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Abstract

In this study, we investigate the source rupture process of the 2018 Hokkaw tdstein Iburi earthquake in Japan (M
6.7) and how the ground motion can be reproduced using available source ai »¥elocity models. First, we conduct

a multiple-time-window kinematic waveform inversion using strong = lmaaveforms, which indicates that a
large-slip area located at a depth of 25-30 km in the up-dip direction\*0m/the hypocenter was caused by a rupture
propagating upward 6-12 s after its initiation. Moreover, the high-seisrpicity area of aftershocks did not overlap with
the large-slip area. Subsequently, using the obtained sopfCc Iadel and a three-dimensional velocity structure model,
we conduct a forward long-period (< 0.5 Hz) ground-#_Jsion siJulation. The simulation was able to reproduce the
overall ground-motion characteristics in the sedimatary< ergof the Ishikari Lowland.

Keywords: The 2018 Hokkaido Eastern Iburi eal¥aglake\Solrce process, Forward simulation, Long-period ground

motion

Background
The 2018 Hokkaido Eastern Ibuli earthquake (called
“the 2018 Iburi earthquake” heres wr) ocgurred in the
eastern Iburi region of Hoklgaido, Japeii, at 3:08 JST on
September 6, 2018 (18:08 U'LC September 5, 2018)
(Fig. 1a). The Japan Meteorological /Agency (JMA) mag-
nitude (Mjy4) is 6.7¢ The momepit magnitude estimated
from moment tenso: War, o0 of F-net of the National
Research Institate for EC %k Science and Disaster Resil-
ience (NIEDY (' tyama’et al. 1998) and that obtained
by the Glghal centii y¥moment tensor (GCMT) Project
are 6.64and, 6.7, respectively. The moment tensor solu-
tion 6f L het anit the spatial distribution of aftershocks
indf e the Ythis event was an east-dipping reverse-
ult Jame (Fig. 1la and b). The earthquake resulted in
stii_he ground motion over Hokkaido, with a maximum
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seismic intensity of 7 on the JMA scale and a maximum
peak ground acceleration of approximately 1800 cm/s/s.
The earthquake caused severe damage by strong ground
motion and coseismic landslides. Overall, more than 40
people were killed, more than 700 people were injured,
and more than 2000 houses were partially or completely
destroyed (FDMA 2019).

The center of the island of Hokkaido, where the source
area of this earthquake is located, features the Hidaka
collision zone, an arc—arc type collision zone between the
northeast Japan arc and the Kuril forearc (e.g., Kimura
1996; Kita et al. 2010, 2012). Kita et al. (2012) revealed
that beneath the Hidaka collision zone, a low-velocity
zone having seismic velocities of crust materials exists
in the mantle wedge of the continental plate (the North
American Plate) and makes direct contact with the upper
surface of the subducting oceanic plate (the Pacific Plate).
In the crust beneath the Hidaka collision zone, many
earthquakes have occurred, including two recent large
reverse-fault-type earthquakes: the 1970 Hidaka earth-
quake (Mjy, 6.7) and the 1982 Urakawa-oki earthquake
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indicate the stations used in both analyses (Sl and FS). The color of the triangles indicates the observation network: blue, red, and green are KiK-net,
K-NET, and F-net, respectively. Black and coral stars indicate the epicenters of the 2018 Hokkaido Eastern Iburi earthquake and the aftershock (M.
54) at6:11 JST on September 6, 2018, respectively. Focal mechanisms refer to the F-net moment tensor solutions. The black line denotes the outline
of the curved fault model used in the source inversion. Magenta lines denote the surface traces of the active fault zone along the eastern margin of
the Ishikari lowland (AIST 2007). b Map view of the curved fault model. Circles denote hypocenters of the aftershocks (M > 1) within 1 day after the
mainshock. The color of the circles indicates the event depth. ¢ Distribution of strike angle on the curved fault model
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(Mo 7.1). The crustal earthquakes within the conti-
nental plate have occurred at greater depths compared
to ordinary ones in land in the Japanese Islands (HERP
2019). The 2018 Iburi earthquake with a hypocentral
depth of approximately 35 km and the subsequent after-
shocks also occurred within the crust of the continental
plate.

