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Transient crustal deformation in Tokai region, central Japan, until May 2004
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An analysis of Global Positioning System (GPS) data reveals a continuation of the transient crustal deformation
that was first reported by Ozawa et al. (2002) in the western Tokai region. Kalman filtering following the time-
dependent inversion shows a slow-thrust slip occurring on the plate boundary in the western Tokai region, with
its center around Lake Hamana, which is adjacent to the anticipated Tokai earthquake source area. The moment
release from the Tokai silent earthquake was observed to be continuous surpassing M,, 7.0 in May 2004, with
relative slip increases to the northeast and north of Lake Hamana from 2002. The moment release rate decreased
in 2002, and then increased in 2003, reaching the rate observed in 2001.
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1. Introduction

The Tokai region is a well-known seismic gap located
about 200 km southwest of Tokyo, where the Suruga trough,
a subduction plate boundary between a continental plate
and the Philippine sea plate, runs just offshore (see Fig. 1).
Because of the subduction of the Philippine sea plate, the
Tokai area has been struck by large offshore earthquakes at
time intervals of approximately 150 years. The last Tokai
earthquake, of M8.4, occurred in 1854 and released strain
energy accumulated from the thrusting of the Philippine
sea plate (Ando, 1975). Since then, the Tokai region has
been accumulating strain energy from the loading of the
Philippine sea plate; however, it failed to rupture during the
1944 Tonankai earthquake (My, = 8.1) (Inouchi and Sato,
1975; Ishibashi, 1981; Mogi, 1981).

Historical geodetic survey data for the past 100 years and
continuous GPS data, which have been recorded since 1994
by the Geographical Survey Institute of Japan (GSI), con-
sistently indicate a steady strain accumulation in this region
(Mogi, 1981; Sagiya, 1999). Based on these pieces of evi-
dence, the Tokai region has been regarded as a seismic gap
with the potential for an M,, 8 earthquake. The Japanese
government enacted a law in 1978 to ensure adequate prepa-
rations for the expected Tokai earthquake, and many orga-
nizations working towards disaster prevention have estab-
lished modern observation networks in the Tokai region.

Since the prediction of a future Tokai earthquake, many
researchers have tried to estimate its asperity or focal area
(Yoshioka et al., 1993; Matsumura, 1997; Sagiya, 1999;
El-Fiky and Kato 2000). On the basis of these models,
the Central Disaster Prevention Committee of the Japanese
government adopted in 2001 the earthquake source area
indicated in Fig. 1(b).

Ozawa et al. (2002) have reported the occurrence of a
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transient crustal deformation in the Tokai region that grad-
ually became increasingly evident from the beginning of
2001 in the GPS time series. On the basis of the southeast-
ward detrended movements of the GPS sites, they proposed
the occurrence of a silent earthquake in the western Tokai
region neighboring the estimated source area of the antic-
ipated Tokai earthquake. This Tokai silent earthquake is
continuing at present, with transient crustal motions at GPS
sites reaching 5 cm horizontally and 4 cm vertically at max-
imum. This kind of silent earthquake, with a duration of
more than three years to date, is unprecedented worldwide.
At this stage, there is growing concern about the possibil-
ity that the Tokai region’s transient crustal deformation will
serve as a precursor leading to a catastrophic Tokai earth-
quake.

In this paper, we report on the current state of the ongoing
Tokai transient crustal deformation on the basis of the latest
GPS data.

2. Global Positioning System Data

The analytical procedure of the GPS array data (GPS
Earth Observation Network; GEONET) of the GSI of Japan
is described in detail by Hatanaka et al. (2003).

