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Abstract

An M, 5.5 earthquake occurred at 13 km depth under the Osaka Basin, Japan, on June 18, 2018. Observed ground
motions in the Osaka Basin exhibited a complex wavefield following the arrival of the direct S-wave due to the three-
dimensional structure of the sedimentary layers of the basin. We conduct a ground motion simulation with a finite
source model for this earthquake using three-dimensional velocity structure models of the Osaka and Nara sedimentary
basins to investigate the strong motion generation mechanism and to validate the three-dimensional basin structure
models. The three-dimensional Osaka sedimentary basin model has been constructed following the strategy of
constructing a depth model of isochronous surfaces and converting the depositional age structure into the seismic wave—
velocity structure employed in a former model, summarizing depth data of key horizons from the reflection surveys,
borehole investigations, PS-P travel time difference data from the strong motion observations, and the surface-wave
predominant frequency from the horizontal-to-vertical spectral ratio of microtremor observations. Ground motion is
calculated up to 2 Hz using the three-dimensional finite difference method for the three-dimensional sedimentary
structure for Vg > 350 m/s and the equivalent linear method for the Holocene and Pleistocene deposits. Peak ground
velocity distribution of the simulation shows large values distributed southwest of the epicenter, which agrees with the
observed distribution. This feature is due to the S-wave radiation pattern of the northeast-to-southwest striking fault
plane, one of the two fault planes comprising the coseismic fault, enhanced by the rupture propagation toward the
southwest-updip on this fault plane, and further raised by the amplification effect of the sedimentary layers. The
calculated ground motion shows a complex wavefield in which waves are generated in the basin after the arrival of the
direct wave and propagate in various directions. Calculated arrivals of the later phases are in agreement with the
observed waveforms. The later phases are the multiple reflections between the surface and the basin bedrock or the
surface waves generated at the basin edge or the step-like bedrock topography under the sediment due to the active
faults. The later phases sometimes have larger amplitude than those of the direct S-waves, depending on the time and
location. Our results show that the three-dimensional sedimentary basin model has high ability to reproduce the ground
motion up to 2 Hz. However, there are sites where the reproduction is not successful, particularly near the basin edge.
Poor-fit stations were also seen far from the epicenter and near the step-like bedrock topography. The Q-factor of the
sediment is examined by fitting the velocity envelope of the later phases. We obtain Q = 0.45V5 in 0.1-0.5 Hz, Q =
0.26V5 in 0.5-1.0 Hz, and Q = 0.15V5 in 1.0-2.0 Hz, where Vs is the S-wave velocity (m/s), indicating a decreasing Q
with increasing frequency in this range.

Keywords: ground motion simulation; sedimentary layer;, Osaka Basin; the 2018 Northern Osaka Prefecture
earthquake; finite difference method
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1. Introduction

The 2018 Northern Osaka Prefecture earthquake (2018 June 18 07:58 JST) was not a big earthquake (M,,
5.5) but caused strong motion in nearby Osaka and Kyoto basins. Peak ground velocities (PGVs) exceeding
40 cm/s were observed up to 10 km from the epicenter (Fig.1), and the seismic intensity reached lower 6 on
the Japanese seven-stage seismic scale. The coseismic fault is located under a densely populated area. The
earthquake caused a lot of building damage and elevator traps. The paralysis of public transportation yielded
many stranded people.

More than 70 strong motion stations in the Osaka basin recorded the ground motion of this earthquake
(Fig.1). The observed waveforms in the Osaka basin have complex later phases after the direct waves, which
are considered to be generated in the sediment of the basin (Fig.2). The later phases sometimes have larger
amplitudes than the direct waves (Fig.2).

The velocity structure of the Osaka sedimentary basin has been extensively modeled and revised since
the 1990s [1-9] for use in evaluation of the seismic response of the basin and prediction of ground motion for
anticipated future great earthquakes.

In this study, we perform a ground motion simulation of the 2018 Northern Osaka Prefecture earthquake
with the latest velocity structure model [9] of the basin, examine the performance of the velocity structure
model, and analyze the ground motion generation mechanism of the basin. The earthquake is not small and
occurred beneath the basin, which enables us to examine the response of the basin in a fairly wide frequency
range (0.1-2.0 Hz) without needing to take into account the velocity structure outside the basin.
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Fig. 1 — Observed peak ground velocity (PGV) distribution. The blue star indicates the epicenter of the
earthquake. The red rectangle indicates the area of ground motion simulation.
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Fig. 2 — Observed velocity waveforms and their pseudo velocity response spectra at sites AMA and MRG.
Dashed lines indicate spectra for waves prior to the end of the direct S-wave (up to time indicated by the
gray lines on the waveforms).