In the conventional framework of strong-motion pre-
diction in Japan, limited attention has been paid to
relatively deep crustal earthquakes within the continen-
tal plate like the 2018 Iburi earthquake. Therefore, to
strengthen the strong-motion prediction methodology, it
is important to understand how the rupture of the 2018
Iburi earthquake initiated, grew, and terminated, as well
as how the ground motion produced by this earthquake
can be simulated using available source and velocity
structure models. In this study, we approach these issues
using ground-motion records observed by the nation-
wide strong-motion networks, K-NET and KiK-net, and
deployed and operated by NIED (e.g., Aoi et al. 2011;
NIED 2019b). We first estimate the source process of
the event from strong-motion waveforms using a multi-
ple-time-window kinematic waveform inversion. Thex,
using the obtained source model together with a thi¢
dimensional (3-D) velocity structure model, we ¢gduct
a forward simulation of long-period (<0.5 Hz hergund
motion and compare the result of the simulatéan vy the
observations, especially in the Ishikari Lgfand. Du: fig
the 2003 Tokachi-oki earthquake (M);{ 8.0; hignificant
long-period ground motion was obgefved in the rshikari
Lowland, and the ground-motior|characteristics were
investigated using a forward wave_ wm sinzulation (e.g.,
Hatayama et al. 2007; Aoi et gl. 2008):

Source inversion
Data, fault model, and’/me jod
The source process < desciiii¥d using a multiple-time-
window linear /kinemat. waveform inversion method-
ology explaigea’ W detail’by Sekiguchi et al. (2000) and
Suzuki etgal.’ (201 Wpwho followed the approaches of
Olson gad Apsel (1982) and Hartzell and Heaton (1983).
We” tw W strolig-motion waveforms at 20 stations
(Eigiha): I+ %#-net stations in borehole, 4 K-NET sta-
ons) ‘. oround surface, and 2 F-net (Okada et al. 2004;
Ni ) 2019a) stations in vault. At the F-net stations, we
use & a observed by velocity-type strong-motion seis-
mographs. Although three components of the seismo-
gram are used at most of the stations, only the horizontal
components are used at IBUHO3, because the data of
the up-down seismograph in the borehole had some
problems at the time of the mainshock. Except for data
from the F-net stations, where original data are veloc-
ity waveforms, the original acceleration waveforms are
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numerically integrated in the time domain into velocity.
The velocity waveforms are band-pass filtered between
0.05 and 0.5 Hz, resampled to 5 Hz, and windowed from
1 s before S-wave arrival for 25 s.

The spatial distribution of the aftershocXs shows that
the strike angle of the earthquake grda Al “chinged
along the strike direction (Fig. 1b). This indica’_ptMat it is
unreasonable to express the sourcaffault of this'event by
a single rectangular plane. Consaquer i, we use a more
realistic fault model in the soyfrce inversiy 1. Based on the
spatial distribution of the ai ®rshocks and the moment
tensor solution of F-net e de. ¥angl curved fault model
that is approximatedaby S Wltiple rectangular subfaults
(Fig. 1b and c). Thécurved i 1t model is described by
multiple planes, €ach®_%th a width of 20 km, a top depth
of approximat@22 km,{ nd a dip angle of 65°, and vari-
ous strike gnglei The dip angle is based on the F-net
moment tens: ¥solution. The assumed strike angle of the
planeschanges g Idually along the strike direction: 15° in
the noruic, Jprt, — 20° in the central part, and 40° in the
southerrypart (Fig. 1c). The rupture starting point is set
at 42.6909°N, 142.0067°E, at a depth of 37.04 km, which

