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Abstract

The earthquake cycle consists of three periods: interseismic, coseismic, and
postseismic. It is necessary to examine these three periods to understand the earthquake
cycle. However, when we focus on large (M,, ~ 8) to giant (M,, ~ 9) earthquakes in a
given region, the interseismic periods are often longer than the instrumental seismic
observation periods, which are on the order of 100 years.

In the southernmost part of the Kuril subduction zone, six large to giant interplate
earthquakes have occurred in the last 400 years. This includes the two M, ~ 8
Tokachi-oki earthquakes that occurred in 1952 and 2003. In Hokkaido, instrumental
seismic and geodetic observations began in the late 19" to early 20™ centuries.
Therefore, we are able to investigate more than a single M8 class earthquake cycle there.
In this thesis, we examine the interseismic, coseismic, and postseismic periods in the
southernmost part of the Kuril subduction zone to estimate slip history and budget in the
MS class earthquake cycle.

First, we investigated the coseismic periods. We performed joint source inversion
analyses and examined the similarities and differences between the 1952 and 2003
Tokachi-oki earthquakes. We made two datasets for the 2003 earthquake, and one is
nearly the same as that of the 1952 earthquake. The results reveal that in the
Tokachi-oki region, the rupture processes, slip area, and slip amounts were similar for
the 1952 and 2003 earthquakes. However, there are two differences: the 1952
earthquake was initiated with an M,, 6.1 earthquake, and it extended to the Akkeshi-oki

region after the main rupture in the Tokachi-oki region.



Second, we analyzed the interseismic and postseismic periods prior to and after the
2003 earthquake using recent GNSS data. We investigated the crustal deformation rate
prior to the 2003 earthquake and obtained the yearly slip deficit/afterslip distribution
between 25 September 2000 and 24 September 2010. We confirmed that there was no
yearly scale transient phenomenon prior to the 2003 earthquake in the Tokachi-oki
region. The obtained slip deficit showed that the large slip deficit regions prior to the
2003 earthquakes were consistent with the main rupture areas of the 1952 and 2003
earthquakes. Moreover, the afterslip of the 2003 earthquake did not reach the
Akkeshi-oki region, where a large slip occurred during the 1952 earthquake.

Third, we investigated leveling data and repeating earthquakes during periods that
were not covered by the GNSS data. We examined a survey route around Cape Erimo,
which has been repeatedly measured without a route change. We also estimated the
crustal deformation due to medium-sized (M > 6.5) earthquakes. We next investigated
two M5.4 repeating earthquake groups around Cape Erimo using analog seismograms.
Together with the groups investigated by previous studies, we estimated the aseismic
slip rate around the groups. The results of these investigations reveal that afterslip of the
1952 earthquake may have continued until around 1980. Moreover, in the Tokachi-oki
region, the state of the plate interface prior to the 1952 earthquake may be similar to that
prior to the 2003 earthquake. We also found that the acceleration of aseismic slip rate in
the west of Cape Erimo prior to the 2003 earthquake.

Finally, we summarized the results of the above analyses and examined the slip
history in the southernmost part of the Kuril subduction zone. We found that the slip
budget is unbalanced in the Tokachi-oki region both in the single earthquake cycle

between the 1952 and 2003 earthquakes and in the multiple cycles since 1843. We
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suggested four possible reasons for the unbalanced slip budget: stress transfer, temporal

change of frictional properties, changes of slip deficit rate, and supercycle.
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1. General introduction

In subduction zones where an oceanic plate is subducting beneath a continental
plate, large (moment magnitude (M,,) ~ 8) to giant (M,, ~ 9) earthquakes usually occur
on the plate interface. For example in the Japan Trench subduction zone the 2011 M,,
9.0 Tohoku earthquake occurred and caused serious damage with approximately 20,000
fatalities and missing persons in the Tohoku region. Because these earthquakes occurs
as a result of release of strain accumulated due to tectonic loading, it is important for
understanding physics of earthquake and seismic hazard to examine the strain
accumulation and release process. In this thesis we call the process ‘earthquake cycle’.

In early studies of earthquake cycle, Shimazaki and Nakata [1980] proposed the
time-predictable and slip-predictable models. The former assumes that a constant
critical stress and a variable final stress. The latter assumes a variable critical stress and
a constant final stress. They tested these two models using coseismic uplift data at a site
along the Nankai subduction zones around Japan and suggested that the
time-predictable model is more consistent than the other. After the 2004 M,, 9.0
(GCMT) Sumatra earthquake, several paleoseismic and paleogeodetic studies have been
done in a few subduction zones [Goldfinger et al., 2013; Sieh et al., 2008; Philibosian et
al., 2014; Wesson et al., 2015] and the supercycle model was proposed [Goldfinger et al.,
2013; Sieh et al., 2008]. However, in these studies the slip history and budget were not
well examined.

Concerning a long-term and wide-scale slip budget, Scholz and Campos [2012]

estimated the seismic coupling of the various subduction zones. They showed that the



coupling varies considerably from one subduction zone to another. Kanamori [1977]
and Kanamori et al. [2006] indicated that in the Japan Trench subduction zone seismic
slip rate estimated from large earthquakes in recent few centuries is only 1/4 of plate
convergence rate and suggested that a few explanations for the difference. In fact, a
giant earthquake with M, 9.0 occurred in Tohoku in 2011 which was suggested in
Kanamori et al. [2006].

