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seismometers.

The source rupture process of the 2018 Hokkaido Eastern Iburi earthquake was investigated by performing a joint
inversion analysis using the strong motion and geodetic data. A fault model that consists of two fault planes was con-
structed by considering the relocated aftershock distribution and the focal mechanisms. The inversion result showed
that the large slip occurred at approximately 22 km depth, which was much shallower than the hypocentral depth.
Our results showed that the rupture initiated on the minor fault plane around the hypocenter and the major fault
plane started to rupture 4-6 s after the rupture initiation. Although the shape of the minor fault plane has not been
clearly determined, the major fault plane appears to be high-angle, east-dipping. An additional inversion with only
the major fault plane showed that the strong ground motion near the source was mainly generated from the major
fault plane. The total seismic moment estimated by the inversion with the two fault-plane model was 1.1 x 10" Nm,
which yielded an M, of 6.6. Using the inversion result of the two fault-plane model, we simulated the ground sur-
face and borehole waveforms at strong motion station IBUHO3 where the large velocity pulse was observed on the
ground surface. The simulations suggest that this large velocity pulse was generated from the combination of the
large slip of the source and large site amplification of the velocity structure between the ground surface and borehole
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Introduction

On September 5, 2018, at 18:08 (UTC), an My, (Japan
Meteorological Agency (JMA) magnitude) 6.7 earth-
quake occurred in the eastern Iburi region in Hokkaido
(Fig. 1). Strong ground motion generated by the earth-
quake and the induced landslides caused severe damage
to the region. According to the Fire and Disaster Manage-
ment Agency (2019), the earthquake caused 42 fatalities
and 462 houses were completely destroyed. The hypocen-
tral depth of the earthquake as determined by the JMA
was 37 km, indicating that the earthquake was an inland
earthquake. The source region is located in the west of
the Hidaka Mountains (Fig. 1), which were formed due
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to collision between the Kuril arc and the northeast Japan
arc. Because of this tectonic setting, seismic refraction/
wide-angle reflection experiments across the Hidaka
Mountains, which also cross the source region of the
earthquake, were conducted to investigate the crustal
evolution of the arc—arc collision zone (Iwasaki et al.
2004). The experiments revealed a thick and complex
crustal structure in the source region of the earthquake.
The complex structure has also been indicated by seismic
tomography (Kita et al. 2012, 2014). The focal mechanism
determined by the Global Centroid-Moment-Tensor
(CMT) project (Ekstrom et al. 2012) showed this earth-
quake to be a reverse fault with an ENE-WSW pressure
axis (Fig. 1) and it corresponds to the tectonic stress field
in the region.

One of the notable features of this earthquake is that
the maximum seismic intensity of 7, which is the largest
value in the JMA seismic intensity scale, was observed
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Fig. 1 Study area map. The black square in the inset map shows the map location. The dark gray line represents the boundary of the Iburi region.
The red star denotes the relocated epicenter of the mainshock and the focal mechanism from the Global CMT solution is shown near the epicenter.
The sky blue triangles represent the strong motion stations of K-NET, KiK-net and JMA. The dark blue squares indicate the GEONET stations. The

at strong motion stations 47004 and IBUHOL near the
source region despite the hypocentral depth of 37 km
(Fig. 1). Moreover, velocity pulses with maximum ampli-
tudes larger than 100 cm/s were observed in the ground
surface records at stations such as 47004, HKD126, and
IBUHO3. To investigate the causes of these strong ground
motions, it is necessary to investigate the rupture process
of the earthquake in order to understand the physics of
the source. Therefore, we performed a joint source inver-
sion using strong motion and geodetic data. We used not
only strong motion data but also geodetic data because
the geodetic Green’s function is less sensitive to the
velocity structure model than the strong motion Green’s
function (Wald and Graves 2001), which makes the geo-
detic data useful for constructing a source model.

Data and methods

We selected 11 strong motion stations from K-NET, KiK-
net, and JMA stations considering hypocentral distance
and azimuthal distribution (Fig. 1). We used borehole
records for the KiK-net stations. For the inversion analy-
sis, we used velocity waveforms obtained by integrating
the acceleration waveforms. We also applied a band-pass
filter between 0.05 and 0.4 Hz to the velocity waveforms
and resampled them with 0.25 s intervals. We excluded a
UD component at station IBUHO03 whose sensor was bro-
ken and a UD component at station 47004 that seemed to
contain a large amount of noise; thus, we used 31 com-
ponents of 11 strong motion stations. For the geodetic
data, we used the daily coordinate of the F3 solution of
the Geospatial Information Authority of Japan (GSI)
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(Nakagawa et al. 2009). We used the horizontal com-
ponents of 12 Global Navigation Satellite System Earth
Observation Network System (GEONET) stations whose
epicentral distances were less than 60 km (Fig. 1), except
for two stations whose tilts were reported after the earth-
quake (GSI 2018). We set station 960503 as a reference
station (Fig. 1) and calculated the coseismic displacement
by comparing 5 days averages between 2 and 6 days prior
to and after the earthquake.

