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Abstract

A thick, low-velocity accretionary wedge overlying a subducting oceanic plate
significantly affects the ground motions of offshore earthquakes. To enable more reliable
ground-motion predictions and accurately estimate seismic sources during offshore
earthquakes, it is important to clarify the detailed 3-D velocity structure of the accretionary
wedge and investigate its effects on the propagation of seismic waves.

To estimate 3-D subsurface velocity structures such as accretionary wedges, we proposed a
nonlinear inversion method of full-waveform data. Our inversion method included an
efficient approach, in which the higher-frequency components of data are gradually
incorporated; thus, velocity structures are estimated with increasingly short scale lengths. We
performed synthetic tests and showed that waveform inversion incorporating this approach
can greatly reduce the waveform residual at a relatively low 3-D computational cost.
Subsequently, using this inversion method, we improved a 3-D velocity structure model of
the accretionary wedge along the Nankai Trough, off the southwest of Japan, where the
occurrence potential of a forthcoming subduction earthquake is high. The waveform data
recorded by ocean-bottom observation networks as well as onshore networks were utilized in
our inversion. When updated by the waveform inversion, the 3-D velocity structure model of
the accretionary wedge showed thicker low-velocity layers than those based on seismic
surveys. We also validated the updated model and confirmed that it can reproduce the
observed data reasonably well.

To evaluate the effects of the accretionary wedge along the Nankai Trough on ground
motions of the land area, we performed 3-D ground motion simulations for numerous seismic
sources using the updated velocity structure model. The simulation results demonstrated that
the accretionary wedge has the effect of decreasing the peak amplitude and elongating the

duration of ground motions. These effects depend significantly on source location. We
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suggest that large later phases, which contribute to the elongation of ground motions,
originate mainly from basin-induced surface waves excited at the boundary between the
accretionary wedge and the crust near the trough axis. We also found that the accretionary
wedge traps only short-period (< 10 s) waves and efficiently transmits long-period (> 10 s)
waves toward the land area. Our finding can explain the predominant period of ground
motions observed at the land area. Moreover, we found that the amplitude reduction of
Rayleigh waves caused by seawater occurs at periods longer than those in the case of the
absence of the accretionary wedge. In offshore areas with an accretionary wedge, we suggest
that higher-mode surface waves are more important to ground motions in the land area than
are fundamental-mode surface waves.

To examine the effects of the accretionary wedge on source analyses, we also estimated the
rupture process of the 1944 Tonankai earthquake by the inversion of its strong-motion data.
In this inversion, the updated velocity structure model was used to calculate 3-D Green’s
functions. The inversion result shows that a shallow slip occurred off the Kii Peninsula,
which has not been clarified by studies using 1-D Green’s functions. We suggest that owing
to the de-amplification effect of the accretionary wedge on ground motions at the land area,
source inversions using 1-D Green’s functions or 3-D Green’s functions without considering

this effect result in underestimation of the seismic moment and the maximum slip.
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Chapter 1
Introduction

1.1 Background and objective

Great subduction earthquakes have the potential to efficiently generate ground motions
because of their large magnitudes and shallow depths. The generated ground motions are then
significantly influenced by the various effects of 3-D velocity structures and are often
observed with large amplitudes and long durations. As a consequence, ground motions during
great subduction earthquakes can cause serious damage. For example, the 1985 Michoacan,
Mexico, earthquake (M,, 8.0) along the Middle America Trench killed about 20,000 people
and demolished many buildings in Mexico City (Anderson et al., 1986; Beck and Hall, 1986).

Because 3-D velocity structures, such as sedimentary basins, in land areas usually have
major effects on ground motions, 3-D velocity structures in such areas have been the focus of
numerous studies (e.g., Furumura and Koketsu, 1998; Koketsu and Kikuchi, 2000; Graves
and Wald, 2004; Aoi et al., 2008). However, because ground motions for subduction
earthquakes propagate through offshore areas with a long path length, several studies (e.g.,
Furumura and Singh, 2002) have also suggested that the effects of 3-D velocity structures in
offshore areas should be carefully investigated.

Accretionary wedges (thick oceanic sediments) affect ground motions during subduction
earthquakes. They overlie subducting oceanic plates with gentle subduction angles, such as
the Cascadia (e.g., Olsen et al., 2008), south Chilean (e.g., Haberland et al., 2009), and
Sumatra-Andaman (e.g., Harmon et al., 2012) subduction zones. The effects of such oceanic
sediments on ground motions were first investigated by Shapiro et al. (1998).