When we focus on a region of a given subduction zone, intervals of large to giant
earthquakes vary from several decades to a few hundreds of years. In the subduction
zone from the Central Andes to Chile, the 2014 M,, 8.2 Iquique earthquake ruptured a
part of the rupture zone of the 1877 M,, 8.8 earthquake [Hayes et al., 2014] and the 2010
M,, 8.8 Maule earthquake occurred in the region where an M,, 8.5 earthquake occurred
in 1835 [Moreno et al., 2010]. In the Sumatra subduction zone, the last even similar to
the 2005 M,, 8.7 Nias-Simeulue earthquake was an earthquake in 1861, and 2007 M,, 8.4
South Pagai and M,, 7.9 Pagai-Sipora earthquakes ruptured part of the rupture zone of
the 1833 M,, 9.0 earthquake in 1833 [Chlieh et al, 2008]. In the Japan Trench
subduction zone, the 1968 M, 8.3 Tokachi-oki earthquake, which is called the
“Tokachi-oki earthquake” even though its source region is located in northern Sanriku
[Nagai et al., 2001], had a rupture area similar to an earthquake in 1856 [Hatori, 1975],
and there had been no giant earthquakes for at least 400 years prior to the 2011 M, 9.0
Tohoku earthquake. In the Nankai subduction zone, where the history of large to giant
earthquakes has been well documented over the last 1400 years, the intervals of these
earthquakes are 90-474 years [Furumura, 2015]. These examples indicate that the
intervals of large to giant earthquakes are usually longer than the seismic and geodetic

observation periods, which started in the late 19™ century at the earliest, making it
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difficult to understand even a single cycle of such earthquakes using the seismic and
geodetic data.

In the southernmost part of the Kuril subduction zone, which includes the
Tokachi-oki, Akkeshi-oki, and Nemuro-oki regions (Figure 1-1), the Pacific Plate is
subducting beneath the North America or Okhotsk plates with a convergence rate of
approximately 8.5 cm/year [Drewes, 2009] and five large earthquakes have occurred in
recent two hundred years [Satake, 2017]. Moreover, paleoseismic studies [e.g., Sawai et
al., 2009] suggested that giant earthquakes have occurred in the southernmost part of the
Kuril subduction zone and the last such earthquake occurred in the 17" century (Figure
1-1b). In the Tokachi-oki region, earthquakes with Japan Metrological Agency (JMA)
magnitudes (Mjva) of 8.2 and 8.0 occurred in 1952 and 2003, respectively. In Hokkaido,
geodetic and seismic observations began in the late 19" to early 20" century. Therefore,
this is one of the few cases where more than one large earthquake occurred during the
seismic and geodetic observation periods, and we can estimate slip history and budget
for examining the M8 class earthquake cycle in the southernmost part of the Kuril
subduction zone including the Tokachi-oki region.

In Chapter 2, we investigate the coseismic periods by analyzing the source rupture
processes of the 1952 and 2003 Tokachi-oki earthquakes. We perform joint source
inversions using strong motion, teleseismic, and geodetic data. Because the amount of
data is limited for the 1952 earthquake, we make two datasets for the 2003 earthquake,
one of which is almost equivalent to the 1952 dataset. We examine the similarities and
differences between the two earthquakes using the results.

In Chapter 3, we investigate the interseismic and postseismic periods around the

2003 earthquake using recent GNSS data. To check whether there was a long-term
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transient event prior to the 2003 earthquake, we compare the three-year crustal
deformation rate from 30 March 1997 to 29 March 2000 to the rate from 25 September
2000 to 24 September 2003. In addition, we perform a yearly slip deficit/afterslip
inversion from 25 September 2000 to 24 September 2010 to investigate the temporal
evolution of the slip deficit/afterslip. We discuss the relationship between the slip
deificit/afterslip distribution and coseismic slip of the 1952 and 2003 earthquakes.

In Chapter 4, we investigate the 100-year crustal deformation and historical
repeating earthquakes using the leveling survey data and analog seismograms. We select
a survey route and two groups of the repeating earthquakes around Cape Erimo. We also
examine M > 6.5 earthquakes in the study area and estimated the coseismic
deformations due to these earthquakes. The results are used to infer the state of the plate
interface in the pre-GNSS age.

In Chapter 5, we summarize the results obtained in Chapters 2 to 4 and examine the
slip history in the southernmost part of the Kuril subduction zone. We conduct a

quantitative examination in the Tokachi-oki region. We indicate two features in the slip

history and suggest geophysical explanations for the features.
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Figure 1-1. (a) Index map. Gray stars denote the epicenters of the M,, > 7.7 interplate
earthquakes that have occurred since 1950. The black rectangle in the inset map
represents the map area. The gray line shows the trench axis [Iwasaki et al., 2015].
Black arrows indicate the motion of Pacific Plate relative to North America Plate
[Drewes, 2009]. The background colors show the topography of the General
Bathymetric Chart of the Oceans (GEBCO) 2014 [Weatherall et al., 2015]. (b) Tsunami

source area of the historical earthquakes [Satake, 2017].



2. Rupture processes of the 1952 and 2003 Tokachi-oki

earthquakes

2.1. Introduction

The 1952 and 2003 Tokachi-oki earthquakes occurred on 4 March 1952 and 25
September 2003, respectively (universal coordinated time, UTC). Because they have
similar epicenters and magnitudes (Table 2-1 and Figure 2-1), there have been several
comparative studies of these earthquakes.

Hamada and Suzuki [2004] investigated their aftershocks and seismic intensity
distributions. Nishimura [2006] performed source inversions using geodetic survey data.
These studies concluded that the two earthquakes ruptured only the Tokachi-oki region.
A source fault model of the 1952 earthquake estimated by Kasahara [1975] based on
leveling survey data also were located only in the Tokachi-oki region. In addition,
Yamanaka and Kikuchi [2003] performed a strong motion inversion of the 1952
earthquake and a teleseismic inversion of the 2003 earthquake. Even though the most of
the strong-motion data for the 1952 earthquake that they used went off scale after the
S-wave arrival, such that a sufficient data length was not available, they suggested that
the two earthquakes have at least a common rupture area in the Tokachi-oki region.