2. Ground motion simulation

Ground motion is calculated in the 0.1-2.0 Hz range using the three-dimensional finite difference method
(FDM) [10] for the three-dimensional crustal and sedimentary structure of S-wave velocity (Vs) larger than
350 m/s and using the equivalent linear method [11] for the Holocene and Pleistocene deposits [12].

In the FDM simulation, the medium with Vs<350 m/s in the velocity structure model is replaced by the
medium with V=350 m/s. The grid interval is 25 m along the horizontal axes, 25 m down to 3 km depth, and
greater than that elsewhere along the vertical axis according to the medium S-wave velocity. An inelastic
attenuation effect is included in the form of a linear frequency-dependent Q operator, following the method
proposed by [13].

The source model used in the FDM simulation is one derived with the waveform inversion in 0.1-2.0
Hz [14]. The source model has two fault planes, a north-south-trending thrust fault (F1) and a northeast-
southwest trending dextral strike-slip fault (F2) located south of F1. The rupture initiated on F1 and started
on F2 0.3 s later. The moment release on F2 is larger than that on the other fault. The slip vectors and the
rupture propagation of the source model focus the maximum forward directivity effect in the southwest-
updip direction from F2.

The three-dimensional velocity structure model used in the FDM simulation combines the Osaka basin
model [9], the Nara basin model [15], and the crustal part of the Japan Integrated Velocity Structure Model
[16]. The Osaka sedimentary basin model [9] has been constructed following the modeling strategy of
constructing a depth model of an isochronous surfaces and converting the depositional age structure into the
seismic-wave-velocity structure employed in former models [5, 6], summarizing depth data of key horizons
from the reflection surveys, borehole investigations, PS-P travel time difference data from the strong motion
observations, and the surface-wave predominant frequency data from the horizontal-to-vertical spectral ratio
of microtremor observations. The survey and analysis data obtained under a Japanese Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) contract research project titled “Comprehensive Research
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on the Uemachi Fault Zone” [17] was included. The Nara basin model [15] has been constructed with the
same modeling strategy from the bedrock depth distribution model based on gravity anomaly, borehole data,
and the surface-wave predominant frequency from the horizontal-to-vertical spectral ratio of dense
microtremor observation.

The Q-factor in the FDM simulation is the same as the one used in [18] that estimated appropriate Q-
factors for the sediments in the Osaka basin with the FDM simulation in the 0.05-0.5 Hz range under the
formulation of [13]. It may not be appropriate to adopt this Q-factor in our simulation because our target
frequency range is different (0.1-2 Hz). Therefore, we examine the Q-factor setting later.
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Fig. 3 — Left: Bedrock depth distribution of the three-dimensional velocity structure model. Blue rectangles
indicate the two fault planes of the source model [14] projected onto the earth surface. The yellow dashed
line indicates the line along which calculated waveforms are shown in Fig.6. Right: Slip distributions on the
fault planes of the source model [14].

3. Results

PGV distribution of the calculated ground motion shows large values to the southwest of the epicenter,
which agrees with the observed distribution (Fig.4). This feature is due to the compound effect of the S-wave
radiation pattern of the northeast-southwest striking fault plane (F2), the rupture propagation toward the
southwest-updip direction on this fault plane, and the amplification by the sedimentary layers. Locally large
PGV is found along the margin of the basin, along the faults in the basin, and near the hollows of the bedrock
surface. This is due to the constructive interference of the seismic wave whose wavefront is largely deformed
at the curved or step-like bedrock surface. Overall, the calculated PGV distribution agrees with the
observation.

The calculated ground motion shows a complex wavefield in which a lot of later phases emerge from
various places in the basin after the arrival of the direct wave and propagate in various directions (Fig.5).
Analyzing the propagation of the later phases at depth, we find that they involve the multiple reflections
between the surface and the basin bedrock or the surface waves generated at the basin edge or the step-like
bedrock topography under the sediment due to the active faults. The later phases sometimes have larger
amplitudes than the direct S-waves. One example is the ground motion at MRG (Fig.2). MRG has a
relatively small direct wave because it is located near the minimum of the S-wave radiation pattern from F2.
However, the direct S-wave at the maximum of the forward directivity hits the earth surface directed toward
the south, while multiple reflections (Fig.5) produce relatively large later phases at MRG.
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Fig. 4 — PGV (vector summation of the three components) distribution of the calculated ground motion. Left:
The ground motion simulation with sedimentary layers. Colors in circles at observation sites indicate the
observed PGV. Right: The ground motion simulation without sedimentary layers.
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Fig. 5 — Snapshots of ground velocity (vector summation of the three components) of the calculated ground
motion.

