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Abstract

I relocated the hypocenters of the 2018 M6.7 Hokkaido Eastern Iburi earthquake and its surrounding area, using a
three-dimensional seismic structure, the double-difference relocation method, and the JMA earthquake catalog. After
relocation, the focal depth of the mainshock became 35.4 km. As previous studies show, in south-central Hokkaido,
the Hidaka collision zone is formed, and anomalous deep and thickened forearc crust material is subducting at depths
of less than 70 km. The mainshock and its aftershocks are located at depths of approximately 10 to 40 km within the
lower crust of the anomalous deep and thickened curst near the uppermost mantle material intrusions in the north-
western edge of this Hidaka collision zone. Like the two previous large events, the aftershocks of this event incline
steeply eastward and appear to be distributed in the deeper extension of the Ishikari-teichi-toen fault zone. The highly
inclined fault in the present study is consistent with a fault model by a geodetic analysis with INSAR. The aftershocks at
depths of 10 to 20 km are located at the western edge of the high-attenuation (low-Qp) zone. These kinds of relation-
ships between hypocenters and materials are the same as the 1970 and 1982 events in the Hidaka collision zone. The
anomalous large focal depths of these large events compared with the average depth limit of inland earthquakes in
Japan could be caused by the locally lower temperature in south-central Hokkaido. This event is one of the approxi-
mately M7 large inland earthquakes that occurred repeatedly at a recurrence interval of approximately 40 years and is

important in the collision process in the Hidaka collision zone.
Keywords: Relocations of hypocenters, The Hidaka collision zone, Hokkaido, Seismic structures

Introduction

On September 6, 2018, a large earthquake occurred in the
central and eastern Iburi regions of Hokkaido, beneath
the northeastern (NE) Japan arc, in NE Japan (Fig. 1).
The Japan Meteorological Agency (JMA) magnitude
of this event is 6.7 and its focal depth is approximately
37 km. Based on geological investigations, the NE Japan
arc meets the Kuril arc in the center of Hokkaido Island,
which has collided with the Kuril forearc at the Hidaka
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main thrust in the south-central part of Hokkaido island
since the middle Miocene (Kimura 1994, 1996) (Fig. 1).
The southwestward migration of the Kuril forearc sliver
due to the oblique subduction of the Pacific plate is
thought to be a cause of this arc—arc collision zone.

In this area, large inland earthquakes with magnitudes
of approximately M7 have occurred repeatedly at inter-
vals of approximately 40 years, including the 1931 Mj
6.8, the 1932 Mj 7.0 (Utsu 1999; Ichikawa 1971), and two
recent large events—one in 1970 and one in 1982—at
depths of 20-30 km for the 1970 Mj 6.7 Hidaka earth-
quake (Ichikawa 1971; Moriya 1972) and 18-35 km for
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Fig. 1 a Tectonic setting of Hokkaido (modified after Kita et al.
(2012), originally from Iwasaki et al. (2004), and Kimura (1994), and
the Geological Survey of Japan 1992). The main plot is an enlarged
image of the squared area in the inset map. The pink zone indicates
the Kuril forearc. Dotted lines indicate tectonic boundaries. Thick
lines with triangles denote Quaternary and Neogene thrust faults
(green: Ishikari-teichi-toen fault zone; thin blue: Yubari-dake fault

(Ito 2000);
Urahoro fa

red: Hidaka main thrust; blue: Tokachi Plain faults: purple:
ult; black: other thrust faults). Green- and gray-shaded

zones indicate the Hidaka metamorphic belt and the Kamuikotan
metamorphic belt, respectively. Yellow stars indicate relocated
hypocenters in the present study. Black stars indicate the hypocenters
of the 1970 Hidaka and 1982 Urakawa-oki earthquakes. Triangles
indicate sites of active volcanoes. The blue dashed line shows

the location of the contact zone of the slab upper surface (Kita

et al. 2010) with the anomalously deepened crustal materials. b

Schematic

diagram of the 2018 M6.7 event and the structure beneath

south-central Hokkaido. ¢ Schematic diagram of large inland events
and the structure of the collision between the Kuril and NE Japan
forearcs beneath the Hidaka collision zone