However, tsunami analyses of the two earthquakes have suggested a different
result. East of Kushiro, the observed tsunami run-up heights of the 1952 earthquake
were higher than those of the 2003 earthquake [Tanioka et al., 2004b] and analyses of
the tsunami waveforms have suggested that the rupture area of the 1952 earthquake

extended to the Akkeshi-oki region [Hirata et al., 2003; Satake et al., 2006]. Hirata et al.



[2007] also examined the tsunami source area of the 1952 earthquake based on
eyewitness testimony and concluded that the rupture area of the 1952 earthquake
reached the Akkeshi-oki region. Note that Hartzell and Heaton [1985] estimated the
source time functions of various large earthquakes including the 1952 earthquake using
waveforms recorded in Pasadena, USA, and their result has two peaks, indicating that
the 1952 Tokachi-oki earthquake had multiple shocks. The previous source studies of
the 1952 earthquake are summarized in Table 2-2.

A rupture process analysis of the 1952 earthquake using seismic waves has
already been performed by Yamanaka and Kikuchi [2003]. However, as noted above,
we cannot analyze the entire rupture process using only strong motion data. Therefore,
in Chapter 2, we perform joint source inversions of teleseismic data that were recorded
with sufficient lengths and strong motion data to understand the entire rupture process
of the 1952 earthquake. The 2003 earthquake was recorded by various observation
networks, and there are over ten studies concerning the source of the earthquake using
various datasets (Table 2-3). However, detailed parameters such as the maximum slip
and seismic moment vary. This is probably due in part to the different datasets, model
settings and analysis methods. Therefore, we also performed joint source inversions of
the 2003 Tokachi-oki earthquake using the same method and fault model and examined

the similarities and differences between the two Tokachi-oki earthquakes.

2.2. Data and Methods

The distributions of the observation stations are shown in Figure 2-1. For the
waveform data of the 1952 earthquake, copies of analog seismograms were collected

from the United States Geological Survey (USGS), the Japan Agency for Marine-Earth
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Science and Technology (JAMSTEC), and JMA. In addition, we used the Headquarters
for Earthquake Research Promotion (HERP) data retrieval system of the JMA analog
seismograms and the records printed in JMA [1957]. These records were manually
digitized to obtain the data. Parameters of the historical seismographs used in this study
are shown in the Appendix.

Information concerning the time of day is needed to perform source inversion
using strong-motion data. However, it is often difficult to obtain such information in the
case of old seismograms. To address this problem, we picked P-wave arrival times
while comparing seismograms of high-gain and strong motion (low-gain) seismographs
and assumed that the picked arrival times corresponded to the arrivals reported in the
Central Meteorological Observatory (CMO) [1953]. Conversely, the reference time of
the teleseismic data in the inversion analysis is the P-wave arrival time. We picked these
arrivals for both earthquakes. Even though some waveforms have unclear initial arrivals,
we determined the arrival times of these waveforms while considering the theoretical
arrival times and waveforms with clear initial arrivals. We also used the phase arrival
signature written by the operators on those days and the reported arrival times if these
were available.

First, we compared the waveforms of the two earthquakes recorded in the stations
whose locations were close to each other (Figure 2-1). Because the waveforms of the
two earthquakes were recorded by different seismographs, we convolved the instrument
responses of the old seismographs to the 2003 waveforms. As shown in Figures 2-2 and
2-3, the waveforms of the two earthquakes have comparable amplitudes, indicating that
these two earthquakes had similar magnitudes. However, there are two distinct

differences in the waveforms of the two earthquakes. One is that, in some 1952



teleseismic waveforms such as the UD components of FLO and DBN, there is a large
phase near 7 = 80 s (Figure 2-3) that cannot be seen in the 2003 waveforms, even
though it is unclear in the strong motion waveforms. The other is that, in some 1952
waveforms, it is clearly seen that the waveforms begin with a small phase, which also
cannot be seen in the 2003 waveforms (Figure 2-4). The Kyoshin Net (K-NET) record
is a trigger type record and a sufficient data length prior to the P-wave arrival is not
available. Therefore, we used the waveforms of the Full Range Seismograph Network
of Japan (F-net) in Figure 2-4.

For the source inversion analysis of the 1952 earthquake, we used teleseismic
P-wave waveforms of 22 components at 11 stations and strong motion waveforms of 9
components at 5 stations (Figure 2-1 and Table 2-4). For the 2003 earthquake, we
obtained the teleseismic data from the Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC) and the strong motion data from
K-NET. We used coseismic displacement data estimated using the Global Navigation
Satellite System (GNSS) by Larson and Miyazaki [2008]. We made two datasets for the
inversion analyses of the 2003 Tokachi-oki earthquake because the amount of data for
the 1952 Tokachi-oki earthquake is limited. As shown in Table 2-4, the 2003-L dataset
consists of teleseismic, strong motion, and geodetic data and includes a large amount of
data. The 2003-S dataset has the same amount of data as the 1952-S dataset and consists
of strong motion and teleseismic data. In the inversion analyses, all waveforms were
integrated to the displacement, band-pass filtered at 0.02—0.2 Hz for the teleseismic
waveforms and at 0.05-0.2 Hz for the strong motion waveforms, and resampled with
0.5 s. We removed the instrument response from the teleseismic waveforms.