We used the inversion method developed by Yoshida
et al. (1996) and Hikima and Koketsu (2005). The method
is based on the multi-time-window linear inversion
method and the linear problem is solved using the non-
negative least squares method under the spatiotemporal
smoothness constraint. The weight of the spatiotemporal
smoothness constraint is determined by minimizing the
Akaike’s Bayesian information criterion (Akaike 1980).
We calculated strong motion Green’s functions using
the method of Kohketsu (1985). For each of the strong
motion stations, we constructed an averaged one-dimen-
sional (1D) velocity structure model between the source
and the station from the Japan Integrated Velocity Struc-
ture Model (JIVSM) (Koketsu et al. 2008, 2012). We cal-
culated the geodetic Green’s functions using the method
of Zhu and Rivera (2002). We constructed an averaged
1D velocity structure model of the area shown in Fig. 1
from the JIVSM and used it for all GEONET stations.

Fault model

To construct a fault model, we first relocated the hypo-
centers of the mainshock and aftershocks using the dou-
ble-difference earthquake location method (Waldhauser
and Ellsworth 2000). We used P- and S-wave arrival
times picked by JMA that were labeled as “high” reliabil-
ity and used the 1D velocity structure model of JMA2001
(Ueno et al. 2002). Although we relocated 1 month
aftershocks, we used 24-h aftershocks to see the region
directly affected by the mainshock. Figure 2a shows the
map view of the relocated epicenters of the mainshock
and the 24-h aftershocks. As shown in the figure, the
aftershock distribution is highly complex. On the whole,
the aftershocks are distributed in the NNE-SSW direc-
tion. However, looking into the details, the aftershocks of
the region between the purple lines in Fig. 2a are distrib-
uted in the NN'W-SSE direction. According to the Global
CMT solution, the strike direction of the mainshock is
NNW-SSE (Fig. 1) and the F-net moment tensor solu-
tion and the JMA CMT solution also support this strike
direction. Figure 2b shows the cross section of the region
between the purple lines. It suggests that the fault exhib-
its a high-angle dip to the east. The hypocenter of the
mainshock was relocated at 41 km depth (Fig. 2c). The
uncertainty (20) of this depth was estimated to be 0.9 km
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by a “delete-half” jackknife test (Tichelaar and Ruff,
1989). We randomly deleted a half of differential travel
time data and performed the hypocenter relocation. This
procedure was repeated 100 times.

Figure 2d, e show the Global CMT solution and the
JMA first motion solution of the mainshock. The Global
CMT solution indicates a major fault plane where the
majority of the seismic moment release occurred during
the earthquake, while the first motion solution, which is
determined using the polarity of the P-wave first motion,
indicates a fault plane where the rupture was initiated.
As shown in Fig. 2d, e, these two mechanisms are differ-
ent from each other, indicating that a minor fault plane,
where the rupture was initiated, is necessary.

Considering the above result, we assumed two fault
planes for the inversion analysis. One is an east-dipping
major fault plane whose length, width, and strike and
dip angles are 21 km, 24 km, 350°, and 70°, respectively.
Another is a west-dipping minor fault plane whose
length, width, and strike and dip angles are 21 km, 6 km,
170°, and 65°, respectively. The fault sizes were deter-
mined considering the aftershock area. The locations of
the fault planes are described in Fig. 2a—c. Because the
fault planes of the north and south parts of the purple
lines of Fig. 2a were not clear from the aftershock dis-
tribution, we did not bend the faults along the strike
direction.

For the inversion analysis, we divided these two fault
planes into subfaults having lengths and widths of 3 km
and 3 km, respectively. Thus, the total number of sub-
faults is 70. The basis source time function for each
subfault is represented by a five-boxcar, nonoverlapped
functions. The rise time of each boxcar function is 1 s. We
assumed a circular rupture front from the rupture initia-
tion points. We assumed that the rupture initiation point
of the minor fault plane is the hypocenter of the earth-
quake and that of the major fault plane is the bottom
center subfault. We calculated the rupture start timing
of the major fault plane by the distance from the hypo-
center and the rupture front velocity (V,), which gave us
the timing of the first time windows of each subfault.

