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Slip distribution of the 2003 northern Miyagi earthquake (M6.4)
deduced from geodetic inversion
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On July 26, 2003, a disastrous earthquake with M6.4 struck the northern part of Miyagi prefecture, northern
Honshu, Japan. GPS measurements and leveling surveys conducted by the Geographical Survey Institute (GSI)
revealed clear evidence of coseismic deformation. We analyzed those data using a geodetic inversion to estimate
the slip distribution on a curved fault plane, which is suggested by precise hypocenter determination performed by
Tohoku University. The maximum slip area is located at the northern and shallower part of the fault plane, which
is consistent with the slip distribution obtained by seismic waveform inversion. The spatial pattern of slip direction
also shows good agreement with that of the focal mechanism.
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1. Introduction

A shallow crustal earthquake with magnitude 6.4 occurred
at 07:13 (local time, LT) on July 26, 2003 in the northern
part of Miyagi prefecture, northeastern Japan (hereafter, we
refer to it as the 2003 northern Miyagi earthquake), accom-
panied by remarkable foreshock and aftershock sequences
with the largest events of magnitude 5.6 (00:13 LT) and 5.5
(16:56 LT), respectively. More than 600 people were in-
jured and more than 10,000 houses were damaged by the
earthquake, because its focus was located just beneath the
residential district at a depth of about 7 km. Okada et al.
(2003) obtained a very clear aftershock distribution along a
curved plane by applying the double-difference hypocenter
determination technique (Waldhause and Ellsworth, 2000) to
data obtained from a dense temporary seismic network estab-
lished by Tohoku University about ten hours after the main
shock and just above the focal region. They also investigated
source mechanisms from the foreshock sequence to the af-
tershock sequence to reveal a systematic spatial variation:
the direction of the P-axis rotates from NE-SW at the north-
ern part to NW-SE at the southern part. Yagi et al. (2003)
carried out a seismic waveform inversion and derived a co-
seismic slip distribution on the presumed fault planes for the
main shock, the largest foreshock, and the largest aftershock.
Their result indicates that the maximum slip occurred around
the northern part of the aftershock area.

Large earthquakes with magnitudes of about 7.5 have re-
peatedly occurred on the plate boundary east of Miyagi pre-
fecture (e.g. Seno et al., 1980). The most recent one took
place in 1978, i.e., the M7.4 Miyagi-oki earthquake. It is lo-
cated just east of the source area of the 2003 northern Miyagi
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earthquake. Based on the record of repeated occurrences of
earthquakes with magnitudes of about 7.5, the Headquarters
of Earthquake Research Promotion of Japan evaluated that
the next Miyagi-oki earthquake will occur with a probabil-
ity of about 40% in the next 10 years. In response to this
seismic hazard assessment, the Geographical Survey Insti-
tute of Japan (GSI) carried out campaign-style GPS mea-
surements and leveling surveys around the focal area of the
2003 northern Miyagi earthquake just before and just after
its occurrence to reveal clear evidence of coseismic defor-
mation (Nishimura et al., 2003). They proposed a dual-fault
model to explain the observed displacements. The calculated
displacements from the model agree well with the observed
ones. However, it is unrealistic that the two fault planes par-
tially overlap each other, because the precise hypocenter dis-
tribution (PHD) obtained by Okada er al. (2003) does not
support such a fault-geometry. In this study we used their
proposed curved fault surface to estimate the slip distribu-
tion on a more realistic fault plane by means of a geodetic
inversion technique (Yabuki and Matsu’ura, 1992).

2. Data

The nationwide GPS network, GEONET, composed of
more than 1000 stations has been established by GSI
(Miyazaki et al., 1997). The network has provided many im-
portant observational results, such as the detection of co- and
post-seismic deformation (e.g. Heki et al., 1997; Nishimura
et al., 2000), volcanic deformation (e.g. Miura et al., 2000),
and the discovery of strain concentration zones (e.g. Sagiya
et al., 2000; Miura et al., 2002), facilitating the immense
progress that has been made in our knowledge of on-going
crustal deformation. Baseline lengths of the network, how-
ever, are about 25 km on average, which is not short enough
to obtain a geodetic fault model for M6-class earthquakes
such as in the case of this study.
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Fig. 1. Map showing geodetic stations in the study area. Black and gray circles denote continuous GPS stations operated by the Geographical Survey
Institute of Japan (GSI) and Tohoku University (TU), respectively. Open circles and triangles indicate temporary GPS stations occupied before and after
the earthquake by GSI, and continuous GPS stations installed after the earthquake. Open squares are benchmarks for the leveling survey conducted by