We used the source inversion method of Yoshida et al. [1996] and Hikima and
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Koketsu [2005]. This method is based on a multi-time window formulation and solves
the linear problem with spatial and temporal smoothness constraints using nonnegative
least squares. The determination process of the parameter that controls the relative
weight of the constraints is described in Section 2.3. We calculated the strong motion,
teleseismic, and geodetic Green’s functions using the methods of Kohketsu [1985],
Kikuchi and Kanamori [1991], and Zhu and Rivera [2002], respectively.
One-dimensional (1-D) velocity structure models were extracted from the Japan
Integrated Velocity Structure Model (JIVSM) [Koketsu et al., 2008, 2012] underneath
each station and were used to calculate the strong motion Green’s functions. In the
inversion analyses using the 1952-S and 2003-S datasets, the instrumental response was
convolved to the strong motion Green’s functions. To calculation the teleseismic
Green’s functions considering the JIVSM around the hypocenters of the two
earthquakes, we constructed a 1-D velocity structure model for the near-source structure
(Table 2-5). We used the Jeffrey—Bullen model [Bullen, 1963] for the near-receiver
structure (Table 2-6). Because geodetic Green’s functions are less sensitive to the
velocity structure model than waveform Green’s functions, we used the same 1-D
velocity structure model constructed from the JIVSM for all geodetic stations (Table
2-7). We assumed that the basis source time function for each time window was a
boxcar function with a rise time of 5 s and that a rake angle varies between 110+45°.
The weights for the teleseismic and strong motion waveforms were set to normalize the
root mean squares of the amplitudes of each component. The weight for the geodetic
data was set assuming all the geodetic data were waveforms with the root mean squares
of their amplitudes being the same as a normalized waveform multiplied by 2n;, + n,,

where ny and ny are the number of horizontal and vertical components, respectively.
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Considering the one-week aftershock distributions of the two earthquakes, we
constructed a fault model as shown in Figure 2-5a. Even though the hypocentral depths
of the two earthquakes determined by JMA (Table 2-1) are a few tens of kilometers
deeper than the plate-boundary depth model of Iwasaki et al. [2015], in the JMA catalog,
due to the lack of stations above the hypocenters, the depths of the offshore earthquakes
around the 2003 earthquake tend to be mapped deeper than the depths determined using
ocean bottom seismometers [Shinohara et al., 2004; Yamada et al., 2005]. Therefore, we
assumed that the hypocenters of the two earthquakes were located at the plate-boundary
and fit the fault model accordingly (Figures 2-5b and 2-5¢). We divided the fault into 17
x 14 subfaults whose fault sizes were 15 km x 15 km. Because the distances of the
epicenters of the two earthquakes are close to the subfault size, we used the same fault
model for the two earthquakes but changed the location of the subfault where the

rupture was initiated.

2.3. Results

First, we performed a joint source inversion using the 2003-L dataset. We set four
time windows for each subfault and determined the rupture front velocity, which
controls the start times of the first time windows of each subfault, to be 3.3 km/s
considering the variance versus the rupture front velocity. The weight of the constraints
was determined by minimizing the Akaike Bayesian Information Criterion (ABIC)
[Akaike, 1980] in this dataset. The obtained slip distribution shows that the maximum
slip of 7.5 m 1is located in the Tokachi-oki region and that the rupture primarily
propagated in the down dip direction from the rupture initiation point and then in the

northeastern direction (Figures 2-6a and 2-6b). The apparent moment rate function,
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which was calculated by treating the fault model as a plane, has a large peak near 7= 25
s (Figure 2-6¢). We calculated the moment rate function in a simple way because we
assumed a complex non-planar fault model. If we set the main rupture area in the
Tokachi-oki region as shown by the light gray rectangle in Figure 2-6a, the obtained
seismic moment in the area was 1.7 x 10°! Nm, which yields an M,, of 8.1. Note that we
show the largest absolute eigenvalue of the moment tensor as the seismic moment in
this thesis. The overall fittings of the synthetic to the observed data are satisfactory
(Figure 2-7).

Next, we performed a joint source inversion using the 2003-S dataset. We
re-determined the rupture front velocity as 2.8 km/s in a similar manner as the 2003-L
model and set the same number of time windows. However, in the inversions of these
datasets, we did not use the ABIC to determine the weight of the constraints because
unreasonable slips distributions were obtained. Instead, we determined the weight so
that the seismic moment of the main rupture area in the Tokachi-oki region is nearly the
same as the 2003-L model. As shown in Figures 2-8a and 2-8b, the maximum slip of 6.9
m is located in the Tokachi-oki region and the rupture primarily propagated in the down
dip direction from the rupture initiation point. The apparent moment rate function has a
large peak near 7= 25 s, and the overall shape is similar to that of the 2003-L model
(Figures 2-6¢ and 2-8c). The overall fittings of the synthetic to the observed data are
also satisfactory (Figure 2-9).

Finally, we performed a joint source inversion using the 1952-S dataset. We
determined the rupture front velocity to be 2.5 km/s and again set four time windows.
The weight of the constraints is the same as that for the 2003-S model. The obtained slip

distribution shows that there are two large slip peaks of 6.9 m and 6.0 m in the
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Tokachi-oki and Akkeshi-oki regions, respectively (Figure 2-10a). The rupture primarily
propagated from the rupture initiation point in the down dip direction and then in the
northeastern direction, which in this case leads to another large slip in the Akkeshi-oki
region (Figure 2-10b). If we set the main rupture area in the Akkeshi-oki region as
shown in the gray rectangle in Figure 2-10a, the seismic moment of the region was
1.1x10*' Nm (M,, 8.0). Conversely, the seismic moment of the main rupture area in the
Tokachi-oki region was 1.6x10*' Nm (M,, 8.1). The apparent moment rate function has
two large peaks that correspond to the ruptures in the Tokachi-oki and Akkeshi-oki
regions (Figure 2-10c). The overall fittings of the synthetic to the observed data are also

satisfactory (Figure 2-11).

