

was changed significantly in the aftershock area after the
occurrence of the main shock of 2003. Before the occur-
rence of the main shock the study area is characterized by
the strike-slip regime such that the intermediate principal
stress is nearly vertical. Value of R is 0.9 for this case,
which implies nearly a uniaxial compression normal to the
trench axis. The preseismic uniaxial compression state of
stress was changed to a transition from transpressional to a
radial compression in the compressional regime (σ3 vertical
and R = 0.2).

Fluids released from metamorphic reactions (typically
dehydration) in subduction zones (Peacock, 1990; Vroljik,
1990) and by lithification (typically compaction, e.g.,
Moore, 1989) might be entrapped in the fault zones by hy-
draulically sealing the fault zone by mineral precipitations
(e.g. Blanpied et al., 1992; Sleep and Blanpied, 1992; Byer-
lee, 1993) such that the pore pressure in the fault zone may
be elevated from the hydrostatic condition (but still less than
lithostatic) and might further weaken the fault zone (Rice,
1992). The 2003 Tokachi Oki earthquake might have bro-
ken such a relatively weak fault zone resulted from elevated
pore pressure. The postseismic stress state, where the mini-
mum principal stress became nearly vertical (Figs. 7(b) and
8(b)) serves as a favorable environment to squeeze the ex-
cess fluid at the fault zone because of a radial compression
(R = 0.2) in a compressional regime.
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