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ABSTRACT :

We examine source characteristics of intraslab earthquakes based on eleven source models estimated by the
empirical Green’s function (EGF) method. The asperity source model is used to characterize fault parameters
(outer and inner fault parameters). We find self-similar scaling of total seismic moment to the asperity area and
short-period level of the S-wave acceleration source spectrum. Based on these findings and theoretical
relationships between the outer and inner fault parameters, we propose a recipe for characterizing the source
model for future intraslab earthquakes. We make strong-motion prediction for the 1993 Kushiro-oki earthquake
(Mw?7.6) in the southern Kurile-Hokkaido arc by using the EGF method and the source model derived from the
proposed recipe. A fairly good agreement between the observed and predicted waveforms is obtained at rock
sites. However, the agreement is considerably decreased at soft-soil sites due to nonlinear soil response.

Intraslab earthquakes, Strong-motion prediction, Asperity source model, Nonlinear

KEYWORDS: soil response, The 1993 Kushiro-oki earthquake

1. INTRODUCTION

After seismic damage due to the 1993 Kushiro-oki earthquake (Mw 7.6; depth~100km) in the southern
Kurile-Hokkaido arc, we have recognized that large intraslab earthquakes are disastrous ones at subduction
zones such as Japan, Mexico and so on. Morikawa and Sasatani (2003) clearly demonstrated peculiar sources of
the large intraslab earthquakes that radiate strong short-period seismic waves compared with inland-crustal and
plate-boundary earthquakes.

In this paper, we make source characterization of intraslab earthquakes based on eleven source models estimated by
the empirical Green’s function method. We use asperity source model to characterize fault parameters (outer and
inner fault parameters). Next we propose a recipe for characterizing the source model of intraslab earthquakes based
on our findings and theoretical relationships between the outer and inner fault parameters. Finally we make strong
motion prediction for the 1993 Kushiro-oki earthquake (Mw 7.6) by using the empirical Green’s function method
and the source model derived from the proposed recipe. The predicted ground motions are compared with the
observed ones at rock and soft soil sites.

2. SOURCE CHARACTERISRICS OF INTRASLAB EARTHQUAKES

Source modeling by the empirical Green’s function method has been done for eleven intraslab earthquakes (Mw
5~8) occurring in and around Japan. Figure 1 shows their epicenters and focal mechanisms. We use the asperity
source model to characterize fault parameters; the outer fault ones are the total rupture area and total seismic
moment, and the inner fault ones are the area of asperities, stress drop on each asperity and short-period level of
the S-wave acceleration source spectrum. These parameters for the eleven earthquakes have been shown in
Sasatani et al. (2006). Here we show only a summary of source characteristics of intraslab earthquakes.
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Figure 1 Eleven intraslab earthquakes whose source models were estimated by the empirical Green’s function
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Figure 2 Number of asperities versus seismic moment
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Figure 3 Empirical relationship between combined asperity area (Sa) and seismic moment (Mo)
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2.1 Inner fault parameters

The number of asperities, Na, increases with earthquake magnitude (Mw) as shown in Fig. 2; one for events
with Mw<6, two to three for events with Mw 6~7, and five for events with Mw>8. Figure 3 shows the
relationship between the combined area of asperities (Sa) and seismic moment (Mo) for the eleven intraslab
earthquakes. In the figure, a solid line indicates the relationship for inland-crustal earthquakes (Somerville et al.,
1999). The Sa values for intraslab earthquakes increase with seismic moment; the scaling trend is similar to that for
inland-crustal earthquakes. However, the Sa value for a given seismic moment is about one-fourth of that for
inland-crustal earthquakes. The scaling relationship between Sa and Mo for intraslab earthquakes is roughly
obtained as follows:

Sa(km?) ~5.8x107* x Mo?'®(Nm) (2.1)

The short-period level of S-wave acceleration source spectrum, A, is estimated from an observed S-wave
acceleration spectrum by correcting the propagation path and site effects; in general, the acceleration source
spectrum has a flat level at high frequencies (> 1 Hz). Figure 4 shows the relationship between A and Mo for the
eleven intraslab earthquakes. The A value is larger than that for inland-crustal earthquakes (Dan et al., 2001)
which is shown by a solid line in the figure. The A-Mo relation shows a somewhat different trend from that for
inland-crustal earthquakes. However, we think this is a hasty decision because the A value dots are not enough.