2.4. Discussion and conclusions

The inversions cannot satisfactorily resolve the small initial rupture in the 1952
earthquake (Figure 2-4) in the inversion analysis. For this reason, we examined this
small initial rupture in detail. We estimated the first motion solution of the 1952
earthquake using the polarity of the first motions that were reported to the International
Seismological Centre (ISC) and JMA. To plot the polarity data we calculated takeoff
angles using the 1-D JMA2001 velocity structure model [Ueno et al., 2002] for the
stations whose epicentral distances are less than 2000 km and the Preliminary Reference
Earth Model [Dziewonski et al., 1981] for the teleseismic stations whose epicentral
distances were between 35° and 95°. As the polarity data may include errors due to
various causes such as artificial mistakes and the performance of the seismographs, we
determined a plausible solution via trial and error (Figure 2-12a). We then used the first

motion solution to calculate the synthetic waveforms using the same method as used in
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the inversion analysis and convolved the instrumental response to the synthetic
waveforms. We found that the initial part of the waveforms can be reproduced well
when we assume 1.8 x 10" Nm (M,, 6.1) and an isosceles triangle source time function
with a rise time of 5.5 s (Figure 2-12b). This duration was calculated using the Eq. (1) in
Ekstrom et al. [2012].

The results of the 2003 earthquake using the 2003-L and 2003-S datasets are
generally similar to each other, indicating that the 2003-S and 1952-S datasets are
sufficient to obtain rough rupture processes. However, a slip with an over 4-m peak is
obtained in the 2003-S model near trench (Figure 2-8a). This slip is probably an artifact
due to the error of the waveform Green’s function resulted from using the 1-D velocity
structure models and the limited amount of data because there is only a ~2-m slip in the
2003-L model (Figure 2-6a) and a ~3-m slip in the 1952-S model (Figure 2-10a) at the
same location. Moreover, the tsunami data analyses of the 2003 earthquake [Hirata et al.,
2004; Tanioka et al 2004a] do not support the existence of such a slip near the trench.

The inversion results showed that the two earthquakes have similar rupture
patterns in the Tokachi-oki region (Figures 2-13a and 2-13b). The last event that
ruptured the Tokachi-oki region prior to 1952 may be a large earthquake in 1843
[Satake, 2017], and if that is the case, the two most recent event intervals are 109 and 51
years. This suggests that there is no relationship between the slip amounts and the
events intervals. The 1952 earthquake also had a large slip in the Akkeshi-oki region
(Figure 2-13b). Previous source studies of the 1952 earthquake using the tsunami data
[Hirata et al., 2003; Satake et al., 2006] suggested that the rupture area of the 1952
earthquake extended to the Akkeshi-oki region. Our result is consistent with their results,

even though the locations of the peak slips are slightly different from those of previous
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studies (Figures 2-13b and 2-13c¢).

The My, 8.3 and M,, 7.8 Nemuro-oki earthquakes [Tanioka et al., 2007] occurred
in 1894 and 1973, respectively (Figure 2—13b). Tsunami data analyses suggest that the
source area of the 1894 earthquake included both the Nemuro-oki and Akkeshi-oki
regions and was larger than that of the 1973 earthquake, which only included the
Nemuro-oki region [Tanioka et al.,, 2007]. The obtained large slip area in the
Akkeshi-oki region in the 1952-S model is located between the source regions of the
1952 Tokachi-oki and 1973 Nemuro-oki earthquakes and may have been ruptured in the
1894 earthquake.

In 2004, Mya 7.1 and Mjua 6.9 earthquakes occurred on 28 November and 6
December, respectively, approximately one year after the 2003 earthquake, in the
Akkeshi-oki region (Figure 2-13a). The epicenters of these earthquakes are located near
the area where a large slip occurred during the 1952 earthquake. However, according to
the Global Centroid-Moment-Tensor (GCMT) Project [Ekstrom et al., 2012], the M,
values of these earthquakes were 7.0 and 6.7, therefore, the sum of their seismic
moments is far less than the seismic moment of the 1952 earthquake in the Akkeshi-oki
region. Moreover, no other earthquakes with magnitudes larger than My, 7.0 occurred in
this region prior to 2017. Furthermore, Myya 7.2 and 6.9 earthquakes also occurred on
11 August and 15 November, respectively, in 1961, approximately nine years after the
1952 earthquake, in the Akkeshi-oki region (Figure 2-13b). Even though the details of
these earthquakes were not investigated in this thesis, the similarity of the waveforms
recorded at the Hiroo and Obihiro JMA stations, where there was little movement
between 1961 and 2004, suggests that these two M7 class earthquake pairs ruptured in

nearly the same region (Figure 2-14). Therefore, there was no large strain release in the

15



Akkeshi-oki region after the 2003 earthquake compared to that after the 1952
earthquake, at least by regular earthquakes.

In conclusion, the rupture pattern in the Tokachi-oki region is similar for the 1952
and 2003 earthquakes. Conversely, the initiations of these two earthquakes and the large

slip in the Akkeshi-oki region in the 1952 earthquake make these earthquakes different.
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Table 2-1. Hypocentral information determined by JMA.

Origin time

Earthquake Latitude (°N) Longitude (°E) Depth (km) Mima

(UTC)

1952 04/03/1952
Tokachi-oki 1:22:43.58 41.7057 144.1512 52 2.2
2003 25/09/2003 417785 . N y

Tokachi-oki 19:50:07.42
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Table 2-2. Results of the previous source studies of the 1952 Tokachi-oki earthquake.

Data Nii?r(nnlll)m (10% I(iIm) M, Reference
Teleseismic - - 8.1 Hartzell & Heaton [1985]
Geodetic - 2.0-2.6 8.1-8.2 Kasahara [1975]
Strong motion >2 0.58 7.8 Yamanaka & Kikuchi [2003]
Tsunami 7.16 1.87 8.1 Hirata et al. [2003]
Geodetic 3.2 1.3 8.0 Nishimura [2006]
Tsunami 4.55—6.74 14 8.0-8.3 Satake et al. [2006]
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Table 2-3. Results of the previous source studies of the 2003 Tokachi-oki earthquake.