140° 142°

Fig. 2 Distribution of stations and grid configurations (red and blue
crosses) used in the relocation by the double-difference tomography
method. The relocation of the present study shown in Fig. 3 used
permanent seismic stations, which are denoted as red squares. Green
squares denote the temporary stations which were operated in 1999
to 2001 (Katsumata et al. 2003). Both the permanent and temporary
stations were used in the estimation of the detailed seismic structure
shown in Figs. 4 and 5

the 1982 Mj 7.1 Urakawa-oki earthquake (Moriya et al.
1983) (Fig. 1a). These focal depths are anomalously larger
than those of typical inland crustal earthquakes in the
Japanese islands (~ 15 km Omuralieva et al. 2012).

Several seismological studies on the crustal structure of
central Hokkaido have been carried out to obtain images
so as to clarify the collision process of the two forearcs
(Seismic surveys: Ito et al. 1999; Ito 2000; Iwasaki et al.
1998, 2004; Seismic velocity structures: Takanami 1982;
Fuji and Moriya 1983; Miyamachi and Moriya 1984;
Miyamachi et al. 1994; Moriya et al. 1998; Katsumata
et al. 2003, 2006; Murai et al. 2003; Kita et al. 2010, 2012;
Seismic attenuation structure: Furumura and Moriya
1990; Taira and Yomogida 2004; Takahashi 2012; Kita
et al. 2014). Kita et al. (2012) performed high-resolution
3-D seismic velocity tomography beneath south-central
Hokkaido at a spatial resolution of approximately 10 km,
by applying the double-difference tomography method
(Zhang and Thurber 2003, 2006) to joint data from the
dense nationwide Kiban seismic network (e.g., Okada
2004; Obara et al. 2005) and from a temporary seismic
network (Katsumata et al. 2002) (as shown in Fig. 2).
Their results of seismic structures indicated the inhomo-
geneous seismic structure related with the arc—arc colli-
sion zone process at depths of 35 to 90 km and explained
the reason for the anomalous deep focal depths of the
two large events, based on their seismic velocity struc-
tures; the results of heat flow; and geological—petrologi-
cal studies (Fig. 1b).

In the determination of the hypocenter by the JMA,
the routine one-dimensional seismic structure is usu-
ally applied to seismic data. In the present study, I
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relocated hypocenters using the three-dimensional seis-
mic structure to examine the focal depth of mainshock,
its relationship to previous large events, the detailed col-
lision zone process and the tectonic setting of Hokkaido,
including active faults.

Data and method

I assumed the three-dimensional seismic structure by
Kita et al. (2012) and relocated hypocenters, applying
the program code of the double-difference tomography
method (Zhang and Thurber 2003, 2006) to the arrival
time data of the events from the JMA earthquake cata-
log. In the relocation by double-difference tomography,
I fixed the seismic structure and did not fix hypocent-
ers. The grid intervals, which were needed for assuming
the 3D seismic structures, were set at 5 to 10 km in the
along-arc direction, 10 km in the across-arc direction,
and 5 to 10 km in the vertical direction. Grid and sta-
tion distributions are shown in Fig. 2. The seismic struc-
ture used in the study is also shown in Figs. 3 and 4, and
Additional file 1. Fifty-three permanent seismic stations
from the Kiban network and the grid distributions are
the same as in Kita et al. (2012). The initial hypocenters
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Fig. 3 Distribution of initial (gray circles) and relocated hypocenters
(red circles) in the present study in the period of September 6

to October 1 (3782 events). a Map view, b E-W strike, and ¢ N-S
strike vertical cross-sections. The initial and relocated mainshock
hypocenters are indicated by gray and yellow stars, respectively. In