Figure 5 shows the A-Mo relation for subduction zone earthquakes (76 events) beneath the eastern part of
Hokkaido (Sasatani et al., 2006). The A-Mo relation for plate-boundary earthquakes is similar to that for the
inland-crustal earthquakes over the wide moment range. The A-Mo relation for intraslab earthquakes with Mo >
2x10*"Nm has also the same trend as that for the inland-crustal earthquakes. However the A value for a given
moment is about four times larger than that for the inland-crustal earthquakes. The relation for intraslab
earthquakes with Mo < 2x10*"Nm is somewhat different from that for larger events. These may apply to Figure
4. We roughly obtain the scaling relationship between A and Mo for intraslab earthquakes with Mo > 2x10*"Nm
as follows:

A(Nm/s?) ~ 2.1x 10" x Mo’ 3 (Nm) (2.2)

The short-period level is related to asperity area and stress drop on each asperity (Irikura et al., 2003; Dan et al.,

2002), as follows:
A= 4nﬁ2,/2(rnAan)2 (2.3)

where I, and Ao, are the radius of the n-th asperity and the stress drop on it, respectively, and S is the

S-wave velocity at the source region; a circular shape is simply assumed for the asperity. This formula is
obtained assuming that the stress drop on the neighborhood of the asperities is zero. We examine the above
relationship based on inner fault parameters for the eleven intraslab earthquakes and observed A values. Figure
6 compares the observed A values with those predicted from equation (2.3). The former A values coincide with
the latter ones within a factor of 2 except one event. This fact concludes that the asperity source model is
applicable to intraslab earthquakes as well as inland-crustal and plate-boundary earthquakes. Furthermore we
can get information as to the asperity area and stress drop from the A value using equation (2.3).

2.2 Outer fault parameters

For inland-crustal earthquakes, the total rupture area (S) is estimated from geological, geodetic and seismic
data, and empirical relationship between S and Mo has been obtained (e.g., Irikura et al, 2004). However, for
intraslab earthquakes, only seismic data are available for estimating the total rupture area and reliable
relationship between S and Mo has not been obtained. On the other hand, Irikura et al. (2003) and Dan et al.
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Figure 4 Empirical relationship between A and Mo for eleven intraslab earthquakes (Left)
Figure 5 Empirical relationship between A and Mo for subduction zone earthquakes in the eastern part of
Hokkaido (Right)
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Figure 6 Comparison between predicted short-period level (A) from equation (2.3) and observed one

(2002) obtained the following relationship between the outer and inner fault parameters based on the
multiple-asperity source model:

Mo :ﬁrf xY (r’Ac,) (2.4)

where r; is the radius of the total rupture area (S :7zrf2). In practice, the asperity parameters are very

important to predict strong ground motion for a future earthquake. The total rupture area is also important to
define an extent on which multiple asperities are distributed. Since we have no empirical relationship between S
and Mo, we consider it is better to use equation (2.4) for estimating the total rupture area based on seismic
moment and asperity parameters.
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3. RECIPE FOR CHARACTERIZING THE SOURCE PARAMETERS OF INTRASLAB
EARTHQUAKES

We propose a recipe for characterizing the intraslab earthquake source model based on our findings and
theoretical relationships between the outer and inner fault parameters; this recipe is somewhat different from
that for the inland-crustal earthquake source model by Irikura et al. (2004).

Step 1: Estimating the total seismic moment (Mo)

Step 2: Estimating the area of asperities from the empirical relationship of Sa and Mo
(Fig. 3 and equation (2.1))

Step 3: Estimating the short-period level A from the empirical relationship of A and Mo
(Fig. 5 and equation (2.2))

Step 4: Estimating the number of asperities using Fig. 2

Step 5: Estimating the stress drop on each asperity using equation (2.3)

Step 6: Estimating the total rupture area using equation (2.4)

Furthermore we estimate extra fault parameters such as the rupture starting point, rupture propagating pattern,
and rupture velocity to predict strong ground motion. For these parameters, we have to rely on information
from past intraslab earthquakes at a target region.