GPS 24 hour data are analyzed by means of Bernese GPS
software (version 4.2) (Hugentobler et al., 2001), using
the international GNSS service (IGS: igscb.jpl.nasa.gov)
precise ephemeredes and Earth orientation parameters for
the period between 1996 and 2004. Troposphere delays
are estimated at each station for every three-hour period
(Hatanaka et al., 2003). Since the GPS analysis results
include annual and linear trend components, we eliminate
these from the raw time series by fitting the following func-
tion to the raw time series for the period between 1997 and
1999, during which there were no transient crustal deforma-
tions.
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Fig. 1. (a) Tectonic settings in and around Japan. Solid lines indicate plate boundaries. (b) Magnified map of rectangular area in (a). The Philippine
sea plate subducts beneath the continental plate from the Suruga and Sagami troughs. The black arrow represents the observed ground displacement
rate in cm/year for the period between 1997 and 1999. Northwestward motions in the Kanto and Tokai regions are mainly due to the coupling effect
between the subducting Philippine sea plate and the overriding continental plate. This crustal deformation is hereafter referred to as the steady state.
Broken line represents the estimated source area of the expected Tokai earthquake.
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Fig. 2. Time series data of east-west (EW), north-south (NS), and up-down
(UD) displacements at the selected GPS stations denoted by open circles
in Fig. 3(a). The steady state crustal deformation shown in Fig. 1(b)
and annual changes are removed. When ground displacement levels
off in these figures, it indicates that ground motion is reduced to the
steady-state deformation in Fig. 1(b). The Izu Island earthquakes mostly
caused rate changes in the middle of 2000. Despite the subsidence of
the 2000 Izu Island event, the selected stations show a clear deviation
from 2001 onwards. The solid lines indicate the values calculated by
Kalman filtering. (a) 303, (b) 054, (c) 096, (d) 052, (e) 101.

Here, y and ¢ represent the observed crustal deforma-
tion data and time, respectively. N is the degree of the
trigonometric function, which is determined from AIC cri-
teria (Akaike, 1974). T is a period for annual components,
being 1 year in this case. At 4+ B in Eq. (1) is the linear
component, while the remaining terms in Eq. (1) represent
annual components. We assume that the estimated linear
component represents a long-term interseismic deformation
rate. We detrend the raw time series by removing the esti-
mated linear and annual components from the data for the
period between 1996 and 2004.

Figure 2 shows the detrended time series of data from
selected GPS sites for the period between April 1996 and
May 2004, with the annual and trend components removed.
Transient motion in the middle of 2000 was caused by the
2000 Izu Island activity (Fig. 2) (Nishimura et al., 2001).
After the 2000 Izu Island event subsided, ground motion
started to deviate from the beginning of 2001. Transient
motion at site 93054 has exceeded 5 cm horizontally and
4 cm vertically since 2001. Each station shows a different
time evolution. As of May 2004, the Tokai transient motion
is obviously still continuing.

The spatial pattern of the observed transient motion be-
tween January 2001 and January 2002 shows a southeast-
ward movement of approximately 2 cm in the western Tokai
region (Fig. 3(a)). This spatial pattern strongly suggests
the possibility of an interplate slip between the Philippine
sea plate and the overriding continental plate in this region,
considering the steady northwestward motion observed be-
tween 1997 and 1999 (Fig. 1(b)). An upward motion of
up to 2 cm is also observed east of Lake Hamana for
the same period where maximum horizontal motions occur
(Fig. 4(a)). The subsidence northwest of Lake Hamana and
upheaval trend northeast from Lake Hamana hint aseismic
slip area near Lake Hamana (Fig. 4(a)). Crustal deforma-
tion on the Izu Islands, as indicated in Fig. 3(a), indicates
a continuation of the 2000 Izu Island event, although with
lesser intensity than that during the peak period between
July and August 2000. Southeastward displacements on the
Izu Peninsula are partly attributed to the Izu Island activ-
ity, since a similar motion was observed during the 2000
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Fig. 3. (a) Solid arrows represent detrended crustal deformation or anomaly from the steady state shown in Fig. 1(b), for the period between January
2001 and January 2002. Southeastward motion in the Tokai region suggests the occurrence of a slow earthquake. The motion on the Izu peninsula
is partly attributed to the Izu Island activity, whose effects are evidenced by the ground displacements on the Izu Islands. The open circles show
the location of the selected GPS stations whose time series are shown in Fig. 2. (b) For period between January 2002 and January 2003. Large
displacements on the Boso peninsula were caused by aseismic interplate slip in 2002 off the coast of the Boso peninsula. (c) For period between
January 2003 and January 2004. (d) Calculated crustal deformation for period between January 2001 and January 2002 using the model in Figs. 5
and 6. (e) Calculated crustal deformation for period between January 2002 and January 2003. (f) Calculated crustal deformation for period between

January 2003 and January 2004.

