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Abstract

In 14 June 2008, Mj7.2 earthquake was occurred around the border of lwate and Miyagi prefecture, Japan. Some surface
ruptures are found along the eastern margin of the aftershock area by previous studies. We investigated source process by
inverting strong ground motion records. Assumed fault plane for our inversion was single west-dipping reverse fault. The
velocity structure models used in this study were estimated by using waveform modeling of moderate earthquakes that
occurred in the source region. The waveform inversion was conducted by using velocity waveforms recorded at 19 near-
source strong-motion stations of K-NET, KiK-net, Japan Meteorological Agency and dam site. The source model
indicated 3.4 X 10'°® Nm of the total moment release, and a large slip area with an average slip of 3.1 m which is located
in the southern shallow part of the hypocenter. This large slip area distributes in a depth between about 1 km (top of the
assumed fault plane) and 5 km. The velocity seismogram recorded near the large slip area, is strongly affected from the
shallow part (depth < 2 km) of the large slip area. In addition, distribution of the surface ruptures seems to be correlated
to the large slip area. Calculated crustal deformation in the east of the source area from the estimated source model agrees
with the observed one from InSAR data. Results of calculation of crustal deformation for various slip models indicated
that the deformation of the east of the fault is controlled by the shallow part (depth < 2 km) of large slip area.
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1. Introduction

The 14 June 2008 magnitude 7.2 (JMA) Iwate-Miyagi Inland earthquake occurred on a fault near the border
of Iwate and Miyagi prefecture, Japan. Recent dense strong-motion seismometer network recorded ground-
motion during the 2008 earthquake and produced many near-fault strong motion data. The earthquake
generated the strongest acceleration of 4-g ground-motion which has ever been recorded in the world at the
IWTH25 KiK-net station [1]. Moreover, several strong-motion stations located near the fault recorded more
than 1g accelerations and 60 cm/s velocities.

This earthquake is associated with surface ruptures on the east of the fault [2]. GNSS recordings and
satellite image indicate clear crustal deformation occurred by earthquake [3, 4]. The surface ruptures and the
crustal deformation suggest that the fault slip of this event extends to the Earth’s surface. Significant static
displacements are obtained from double integration of the strong motion acceleration records [e.g., 5]. These
dense data of the earthquake are suitable to discuss shallow fault slip and near-fault ground motion.

In this study, we make a kinematic source model using the near-fault records, and discuss shallow fault
slip. For this earthquake, several previous studies have proposed kinematic source models for long-period (<
1 Hz) ground motion [5, 6]. After these studies, strong motion records on the Aratozawa (ART) and Ishibuchi
(1SB) dams which located near the fault plane (Fig. 1) have published. We analyze a kinematic source model
using these new data with considering shallow fault slip.
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Fig. 1 Map showing stations used to analyze rupture models. Dots show epicenters of aftershocks that
occurred within 24 hours after the mainshock [7]. Blue cross shows surface ruptures [2].

2. Velocity Model

In order to obtain accurate Green's functions, we used an inverse scheme to determine a set of 1D stratified
velocity models adapted to each station. Several previous studies [8, 9, 10] constructed proper layered structure
models to each station based on the waveform modeling of small events and succeeded in obtaining the detailed
source rupture process. In this study, one-dimensional velocity model for each station are prepared following
[11].
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The waveform inversion method is a downhill-simplex method [12] for the Earth structure, which is
parameterized as a layered medium with P- and S-velocities. The initial model was taken from the structure at
the site location of the J-SHIS model. The objective function is defined by

f =210 - C)?/ZL, 0F +p )

where i is time, M is a number of sample, C; is synthetic seismogram which is calculated using the discrete
wavenumber method[13] and the Reflection/Transmission coefficient matrix method[14], and 0; is observed
seismogram. p is a penalty parameter, which constrains Vp/Vs ratio, defined by

p=vYi(a/a —1)° 2

where, a; is P-wave velocity at layer j; a;" is the P-wave velocity calculated from the S-wave velocity at layer
j using the empirical P- and S-wave velocity relation, which was derived from deep borehole logging data in
Japan [15], and y is the weight of the constraint.

Velocity models were inverted with fixed point source parameters and layer thicknesses using strong-
motion data from seven moderate-magnitude earthquakes within the rupture area of the main shock (Fig. 2).
The target acceleration seismograms were bandpass filtered between 0.2 Hz and 1.0 Hz and were integrated
into velocities. The focal mechanism and seismic moment provided by F-net were used. The inverted velocity
structure models are shown in Fig. 3.