a, the green line and the thick gray lines, respectively, denote the
Ishikari Lowland eastern edge fault system (Ishikari-teichi-toen fault
zone) and active faults. In a, the thin green dashed line denotes the
Atsuma fault by Matsuno and Ishida (1960). The thin gray lines denote
the Kamui-Kotan metamorphic belt. In b, the green triangle indicates
the location of the Ishikari-teichi-toen fault zone
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from the JMA earthquake catalog are shown in Fig. 3 as
gray open circles. The seismic structures are shown in
Figs. 4 and 5. For the relocation, I selected event pairs
with an epicentral separation of less than 5 km and an
epicentral distance between a station and a pair of events
of less than 400 km. I also selected events having more
than eight arrival time double differences (DDs) with
neighbors. The analysis period was from January 1, 2015
to October 31, 2018, and the depth range of the analyzed
hypocenters was set as 0 to 100 km. In the JMA catalog,
there are three types of flags for P-waves (IP: impulsive
P-wave, EP: emergent P-wave, and P: P-wave between
impulsive and emergent) for reading the arrival times
data. The read arrival times were weighted according to
these three types of flags (IP and IS: 1.0, P and S: 0.7, and
EP and ES: 0.1). A total of 64,144 arrival time differences
were obtained for 85,061 P-waves from the JMA earth-
quake catalog, and 39,952 arrival time differences were
obtained for 53,264 S-waves from the JMA earthquake
catalog. Arrival time differences were obtained from the
catalog, but from the cross-correlation method was not
used in this analysis.

Results

In total, 5109 events were relocated. The average root
mean square value of the DDs for each event was reduced
by this procedure from 1.29 to 0.14 s. Using observations
with random noises corresponding to picking errors
(standard deviations of 0.10 s for P waves and 0.20 s for S
waves), the mean errors were estimated to be 0.65 km in
depth and 0.54 km in the horizontal direction. The results
for relocated hypocenters are shown in Fig. 3. The hypo-
centers parameters of the main shock and its aftershocks
are shown in Additional file 2. After relocation, the depth
of the mainshock became 35.4 km with estimated errors
of 0.23 km in depth and 0.26 km in the horizontal direc-
tion. Comparing the depths of the relocated and initial
hypocenters at depths of less than 30 km and those at
depths of more than 30 km, the depths of the relocation
results were, respectively, 4.2 km and 5.1 km (on average)
shallower than those of the initial hypocenters.

Figure 3 shows horizontal and vertical slices of the
hypocenter location. The relocated mainshock is also
plotted on the tectonic setting presentation figure
(Fig. 1a). The mainshock and most of the aftershocks are
relocated eastward of the Ishikari Lowlands (Ishikari-
teichi-toen) fault zone. In Fig. 3, the relocated aftershocks
and mainshock are generally found at depths of 10 to
40 km, striking in the north—south direction and inclined
eastward at less than 60°. The relocated aftershocks and
mainshock are also plotted on the seismic velocity struc-
ture (Kita et al. 2012) shown in Figs. 4a, g, and 5. The
aftershocks and mainshock are located in the portions of
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The intrusion structure of high velocity materials
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Fig. 4 Relocated hypocenters (green circles: aftershocks, white stars: mainshock) in the present study plotted on along-arc vertical cross-sections
of the detailed seismic velocity structures estimated by Kita et al. (2012). Relocated hypocenters of aftershocks within 5 km from the vertical section
were plotted. The locations of the sections are shown in the inset map. The thick white lines in d and j show the locations of the faults of the 1970
and 1982 events. (left) P and (right) S wave velocities are indicated by the color scale. Black dots indicate the hypocenters used in the tomographic
inversions presented in Kita et al. (2012). Thick white lines delineate the upper surface of the subducting Pacific slab. Contours indicate P and S
wave velocity values contoured at intervals of 0.6 and 0.3 km/s in b—f and h-|, respectively (and 0.5 and 0.25 km/s, respectively, in a, g). Green

