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Spatial distribution of centroid moment tensor solutions
for the 2004 off Kii peninsula earthquakes
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Two large intraplate earthquakes (My 7.0 and 7.3) occurred off the southeastern Kii Peninsula on September
5,2004. We determined the centroid moment tensors of these earthquakes and their aftershocks. Earthquakes can
be divided into two categories: (1) the reverse-fault type with a range in focal depth from 5 km to 20 km; and (2)
earthquakes with a near-vertical nodal plane and a focal depth shallower than 5 km. Earthquakes of type (1) are
distributed inside the Philippine Sea plate beneath the Nankai trough, while normal-fault events predominate in
the other regions along the trough. The distribution of type (2) events shows two clear lineaments with strikes of
NNW-SSE to the north and NE-SW to the west of the focal area. These lineament strikes coincide approximately

with strikes at the nodal planes of such events.
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1. Introduction

Two large earthquakes with moment magnitudes (M1 4)
of 7.1 and 7.4 occurred off the Kii Peninsula in
southeastern-central Japan at 10:07 and 14:57 (UT) on
September 5, 2004. Their hypocenters were located near
the eastern Nankai trough with focal depths of 37.58 km
and 43.52 km, respectively (JMA: Japan Meteorological
Agency, 2004). These focal depths are deeper than the plate
boundary between the Philippine Sea plate and the Eurasian
plate. Some results obtained by GPS, tsunami, or far-field
wave analyses showed that the largest event had the com-
plex source process (Hashimoto et al., 2005; Satake et al.,
2005; Hara, 2005). The Philippine Sea plate subducts to-
ward the northwest from the Nankai trough at a rate of ap-
proximately 4 cm/yr in this region (Seno et al., 1993) and
large interplate thrust events with a recurrence interval of
approximately 100 years also occur (Utsu, 1984). The most
recent large event, the Tonankai Earthquake, had a magni-
tude of M,, 7.9 and occurred in 1944 (Kikuchi et al., 2003).

Lay et al. (1989) demonstrated the relationship between
interplate thrusting and the stress field of the intraplate at
the outer rise. They suggested that stresses in the outer rise
might become compressional when interplate thrusting is
locked. This study investigated the distribution of moment
tensors of two large earthquakes and their intermediate-size
aftershocks. We emphasize the type of focal mechanisms
around the Nankai trough using the high dense broadband
network established by the National Research Institute for
Earth Science and Disaster Prevention (NIED).
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2. Centroid Moment Tensor Inversion

The NIED F-net and Hi-net stations in Japan are spaced
100 km and 15-20 km apart, respectively (Okada et al.,
2004). Three component broadband seismometers (STS-
1/2) were installed at each F-net station and two horizontal-
component borehole tiltmeters were installed at each Hi-net
station. We used waveform data from the high dense broad-
band seismic stations to calculate centroid moment tensors
(Fig. 1). The orientation of the observed borehole tiltmeter
data was corrected by estimating the azimuth of the hori-
zontal sensor as reported by Shiomi ez al. (2003). Velocity
seismograms and accelerograms with high S/N ratios ob-
tained from the F-net and the Hi-net networks were con-
verted to displacement and decimated to a 1 Hz sampling
rate. Filters with pass-bands of 0.01-0.05 Hz and 0.02-
0.05 Hz were used for the two large earthquakes and their
aftershocks, respectively. To calculate Green’s functions,
we used the same velocity and Q structures employed for
the routine NIED F-net moment tensor inversion approach
(Fukuyama et al., 1998) (See Table 1).

Our approach for calculating the centroid moment ten-
sors differs from the routine NIED F-net moment tensor in-
version approach in the following respects: (1) The centroid
hypocenter and time were calculated, whereas the fixed
epicenter was obtained from the Japanese Meteorological
Agency (JMA) Catalog. Centroid depth is estimated using
this routine. (2) Waveform data from more than three F-
net stations and two components of the tiltmeters at Hi-net
stations were used in this study. Three F-net stations were
used in the routine.