In Japan, the Nankai Trough (Fig. 1) is a subduction zone with an accretionary wedge (e.g.,

Nakanishi et al., 1998). There are several studies that examined the effects of the accretionary
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wedge along the Nankai Trough on ground motions. Yamada and Iwata (2005) and
Yoshimura et al. (2008) performed 3-D ground motion simulations during the largest
foreshock (My, 7.2; Fig. 1) of the 2004 off the Kii Peninsula earthquake and concluded that
the accretionary wedge decreased the peak amplitude and prolonged the duration of ground
motions at the land area. Watanabe et al. (2014) and Goto and Nagano (2015) confirmed
these effects and suggested that the accretionary wedge in the offshore area can significantly
trap seismic waves. On the other hand, several studies showed opposite effects. Furumura et
al. (2008) performed 3-D ground motion simulations during the 1944 Tonankai earthquake
(My, 8.1; Fig. 1) and the 2004 off the Kii Peninsula earthquake (M, 7.4; Fig. 1), and pointed
out that the accretionary wedge produces an amplification effect by efficiently guiding
seismic waves toward the land area. This effect was confirmed by lkegami et al. (2008).
Supporting Furumura et al. (2008) and Ikegami et al. (2008), Petukhin et al. (2016) showed
that the accretionary wedge can considerably amplify surface waves.

The conflicting results suggested by these studies are mainly attributed to differences in
velocity structure models used for ground motion simulations. The velocity structure models
assumed by these studies were not based on seismic surveys in the offshore area, and the
seismic velocities and geometries of the accretionary wedge differed among studies. For
example, the seismic velocity of the accretionary wedge in the velocity structure model of
Furumura et al. (2008) was relatively high. On the other hand, Yoshimura et al. (2008) used a
velocity structure model with a thicker and lower-velocity accretionary wedge than Furumura
et al. (2008). These examples demonstrate that results relating to the effects of an
accretionary wedge significantly depend on the velocity structure model used for the
accretionary wedge.

To accurately evaluate the effects of the accretionary wedge, 3-D velocity structure models
of the accretionary wedge that are based on seismic surveys and have high reliability are
required. Recently, Nakamura et al. (2014a, 2015) performed ground motion simulations

using a 3-D velocity structure model based on seismic surveys in the offshore area. They
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showed that although the accretionary wedge significantly affects ground motions at periods
of less than ~20 s, the 3-D velocity structure model has a relatively low accuracy at less than
~10 s. Guo et al. (2016) also validated a 3-D velocity structure model compiled based on
seismic surveys and pointed out the need to improve velocity structure models of the
accretionary wedge using both onshore and offshore observations.

The velocity structure models constructed on the basis of seismic surveys usually consider
only the travel time of seismic waves. To explain the amplitude and spectral features as well
as the travel time, improvements in velocity structure models using various types of data, e.g.,
horizontal-to-vertical (H/V) spectral ratios, are required (Koketsu et al., 2009). The time
histories of observed waveforms are the most effective form of data for such improvements
because they directly include the complex effects of 3-D velocity structures. Therefore, in this
study, we propose an inversion method of full-waveform data for 3-D velocity structures. We
introduce a multiscale approach to the method. As detailed in Chapter 2, this approach can
overcome problems associated with the initial estimate required for the inversion as well as
the computational cost of 3-D forward simulations. Next, we apply this method to the
estimation of the 3-D velocity structure of the accretionary wedge in the Tonankai region,
where the 1944 Tonankai earthquake occurred. Our waveform inversion uses time-history
waveforms recorded by an ocean-bottom observation network installed inside the
accretionary wedge as well as the onshore observation network. Then, using the 3-D velocity
structure model improved by the waveform inversion, we perform 3-D ground motion
simulations to evaluate the effects of the accretionary wedge on ground motions at the land
area.