and green dashed ellipses in a and g indicate the locations of intrusion of the high-velocity materials. The bold horizontal lines at the top of each
plot represent the land area. Triangles at the top of the plots indicate the locations of thrust faults (green: thrust (extension of Ishikari-teichi-toen
fault zone), aqua blue: Yubari-dake fault, red: Hidaka main thrust, dark blue: Tokachi Plain faults, pink: Urahoro fault). The green and gray rectangles
and the gray area at the top of the plot indicate the locations of the Hidaka and Kamuikotan metamorphic belts, respectively. White-shaded areas
indicate portions of DWS <500
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Fig. 5 Relocated hypocenters in the present study plotted on the horizontal cross-sections of P and S wave velocities estimated by Kita et al. (2012).
Green dots indicate the hypocenters of aftershocks within 2.5 km in the depth direction, and the white stars in i and l indicate the mainshock. The

P wave velocities are shown at depths of 10, 15, 20, 25, 30, and 25 km in a—c and g-i, respectively. The S wave velocities at these depths are shown
in d—f and j-1. Note that the color scales for a—f are different from those for g-I. Contours indicate P and S wave velocity values at intervals of 0.6
and 0.4 km/s, respectively. Green and green dashed ellipses indicate the location of intrusion of the high-velocity materials. Gray lines indicate the
locations of thrust faults. The black area and thick black lines indicate the locations of the Hidaka metamorphic belt and the coast line, respectively.

White-shaded areas indicate portions of DWS <500

Vp<7.0 km/s and Vs <4.0 km/s, parallel to high-velocity-
material (Vp>7.6 km/s and Vs>4.2 km/s) intrusion at
depths of 30 to 40 km (Figs. 4a, g, 5h, i, k, I). The after-
shocks at depths of 10 to 20 km are also located paral-
lel to high-velocity materials and the tectonic line near
the Ishikari-teichi-toen fault zone (Fig. 5a—f). The main-
shock and aftershocks are also plotted on the seismic
attenuation structure (Kita et al. 2014) shown in Fig. 6.
The aftershocks at depths of 7.5 to 22.5 km are clearly
located at the western edge of the high-attenuation zone
(Qp=300), which approximately corresponds to the Ishi-
kashi-teichi-toen fault zone (Fig. 6a, b). The mainshock
lies in the moderate attenuation portions (Fig. 6c, e, f).