Maximum

M,

Data slip(m) (102" Nm) M, Reference
Teleseismic 5.8 1.0 8.0 Yamanaka and Kikuchi [2003]
Static GNSS >5 2.8 8.2 Miura et al. [2004]
Teleseismic and strong motion 6.1 1.7 8.1 Yagi [2004]
Strong motion 5.9 2.9 8.2 Honda et al. [2004]
Strong motion and static GNSS 7.1 2.2 8.2 Koketsu et al. [2004]
Static GNSS 4—6 - - Ozawa et al. [2004]
Tsunami 33 1.1 8.0 Tanioka et al. [2004a]
Teleseismic 5 1.8 8.1 Horikawa [2004]
1 Hz GNSS ~9 1.8 8.1 Miyazaki et al. [2004b]
Geodetic >4 2.0 8.2 Nishimura [2006]
Strong motion and static GNSS 7.6 23 8.2
Teleseismic 4.0 1.1 8.0 Hikima et al. [2005]
Tsunami - 1.0 8.0
Static GNSS 53 - - Miyazaki and Larson [2008]
Strong motion ~13 2.06 8.2 Nozu and Irikura [2008]
Strong motion >6 34 83 Aoi et al. [2008]
Teleseismic 12.6 2.18 8.2 Robinson and Cheung [2010]
Tsunami and static GNSS 5.8 1.6 8.1 Romano et al. [2010]
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Table 2-4. Number of stations and components of data used in the inversion analyses.

‘ o Geodetic
Dataset  Strong motion Teleseismic
Horizontal Vertical
17 stations 27 stations 52 stations 23 stations
2003-L 51 components 27 components 32 components 23 components
P P (GNSS) (GNSS)
2003-S 5 stations 12 stations Not used Not used
9 components 22 components
1952-S 5 stations 12 stations Not used Not used

9 components 22 components
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Table 2-5. 1-D near-source velocity structure model for the teleseismic Green’s function
calculation.

Thzlilfr?)ess Vp (km/s) Vs (km/s) p (g/cm3)
1.0 1.5 0.0 1.02
0.5 2.0 0.6 2.00
0.75 2.4 1.0 2.15
2.5 3.0 1.5 2.25
0.75 3.5 2.0 2.35
7.5 5.8 34 2.70
12.0 6.4 3.8 2.8
0 7.5 4.5 3.20
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Table 2-6. 1-D near-receiver velocity structure model for the teleseismic Green’s
function calculation.

Thzlilfr?)ess Vp (km/s) Vs (km/s) p (g/cm3)
15.0 5.57 3.36 2.65
18.0 6.50 3.74 2.87

0 8.10 4.68 3.30
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Table 2-7. 1-D velocity structure model for the geodetic Green’s function calculation.

Thzlil;n)ess Vp (km/s) Vs (kmis)  p(glem’) Qp Qs
5.5 557 336 2.65 680 400
75 6.50 3.74 287 680 400
12,0 8.10 468 330 680 400
w 7.5 45 3.2 850 500
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Figure 2-1. (a) Near-field and (b) teleseismic station maps. The gray and red stars
denote the epicenters of the 1952 and 2003 Tokachi-oki earthquakes determined by
JMA, respectively. The blue inverted triangles and sky blue triangles indicate the
seismic stations in 1952 and 2003, respectively. The blue-green diamonds indicate the
F-net stations. In panel (a), the black rectangle in the inset map represents the map area
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2015].
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Figure 2-2. Comparisons of the strong motion waveforms. The black and red lines show
the waveforms of the 1952 and 2003 earthquakes, respectively. For each waveform pair,
the instrument response is equalized with the 1952 waveform. The stations names and
components are shown in each legend. The 1952 and 2003 waveforms are plotted with

origin times of 7= —7.5 s and 0 s, respectively.
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Figure 2-3. Comparisons of the teleseismic waveforms. The black and red lines show

the waveforms of the 1952 and 2003 earthquakes, respectively. For each waveform pair,

the instrument response is equalized with the 1952 waveform. The stations names and

components are shown in each legend. The 1952 and 2003 waveforms are plotted with

P-wave arrival times of 7=22.5 s and 30 s, respectively.
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Figure 2-4. Comparisons of the initial parts of waveforms. The Red lines show the
waveforms of the 2003 earthquake. The background images show the original
waveforms of the 1952 earthquake. The blue lines indicate the arrival time. For each
waveform pair, the instrument response is equalized with the 1952 waveform. The
stations names, components, and instrument names are shown above each waveform

pair. The reference times of the plots are the same as in Figures 2-2 and 2-3.
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Figure 2-5. (a) Fault model of the inversion analyses. The black lines show the fault
model. The light gray and yellow circles indicate the one-week aftershocks of the 1952
and 2003 earthquakes (Mjua > 4.5), respectively. The plate-boundary depth and the
trench axis [Iwasaki et al., 2015] are represented by the light gray broken lines with
10-km contour intervals and the light gray line, respectively. The purple lines show the
locations of the cross sections described in panels (b) and (c). Other aspects are the
same as in Figure 2-1a. (b) and (c) Cross sections along the lines AB and CD in panel
(a). The black crosses denote the locations of the point sources (i.e., the centers of each

subfault). The gray lines show the plate-boundary [Iwasaki et al., 2015].
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Figure 2-7. (a) Strong motion, (b) teleseismic, and (c) horizontal and (d) vertical static
displacement data fittings of the 2003-L dataset. The observed and synthetic data are
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Figure 2-11. (a) Strong motion, and (b) teleseismic data fittings of the 1952-S dataset.
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Figure 2-12. (a) Estimated P-wave first motion solution for the 1952 earthquake. The
black and white circles indicate the reported compressional and dilatational first
motions, respectively. The fault plane solutions (strike, dip, rake) are shown below the
focal mechanism. (b) The observed and synthetic waveforms (0.25-s sampled and
band-passed between 0.001 Hz and 1.0 Hz). The waveforms are plotted for an initial

arrival of 7= 0 s. The station names and components are drawn above each plot.
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Figure 2-14. Comparisons of the observed waveforms at the Hiroo and Obihiro stations
(a) between the 28/11/2004 Mya 7.1 and 11/08/1961 Mpya 7.2 earthquakes and (b)
between the 06/12/2004 Mja 6.9 and 15/11/1961 Myya 6.9 earthquakes. The blue lines
show the observed waveforms of the 2004 earthquakes and the background images
show the observed waveforms of the 1961 earthquakes. The locations of the stations are

shown in Figure 2—13.
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3. Slip deficit and afterslip prior to and after the 2003