In hypocenter determination, magnitude estimation, and rupture process modeling of
offshore earthquakes along the Nankai Trough, it is also important to consider the effects of
the accretionary wedge (Nakamura et al., 2015). On the basis that ground motions in the
offshore area are significantly amplified by sediments of the accretionary wedge,

Hayashimoto and Hoshiba (2013) and Nakamura et al. (2014a) demonstrated that the
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magnitude estimate based on offshore observations can lead to a large overestimation.
Moreover, Obana et al. (2009) and Nakano et al. (2015) demonstrated that in hypocenter
determination based on offshore observations, the use of 3-D velocity structure models with
the accretionary wedge can provide more accurate estimations of source locations. These
studies focused mainly on offshore observations. Although source analyses with offshore
observations will be widely used, records obtained by ocean bottom seismometers often
suffer from long-period noises, strong nonlinear effects, and scale-out caused by intense
shakes during large earthquakes (e.g., Yamamoto et al., 2004; Hayashimoto and Hoshiba,
2013; Kobayashi and Araki, 2016). Consequently, offshore observations alone can
deleteriously affect source analyses, and their combined use with onshore observations is
reasonable. Nevertheless, few studies have demonstrated the effects of the accretionary
wedge on source analyses based on onshore observations.

Because the occurrence potential of a forthcoming subduction earthquake along the Nankai
Trough is high (Headquarters for Earthquake Research Promotion, 2013), an insight into the
effects of the accretionary wedge on source analyses based on onshore observations is
essential. To achieve this goal, we also attempt to estimate the rupture process of the 1944
Tonankai earthquake, which was one of the most recent great subduction earthquakes, using
the 3-D velocity structure model with the accretionary wedge. The rupture process estimated
by appropriately incorporating the effects of the accretionary wedge can play an important
role not only in better understanding the generation mechanism of recurring subduction

earthquakes but also in accurately predicting ground motions for future events.

1.2 Structure of this study

This study consists of five chapters. The current chapter serves as an introduction.
Chapter 2 presents the waveform inversion with the multiscale approach for the 3-D

velocity structure of an accretionary wedge. First, we describe our inversion method. Next,
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we perform synthetic tests to confirm the validity of the method. Then, we estimate the 3-D
velocity structure of the accretionary wedge by applying the method to real data. Finally, we
validate our velocity structure model and compare it with the previous studies.

Chapter 3 clarifies the effects of the accretionary wedge on ground motions at the land area.
We evaluate these effects by performing 3-D ground motion simulations for numerous
seismic sources, in which the velocity structure model provided in Chapter 2 is used. We also
discuss several important propagation mechanisms associated with the effects.

In Chapter 4, we estimate the rupture process of the 1944 Tonankai earthquake by the
waveform inversion of strong-motion data; 3-D Green’s functions are used for the estimation,
which provide better accuracy than 1-D Green’s functions used in previous studies. In
calculating 3-D Green’s functions, the velocity structure model updated by the waveform
inversion of Chapter 2 is also utilized. We also discuss the relationships between the slip
distribution and crustal structures.

Chapter 5 presents the conclusions of this study.
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Figure 1 Map of the Nankai Trough. Orange and green stars mark epicenters of the 1944
Tonankai and 1946 Nankai earthquakes. Open and solid stars denote epicenters of the 2004
off the Kii Peninsula earthquake and its largest foreshock, respectively. The aqua-shaded area
indicates the source region of subduction earthquakes along the Nankai trough. Two blue

lines denote the divisions of the source region. Red contours indicate the thickness of the

accretionary wedge in the model of Koketsu et al. (2008, 2012).
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Waveform inversion for the 3-D velocity structure of an accretionary
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Chapter 3
Effects of the accretionary wedge on ground motions

3.1 Introduction

The waveform inversion in Chapter 2 constructed a 3-D velocity structure model of the
accretionary wedge along the Nankai Trough. Compared with the model based on seismic
surveys, the new model is more suitable for reproducing ground motions. Our model makes it
possible to accurately understand and quantitatively evaluate the effects of the accretionary
wedge. In this chapter, we perform 3-D ground motion simulations to investigate (i) the
effects of the accretionary wedge on ground motions in the land area and (ii) the propagation
mechanism associated with such effects. Because subduction earthquakes usually occur in
spatially diverse source locations, some previous studies (Shapiro et al., 1998, 2002;
Watanabe et al., 2014) have suggested that the effects of the accretionary wedge are likely to
be governed by the source location. Taking this suggestion into consideration, we simulate

ground motions for numerous seismic sources over a wide offshore area.