Discussion

Ishikari-teichi-toen fault zone and the Hidada collision
zone

Kita et al. (2012) indicated that a broad low-velocity zone
of P and S waves, with velocities consistent with those of
crustal rocks (Vp<7.2 km/s, Vs<4.2 km/s), was revealed
west of the Hidaka main thrust at depths of 35-90 km
(Figs. 4, 5). The Vp/Vs ratio values in this low-velocity
zone ranged from 1.60 to 1.71, suggesting that the low-
velocity zone is not serpentinized mantle wedge mate-
rial, because Vp/Vs values for serpentine are generally
larger than 2.0 (Christensen 1996). In Fig. 4c through f,
the low-velocity zone (crust materials) exists at depths of
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Fig. 6 Relocated hypocenters in the present study plotted on the horizontal cross-sections of seismic attenuation structure (Qp-1) of Kita et al.
(2014) shown by the color scale at the bottom at depths of a 10 km, b 20 km, and ¢ 30 km. White dots indicate the hypocenters of aftershocks
within 2.5 km in the depth direction, and the yellow star in c indicates the mainshock. White stars indicate the hypocenters of the 1982 and 1970
events. Large circles indicate damaging inland type earthquakes (M5.0-6.5) by Utsu (1999) and Kita et al. (2014). The dashed black lines indicate
the locations of tectonic lines. Areas enclosed by black lines indicate the locations of the metamorphic belts. The black curved thick lines and the
black vertical line show the costal lines and the boundary of the northeastern and Kuril arc, respectively. Red triangles and the thin black curved line
show, respectively, Quaternary volcanoes and the 100-km-depth contour of the subducting Pacific Plate by Kita et al. (2010). The black thick dashed
line at the south-central Hokkaido in € shows the contact zone of the forearc crustal materials with the upper interface of the Pacific Plate (Kita et al.
2010). Black dots and gray thin lines show hypocenters of the JMA catalog from 2003 to 2012 and active faults, respectively. White-shaded areas
show the areas in which hit count is <80. d—f Vertical cross-sections of Qp-1 along the three profiles shown in c. The horizontal bold black lines at
the top of each plot represent the land area. The dashed black line delineates the upper surface of the subducting Pacific slab. The pink squares and
gray line on the dashed black line indicate the locations of the upper-plane seismic belt in the slab crust and the contact zone of the slab upper
surface (Kita et al. 2010) with the anomalously deepened crustal materials, respectively. Black and white stars, respectively, show the 2018 Eastern
Iburi and 1982 Urakawa-oki earthquakes. White dots represent aftershocks of the 2018 Eastern Iburi earthquake within 5 km of each profile. Black
dots represent ordinary earthquakes that occurred within 10 km of each profile. Red triangles represent active volcanoes and Quaternary volcanoes.
White-shaded areas show the areas in which the hit count is <80
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more than 40 km and contacted the upper surface of the
subducting Pacific plate beneath the westward area of the
Hidaka main thrust, whereas thickened crust materials
exist at depths of less than 40 km in Figs. 1b, 4a and g,
including the 2018 mainshock and the aftershocks. These
figures showed that the aftershocks and mainshock are
located on the northwestern edge of the thickened crust
materials related to the Hidaka collision zone beneath the
NE Japan arc. The mainshock and aftershocks also lied
near the high-velocity-material intrusion (Vp>7.6 km/s
and Vs>4.2 km/s) (Figs. 4a, g, 5h, i, k, 1), which corre-
sponds to uppermost mantle materials (e.g., serpentine
and/or peridotite (Christensen 1996).

The relocated hypocenters of the mainshock and after-
shocks are generally located at depths of 10 to 40 km
(Fig. 3b, ¢), striking in the north—south direction (Fig. 3a),
inclined eastward at less than 60° (Fig. 3b) and parallel to
the high-velocity-material intrusion (Figs. 1b, 5g, h, k, 1).
Kita et al. (2012) found a broad low-velocity zone of P and
S waves with velocities consistent with those of crustal
rocks and also found that several small-scale high-velocity
zones are located at depths of 0-35 km inclined north-
eastward at 40°—60° (Fig. 4). All of these anomalous high-
velocity zones are located at deeper extensions of Neogene
thrust faults (Fig. 4b—d and h-j, especially Fig. 4d and
i). Moreover, the fault planes of the 1970 M 6.7 Hidaka
earthquake and the 1982 M 7.1 Urakawa-oki earthquake
occur in the crust materials beneath the NE Japan arc, and
are located near the sharp boundaries of this anomalous
high-velocity zone and this low-velocity zone (Figs. 1c,
4d in the present study, and Fig. 11 of Kita et al. (2012).
Kita et al. indicated the possibility that these two events
occurred through Neogene thrust faults, which penetrate
from the shallower portion to the deeper portion (at least
40 km) in the collision zone (Fig. 1b). They thought that
these Neogene thrust faults were important to the col-
lision process. On the other hand, the cross-sectional
view in Fig. 3b shows that the 60° inclined hypocenter
sequence appears to be located in the deeper extension
of the Ishikari-teichi-toen fault zone. The seismic attenu-
ation structure at depths of 10, 20, and 30 km by Kita et al.
(2014) also seems to support that the Ishikari-teichi-toen
fault zone is a highly inclined fault (Fig. 6a). The highly
inclined fault indicated in the present study is not incon-
sistent with the 74° inclined fault estimated by the InSAR
data analysis (Geospatial Information Authority of Japan
2018a, b; Kobayashi 2019). Since the dip of the fault is
approximately the same as the dip of the sharp material
boundaries in central Hidaka indicated by Kite et al., the
present study suggests that the 2018 M 6.7 event occurs
by means of old fracture, such as the Ishikari-teichi-toen
fault zone. Geographical studies, however, reported that
the fault plane of the Ishikari-teichi-toen fault zone has a