Izu Island event (Nishimura et al., 2001). Compared with
that shown in Fig. 3(a), the transient crustal deformation
in 2002 is small in magnitude (Fig. 3(b)), suggesting the
slowing down of interplate slip in the Tokai region. The up-
heaval area near Lake Hamana expanded to the north and
northeast from 2001 to 2002 (Figs. 4(a) and 4(b)). How-
ever, in 2003, the magnitude of the Tokai transient crustal
deformation increased again (Fig. 3(c)). The upheaval area
near Lake Hamana has extended northeast over time and
increased in magnitude from 2002 as shown in Fig. 4(c).

3. Model Geometry and Kalman Filtering Analy-
sis

We assume that a silent earthquake is causing the tran-

sient crustal deformation in the Tokai region, as proposed

by Ozawa et al. (2002). Under this assumption, we esti-

mate the slip history between the Philippine sea plate and
the overriding continental plate by square-root information
filter (SRIF) (Bierman, 1977) following the time-dependent
inversion technique (Segall and Matthews, 1997) using the
data in Figs. 2—4, taking the 2000 Izu Island activity into
account.

Figure 3(d) shows the GPS sites we used. Both horizontal
and vertical displacement data are modeled at 99 selected
GPS sites on the Izu Island chain, and in the Kanto and
Tokai regions of Japan.

First, we determined the model geometry of the Tokai
silent earthquake and the Izu Island earthquake, which are
still affecting the Tokai transient motion. With regard to
the Tokai plate boundary model, we used the plate bound-
ary estimated by Ishida (1992). We adopted the 2000 Izu
Island model estimated in this study, which is shown in
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Fig. 4. (a) Vertical crustal deformation for period between January 2001 and January 2002. Color contours represent the magnitude of vertical motion.
(b) For period between January 2002 and January 2003. (c) For period between January 2003 and January 2004. (d) Calculated vertical deformation
for period between January 2001 and January 2002. (e) Calculated vertical deformation for period between January 2002 and January 2003. (f)
Calculated vertical deformation for period between January 2003 and January 2004.
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Fig. 5. The adopted Izu Island model. (a) Right-lateral creeping fault. (b)
Left-lateral creeping fault. (c) Dike. Open circles show the locations
whose longitude, latitude, and depth are summarized in Table 1.

Fig. 5 and Table 1. The fault parameters of normal char-
acter in Table 1 were estimated by linearized least-squares
fitting, using Okada’s formula (Okada, 1985). After repre-
senting the above model region by spline surface (Ozawa et
al.,2001), we estimated the slip history between September
2000 and May 2004 using a square-root information filter
(SRIF) (Bierman, 1977) on the basis of the time-dependent
inversion technique. We set the slip components at zero at
the edge of the fault patch as a boundary condition. Fur-
thermore, we adopted the condition that the slip motion is
southward and eastward for the Tokai silent slip and the rake
angle is within +45° for the right-lateral and left-lateral
faults, with unidirectional motion over time for all the com-
ponents, including dike opening. We introduced these non-
negativity or inequality constraints by adopting the hard-
constraint method presented by Simon and Simon (2003).
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Table 1. Adopted rectangular fault parameters for 2000 Izu Island model. Lat, Long, and Depth, respectively, represent latitude, longitude, and depth at the
lower right corner of a rectangular fault denoted by open circles in Fig. 5. Parameters of normal character are estimated by the linearized least-squares

method. We enlarge these rectangular faults along the strike and dip directions and use a spline surface to represent the enlarged ones.

No. Lat (°N) Long (°E) Depth (km)

Strike (km) Dip (°) Width (km) Length (km)

34.216
34.104
34.125

139.137
139.377
139.40

30
30
30

a. right lateral
b. left lateral
c. dike

173 90
182 91
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Fig. 7. Estimated slip history at selected points on plate interface in Tokai
region, Japan. The location of the selected points is shown in Fig. 6(a).
EW and NS represent east-west and north-south slips with east and north
positive. 3 standard deviation is shown by broken lines. (a) 44, (b) 54,
and (c) 55.