3.2 Ground motion simulation method

We deployed 780 virtual point sources with spatial intervals of ~5 km to cover the plate
boundary in the Tonankai region (Fig. 3.1). Each point source was modeled to release a pure
reverse slip (rake = 90°) with a bell-shaped moment rate function with a rise time of 6 s. The
assumptions of strike and dip were based on the 3-D geometry of the subducting Philippine
Sea plate in the velocity structure model of Koketsu et al. (2008, 2012). We calculated
velocity waveforms (0.05-0.25 Hz) at three sites (Fig. 3.1) using the 3-D finite-element

method with voxel meshes, as in the forward simulations for the waveform inversion in
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Chapter 2. The size of the voxel meshes was 200 and 400 m for depths shallower and deeper
than 7.4 km, respectively. Topography, ocean water, and constant Qp and Qs values over a
wide-frequency band were implemented in the calculations. To save computational time, a
source-receiver reciprocity method for seismic wavefields was jointly utilized in the
simulations, following Graves and Wald (2001).

We defined the effect of the accretionary wedge as the difference in the waveforms
simulated in velocity structure models with and without the accretionary wedge. The final
model obtained by the waveform inversion in Chapter 2 was used as the velocity structure
model with the accretionary wedge. The velocity structure model without the accretionary
wedge was generated by replacing the S-wave velocities of 0.6, 1.2, and 2.2 km/s (Table 2.3
and Fig. 3.2a) with 2.4 and 3.2 km/s (Table 3.1 and Fig. 3.2b). We evaluated and discussed
the effects of the accretionary wedge in terms of amplitude, duration, and period, which are

important indicators for ground motions.

3.3 Results

For three sites, Figure 3.3 illustrates the ratios of the horizontal peak ground velocities of
the model with the accretionary wedge to the model without the accretionary wedge. We can
see that the accretionary wedge has the effect of lessening the peak amplitudes of the ground
motions. The longer distance the seismic waves travel within the accretionary wedge, the
stronger this effect becomes. For example, at site E (Fig. 3.3a), peak ground velocities of the
model with the accretionary wedge were only ~20% of those of the model without the
accretionary wedge for sources on the eastern edge of the Tonankai region, whereas there
were no pronounced differences between the two models for sources closest to E. Figure 3.4
compares differences between the two models in terms of the recorded times of the horizontal
peak ground velocities. We can see that the accretionary wedge also has the effect of delaying

the recorded times, i.e., elongating the duration of the ground motions. This effect depends on
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the source depth rather than the path length in the accretionary wedge. For sources with
depths of more than ~10 km, differences between the two models were small; by contrast, for
sources with depths of less than ~10 km, the model with the accretionary wedge showed
substantial delays (of more than one minute) in the recorded times relative to the model
without the accretionary wedge. These delays are associated with the development of later
phases in the accretionary wedge. Figure 3.5 shows a comparison of waveforms of the two
models at site G for three sources, Q, R, and S (Fig. 3.1), along the profile A—B. For source Q,
the waveform of the model with the accretionary wedge indicated an amplitude reduction in
the direct wave at a lapse time of ~50 s and prominent later phases. These features are clearly
recognized for source Q, and they are sufficiently small to be ignored for source S.

The sources with depths of less than ~10 km lie under the area where sediments of the
accretionary wedge initiate thickening similar to that of a basin edge. If we regard the
accretionary wedge as a basin, the origin of later phases for source Q can be interpreted to be
basin-induced surface waves (e.g., Bard and Bouchon, 1980a, b; Kawase, 2003) excited at the
boundary between the accretionary wedge and the crust near the trough axis. Figure 3.6
indicates that basin-induced surface waves with large amplitudes emerge from close to the
epicenter, following S waves. We suggest that such basin-induced surface waves can play a
significant role in elongating the duration of ground motions.

By simulating 2-D microseismic wavefields, Gualtieri et al. (2015) implied that the effects
of oceanic sediments on ground motions at the land area depend on frequency. In this study;,
we found that the amplitude reduction caused by the accretionary wedge in the Tonankai
region is mainly restricted to periods of less than 10 s (Fig. 3.7). The waveforms in the period
range of 4-10 s for source Q (Fig. 3.8a) also support this finding. On the other hand, the
waveforms in the periods beyond 10 s for the model with the accretionary wedge had similar
peak amplitude and significantly longer duration relative to that of the model without the
accretionary wedge (Fig. 3.8b). Therefore, we suggest that the accretionary wedge has the

effect of trapping only shorter-period waves and efficiently transmitting longer-period waves
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toward the land area.