In order to examine the appropriateness of the inverted velocity structure model, we simulated the
waveforms of the A5 (Mw4.6) earthquake (Fig. 1) assuming a point source with a rise time of 0.35 s. The
observed and synthetic velocity waveforms band-pass filtered between 0.2 Hz and 1 Hz are compared in Fig.
4. The synthetic waveforms using the inverted velocity structure models shown in Fig. 3 reasonably explain
the observed waveforms.
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Fig. 2 Map showing aftershocks and stations used in the velocity model inversion. Black and red rectangular

indicates projection of an assumed fault plane for the inversions. Cross indicates the location of the surface
rupture associated with the earthquake [2]. A5 indicates the epicenter of the event in Fig. 4.
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Fig. 3 Estimated velocity structure models.
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Fig. 4 Comparison of the observed and synthetic velocity waveforms (0.2-1.0 Hz) for the aftershock (A5).

3. Source Model

We performed waveform inversions for west-dipping single planar fault. Assumed fault plane was taken from
the aftershock distribution determined from double-difference analysis of dense observation network data [7]
(Fig. 2). The dimension of the fault plane is 42 km along strike and 16 km along dip. The strike and dip angles
are N200° E and 40°, from the aftershock distribution [7]. Note that some researches proposed conjugate fault
pair model for this event. This will be discussed in later section.

We applied multi-time-window linear waveform inversion procedure [16] to estimate the rupture
process. We used the near-fault strong-motion data obtained from 15 stations of K-NET and KiK-net (borehole
data used), 1 station of JMA (Japan Meteorological Agency), and 2 stations of dam site (ART and ISB). The
data were windowed for 30 s, starting at P-wave arrival time, and band-pass-filtered between 0.05 to 1 Hz
(period of 1-20 s) for waveform inversion. The accelerograms were integrated into ground velocities with a
sampling frequency of 8 Hz.

Theoretical Green's functions were calculated using the discrete wavenumber method [13] and the
Reflection/Transmission coefficient matrix method [14] using the 1D layered medium estimated in the section
2. In the multi-time window linear waveform inversion procedure, the moment-release distribution was
discretized in both space and time. The fault plane was divided by a 2-km square subfault into 22 along strike
and eight along dip. We distributed four point sources at a 667 m interval inside each subfault to consider the
rupture propagation effect [17]. We aligned 14 smoothed ramp function having duration of 1.8 s at an interval
of 0.9 s. This allows 6.8-s moment release for each subfault at a maximum. The weight of the smoothing
constraint for inversion with a certain Ver value was determined based on Akaike's Bayesian Information
Criterion (ABIC) [18] following the previous studies [e.g., 19], and the inversion solution that gave the
minimum misfit among those with different Vet was selected as the best model.
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Table 1 summarizes the inversion result. The total moment release was 3.4 X 10*® Nm, and the estimated
average slip of the entire fault was 1.7 m. Vet was searched in the range of 2.4-3.2 km/s and was determined
to be 2.6 km/s by the minimum ABIC.

Final slip distribution is shown by Fig. 5a. The largest slip is 5.9 m at the southern shallow part of the
hypocenter. The rigidity to obtain slip on the subfault from subfault moment release is obtained from the
velocity model. We assumed Vs;=2.7 km/s for the shallow layer (corresponds to the shallowest subfault) of
the fault plane, which is discussed in later section. The final slip distribution shows that a large slip area on the
southern shallow part of the fault (A1) was found (Fig. 5a). This large slip area corresponds to the asperity
region defined by Somerville's criterion [20]. The average slip of Al region is 3.1 m.

Comparison between the observed and synthetic velocity waveforms is shown by Fig. 6. In appearance,
the synthetic waveforms agreed with the observed ones, excepted at some stations. Although we have not used
displacement waveforms to fit, the synthetic displacement waveforms also agree with the observed
displacement obtained from double-integration of the acceleration record with baseline correction [21] (Fig.
7). Contributions of the Al on the ground motions (Fig. 6) showed that radiated waves from the A1 dominated
the synthetic ground motions on the stations around the east and west of the fault plane (middle column in the
Figure). In particular, the shallowest sufaults of Al region (ALS) significantly affects to the velocity
waveforms near the Al area, e.g. ART and IWTH26D.

Distribution of peak of moment rate function are shown in Fig. 5b. We identified a high peak moment-
rate area (hereafter HRA) by a similar procedure to identify asperities [20]. In this procedure, we used peak
moment rate distribution instead of a slip distribution in order to determine the high rate region. Two HRAs
were identified; one (H1) is near region to the asperity and another (H2) is on the south part of the fault. The
H1 region is located on the similar area of the Al asperity region. However, the ALS (the shallowest subfaults
of the Al asperity) region do not include in the HRA region. Moment rate functions of the shallow subfaults
in the asperity region show long durations (=large slip) and somehow low peaks (=slow slip rate) than the ones
of the deeper subfaults in the HRA. The slow and large slip in the shallow region suggested that ruptures in
this region was dominated by frictions in the shallow weak zone [22].