Page 7 of 11

low inclined dip (Earthquake Research Committee 2010).
Since their study depth only covered the portion near
the surface, the dip of the fault zone at a shallow depth
would not be the same as the dip indicated by the present
study. Gravity anomaly research reports did not show a
large difference between the regions eastward and west-
ward of the Ishikari-teichi-toen fault zone (Earthquake
Research Committee 2010; Komazawa 2014), which does
not clearly suggest a large previous dip slip activity. Based
on a geological study, the Neogene (Miocene) thrust faults
in the Hidaka collision zone, including the Ishikari-teichi-
toen fault zone, were originally strike faults, having a long
history of strike faulting from 25 Ma before the arc—arc
collision started (12 Ma) (Maeda 1990; Kimura 1996;
Kusunoki and Kimura 1998; Jolivet et al. 2018). Moreover,
based on the geochemical analysis of zircon, a petrologi-
cal study (Kemp et al. 2007) shows the intrusion of gab-
bro into the accretionary prism of the Cretaceous in the
Hidada metamorphic belt occurred by the magmatism
due to an asthenospheric upwelling related to the back-
arc spreading in the Miocene (19 Ma) (Kimura 1996). The
effect on the gravity anomalies by the gabbro intrusion
and strike slip faulting can be greater than that by the dip
slip of the high-angle fault. The accretionary prism of the
Cretaceous (130 to 100 Ma) consists of fractions of oce-
anic crust materials and thrusts. The Miocene marine
sedimentary rocks are reported in the surface geology of
the Eastern Iburi earthquake region in the Ishikari Low-
land (Geological Survey of Japan AIST 2006) and seem
to be located over the Cretaceous accretionary prism
therein (e.g., Figure 1 of Ueda 2005). Geographical stud-
ies reported that the fault plane within the sedimentary
rocks, but the relationship of detailed locations of the
sedimentary rocks and the Cretaceous accretionary prism
remains unknown. Therefore, I consider the possibility
that the 2018 M6.7 event occurs by means of a fault in
the crustal materials related to the Cretaceous accretion-
ary prism beneath the Ishikari-teichi-toen fault zone. The
fault possibly connects to the Ishikari-teichi-toen fault
zone at deeper depths (Fig. 1b). Near the Ishikari-teichi-
toen fault zone, other small faults are also located in the
deeper extension of the aftershocks hypocenters of the
2018 event. Using data from the Daichi-2 satellite, the
Geospatial Information Authority of Japan shows that the
pattern of the InSAR clearly changed beneath the eastern
region of the Ishikari-teichi-toen fault zone (westward of
the epicenter of the mainshock of the 2018 event) in the
NNW-SSE direction (Earthquake Research Committee
2018), although the problem of less sensitivity of INSAR
for a deeper part of the rupture must not be neglected.
The gravity anomaly pattern (Komazawa 2014) is also
changed at the boundary of the InSAR pattern, which cor-
responds to locations of the Atsuma fault (Kimura 2019)
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and the Atsuma syncline reported by Matsuno and Ishida
(1960). A recent reflection study reports the fault plane of
the Atsuma fault inclined eastward and the dip was ~60°
at depths of ~1 km and ~ 20° at depths of more than 2 km
(Kozuka et al. 2002). The location of the Atsuma fault is
shown in Fig. 3a. Further discussion of the 2018 event
along local geoscientific characteristics is intended as an
area for future study.