Under the point-source assumption, the centroid
hypocenter and centroid time with maximum variance re-
duction (V R) were located around the initial hypocenter
and origin time on a horizontal grid with spacing at 0.01
degrees. The vertical grids were spaced from 1 km down
to 50 km on a time grid of 1 sec. The initial hypocenters
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Fig. 1. Tectonic setting, station distribution in western Japan, and seismicity around the Nankai trough. Relative motion of the Philippine Sea plate
to the Eurasia plate (Seno et al., 1993) is shown by the solid arrow. Focal mechanisms are only shown around the Nankai trough for earthquakes
occurred from June 1997 to September 4, 2004. Yellow and red stars indicate epicenters of two main shocks with the moment magnitudes greater
than 7 occurred on September 5, 2004 (JMA, 2004). Yellow and red circles show the NIED F-net and Hi-net stations. The rectangle is the focal area
shown in the following figures. The broken line indicates the fault model of the 1944 Tonankai earthquake estimated by Kikuchi et al. (2003).

Table 1. Velocity and attenuation models.

Depth (km) Thickness (km) P velocity (km/s) S velocity (km/s) Density (kg/m?) 0, 0
0 3 5.50 3.14 2300 600 300

3 15 6.00 3.55 2400 600 300

18 15 6.70 3.83 2800 600 300

33 67 7.80 4.46 3200 600 300

100 125 8.00 4.57 3300 600 300

225 100 8.40 4.80 3400 600 300

325 100 8.60 491 3500 600 300

425 - 9.30 5.31 3700 600 300

and origin times in the JMA Catalog were used. VR was 3. Results

defined by

i) — o (t))%lt)
S (0 (1))2dt |

where s; () and o, (¢) are the synthetic and observed wave-
forms, respectively. w; is a constant weight that is propor-
tional to the epicentral distance of station i. N is the number
of stations.

V R[%] = 100 x Zwi (1

Between September 5 and October 31, 201 events with
magnitudes exceeding 3.5 were listed in the JMA Catalog.
We selected events if variance reduction exceeded 50 per-
cent, more than 10 stations were used, and the centroid
moment tensors of 94 events were determined. The mo-
ment magnitudes of these events ranged from 3.3 to 7.3.
Source parameters for the main shocks exceeding My 7.0
are shown in Table 2 and are similar to those listed in the
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Fig. 2. Centroid moment tensor inversion. (a) The focal mechanism calcu-
lated by this approach. (b) The focal mechanism obtained from P-wave
polarity analysis. Open and solid circles indicate the dilatational and
compressional first motions for the P wave at Hi-net stations. (c) Ob-
served and synthetic waveforms. The broken black and red line shows
the observed and synthetic waveforms.

Harvard CMT Catalog.

Figure 2 shows an example of a centroid moment tensor
inversion for a small earthquake with a magnitude of 4.0.
The focal mechanism calculated by centroid moment ten-
sor inversion was compared with that derived by P-wave
polarity analysis using high-sensitivity seismometers at Hi-
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net stations (Figs. 2(a) and (b)). Full waveforms from P
arrival to surface wave arrival were used in this study, with
most of the waveforms observed being consistent with syn-
thetic waveforms overall (Fig. 2(c)).

Figure 3 shows the distribution of centroid moment ten-
sors and at least two types of earthquakes: the reverse-fault
type (type-R) with a dip angle of 30-50 degrees that was
similar to the main shocks, and another type (type-O) with
a near-vertical nodal plane. We used Kagan’s angle (Kagan,
1991) to show the similarity between the two different fo-
cal mechanisms. In order to classify the events into discrete
categories based on the similarity of the mechanism charac-
teristics of the larger main shocks and the aftershocks, we
treated type-R events, which are similar to the main shock
with a Kagan’s angle of less than 30 degrees, and type-O
events with a Kagan’s angle exceeding 40 degrees sepa-
rately. The type-R events include two main shocks that were
distributed near the deformation front and ranged in depth
between 5 km and 20 km. Conversely, many type-O events
were scattered in the northern and western regions of the
focal area at depths of less than 5 km.

Figure 4 shows examples of the centroid depths and mo-
ment tensor solutions as a function in V R. The results of
type-R events show a clear peak in V R near the most op-
timal depths while the curve for type-O events is less pro-
nounced. However, it is clear that type-O events occurred
at depths shallower than 5 km in this example.