3.4 Discussion
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Figure 3.1 Depths of the point sources used to evaluate the effects of the accretionary
wedge. The rectangle area and triangles denote the area of the waveform inversion in Chapter

2 and stations, respectively.
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Figure 3.2 Cross-section views of the velocity structure models (a) with and (b) without the
accretionary wedge along the profile A-B (Fig. 3.1). The waveforms for sources Q, R, and S

are shown in Figure 3.5.
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Table 3.1 Physical Parameters of the Two Layers in the Model without the Accretionary

Wedge
Layer No.  Vp (kmvs) Vs (kmvs) p (kg/m’) Qp Qs
1 4.2 2.4 2450 680 400
2 55 3.2 2650 680 400
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Figure 3.3 Maps of the ratios of the horizontal peak ground velocities of the model with the
accretionary wedge to the model without the accretionary wedge for sites E, F, and G. Solid

contours mark the depth distribution of the top of the Philippine Sea plate.
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Figure 3.4 Maps of differences between the models with and without the accretionary
wedge in terms of the recorded times of the horizontal peak ground velocities for sites E, F,
and G. Red means that the record time of the model with the accretionary wedge is more

delayed than the model without the accretionary wedge.
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Figure 3.5 Velocity waveforms (0.05-0.25 Hz) of the models with and without the

accretionary wedge at site G for sources Q, R, and S.
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Figure 3.6 \elocity waveforms (0.05-0.25 Hz) along the profile from source Q to site G.

The number on the right side of each waveform denotes the peak amplitude.
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Figure 3.7 Maps of the ratios of the horizontal peak ground velocities of the model with the

accretionary wedge to the model without the accretionary wedge in the period ranges of 4-10

and 10-20 s for site G.
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Figure 3.8 \elocity waveforms of the models with and without the accretionary wedge at

(@) 4-10 s and (b) 10-20 s at site G for source Q.
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Chapter 4
Source inversion of the 1944 Tonankai earthquake incorporating the

effects of the accretionary wedge

4.1 Introduction

In Chapter 3, we have revealed the effects of the accretionary wedge on ground motions by
performing ground motion simulations. To accurately estimate the rupture processes of
offshore earthquakes along the Nankai Trough, these effects should be adequately separated
from observed waveforms. Although 1-D velocity structure models are often used for
calculating Green’s functions in source inversions, 1-D Green’s functions cannot incorporate
the effects of the accretionary wedge. The use of 3-D Green’s functions (e.g., Grave and Wald,
200I; Liu and Archuleta, 2004; Guo et al., 2013) can address this issue. Kagawa et al. (2012)
also demonstrated the applicability of 3-D Green’s functions to source inversions by
estimating the rupture process of the 1946 Nankai earthquake (Fig. 1). In this chapter, we
estimated the rupture process of the 1944 Tonankai earthquake by the inversion of
strong-motion data using 3-D Green’s functions calculated for the velocity structure model
refined by Chapter 2. The source region of this earthquake roughly coincided with the area of
the waveform inversion for 3-D velocity structures of the accretionary wedge in Chapter 2.

There are several previous studies that proposed source models of the 1944 Tonankai
earthquake using geodetic data (Sagiya and Thatcher, 1999), tsunami waveform data (Tanioka
and Satake, 2001; Baba and Cummins, 2005; Baba et al., 2006), or both (Satake, 1993; Kato
and Ando, 1997). These studies suggested a roughly similar slip distribution, i.e., a large slip
occurred off the Kii Peninsula, and a medium slip occurred off the Atsumi Peninsula. On the
other hand, results estimated using teleseismic and/or strong-motion waveforms (Ichinose et

al., 2003; Yamanaka, 2004) suggested that there was no large slip off the Kii Peninsula.
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Because strong-motion data are much more sensitive to 3-D velocity structures than other
types of data (e.g., Wald and Graves, 2001), the use of 3-D Green’s functions can provide a

more reliable result.

4.2 Method and data

We performed the source inversion using the method of Yoshida et al. (1996) and Hikima
and Koketsu (2005) based on the formulation of multiple time windows. We assumed a fault
plane (210 x 135 km?; Fig. 4.1) based on the aftershock distribution, Nakanishi et al. (2002a),
and Koketsu et al. (2008, 2012). Compared with the studies of Ichinose et al. (2003) and
Yamanaka (2004), this fault plane fits better with the 3-D geometry of the subducting
Philippine Sea plate. The fault plane was divided into 15 x 15 km? subfaults. The subfaults
had different strike and dip angles depending on the 3-D geometry of the subducting
Philippine Sea plate. At the shallow part of the fault plane, we did not assume any branching
of the fault because the shallow splay fault has sensitivity to tsunamis rather than ground
motions (e.g., Park et al., 2002). The slip vector on each subfault was represented by a linear
combination of two components in the direction of 90° +45°, and the time history of each
component was represented by five ramp functions with a rise time of 3 s. The epicenter
(latitude: 33.70°N, longitude: 136.05°E) and origin time (13:35:39 on December 7, 1944
JST) were based on Kanamori (1972). The rupture velocity for the first time window on each
subfault was determined to be 3.0 km/s.