Tokachi-oki earthquake

3.1. Introduction

Observed crustal deformations near subduction zones during interseismic periods
can largely be attributed to the locking of the plate interface and to transient phenomena
on the interface. The slip deficit model introduced by Savage [1983] that assumes the
crustal deformation can be expressed by a combination of stable slips, which are
negligible, and normal faulting (back slip) on the plate interface has been widely
adopted for various subduction zones such as the Chile [Moreno et al., 2010; Métois et
al., 2012], central Andes [Chliech et al., 2011], Mexican [Yoshioka et al., 2004],
Cascadia [Wang et al., 2003], Alaska [Suito and Freymuller, 2009], Kamchatka
[Biirgmann et al., 2005], Hikurangi [Wallace et al., 2004], Sumatra [Chlieh et al., 2008],
and Nankai [Yokota et al., 2016]. These studies have demonstrated the various patterns
of the slip deficit distribution and that regions with large slip deficits generally
correspond to the source regions of the previous large to giant earthquakes. This slip
deficit model is also used to estimate the potential earthquakes in these regions.

In the Japan Trench and Kuril subduction zone, slip deficits were obtained by
Hashimoto et al. [2009; 2012], Loveless and Meade [2010], and Suwa et al. [2006].
These studies used the data between 1996 and 2002 when few earthquakes with Myya >
7 occurred and obtained the average slip deficit during the data period. Recently, Yokota
[2013] and Yokota and Koketsu [2015] analyzed the yearly slip deficit in the Japan

Trench and Kuril subduction zone between 1996 and 2010 using the horizontal
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component to examine the temporal change in the slip deficit. They reported a
long-term aseismic event in Tohoku preceding the 2011 Tohoku earthquake and
interpreted it as a very-long-term slow slip event. This preceding phenomenon was also
pointed out by Ozawa et al. [2012] and Mavrommatis et al. [2014]. The afterslip of the
2003 Tokachi-oki earthquake up to one year after the earthquake has been examined in
previous studies [Miura et al., 2004: Miyazaki et al., 2004a; Miyazaki and Larson,
2008; Ozawa et al., 2004; Baba et al., 2006; Ito and Nishimura; 2016, Sato et al., 2010].
These studies showed that the afterslip occurred around the coseismic rupture zone.

In this chapter, we investigate the crustal deformation prior to the 2003
Tokachi-oki earthquake to examine whether a long-term transient phenomenon existed
prior to the earthquake. We also perform slip deficit/afterslip inversions for every year
between 25 September 2000 and 24 September 2010 using both horizontal and vertical
GNSS data to investigate the inter- and post- seismic periods in the southernmost part of
the Kuril subduction zone. We discuss the correspondence between the slip

deficit/afterslip distribution and the coseismic rupture area obtained in Chapter 2.

3.2. Crustal deformation prior to the 2003 earthquake

We used the daily coordinate of the F3 solution obtained by the Geospatial
Information Authority of Japan (GSI) [Nakagawa et al., 2009]. In this section, we
selected stations located in northern Tohoku and Hokkaido (Figure 3-1a). We removed
the offsets caused by maintenance such as antenna changes using the values estimated

by the GSI (http://www.gsi.go.jp/kanshi/faq2_2.html, in Japanese) and the plate motion

using the APKIM2005-DGFI model [Drewes, 2009] assuming that northern Tohoku and

Hokkaido are located on the North America plate. A common mode error was estimated
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using spatial filtering [Wdowinski et al., 1997] and removed. We selected eight stations
(Figure 3-1b) and assumed that the deformations of these stations were linear. Then, we
detrended the time series of these stations and simply averaged the detrended data,
which we treated as a common mode error. In addition, we estimated the coseismic
offsets due to earthquake Nos. 1, 6, 7, 8 and 9 (Table 3-1), which did not cause
significant postseismic deformation, and removed them. The coseismic offsets were
calculated from the ten-day mean prior to and after the earthquake. To avoid the effect
of the crustal deformation due to the eruption of the Mount Usu on 31 March 2000 and
its subsequent volcanic activity, we compared the three-year linear trend of the
horizontal components between 30 March 1997 to 29 March 2000 and 25 September
2000 to 24 September 2003.

As shown in Figures 3-2 and 3-3, large changes in the trends between the two
periods can be seen, especially in northern Tohoku, western Hokkaido, and northeastern
Hokkaido. However, no notable changes were obtained around the main rupture area of
the 2003 earthquake (Figure 3-2). Around Hokkaido, five earthquakes with My, > 7.5
occurred during 1993-1995: the M, 7.6 1993 Kushiro-oki, M, 7.7 1993
Hokkaido-Naisei-oki, M,, 8.3 1994 Hokkaido-Toho-oki, M, 7.7 1994
Sanriku-Haruka-oki, and M,, 7.9 1995 Etorofu earthquakes (Figure 3-2). Because the
regions where relatively large trend changes were obtained correspond to the locations
of these earthquakes, the trend changes were likely due to the postseismic deformations

of these earthquakes.