4. Results and Discussion

Figure 6 shows the result for the Tokai silent earthquake.
Error ellipsoids represent one standard deviation error in the
estimated slip. The aseismic slip area is estimated to be
around Lake Hamana in the western Tokai region close to
the estimated Tokai source area in 2001 (Fig. 6(a)). A low-
frequency-earthquake area (Obara, 2002) is north of the slip
area in Fig. 6(a). This slip pattern produces southeastward
horizontal displacements and vertical motion on the sur-
face that well match the observations (see Figs. 3 and 4).

Between January 2002 and January 2003, the estimated
slip magnitude decreased near Lake Hamana and a rela-
tive slip increase was observed northeast of Lake Hamana
(Fig. 6(b)). This change in the slip area is beyond the stan-
dard deviation error. From January 2003 to January 2004,
the estimated slip increased in magnitude compared with
that in 2002 (Fig. 6(b)), while the slip area shifted north-
ward. Figure 7 shows the slip history of selected points on
the fault patch (see Fig. 6(a)). Point 55 started moving in
the late 2001, while points 44 and 54 were delayed in their
start of movement. In particular, point 54 increased its slip
rate during 2003. These features did not extensively change
within three times standard deviation error. Figure 8 shows
the time evolution of a moment release from the estimated
Tokai interplate slip. As shown in this figure, the moment
release from the Tokai silent slip started in the late 2000,
and increased linearly up to July 2001. From July 2001,
the moment release rate remained roughly the same and de-
creased in the late 2002, and increased between 2003 and
2004. These characteristic points showed minimal change
within three times standard deviation error.

Figures 2, 3(d)—(f), and 4(d)—(f) show computed ground
displacements from the estimated slip model in Figs. 6 and
7, and there is a good degree of consistency between the
observed and computed values within the standard devia-
tion error of observations, which is about 2 mm horizontally
and 6 mm vertically. In summary, our analysis resolved the
space-time distribution of the silent slip in the Tokai region
that has been occurring since 2001, which is centered on
Lake Hamana close to the seismic gap. Previous studies
of silent earthquakes suggest that silent slips tend to occur
in weakly coupled regions (e.g., Hirose et al., 2000). The
area at the boundary of the estimated source of the expected
Tokai earthquake matches this criterion and is consistent
with previous studies of silent earthquakes. However, the
duration of more than three years is much longer than other
aseismic slip events that have occurred in Japan since 1994,
when the permanent GPS network started operation (e.g.,
Hirose et al., 1999; Sagiya, 2004).

Obara (2002) discovered nonvolcanic low-frequency
tremors which were distributed along the strike of the sub-
ducting Philippine sea plate in Japan, suggesting a relation-
ship of tremors and the subduction. Rogers and Dragert
(2003) have pointed out the association of low-frequency
earthquakes with the Cascadia aseismic event. Hirose and
Obara (2003) and Obara and Hirose (2003) also discovered
a tilt meter change associated with the occurrence of low-
frequency earthquakes in the area near the Bungo chan-
nel, in southwest Japan. With regard to the Tokai silent
event, there exists a low-frequency earthquake zone nearby
(see Fig. 6(a)). However, the relationship between the low-
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Fig. 8. Estimated time evolution of cumulative moment release of in-
terplate slip in Tokai region, Japan. Broken lines represent 3 standard
deviation error. Moment release rate slightly decreased in the late 2002
and increased again from 2003 to 2004.

frequency earthquakes and the aseismic slip in the Tokai
region has not yet been clarified. Some researchers have
claimed that low-frequency earthquakes become frequent
when aseismic slip rate increases in the Tokai region (Ishi-
gaki et al., 2004), while others have suggested a more ob-
scure relationship between them (Obara and Hirose, 2004).

Kimata has reexamined past electric distance measure-
ments and suggested the possibility of at least two similar
silent events near the area of the estimated silent event of
2001 (Kimata et al., 2003) during the periods 1978-1983
and 1987-1991. Hashimoto (2003) has also pointed out
transient strain changes in the 1980s, as revealed by trilat-
eration.

Although the past two silent earthquakes did not lead to
a catastrophic earthquake in the Tokai region, we do not
know what factors keep silent earthquakes from becoming
catastrophic ruptures, or whether the present silent event
will eventually subside or lead to a catastrophic event. Thus,
an intensive monitoring of the temporal evolution of this
phenomenon and timely updates of a physical model of the
Tokai slow event are necessary.
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