Based on not only the geological evidences, but also the
results of geodetic studies using triangulation/trilatera-
tion data during several decades (e.g., Tada and Kimura
1987), Kimura (1986, 1996) proposed that the Kuril
forearc sliver in the southeastern Hokkaido is moving
southwestward and has been colliding with the NE Japan
arc at the Hidaka collision zone since 12 Ma. Recently,
our understanding of crustal deformation before, during
and after large earthquakes has been greatly improved by
Global Navigation Satellite System (GNSS) observations
with the improved temporal resolution from conven-
tional geodetic observations such as triangulation/trilat-
eration. Interseismic north-westward deformation of the
forearc regions in Hokkaido recently observed by GNSS
has been mainly explained by deformations due to lock-
ing between the continental and Pacific plates (Ito et al.
2000; Suwa et al. 2006; Hashimoto et al. 2009; Itoh et al.
2019). A block model assuming the Kuril forearc sliver as
well as interplate locking did not fit the recent GNSS data
well, either (Loveless and Meade 2010). The Kuril forearc
sliver migration indicated by the geological studies could
be presently small enough to be hidden by deformation
due to the interplate locking, which may be related to
the reason why large gravity anomalies are not reported
beneath the Eastern Iburi earthquake region.

Figure 5 shows the horizontal sections of seismic
structures, indicating also that the hypocenter sequence
of the mainshock and aftershocks was located in the
anomalous deep forearc crust materials. The hypocenter
sequence was also located parallel to the sharp bound-
ary of the crust and mantle materials at depths of 30 to
35 km (green ellipse in Fig. 5h, i, k, 1), and also located
parallel to high-velocity crust materials at depths of 15
to 25 km (green ellipse in Fig. 5b, ¢, e, f, g, j). Although
the high-velocity-material intrusion with velocities of
uppermost mantle materials westward of the hypo-
center sequence is very small, the restoring resolution
test (Zhao et al. 1992) by Kita et al. (2012) has shown
that this intrusion structure of high-velocity materials is
believable (Fig. 5 in Kita et al. 2012). The western edge of
the low Qp (Qp=300) in the Hidaka collision zone cor-
responds to the Ishikari-teichi-toen fault zone at depths
of 10 and 20 km, at which the aftershocks of the 2018
events are located (Fig. 6a, b). Therefore, the main shock
and aftershocks occurred in the crust material, but using

Page 8 of 11

the sharp material boundaries between the uppermost
mantle and crustal materials (Fig. 1b). This kind of rela-
tionship between the hypocenters and material distribu-
tions is the same as that of the 2018 M6.7 event, and the
1970 and the 1982 events in the Hidaka collision zone.
Oman ophiolite studies have shown that dunite of several
hundred meters in width, which is easily deformed com-
pared to other peridotite rocks due to the weakest crystal
structure among them, is always reported in the Moho
transition zone of the Oman ophiolite (e.g., Boudier and
Nicolas 1995; Jousselin et al. 1998). The velocities of the
uppermost mantle material intrusion near the fault of the
Iburi eastern earthquake are slightly smaller than those of
dunite (Christensen 1996), but strain may accumulate on
the material boundaries of uppermost mantle and crust
materials near the main shock before the beginning of
the rupture of the mainshock, which could be a trigger of
the mainshock.

Cause of the great depth and heat flow studies

The mainshocks of the 2018 M6.7 event and the 1970
and the 1982 events in the Hidaka collision zone have
a greater depth than typical inland earthquakes in the
Japan archipelago. Since the greater depth limit of inland
earthquake is generally related to weakening the tem-
perature of quartz, a locally low temperature beneath and
north-westward of the Hidaka collision zone could cause
anomalous deep large-magnitude events.