the hypocenter determined by JMA. The fault model
is\{ livided into 15 rectangle subfaults along the strike
ditection and 10 subfaults along the dip direction. The
maximum subfault size is 2 x 2 km. The top and bottom
lengths of the fault model are approximately 22.2 km and
25.4 km, respectively. The total area of the fault model
is approximately 476.6 km? At an extension of the fault
model along the up-dip direction, there exists the active
fault zone along the eastern margin of the Ishikari Low-
land extending in an NS direction (Fig. 1a); however, the
assumed dip angle of this active fault is low at depths
greater than 3 km (HERP 2010), which is inconsistent
with the high dip angle of this earthquake (65° in F-net).

The slip time history of each subfault is discretized
using eight smoothed ramp functions (time-windows)
progressively delayed by 0.4 s, and having a duration of
0.8 s each. The number of time-windows is determined
using a trial-and-error process, so that the source time
function at each subfault can be explained properly. The
first time-window starting time is defined as the time
prescribed by a circular rupture propagation of con-
stant speed, V4. Hence, the rupture process and seismic
waveforms are linearly related via Green’s functions. The
slip within each time-window at each subfault is derived
by minimizing the difference between the observed and
synthetic waveforms using a least-squares method. To
stabilize the inversion, the slip angle is allowed to vary
within £45° centered at 107°, which is the rake angle of
the F-net moment tensor solution, using the non-nega-
tive least-squares scheme (Lawson and Hanson 1974).
In addition, we impose a spatiotemporal smoothing
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(See figure on next page.)

Fig. 2 a Map projection of the total slip distribution. The slip contour interval is 1.0 m. The star denotes the epicenter. Gray circles denote the
hypocenters of the aftershocks (M > 1) that occurred within 1 day after the mainshock. The size of the circles indicates the event magnitude. Dotted
lines denote the isodepth contours of the curved fault model at 5 km intervals. b Rupture progression in terms of slip amount for each 2.0 s interval.
The slip contour interval is 0.8 m. ¢ Comparison of observed waveforms in the mainshock (red) and the My, 5.4 aftershock (black) at MiUKH04 and
IBUHO1. These waveforms, which were observed on the ground surface, are low-pass filtered at 0.5 Hz

constraint on slips (Sekiguchi et al. 2000). The weight of
the smoothing constraint is determined based on Akai-
ke’s Bayesian Information Criterion (Akaike 1980).

Green’s functions are calculated using the discrete
wavenumber method (Bouchon 1981) and the reflection/
transmission matrix method (Kennett and Kerry 1979)
with a one-dimensional (1-D) layered velocity structure
model. The 1-D velocity structure models are obtained
for each station from the 3-D velocity structure model
(Fujiwara et al. 2009). Logging data is also referred to for
the KiK-net stations. Although a 1-D structure model
used for calculating Green’s functions differs among
stations, the models have a common structure at depth
deeper than 13 km where the assumed fault model is
located. To consider the rupture propagation effect in
each subfault, 25 point sources are uniformly distributgd
over each subfault to calculate the Green’s functions (e.g
Wald et al. 1991). For stations near the fault (IBUHO02,
HDKHO01, HDKHO04, IBUHO03, and IBUHO1), we{ “itskhat
are two times larger than those for the othey3static jare
used.