H2 region may contribute strong motion for the southern stations. However, we focused on the surface
rupture and shallow fault slip and did not argue this region in this study.

Table 1 Estimated fault parameters.
Mo (Nm) Mw  Ver (km/s) Maxslip (m)  Average slip (m)
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Fig. 5 a) Estimated total slip distributions. Star indicates the rupture starting point. Arrows show the
amplitude and direction of slip. b) Estimated moment-rate density function. Backgrounds show the peak
moment-rate density distributions.
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Fig. 6 Comparison between the observed (black) and synthetic (red) velocity waveforms. Maximum values
for each component are indicated in the upper-right of each trace in m/s.
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Fig. 7 Comparison between the observed (black) and synthetic (red) displacement waveforms. Maximum
values for each component are indicated in the upper-right of each trace in m.
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4. Shallow fault slip

The slip distribution is calculated from a subfault moment obtained from the inversion analysis and rigidity.
Cross section of the J-SHIS v2 velocity structure model (Fig. 8) indicates that the top of the fault plane is
shallower than the bedrock (Fig. 9). The structure model indicates that depth of the seismic bedrock varies
steeply around the fault plane. The velocity models at IWTH25 and IWTH26 (Fig. 5) also imply that velocity
in the shallow layer (layers above the seismic bedrock) changes between these sites. This steep changes make
it difficult to determine appropriate S-wave velocity and density to calculate slip.

We determined amount of the shallow fault slip from the static displacement of nearby seismic stations
(Fig. 8) obtained from double integration of the acceleration records (Fig. 7). Theoretical static crustal
deformations caused by various fault slip were calculated for various models of shallow-layer S-wave velocity
(Vs1=2.1, 2.5, 2.7, 3.0, 3.4 km/s) by using [23]. The slip on the shallowest subfault (subfault mesh denoted as
1 in Fig. 9) was affected by Vsi. Comparison of the observed (from double integrated acceleration) and the
calculated (from source model) static displacements at four stations indicates significant displacement
contribution from the AL1S region (Fig. 5) that is shallow part of Al above the seismic bedrock (Fig. 10). This
figure indicates that the calculated displacements increase as the Vs: decreases. Although the calculated
displacement for IWTH26 agree with Vs;=2.5 km/s model, the observations of IWTHO010 and JMAB8AG is
smaller than the calculations from the Vs;=3.4 km/s model. Here, we adopted the Vs:=2.7 km/s model
considering balance of misfit. The total slip distribution shown in Fig. 5 was calculated by using Vs;=2.7 km/s
model.
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Fig. 8 Map showing the fault plane (solid rectangle) with slip distribution and seismic station (triangle). Red
circle indicates the station used in the static displacement analysis shown in Fig. 10. Solid red line of the
rectangle indicates upper side of the fault plane. Dashed red line indicates extension of the fault plane to the
surface. Red star indicates the hypocenter. Dashed black line indicates the velocity profile shown in Fig. 9.
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Fig. 9 Velocity structure model of J-SHIS across the fault plane. Solid line indicates seismic bedrock (Vs>3
km/s) and dashed line indicates layer boundary. Red line indicates the shallow part of the assumed fault
plane. Red circle with number indicates the center of subfault mesh. The velocity model at IWTH25 and

IWTH26 stations shown in Figure 3 are superimposed.
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Fig. 10 Comparison of the observed and calculated static displacement in east-west and up-down directions
for each station. The static displacements were calculated for various S-wave velocity in the shallow layer.
Note that the seismometer of ART has no DC response.

5. Discussion

We calculated theoretical interferograms for crustal deformations caused by the slip distribution model
assuming half-space elastic medium [23]. In Fig. 11, two interferograms calculated from slip models assuming
different shallow velocities (Vs1=2700 m/s and 3400 m/s) discussed in the previous section are shown.
Compared to the result assuming Vs1=3400 m/s, the computed interferograms assuming Vs:=2700 m/s indicate
large deformation (many fringes) on the eastern part of the fault plane caused by west-dipping reverse fault,
and agree with the observed one.

Complex fault planes of this event could be recognized from Fig. 11. Different fringe pattern in the
western side of the assumed fault plane between the observation and synthetics suggests an existence of
additional slips on other fault planes. The aftershock distribution [7] showing east- and west-dipping patterns
suggests that this event occurred on the complex conjugate fault system. Analyses of crustal deformations [4,
24] also indicate the conjugate fault system. These researches suggests that inversion analysis considering the
complex fault system is needed to investigate the entire of source rupture model. Nevertheless, the large slip
region associated with the surface ruptures on the eastern side of the fault plane was explaining in this study.
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Fig. 11 Comparison of (left) observed [25] and (right) calculated interferograms from InSAR. Theoretical

interferograms were calculated for the slip models converted from the moment release distributions assuming
shallow Vs as Vs=2700 m/s and VVs=3400 m/s.
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