We used displacement waveforms recorded by 14 Central Meteorological Observatory
(CMO) stations (Fig. 4.2). These data were digitized and corrected by Ichinose et al. (2003)
and Yamanaka (2004). All waveforms were bandpass-filtered between 0.05 and 0.25 Hz and
re-sampled every 0.5 s. At most stations except KOC and MRT, pendulums went off scale
and only the direct waves were available for the inversion. The off-scale amplitudes also

made us rely on the waveforms at only stations KOC and MRT, which had long durations, to
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estimate the slip at a later stage. Therefore, a slightly strong weight of the spatiotemporal
smoothness constraints was adopted to stabilize the inversion.

We calculated 3-D Green’s functions using the finite-element method with voxel meshes
and the source-receiver reciprocity method for seismic wavefields. The size of the voxel
meshes was 200 and 400 m for depths less and greater than 7.0 km, respectively. Topography,
ocean water, and constant Qp and Qs values over a wide-frequency band were implemented in
the calculations. We used the velocity structure model identical to the final model in Chapter
2. A 3-D velocity structure model based on seismic surveys (Guo et al., 2016) was also
adopted for the outside of the area of the waveform inversion in Chapter 2. Note that the
velocity structure model of the accretionary wedge in such areas, namely in the Nankai and
Tokai regions, has not been calibrated owing to the absence of seafloor observations. We
included instrumental responses of seismographs in the calculated Green’s functions instead

of removing instrumental responses from the data.

4.3 Results

Figure 4.3 illustrates the slip distribution of the estimated source model. The maximum slip
was ~5 m at the southeast of the epicenter. The total seismic moment was 2.3 x 10?* Nm (M,
8.2). The synthetic waveforms calculated for this source model recovered reasonably good
observations (Fig. 4.4). Figure 4.5 illustrates snapshots of the slip distribution every 5 s after
rupture initiation. We can see that no large slips occurred in the first 15 s. At 20-35 s, the
rupture propagated through the deep portion and toward the shallow portion of the fault plane,
generating large slips. Although the shallow rupture weakened at 35-50 s, the deep rupture
efficiently propagated eastward and grew to the shallow, large slip at the eastern portion of
the fault plane (5570 s). The snapshots and the moment rate function (Fig. 4.6) show that the
total rupture duration was ~75 s.

To evaluate the influence of the abrupt lateral variation in the final model of Chapter 2, we
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also estimated the source model by using 3-D Green’s functions calculated for the smoothed
final model of Chapter 2. This source model (Fig. 4.7) also yielded a seismic moment of
2.3 % 10% Nm (M,, 8.2) and a maximum slip of ~5 m. Because direct waves show little
sensitivity to the abrupt lateral variation in the final model of Chapter 2 (e.g., Fig. 2.38), there
is little difference between the slip distribution of Figure 4.3 and that of Figure 4.7. In other
words, such abrupt lateral variation does not deleteriously affect the result of the source

inversion.

4.4 Discussion

4.4.1 Effects of the accretionary wedge on source inversions

As discussed in Chapter 3, the accretionary wedge has the effect of reducing the amplitude
of ground motions in the land area. Therefore, the amplitudes of direct waves in the 3-D
Green’s functions are small (Fig. 3.5). This suggests that compared with the analyses using
3-D Green’s functions without the accretionary wedge or 1-D Green’s functions, larger slips
are required to explain the observations. Figure 4.8 illustrates the slip distribution estimated
by using 3-D Green’s functions without the accretionary wedge. This source model yielded a
seismic moment of 2.2 x 10% Nm (M, 8.2) and a maximum slip of ~4 m, which were slightly
smaller than those for the source model with the accretionary wedge. This source model
could not clearly resolve the large-slip areas seen in the source model with the accretionary
wedge. Moreover, the seismic moments and the maximum slips estimated using 1-D Green’s
functions (Ichinose et al., 2003; Yamanaka, 2004) were also smaller than our source model
with the accretionary wedge, i.e., 1.2 x 10°* Nm (M,, 8.0) and ~2 m for Ichinose et al. (2003)
and 1.5 x 10** Nm (M,, 8.1) and ~4 m for Yamanaka (2004).