Results and discussion
Figure 2a, b shows the total slip di tribution of the 2018
Iburi earthquake by map projectiori_ »d the'rupture pro-
gression, whereas Additionalpfile 1: rigures S1 and S2
show the total slip distributioia ) #prar projection and
the slip-velocity time fugstion ¢ each subfault. The seis-
mic moment is 2.9£10'F Nm (W, 6.9), which is larger
than those estimatec B¢ r-iet and GCMT (1.0 x 10*°
Nm and 1.2 x£0" Nm; 3@ne likely reason for this is
that a porticfl 01" _¥ps in the source model are derived to
reproducgfome pai. »f later phases which are produced
by thedhtetal heterogeneity of the actual velocity struc-
ture ana™_Hich gannot be fully reproduced with the 1-D
Vel ly strie Jare model. One way to approach this issue
fuy mmgwalibration of the velocity structure model for
GI< s functions. The maximum final slip is 4.8 m. Vg,
is setjco 1.3 km/s, providing the smallest misfit solution
among all solutions for Vi, varying from 0.8 to 4.0 km/s.
The large slips are mostly found at 25-30 km depth in
the up-dip direction from the hypocenter. The horizon-
tal extent of this large-slip area along the strike direction
is approximately 10 km. During the first 6 s, the rupture
slowly grows around the hypocenter with small slips.
Subsequently, the rupture develops with a large moment

release between 6 s and 12 s in t{ Marge-slip ‘area. The
total rupture duration is approxishately s,

The slow rupture growth dfiring the in:tial moment of
this earthquake is supported| ¥ the observed waveforms.
Figure 2c shows the wd wforii JpsCorded at HDKHO04
and IBUHO1 during/te nif jshock and of an My 5.4
aftershock that og€ wred at 611 on September 6, 2018
(JST). The latter\ocC Med, near the mainshock hypo-
center (Fig. J&;, Ind its tical depth (37.67 km) is practi-
cally the s€ he a/ whmatyof the mainshock. This waveform
comparison 1. ticates that although the shape of the
main Ygvave of 'ne mainshock is similar to that of the
aftershqck,“ ¥ main phases of the mainshock arrived
several séconds later than those of the aftershock. This
suggests tnat the radiation of seismic waveforms was not

nificant during the initial moment of this earthquake,
wi ch is consistent with the source model derived in this
prady.

Figure 2a shows the spatial distribution of the after-
shocks as well as the total slip distribution. Most after-
shocks occurred at a depth of approximately 30-35 km,
whereas only a few aftershocks occurred within the
large-slip area. This pattern has also been noted in other
crustal earthquakes such as the 1992 Landers earthquake
(e.g., Cohee and Beroza 1994), the 1995 south Hyogo
(Kobe) earthquake (e.g., Ide et al. 1996), the 1999 Chi-
Chi earthquake (e.g., Wu et al. 2001), the 2002 Denali
earthquake (e.g., Asano et al. 2005), the 2016 Kumamoto
earthquakes (e.g., Kubo et al. 2016), and the 2016 Central
Tottori earthquake (e.g., Kubo et al. 2017).

Figure 3 shows a comparison between the observed and
synthetic waveforms. The waveform fit is satisfactory.

Forward ground-motion simulation
Method and velocity structure model
To evaluate how the ground motion of the earthquake
can be reproduced by the current available source and
velocity models, we carry out a forward ground-motion
simulation at frequencies <0.5 Hz. We use the 3-D finite-
difference method with discontinuous grids (Aoi and
Fujiwara 1999; Aoi et al. 2004), in which the grid size is
set to 80 m in both the horizontal and vertical directions
at depths shallower than 10 km, and three times greater
at larger depths.

For the forward simulation, we use the aforemen-
tioned source model. For the velocity structure model,
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Fig. 3 Comparison of observed (black) and synthetic waveforms (red) in the source inversion. The number on the upper right-hand corner of each
waveform denotes the maximum absolute amplitude in cm/s

J-SHIS v2 3-D velocity model (Fujiwara et al. 2009, 2012),  (V4=3400 m/s), is connected to the lower crust struc-
which covers the deep subsurface structure from the  ture (Vg=3700 m/s) that is consistent with the 1-D struc-
engineering bedrock (V5=600 m/s) to the upper crust ture model used in the slip inversion. Additional file 1:
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Figure S3 shows the structure of the seismic bedrock and
selected layers of J-SHIS deep subsurface velocity model.
The seismic bedrock reaches a depth of approximately
10 km in the region west of the Hidaka Mountains, form-
ing the Ishikari Lowland. The low-velocity layers of Late
Miocene to Pliocene (V of approximately 700-1100 m/s)
are distributed in a north—south direction west of the
source fault.