4. PREDICTION OF STRONG GROUND MOTIONS FOR THE 1993 KUSHIRO-OKI
EARTHQUAKE

The Kushiro-oki earthquake (Mw7.6) occurred beneath the eastern Hokkaido, Japan, on January 15, 1993, and
the hypocenter lay within the subducting plate at a depth of about 100 km. Strong acceleration of about
900cm/s® was observed at Kushiro city just above the focus. We make strong motion prediction based on the
proposed recipe and information as to the extra fault parameters derived from Takeo et al. (1993) and
Morikawa and Sasatani (2004). Here we apply the empirical Green’s function method to the prediction.

Based on the recipe, the fault model is estimated as shown in Fig. 7; the fault parameters are also shown in the
figure. The asperity number is three and the size and stress drop for each asperity are assumed to be the same.
The rupture stars at the eastern end on the fault (a star in Fig. 7) and propagates westward. Observed records
from the 2/04/1993 event (Mw4.8) are used as the empirical Green’s function. Stations used in a comparison
between the observed and predicted waveforms (acceleration, velocity and displacement) are also shown in Fig.
7. At KUS (Kushiro city), there are two stations of JMA and PHRI. We show the comparison at several stations

among these stations. a2 g 1as 145" 146"
il
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Figure 7 Fault model of the 1993 Kushiro-oki earthquake (Mw7.6)
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Figure 8 shows the comparison at MYR and AKS; these stations located on a rock site were used in source
modeling of the 1993 Kushiro-oki earthquake by Morikawa and Sasatani (2004). A fairly good agreement
between the observed and predicted waveforms is obtained at these sites. Figure 9 shows the comparison at
JMA and PHRI in Kushiro city (KUS); these stations located on a soft-soil site were not used in the source
modeling by Morikawa and Sasatani (2004). At JMA, the predicted accelerations (3000~4000 cm/s®) are
considerably larger than the observed ones. However, the predicted displacements are nearly the same as the
observed ones. This indicates overestimation of short-period ground motion. At PHRI, the predicted
accelerations are about two times larger than the observed ones. However, the predicted velocities and
displacements are considerably smaller than the observed ones. This indicates underestimation of long-period
ground motion.

At JMA, the observed PGA is about 900 cm/s* and surface S-wave velocity is about 100 cm/s. So we can
anticipate that nonlinear soil response occurred during the 1993 Kushiro-oki earthquake. To check this
possibility we make a comparison between S-H/V (S-wave horizontal-to-vertical spectral ratio) for weak and
strong motions (Wen et al., 2006; Noguchi and Sasatani, 2008). Figure 10 left shows the comparison at JIMA.
The S-H/V during the 1993 Kushiro-oki earthquake shows the peak shift from 4 Hz to 2 Hz and high frequency
level reduction. This is an evidence of nonlinear soil response (Noguchi and Sasatani, 2008).

The observed acceleration at PHRI shows atypical waveform, that is, spiky acceleration, especially on the N-S
component. lai et al. (1995) concluded that the spiky acceleration is due to nonlinear soil response called cyclic
mobility. The spiky acceleration increases amplitudes of velocity and displacement waveform. The S-H/V
comparison clearly shows nonlinear soil response at PHRI; increase of low-frequency level and reduction of
high frequency level during the 1993 Kushiro-oki earthquake (Fig. 10 right).
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Figure 9 Comparison between the observed and predicted waveforms at JMA and PHRI
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Figure 10 Comparison of S-H/V for weak (blue curve) and strong (red curve) motions (Left: IMA, Right PHRI)

5. CONCLUSIONS

We examined source characteristics of intraslab earthquakes based on eleven source models estimated by the
empirical Green’s function method. The multi-asperity source model was used to characterize the fault
parameters. We found the scaling relationships of the total seismic moment with the area of asperities and
short-period level of S-wave acceleration source spectrum. Based on these findings, a recipe for characterizing
the source model for a future intraslab earthquake was proposed. We made strong-motion prediction for the
1993 Kushiro-oki earthquake by using the empirical Green’s fuction method and the source model derived from
the proposed recipe. A fairly good agreement between the observed and predicted waveforms was obtained at
rock sites. However, the agreement was considerably decreased at soft-soil sites due to nonlinear soil response.
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It is important for precise strong-motion prediction to take nonlinear soil response into account.
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