As mentioned in Section 4.1, Ichinose et al. (2003) and Yamanaka (2004) showed that no
large slips occurred in the shallow area of the western portion of the fault plane (Fig. 4.9). On

the other hand, our source model with the accretionary wedge has revealed a large slip in this
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area, thus supporting previous studies that used tsunami waveform and geodetic data.
Although the precise location of this shallow slip agrees well with the result of Baba et al.
(2006), who estimated a high-precision slip distribution using tsunami waveform data, that of
the deep slip near the Shima Peninsula is somewhat different from the result of Baba et al.
(2006). The two shallow slips at the western and eastern portions of the fault plane also
correspond to two large slip deficits in the Tonankai region, as observed by seafloor geodetic
observations (Yokota et al., 2016). Therefore, we suggest that if 1-D Green’s functions
without the effects of the accretionary wedge are used for source inversions for subduction
earthquakes along the Nankai Trough, slip distributions cannot be appropriately estimated.
Because of the existence of these two shallow slips, the duration of ground motions at the
land area can be prolonged by significant surface waves (Fig. 3.5). The long durations of
ground motions observed in the Kanto basin (Furumura and Nakamura, 2006; Furumura et al.,

2008) may be explained by these shallow slips.

4.4.2 Slip distribution and crustal structures

Our source model showed that the shallow slip in the western portion of the fault plane
extended close to the trough axis, where a slip of ~3 m was estimated. In this area, seismic
reflection profiles (Park et al., 2002) found splay faults branching upward from the plate
boundary. Submarine core records (Sakuguchi et al., 2011) also found evidence that a slip
occurred on at least the splay fault during the 1944 Tonankai earthquake. Although our fault
plane did not include any branching, the slip extension to the trough axis means that the slip
may have occurred on the splay fault. Because inversions based only on onshore observations
cannot distinguish among plate-boundary slip, splay-fault slip, and slip partitioning (e.g.,
Baba et al., 2006, Sakuguchi et al., 2011), source inversions using both onshore and offshore
observations are required for future subduction earthquakes along the Nankai Trough. To
perform such source inversions, more detailed velocity structure models in the offshore area

are essential and the effects of the accretionary wedge on offshore ground motions should be
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appropriately evaluated.

Nakanishi et al. (2002b) found a particularly irregular oceanic crust around latitude 33.7—
33.9°N and longitude 137.1-137.3°E, and they regarded it as a subducting seamount. This
seamount is located in the area between two shallow slips at the western and eastern portions
of our fault plane. Our source model has shown that the rupture propagated avoiding the
seamount (35-50 s in Fig. 4.5), and the total slip around it was small (Fig. 4.3). Therefore, we
suggest that the segmentation of large-slip areas is related to the existence of a seamount; in
other words, the seamount itself cannot produce a large slip. Such segmentation was also
reported for the 1946 Nankai earthquake (e.g., Kodaira et al., 2000; Murotani et al., 2015).
Moreover, recent seafloor geodetic observations (Yokota et al., 2016), which have better
resolving power than conventional onshore observations (e.g., Loveless and Meade, 2010),
provided a detailed distribution of the slip deficit along the Nankai Trough and detected the

segmentations associated with seamounts.
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Figure 4.1 Fault plane (black grids) of the 1944 Tonankai earthquake. The background color

represents the total thickness of the accretionary wedge. Contours mark the depth distribution

of the top of the Philippine Sea plate. Solid star marks the epicenter.
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Figure 4.2 Epicenter (star), fault plane (rectangular area), and strong-motion stations

(triangles) of the 1944 Tonankai earthquake.
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Figure 4.3 Slip distribution of the 1944 Tonankai earthquake (estimated using the final

model of Chapter 2). Arrows indicate subfault slips on the hanging wall. Purple circles denote

epicenters of the aftershocks until January 11, 1945 (JST).
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Figure 4.5 Snapshots of the slip distribution every 5 s.
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Figure 4.9 Inversion results of Ichinose et al. (2003) and Yamanaka (2004).
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Chapter 5