Studies of the heat flow and the geothermal gradi-
ent in the Japan archipelago compiled by Tanaka (2004)
show locally very low values in south-central Hok-
kaido, as compared with those in the surrounding area
(Fig. 7). In the Hokkaido corner, several seismological
observations also support the locally low-temperature
structure: the peak depth of seismicity in the subduct-
ing oceanic crust (the upper-plane seismic belt), which
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is due to the eclogite-forming phase change with dehy-
dration, is locally deepened there (~120 km) (Kita et al.
2010) (pink square in Fig. 6e), whereas that in Tohoku
and east Hokkaido is approximately 80 km (Kita et al.
2006) (pink square in Fig. 6d). The deeper limits of the
low-angle thrust faults and repeating earthquakes are
locally deepened (~70 km) at this location, whereas
these limits are approximately 60 km in Tohoku and
approximately 50 km in east Hokkaido (Kita et al. 2010;
Uchida et al. 2003). The locally low temperature occurs
because the anomalous deep Kuril forearc crust materi-
als contact the surface of the subducting oceanic plate
due to the collision with the NE Japan arc (Kita et al.
2010) and avoid the mantle wedge flow to contact to
the subducting slab at depths of the contact zone of the
crust materials (Figs. 1a, ¢, 4c—f, j—1, 6¢, e, 7). The mantle
wedge flow, which is the return flow against the subduc-
tion of the oceanic plate, becomes weaker beneath the
north-westward of the Hidaka collision zone compared
to the flow beneath surrounding areas [Fig. 6d, e in the
present study and Fig. 16 of Kita et al. (2014)]. A seismic
attenuation study also shows that a clear low-attenuation
structure above the slab, which is considered to be man-
tle wedge flow, is located in the mantle wedge beneath
eastern (Fig. 6d) and southern Hokkaido, whereas this
structure was not located beneath the north-westward of
the Hidaka collision zone (Fig. 6e).

Commonality with damaging inland crustal earthquakes

in Hokkaido

Damaging inland crustal earthquakes at depths of 10 to
30 km in Hokkaido reported by Utsu (1999) and Kita
et al. (2014) are shown in Fig. 6. Most of these events are
located at the edge of the low-Q zone (Qp<166). The
2018 event itself is located in a mid-Qp zone, but close
to the low-Qp part of the Hidaka collision zone. The
surrounding areas of the low-Qp zone may experience
future damaging earthquakes.

Conclusion

I relocated the hypocenters of microearthquakes, includ-
ing the aftershocks and mainshock of the 2018 Mé6.7
inland type event in south-central Hokkaido, using a
high-resolution three-dimensional seismic velocity
structure. The results of the relocation show that the
aftershocks are generally relocated at depths ranging
from 10 to 40 km, and the focal depth of the mainshock
changed from 37.0 km to 35.4 km after the relocation.
The relocated hypocenters of the mainshock and after-
shocks were located in the anomalous deep forearc crust
materials beneath the northwestern edge of the Hidaka
collision zone. Like the previous two large events in
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the collision zone, the focal depth of the mainshock is
located in the crust materials parallel to the uppermost
mantle intrusions beneath the NE Japan forearc and
is anomalously larger than the average inland crustal
earthquakes beneath the Japanese archipelago. These
large events have a role in the ongoing collision zone
process. These anomalously large focal depths were
caused by the locally low temperature reported in south-
central Hokkaido.

The fault plane was approximately 60° inclined and
appears to be located in the deeper extension of the
Ishikari-teichi-toen fault zone. The aftershocks of the
2018 event also lie in the western edge of the high-
attenuation zone, parallel to the Ishikari-teichi-toen
fault zone. Like the previous two events, the 2018
M6.7 event occurred using one of material boundaries,
which could be related with one of old thrust (dip slip)
faults like the Ishikari-teichi-toen fault zone, though
the detailed relationship between the thrust fault
reported on the surface and the 2018 event has been
still unknown.

The previous seismological studies have thought that
the anomalously deep crustal materials, in which the
2018 M6.7 and previous two events occurred, are mainly
formed by the arc—arc collision process. Not only the
collision process itself but also the geological processes
before the collision could be related with the formation
of the thickened crust. Consideration of this geological
history is needed for understanding the present obser-
vation results of seismological, geodetic, geological,
petrological and geographical studies and revealing the
overall of the Hidaka collision zone process.
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