Results

Figure 3a shows the resultant slip distribution of the
inversion analysis for the two fault-plane model. We
determined V, to be 2.8 km/s considering the variance of
the waveforms (Additional file 1: Figure S1). On the major
fault plane, a maximum slip of 2.9 m was obtained at a
depth of around 22 km, which is approximately 19 km
shallower than the hypocenter. This large slip region was
again located at a similar depth even when Vi, is faster
than 2.8 km/s (Additional file 1: Figure S2). On the minor
fault plane, approximately 1 m slip was obtained around
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the hypocenter. The snapshots of the slip distribution for
each 2 s interval (Fig. 3b) show the small rupture on the
minor fault plane at 0—4 s. Moreover, a rupture started
on the major fault plane 4—6 s after the rupture initiation.
The rupture propagated in the up-dip direction and the

large rupture occurred at 6-10 s on the major fault plane.
The moment rate function has a peak around 8 s that
corresponds to the large rupture (Fig. 3c). The estimated
total seismic moment of the earthquake is 1.1 x 10** Nm,
which yields an M,, of 6.6. Figure 3d shows the observed
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and synthetic strong motion waveforms. Our model well
reproduced the velocity pulses of the EW components
at stations 47004 and IBUHO3 (Fig. 3d). However, the
amplitude of the EW components of the synthetic wave-
form of station HKD126 is only half of the observed one.
We will discuss these velocity pulses in “Discussion and
conclusions” section. The geodetic data fittings are gen-
erally good, except for station 970790 where the direc-
tions are different between the observed and synthetic
displacements (Fig. 3e). One possible reason for the dis-
crepancy is that station 970790 may have been affected
by local deformation.

Discussion and conclusions

According to the crustal structure model obtained by
the seismic refraction/wide-angle reflection experiments
(Fig. 10 in Iwasaki et al. 2004), the boundary between the
lower and upper crust lies at approximately 25 km depth
in the source region. This indicates that the large slip
occurred in the brittle upper crust. The hypocenter was
relocated at 41 km depth and is located at the lowermost
region of the aftershock distribution. This suggests that
the brittle part may have extended to that depth in the
source region. Note that the Moho depth in the source
region has been estimated to be 32-34 km (Katsumata
2010, Matsubara et al. 2017). The centroid depth of the
Global CMT solution is 31 km, which is approximately
9 km deeper than the depth of the large slip in our model.
Hjorleifsdottir and Ekstrém (2010) showed that centroid
depth of the Global CMT solution can be biased when
near-source crustal structure is different from the PREM
model (Dziewonski and Anderson 1981). The thick crust
in the near-source region, which is not considered in the
Global CMT calculation, may affect its centroid depth
estimation.

We constructed a fault model that consists of two fault
planes. We obtained approximately 1 m slip on the minor
fault plane. However, the rake angle of the slip differs
from the JMA first motion solution (Fig. 2e). This sug-
gested that the strike and dip angles of this minor fault
plane should be modified, or that the first motion solu-
tion was not appropriately obtained. The takeoff angles
for the JMA first motion solution were calculated using
the 1D velocity structure model of JMA2001 (Ueno
et al. 2002). In Fig. 2e, we plotted the polarity distribu-
tion which was calculated using the JMA2001 model and
the relocated hypocenter. This shows that the fault-plane
solutions are determined by the polarity of near-source
stations. Because the takeoff angles depend on the veloc-
ity structure model, the takeoff angles, especially of the
near-source stations, may be changed if we consider the
complex crustal structure near the source. However, we
did not conduct further investigation into the minor fault
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plane around the hypocenter, instead we did an addi-
tional joint source inversion which suggested that the
minor fault plane around the hypocenter contributed lit-
tle to the velocity pulses at the near-source stations. In
this additional source inversion, we only considered the
major fault plane and extended it to the down-dip direc-
tion (Fig. 4a). We also changed the rupture initiation
point from the hypocenter to the bottom center subfault
and redetermined V, to be 2.9 km/s (Fig. 4b). The other
parameters were kept the same as in the two fault-plane
model. The results showed that the fitting of the veloc-
ity pulses was little changed from that of the two fault-
plane model (Fig. 4c), although the overall fitting is a little
worse than that of the two fault-plane model.