Conclusions

We have proposed a full-waveform inversion method for 3-D velocity structures. In this
inversion, the thicknesses of the layers in the velocity structures are model parameters; thus,
the 3-D geometries of the layer boundaries are estimated. The partial derivatives with respect
to model parameters are calculated by a finite-difference approximation. Our inversion
introduced an efficient approach, termed the multiscale approach, in which the inverted
frequency band is expanded from low frequency to high frequency. The multiscale approach
is effective in overcoming local minima in the inversion problem and is suitable for cases in
which the initial model is far from the solution. Moreover, the multiscale approach has the
advantage of significantly reducing the total number of 3-D forward simulations for
calculating partial derivatives with respect to model parameters. By performing synthetic
tests, we have confirmed the validity of the multiscale waveform inversion.

Subsequently, we have applied the multiscale waveform inversion to real data to estimate
3-D velocity structures of the accretionary wedge in the Tonankai region. The waveforms
(0.08-0.25 Hz) recorded at both onshore and offshore stations during a 6.0 M,, earthquake
were used for the inversion. We have used a 3-D velocity structure model of the accretionary
wedge, which was compiled based on several seismic surveys, as the initial model. We have
performed the inversion from 0.08-0.125 to 0.08-0.25 Hz. When updated by the inversion,
the velocity structure model of the accretionary wedge had thicker low-velocity layers and
was richer in lateral variation than the initial model. We have performed several validation
tests and concluded that the updated model was better than the initial model in terms of
reproducing observed ground motions.

Next, we have deployed numerous virtual point sources to cover the plate boundary in the

Tonankai region and performed 3-D ground motion simulations to evaluate the effects of the
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accretionary wedge on ground motions in the land area. The updated velocity structure model
of the accretionary wedge has been used for the simulations. The simulation results have
shown that the accretionary wedge has the effect of decreasing the peak amplitude and
elongating the duration of ground motions. The duration of ground motions for shallow
sources with a depth of less than ~10 km is significantly long because of the existence of
large basin-induced surface waves excited at the boundary between the accretionary wedge
and the crust near the trough axis. We have also found that the amplitude reduction is
restricted to periods of less than ~10 s. This finding can explain the predominant period of
ground motions observed in the land area. Moreover, owing to the coupling effect between
the accretionary wedge and ocean water, the amplitude reduction of fundamental-mode
Rayleigh waves caused by seawater occurs at periods longer than those in the case of the
absence of the accretionary wedge. We suggest that ground motions in the land area are
dominated by higher-mode surface waves because fundamental-mode surface waves are
significantly trapped by the accretionary wedge and seawater.

Finally, we have estimated the rupture process of the 1944 Tonankai earthquake by the
inversion of strong-motion data, for which 3-D Green’s functions were calculated. The
seismic moment and maximum slip were estimated to be 2.3 x 10 Nm (M, 8.2) and ~5 m,
respectively, which were larger than the results of the 1-D Green’s functions and 3-D Green’s
functions without the accretionary wedge. The estimated large-slip areas are consistent with
the large slip deficits observed by seafloor geodetic observations. We suggest that owing to
the de-amplification effect of the accretionary wedge on ground motions at the land area,
source inversions using 1-D Green’s functions or 3-D Green’s functions that do not consider
this effect can result in underestimations of the seismic moment and the maximum slip.

The multiscale waveform inversion for 3-D velocity structures proposed by this study is
also applicable to other regions such as sedimentary basins in the land area. Since the
multiscale waveform inversion can reduce 3-D computational costs, we believe that it will be

widely used to improve 3-D velocity structure models. Because no ocean-bottom observation
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networks were available in the Nankai and Tokai regions in 2016, we have improved the
velocity structure model of the accretionary wedge only in the Tonankai region. Future
observation networks in the Nankai and Tokai regions will enable the improvement of 3-D
velocity structure models and allow for a better understanding of the effects of the
accretionary wedge, following the approach presented here.

The details of the effects of an accretionary wedge depend on its 3-D velocity structures
and thus have regional dependence. However, accretionary wedges along other subduction
zones are likely to show effects that are qualitatively similar to those observed for the
Tonankai region because they also have 3-D sedimentary structures with low velocities. In
particular, the effects seen for propagation mechanisms suggested by this study, such as
basin-induced surface waves and frequency dependencies, may provide valuable insights into

the effects of accretionary wedges along other subduction zones.
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