GSIL

In addition to the continuous GPS stations, GSI had es-
tablished some temporary stations to make up for the sparse-
ness of the network in the source area of the 2003 north-
ern Miyagi earthquake, because of the imminent Miyagi-oki
earthquake as mentioned in the previous section. Right af-
ter the main shock, GSI reoccupied those temporary stations
and also carried out a leveling survey to reveal any coseismic
displacements. Figure 1 shows the locations of the geodetic
stations around the source region of the M6.4 event. Hori-
zontal and vertical coseismic displacements at these stations
are shown in Figs. 2(a) and 2(b) by black arrows and black
triangles, respectively. Errors in estimating the horizontal co-
seismic displacements derived at continuous GPS sites range
from 2 to 3 mm, while those at temporary stations may be
two times greater or more because they were occupied two
days or less before and after the earthquake. Time series of
site coordinates obtained at Station 0549 of GEONET, the
closest to the main shock, is shown in Fig. 2(c), as an exam-
ple. Remarkable coseismic displacements due to the north-
ern Miyagi earthquake amount to about 16 cm directed to
the southeast, and about 8 cm of uplift. Minor coseismic
displacements at the end of May, 2003, were caused by the

May 26 M7.1 earthquake, which occurred in the subducting
slab at a depth of about 70 km with an epicentral distance of
about 60 km to the northeast of the site.

Horizontal displacements direct eastward and westward
in the far western and eastern areas, respectively, from the
source area, while distinct upheaval was observed around
the source area. This overall feature of coseismic defor-
mation suggests a thrust-type source mechanism and agrees
well with the moment tensor and focal mechanism obtained
by Okada et al. (2003). In the next section, using the data
from GSI stations together with coseismic displacements ob-
served at continuous GPS sites operated by Tohoku Univer-
sity (Fig. 1), we estimate the slip distribution on the curved
fault surface presumed from the PHD obtained by Okada et
al. (2003).

3. Slip Distribution Estimated by Geodetic Inver-
sion
Tohoku University deployed a dense temporary seismic
network soon after the main shock just above the focal re-
gion (Umino et al., 2003). Okada et al. (2003) demonstrated
a very sharp and clear aftershock distribution along a curved
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Fig. 2. Coseismic displacements observed by geodetic measurements and calculated from the fault model derived by a geodetic inversion technique
(Yabuki and Matsu’ura, 1992). (a) Observed (black) and calculated (gray) horizontal displacements. (b) Observed (black) and calculated (gray) vertical
displacements. (c) Time series of site coordinates obtained at Station 0549 of GEONET, which is the closest to the main shock. Remarkable coseismic
displacements due to the northern Miyagi earthquake (M6.4) amount to about 16 cm directed to the southeast, and about 8 cm of uplift. Minor coseismic
displacements at the end of May, 2003, were caused by the May 26 M7.1 earthquake in the subducting slab at a depth of about 70 km with an epicentral

distance of about 60 km to the northeast of the site. Subsidence in December, 2002, was an artifact of replacing a GPS antenna.
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Slip distribution estimated by a geodetic inversion technique (Yabuki and Matsu’ura, 1992) as shown by arrows. Broken curves denote the

iso-depth contour of the generally westward-dipping model fault with an interval of 1 km. Thin contour lines indicate the amount of slip with an interval
of 0.2 m. Small circles are epicenters of aftershocks determined by Okada et al. (2003). Three black stars correspond to the largest aftershock, the
largest foreshock, and the main shock, respectively from the north. Black diamonds denote GPS stations.

surface by applying the double-difference hypocenter de-
termination technique (Waldhauser and Ellsworth, 2000) to
data from this network together with those from existing per-
manent seismic stations of Tohoku University, Japan Meteo-
rological Agency, and National Research Institute for Earth
Science and Disaster Prevention. We used a geodetic in-
version technique devised by Yabuki and Matsu’ura (1992),
which can estimate slip distribution even on a curved fault
surface. We produced a curved fault surface by fitting a set
of bicubic B-spline basis functions to the PHD and assumed
10 by 7 grid points along the strike and dip directions, re-
spectively.

Figure 3 shows the distribution of slip on the curved fault

surface estimated by the geodetic inversion. The displace-
ments at the geodetic sites calculated from this slip distri-
bution on the fault surface are shown in Fig. 2. The figure
shows that the overall pattern of surface displacement due to
the earthquake is reproduced, although there are nonnegligi-
ble discrepancies in coseismic displacements at some sites.
These may be caused by very local and shallow secondary-
faults, not considered in our model, and/or observational er-
rors such as monument instability. The maximum slip of
about 1.6 m is estimated around the northern and shallower
part of the fault plane, where many aftershocks actively oc-
curred at its deeper extension. We summed up the seismic
moment at each grid point and derived the total moment of
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Fig. 4. Time series of coordinates of GPS sites, (a) KTMR, (b) OSIO, and (c) MYAT, for the period from the beginning of observations to the end of August,
2003. Latitudinal, longitudinal, and height components are shown from the top in each panel. Grey lines denote time series at the distant site, WYG,

about 30 km north from the source area, for comparison. GPS data are analyzed using the precise point positioning technique of GIPSY/OASIS-II.
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Fig. 5. Slip distributions obtained by seismic waveform inversion (Yagi
et al., 2003). Dark gray, light gray, and black stars denote epicenters
of the largest aftershock, the largest foreshock, and the main shock,
respectively. Gray, black, and broken contour lines are slip distributions
for the largest foreshock, the main shock, and the largest aftershock,
respectively. Contour interval for the main shock is 0.2 m, and those
for the largest foreshock and aftershock are 0.04 m, respectively. Thick
broken lines denote shallower (right) and deeper (left) ends of three faults
assumed for the waveform inversion of Yagi et al. (2003).