4. Discussion

Some reverse-fault events occurred in this region before
the activity in 2004, with normal-fault events occurring near
the deformation front in other regions along the Nankai
trough (Fig. 1). Lay et al. (1989) demonstrated that the
reverse-fault events occurred in the outer rise prior to the
largest interplate thrust events, while tensional events gen-
erally followed interplate rupture. They also suggested that
stresses in the outer rise might become compressional due
to bending and slab-pull may be reduced when interplate
thrusting was locked. The focal area and occurrence of
type-R events was in the vicinity of, and due to, the asperity
of the 1944 Tonankai earthquake.

In a cross section of the hypocentral distribution pro-
jected on a vertical plane using seismic survey data by
Nakanishi et al. (2002), it is clear that the type-R events
occur around the deformation front within the subducting
Philippine Sea plate (Fig. 5). Type-R aftershocks, which
have focal mechanisms and occur at depths that are similar
to the main shocks, are only distributed beneath the defor-
mation front. They were observed to extend east and west,
which is consistent with the strike of the nodal planes of
the main shocks. Type-O aftershocks, which have differ-
ent nodal planes to those of the main shocks, are scattered
throughout the entire area and occur at depths shallower
than 5 km. These results suggest that the type-R aftershocks
occurred on the same planes as the main shocks but that
type-O aftershocks occurred on other planes. Interestingly,
the distribution of type-R aftershocks may indicate expan-
sion of the main shock faults.

Two clusters of type-O events can be seen in the north-
ern and western parts of the focal area. Their focal depths
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Table 2. Source parameters obtained for two main shocks.

Origin time (UT)

2004/09/05,10:07:07.50

2004/09/05,14:57:16.93

Fault mechanisms
(Strike, Dip, Rake)[deg.]
Seismic moment [Nm]
Moment magnitude
Centroid latitude [degree]
Centroid longitude [degree]

(77.2,43.8,70.7)

(83.6,37.4,71.6)

Centroid depth [km]
Centroid time (UT)

2004/09/05, 10:07:17

4.3 x 10¥ 9.9 x 10"
7.0 73
33.00 33.08
136.79 137.00
9 8
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Fig. 3. Focal mechanism distribution. Color of moment tensors indicates the Kagan’s angle. (a) Map-view. Yellow and red stars indicate epicenters of

two main shocks of My 7.0 and 7.3, respectively. Bathymetric contour intervals are 500 m apart. The broken line represents the deformation front.
(b) The cross section along A-B in (a). The bold line indicates the sea floor.

are markedly shallower than those of type-R events. Obara
and Ito (2005) reported that the S coda parts of their events
were relatively rich in low frequency components, that were
manifested as surface waves. The distribution of type-O

events in the northern and western parts of the focal area
show clear lineaments with strikes of NNW-SSE and NE-
SW, respectively (Fig. 5). These strikes are consistent with
the strikes of nodal planes with the near-vertical dip angles
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Fig. 4. Examples of variance reduction and moment tensor solutions plotted against centroid depth. (a) An example of a type-R event. (b) An example
of a type-O event.
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Fig. 5. Distributions of type-R and type-O events. Red circles and blue diamonds represent type-R and type-O events, respectively. Bold lines with red
circles indicate the direction of P axes. (a) Map-view. The thin line with triangles shows the deformation front of the Nankai trough. Ellipses show
typical clusters of type-O events. Two Rose diagrams show the percent frequency of strikes with near-vertical nodal planes, such as those of type-O
events, within adjacent ellipses. (b) The cross-section along A-B. Broken lines show the boundary of geological interpretation by Nakanishi ez al.
(2002). Sw, Os, and O2 indicate the sedimentary wedge, the old accreted sediment, and oceanic layer 2, respectively.
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of type-O events. Weak faults may exist in northern and
western parts of the focal area and these might be triggered
by large reverse-fault events that occurred beneath the de-
formation front.

5. Conclusion

We determined centroid moment tensors of two main
shocks with moment magnitudes greater than 7 and inter-
mediate size aftershocks by the centroid moment tensor in-
version approach using the high-dense broadband seismic
network. The results show that events, including the two
main shocks, having characteristics of a reverse-fault with
dip angle of 30 to 50 degrees are distributed around the de-
formation front of the Nankai trough at depths that range
from approximately 5 to 20 km. On the other hand, strike-
slip events or reverse-fault events with a near-vertical nodal
planes are scattered at depths shallower than 5 km. Interest-
ingly, the distribution of events the in northern and western
parts of the focal area show clear lineaments with strikes
of NNW-SSE and NE-SW, which agree with the strikes of
nodal planes for those events.
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