To validate the performance of the velocity structure
model, we first conduct a ground-motion simulation for
the My, 5.4 aftershock (Fig. 1a), assuming a double-
couple point source with the mechanism and the seismic
moment referring to F-net, and a smoothed ramp-type
source time function with a 2-s duration. This ground-
motion simulation agrees reasonably with the observed
ground motion in terms of the velocity waveforms, in
the amplitudes of both the direct S-wave pulse and later
phases (Additional file 1: Figure S4), which implies the
appropriateness of the assumed 3-D velocity structure
model. The distribution of the peak ground velocity
(PGYV) is also consistent with the observations, except for
the region near stations HKD 129 and HKD180 where
the simulation underestimated the observations (Addi#
tional file 1: Figure S5). Note that in this section, we4
waveforms observed on the ground surface (K-NF#.ana
ground-surface seismograph of KiK-net) whichgire gom-
pared with the simulated waveforms at the sngii Bring
bedrock (Vg=600 m/s). The effect of sitgéamplificai n
from the engineering bedrock to the gfoui hsurface is
assumed to be small, as all waveforistare low Jass fil-
tered at 0.5 Hz, although this mafl not be the case for
several stations as discussed later.\_he PGY in the area
around the epicenter is small in conc ™3¢ to other areas
such as the Ishikari Lowland, ;< Bse,this area is located
along the node of the S-wave\radiation pattern for the
aftershock mechanisp so, \tion (Fig. 1a), that is, the min-
imum direction of S~ pvé " Iiion.

Results and ¢scus_ an

Figure 4 gitews the 'hulated velocity waveforms of the
2018 JMurilearthquake in comparison to the observed
waveforii yat gélected stations within and around the
Lt ¥i Low 4nd, along the southern coast of the study
ha/s WKHO06, HKD105, IBUHO5, and HKD129),
anc_porth of the fault (HKD128, IBUHO01, HKD124,
HKD)32, HKD181, and HKD180) (Fig. 1a). Although
the amplitudes of the simulated waveforms are rela-
tively smaller than those of the observed waveforms
at most stations, the shape of the S-wave in the simu-
lation is close to that in the observations. The arrival
times of the distinctive later phases, which arrive after
the S-wave, are consistent with the observations at
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many stations in the Ishikari Lowland; for instance,
at HKD181 at around t=40-55 s, in the horizontal
directions, this consistency is observed (see gray bars
in Fig. 4). This suggests that the generation of surface
waves in the sedimentary layers could b€ reproduced
by the 3-D wave-propagation simulatidi 3 hwevir, at
stations HKD129 and HKD180, the amplite gs/of the
later phases were remarkably ungfrestimated, as they
were for the simulation of thg Mj A 547 aftershock
(Additional file 1: Figure A4j, suggesti g that the site
response of the shallow sy ‘surface)structure around
these areas, which is st ¢ midesed in our simula-
tion, may not be negligibi{ yven in this frequency range
(<0.5 Hz).

The spatial dis{ribc B of the PGV, or the maximum
amplitude ofgdfge vector Sum of the three-component
velocity wghefor ns. is shown in Fig. 5. The simulated
PGV distribe dn Teilects the depth distribution of the
seismic bedrocii Additional file 1: Figure S3), suggest-
ing thar "™ MRSV is amplified by the deep subsurface
structurg? The simulated PGV tends to be consistent
with the)observations at epicentral distances longer

an approximately 40 km, while it tends to be under-
es, mated at shorter distances. Underestimation of the
PV near HKD180 appears both for the mainshock and
the My, 5.4 aftershock (Additional file 1: Figure S5),
again suggesting the need for considering site responses
by the shallow subsurface structure.