Arrivals of the later phases are in agreement with the observed waveforms (Fig.6). However, the
correspondence of the observed and synthetic waveforms gets worse as the time proceeds. The later the
arrival of waves is, the more complicated the path of the waves from the source to the site. We see cases
where a strong later phase travels in a direction shifted from the desired direction (compare waves near AMG,
HYGPO3, and OSKP45 in Fig.6). We can see the possibility of further tuning of the velocity structure model.
On average, the amplitudes of the calculated waveforms underestimate the observation for the direct wave
portion but overestimate it for the later phases. Moreover, the later the arrival of waves is, the richer they are
in high-frequency components compared to the observation. The correlation between the observed and
calculated waveforms is judged with the goodness-of-fit criterion by [19] (Figs.7, 8). Most of the stations in
the Osaka basin earn a rating of fair or poor judgment. Poor-fit stations can often be seen at large distances
from the epicenter and near the step-like bedrock topography.
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Fig. 7 — Goodness of fit evaluation [19] at OSKP04 (left) and OSKHO2 (right). Waveforms in the middle are
of the observation (black) and the simulation (red). Frames above each waveform are the globally

normalized time-frequency envelope goodness-of-fits (TFEG) between the observed and calculated
waveforms. Frames below each waveforms are the globally normalized time-frequency phase goodness-of-

fits (TFPG) between the observed and calculated waveforms.
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Fig. 8 — Envelope goodness-of-fits (frequency-time average of time-frequency envelope goodness-of-fit
(TFEG)) distribution.

4. Examination of Q-factor

From the feature that later phases of the calculated waveforms overestimate the observation and have richer
high-frequency content, we explore a better setting for the Q-factor. We adopt the formulation of [13]

A=exp {%fot} , (1)

0

which means that the Q-factor for the other frequency becomes

L 2
0=20, 2)

The exploration of Q-factor setting is conducted as follows. We assume O, = al; as [14] did and perform

FDM simulation with various o values fixing f,= 0.2 Hz. We band-pass filter the calculated waveforms in

three narrow frequency ranges: 0.1-0.5, 0.5-1.0, and 1.0-2.0 Hz. We find the best & value for each site and
each frequency range that gives the smallest square sum of the residual between the observed and calculated
RMS velocity envelopes in the time range from 20 s and 60 s after the origin time. An & value of 0.1 with
f,=0.2 corresponds to the attenuation setting adopted in [20] (Fig.9). The best & value varies spatially and

with frequency (Fig.10). The « value most frequently found in the central part of the Osaka basin is 0.3 in
0.1-0.5 Hz, 0.07 in 0.5-1.0 Hz, and 0.02 in 1.0-2.0 Hz, which can be converted to Q = 0.45V; in 0.1-0.5 Hz,
Q =0.26V; in 0.5-1.0 Hz, and Q = 0.15V; in 1.0-2.0 Hz if we use the center frequency of each frequency
range. The Q-factor becomes smaller as the frequency increases in the range between 0.1 and 2.0 Hz,
although the difference is a factor of about 3.
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Fig. 9 — Comparison of RMS envelopes of observed and calculated ground motions at OSKP58.
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Fig. 10 — Best « values at the observation sites in three different frequency ranges.

5. Conclusion

We performed a ground motion simulation of the 2018 Northern Osaka Prefecture earthquake with the latest
velocity structure model of the Osaka basin, examined the performance of the velocity structure model, and
analyzed the mechanism of the ground motion generation in the basin.

PGV distribution of the simulation shows large values to the southwest of the epicenter, which agrees
with the observed distribution. This feature is due to the S-wave radiation pattern of the northeast to
southwest striking fault plane enhanced by the rupture propagation toward the southwest-updip direction,
and is further raised by amplification by the sedimentary layers. Locally large PGV is found along the
margin of the basin, along the faults in the basin, and near the hollows of the bedrock surface. This is due to
the constructive interference of the seismic wave whose wavefront is largely deformed at the curved or step-
like bedrock surface.

The calculated ground motion shows a complex wavefield containing multiple reflection waves
between the surface and the basin bedrock or the surface waves generated at the basin edge or the step-like
bedrock topography under the sediment due to the active faults. Arrivals of the later phases were in
agreement with the observed waveforms. Our results show that the three-dimensional sedimentary basin
model has a high ability to reproduce the ground motion up to 2 Hz. The matches between the observed and
calculated waveforms were fair or poor based on the goodness-of-fit criterion by [18]. Poor-fit stations were
seen at large distances from the epicenter and near the step-like bedrock topography.

We examined the Q value of the sediment by fitting the velocity envelope from 20 s and 60 s after the
origin time. We obtained Q =0.45Vin 0.1-0.5 Hz, Q = 0.26V; in 0.5-1.0 Hz, and Q = 0.15V; in 1.0-2.0 Hz,
indicating that Q decreases with increasing frequency in this range.
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