1.8x10' Nm (M,, 6.1) for the sequence, which is identical
to that determined by waveform inversion (Yagi et al., 2003).
This means that there was no significant aseisimic slip within
a few days before and after the main shock.

4. Temporary GPS Observations after the Earth-
quake

We initiated temporary GPS observations at three stations
just above the source area of the 2003 northern Miyagi earth-
quake as shown in Fig. 1. We installed an Ashtech GPS
receiver with a choke-ring antenna at each site. GPS data
are transferred through modems attached to cellular phones
at the earlier stage, and then two of those are sent through
the Japanese University Satellite Seismic Telemetry Net-
work System (JUSSTN), a satellite communication system
(Urabe, 1996) and an ordinary telephone line. GPS data
are analyzed using the precise point positioning (PPP) strat-
egy of GIPSY/OASIS-II (Zumberge et al., 1997), which has
been used in many geodetic and geophysical applications
(e.g. Ohtani et al., 2000; Shoji et al., 2000; Takiguchi et al.,
2000). Figure 4 shows time series of site coordinates esti-
mated by the PPP analysis. Comparing with the distant site,
WYG, about 30 km north from the source area, postseismic
displacements at all sites are not obvious by the end of Au-
gust 2003.

In the last decade, several articles have been published
about postseismic deformation due to inland earthquakes us-
ing GPS measurements. Shen et al. (1994) reported postseis-
mic displacements reaching 55 mm near the epicenter with
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an exponential time constant of about 34 days after the 1992
Landers earthquake (M7.3). Nakano and Hirahara (1997)
detected significant postseismic displacements amounting to
20 mm with a time constant of about 50 days after the
1995 Hyogo-ken Nanbu earthquake (M7.2). Hashimoto et
al. (2003) found postseismic displacements with magnitudes
of about 10 mm around the source area of the 2000 West-
ern Tottori earthquake (M7.3) and estimated parameters of a
model fault causing the after-slip.

Ratios of postseismic surface displacements to coseismic
ones vary from about 8% to 15% for these cases. Simply
applying these ratios to the present earthquake, we may ex-
pect postseismic displacements between 10 and 20 mm at
the GPS site closest to the source area. Characteristics of
postseismic deformation, however, must strongly depend on
friction parameters of the main shock fault and/or adjacent
faults, together with elastic/inelastic properties around the
source area. Thus we should keep a close watch on the
course of long-term deformation.

5. Discussion

Yagi et al. (2003) carried out seismic waveform inver-
sions and obtained coseismic slip distributions on three fault
planes for the largest foreshock, the main shock, and the
largest aftershock, respectively. Their result indicates that
the maximum slip occurred around the northern part of the
aftershock area as shown in Fig. 5. These fault planes are
suggested by the aftershock distribution determined by Hi-
net (High Sensitivity Seismograph Network), maintained by
the National Research Institute for Earth Science and Disas-
ter Prevention of Japan (NIED). Because of the difference
in fault geometry used, we cannot compare their slip distri-
bution directly with that of this study. However, both results
show common characteristics.

Umino et al. (2003) obtained the focal mechanisms and
moment tensors of the largest foreshock, the main shock, and
the largest aftershock. The results showed that the P-axis
is oriented E-W for the main shock, NW-SE for the largest
foreshock (M5.5), and NE-SW for the largest aftershock
(M5.6), respectively. As shown in Fig. 3, the major slips
direct mostly eastward in the northern part of the model fault,
while slip direction rotates clockwise as one moves south.
This is consistent with the spatial variation in the direction of
the P-axes of focal mechanisms, although the slips directed
NE are not estimated in this study.

6. Conclusion

We obtained a model of slip distribution on a curved fault
plane, reproduced from the results of precise hypocenter de-
terminations, for the 2003 northern Miyagi earthquake se-
quence. The pattern of the slip distribution shows good
agreement with that estimated by waveform inversions and
the spatial variation in slip direction is also consistent with
the focal mechanisms. No postseismic displacement had
been detected by the end of August, 2003, although continu-
ous GPS observations have been conducted at three sites just
above the source area from two days after the earthquake.
This suggests that inland earthquakes of this size (smaller
than M6.5) do not accompany postseismic slip observable
with GPS measurements.
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