The forward waveform simulation of the mainshock,
which is presented here, shows that although the overall
feature of the observations is reproduced, the amplitude
is underestimated. Considering the simulation results of
the aftershock in which the observed amplitude was well
reproduced at most stations (Additional file 1: Figures S4
and S5), this result indicates that although the assumed
3-D velocity structure model and the overall feature of
the input source model are appropriate, the details in the
source model are insufficient. This implies a need for (1)
improvement of the source model using the calibration
of the velocity structure model for Green’s functions, and
(2) refinement of the fault model.

In this study, we focused on modeling ground motion
at frequencies lower than 0.5 Hz. In future work, it is
important to target broadband ground motion to explain
the strong ground motion with high seismic intensity (7
as the maximum in JMA scale); this will require precise
analysis of the site responses by the shallow subsurface
structure.
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Fig. 5 Simulated PGV distribution. The PGV is the maximu
low-pass filtered at 0.5 Hz. The triangles denote the obseke

-NBT and KiK-net stations for comparison

Conclusions
The 2018 Iburi earthquake was
tal earthquake within the contine
strong ground motion ove
Crustal earthquakes at such
in the current framewq

of Hokkaido.
not accounted for
otion prediction in
e rupture process and

aim, in this
forward
ture process of the 2018 Iburi earth-
imated from strong-motion waveforms

arge-slip area with a maximum slip of 4.8 m
at a depth of 25-30 km in the up-dip direc-

indicated that the rupture slowly grew around the hypo-
center with small slips during the first 6s. Then, the rup-
ture developed with a large moment release between 6 s
and 12 s in the large-slip area. The large-slip area did not
overlap with the high-seismicity area of aftershocks.
Using the obtained source model and the 3-D
velocity structure model, J-SHIS v2, we conducted a

forward ground-motion simulation in the frequency
range of < 0.5 Hz. Although the amplitudes were underes-
timated at most stations, the arrival times of the distinc-
tive later phases were consistent with the observations
at stations of the sedimentary layers of the Ishikari Low-
land. The results of the simulation of the mainshock and
the aftershock suggest that although the assumed 3-D
velocity structure model and the overall feature of the
input source model of the mainshock were appropriate,
the details in the source model were insufficient to repro-
duce the observation of the mainshock.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540623-019-1079-6.

Additional file 1: Figure S1. Planar projection of the total slip distribu-
tion. The slip contour interval is 0.8 m. The vectors denote the direction
and amount of slip of the hanging wall side. The open star denotes the
rupture starting point. Figure S2. Slip-velocity time function of each
subfault. The star denotes the subfault corresponding to the rupture
starting subfault. Figure S3. Maps showing some selected layers of the
J-SHIS v2 3D velocity model. The triangles denote K-NET and KiK-net
stations shown in the forward waveform simulation (Figs. 4 and 5).

(a) Depth of the bedrock (Vs =2900 m/s), which reaches a depth of
approximately 10 km west of the Hidaka Mountains. (b) Bottom interfaces
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of two selected low-velocity layers (Vs=700 m/s and 1100 m/s) of Late
Miocene to Pliocene, distributed in a north—south direction west of the
Hidaka Mountains and the source fault. Figure S4. Comparison between
observed (black) and simulated waveforms (red) in the forward ground
motion simulation for the aftershock (M), 5.4) at 6:11 JST on September
6,2018.The number on the left of each waveform denotes the maximum
absolute amplitude in cm/s. Figure S5. Simulated PGV distribution for
the aftershock (M 5.4) at 6:11 JST on September 6, 2018. The PGV is the
maximum absolute amplitude of the vector sum of the three-component
velocity waveforms low-pass filtered at 0.5 Hz. The triangles denote the
observed PGV at K-NET and KiK-net stations for comparison.
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