The large velocity pulses were observed at the ground
surface at stations 47004, HKD126, and IBUHO03. Because
we used the borehole records at station IBUHO03, we cal-
culated the waveforms at the ground surface using the
two fault-plane model. Figure 5 shows the comparisons
of observed and synthetic waveforms of both ground
surface and borehole at station IBUHO03. Because we
could not reproduce the ground surface waveform sat-
isfactorily, we also calculated the ground surface wave-
form using the 1D velocity structure model, which was
constructed by combining the near surface KiK-net PS
logging data with the JIVSM model. Densities were calcu-
lated using an empirical equation between V), and density
for V,,> 1.5 km/s (Ludwig et al. 1970). For V,<1.5 km/s,
we determined density by referring to the subsurface data
from station HKD126. Q, and Q; were calculated using
the equations Q;=1000 x V,/5 and Q,=1.7 x Q;, which
are the same as those used in the JIVSM model. Although
the maximum amplitude of the synthetic waveform of the
combined model is larger than that of the JIVSM model,
it was still much smaller than the maximum amplitude
of the observed waveform (Fig. 5). This suggests that the
ground surface waveform at station IBUHO3 is highly
affected by a local site effect that cannot be explained by
the 1D model. It also suggested that the underestimation
of maximum amplitude of the synthetic waveforms at
station HKD126 in our inversion analysis could be attrib-
uted to a similar reason.

We performed the joint source inversion analysis of the
2018 Hokkaido Eastern Iburi earthquake using the strong
motion and geodetic data. We constructed a fault model
that consisted of two fault planes by considering the after-
shock distribution and the focal mechanisms. The inver-
sion result showed that the earthquake was initiated with
a small rupture on the minor fault plane and then the
main rupture occurred on the major fault plane. The total
duration of the rupture was approximately 15 s. Although
the relocated hypocenter of the earthquake is at 41 km
depth, the large slips were estimated to have occurred



Kobayashi et al. Earth, Planets and Space (2019) 71:63 Page 7 of 9

a10 | | | | | |
15 - - M
20_: _ O s —
] [ 1m
= ] O 5 P
£ 25 - g
E ] O 4 <
o N [ °
g 301 o 3 g
35 - o 2
40 - &
: . <0
45 rr————————————————
-20 -15 -10 -5. 0 5 10 15 6 0 6

along strike (km)

C ——0BS 47004 47004 IBUHO2 IBUH02 IBUHO2
— SYN NS EW. ub NS EW.
18.300 32219 3.156 7.995 3.807

HKD126 HKD126 HKD126 HKD125 HKD125 HKD125
uD NS EW. uD NS EW.
5.064 12.806 63.433 4258 11.468 6.253
IBUHO3 IBUHO3 HDKHO1 HDKHO1 DKHO1 '
NS EW. uD NS EW.
5.777 12.878 4.696 4313 5.929
HKD128 HKD128 HKD128 HKD104 HKD104 HKD104
uD NS EW. uD NS EW.
5.027 11.207 7.357 3.479 4.976 3.101
IBUHO1 IBUHO1 IBUHO1 HDKHO04 HDKHO04 HDKHO04
ubD NS EW. uD NS EW.
1.567 4127 3.554 3.204 9.987 13.923
SRCH10 SRCH10 SRCH10 0 10 20 30 O 10 20 30 O 10 20 30
ub NS EW. Time (s) Time (s) Time (s)
1.513 4.903 1416
0 10 20 30 O 10 20 30 O 10 20 30
Time (s) Time (s) Time (s)

Fig. 4 Additional inversion results for the single fault-plane model. a Cross section of the same region as in Fig. 2b but for the single fault-plane
model. b Slip distribution. The white star denotes the rupture initiation point. ¢ Observed (red) and synthetic (black) and observed (red) strong
motion waveforms. Station names, components, and the maximum amplitude of the observed waveforms (cm/s) are shown to the left of each
waveform

— OBS
IBUHO3 EW SN
Borehole Surface Surface
JIVSM JIVSM Combined
12.878 83.012 83.012
16.190 20.972 27.388
T T T 1 T T T 1 I T T
0 10 20 30 0 10 20 30 0 10 20 30
Time (s) Time (s) Time (s)
Fig. 5 Observed and synthetic borehole and ground surface waveforms of EW components at station IBUHO3. Locations, velocity structure models
for calculating synthetic waveforms, and maximum amplitudes of the observed (red) and synthetic (black) waveforms are shown to the left of each
waveform




Kobayashi et al. Earth, Planets and Space (2019) 71:63

at around 22 km depth. This shallow large slip probably
contributed to the observed strong ground motion of the
earthquake. Our examination of the ground surface and
borehole records from station IBUHO03 suggests that the
velocity pulses were generated from the large slip of the
source and were highly amplified by the local site effect.

Additional file

Additional file 1: Figure S1. Rupture front velocity versus waveform vari-
ance for the two fault-plane model. Figure S2. Slip distribution for various
rupture front velocities (V,).
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