3.3. Slip deficit and afterslip prior to and after the 2003 earthquake

In this section, we investigate the yearly slip deficit/afterslip distribution of the
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southernmost part of the Kuril subduction zone. We used the GEONET stations shown
in Figure 3-4 and the F3 solution data from 25 September 2000 to 24 September 2010
because the crustal deformation in the 1990s in Hokkaido was likely affected by the five
M, > 7.5 earthquakes as shown in Section 3.2, the 2011 Tohoku-oki earthquake and its
postseismic phenomena after 2011, and, in western Hokkaido, the plate-boundary
between North-America/Okhotsk and Amur/Eurasia in the Sea of Japan. After the same
data processing as in Section 3.2, we fit the daily coordinate of the i-th component of
the j-th station via the least-square method using Eq. (3-1) to obtain the yearly crustal
deformation of the stations. In Eq. (3-1), a;j—g;; are unknown parameters. The first term
expresses the yearly linear trend, the second and third terms express the annual
deformation, the fourth term expresses the afterslip of the earthquakes, the fifth term
expresses the viscoelastic relaxation, and the sixth term expresses the coseismic offset.
Hy(?) is the Heaviside function. We assumed that Eq. (3-1) is continuous except for the
coseismic offsets. The unit of ¢ is a day and #, indicates 25 September of year n. We
determined 7" = 2 and 7" = 120 via trial and error. We considered the afterslip term of
earthquakes Nos. 3 and 4, the viscoelastic term of earthquake No. 6, and the coseismic
offset term of earthquake Nos. 2, 3, 4, and 5 (Table 3-1). We subjectively determined
whether to introduce these terms for each fitting. We considered a viscoelastic
i (0) = Y [{Ho(t = £0) = Ho(t = tup)}aly + B}(e = )]

n

+ ) [eiHo(t = £ log{1 + (¢ - 6)/T4)] Go1)
k

£ [figHo(t = 7)) (1 = exp{—(t — t)/T")]
l

+ ) [guHo(t = t52)]

41



relaxation term only for the EW component and only for the 2006 Kuril earthquake (No.
6, Table 3-1) because postseismic deformation of this earthquake can be seen only in the
EW component and Kogan et al. [2011, 2013] suggested that the postseismic
deformation after the 2006 Kuril earthquake was primarily caused by viscoelastic
relaxation. We extracted the first and fifth terms of Eq. (3-1) and treated them as
observation data in the inversion analysis.

We used the same inversion and Green’s function calculation methods as in
Chapter 2 except that we used a usual, not nonnegative, least-squares method. We
assumed 15 % 10 subfaults, as shown in Figure 3-3, and each subfault had a size of 30
km x 30 km. The relative weight of the spatial smoothness constraint of each year was
determined by the ABIC.

To check the resolution of our model, we performed a few tests. We calculated the
crustal deformation using the three assumed slip distributions (Figures 3-5a to 3-5c).
Then, we added a Gaussian error with standard deviations of 0.1 cm for the horizontal
component and 0.3 cm for the vertical component according to Nishimura et al. [2004].
We performed inversion analyses treating these synthetic data as observation data.
Figures 3-5d-3-5f show the inverted results for each case. These results show that the
resolution of the inland and onshore subfaults is generally good at both the 90-km
(Figure 3-5d) and 150-km (Figure 3-5f) scales except for the northern subfaults whose
depths are greater than 100 km. The resolution of the offshore regions is poor. In
particular, there is nearly no resolution ~90 km from the trench (Figure 3-5f).

Figure 3-6 shows the results of the yearly slip deficit/afterslip inversion prior to
the 2003 earthquakes. The slip deficit distributions are similar to that of Hashimoto et al.

[2009, 2012] in that there are large slip deficits in Tokachi-oki—Nemuro-oki region
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(Figures 3-6a—3-6c¢). These generally correspond to the source regions of the 1952 and
2003 Tokachi-oki earthquakes. Figure 3-7 shows the results for 25/09/2003—-24/09/2004,
one year after the 2003 earthquake. The afterslip was obtained in and around the source
region of the 2003 earthquake with the 70 cm peak and does not reach the Akkeshi-oki—
Nemuro-oki region (Figure 3-7a). Figure 3-8 shows the results for 25/09/2004—
24/09/2010, two to seven years after the 2003 earthquake. In 25/09/2004-24/09/2005,
afterslip is obtained in the Akkeshi-oki region in addition to the Tokachi-oki region
(Figure 3-8a). This is due to the M, 7.0 and M,, 6.7 earthquakes that occurred in the
Akkeshi-oki region during this period (Figure 3-4). The afterslip of these two M7 class
earthquakes does not continue to the next year (Figure 3-8b). The slip deficit/afterslip
distribution of the following years show that the afterslip of the 2003 earthquake
decayed gradually but still continued up to seven years after the 2003 earthquake
(Figures 3-8c and 3-8 to 3-8I). In all the analysis periods, the data fitting was

satisfactory.

3.4. Discussion and conclusions

Figure 3-9a shows the three-year averaged slip deficit rate prior to the 2003
earthquake. It is not appropriate to compare the slip deficit distributions obtained in
Chapter 3 in detail to the coseismic distribution obtained in Chapter 2 because the slip
deficit distributions were estimated using only the geodetic data. Therefore, we
performed a coseismic inversion of the 2003 earthquake using only the geodetic data
and the same fault model as the slip deficit inversion. The result showed that the 2003
earthquake had a maximum slip of 5.1 m (Figure 3-9b). Then we calculated the sum of

accumulated slip deficit during the interval (approximately 51.5 years), the coseismic
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slip of the 2003 earthquake, and one-year afterslip of the 2003 earthquake, assuming
that the slip deficit rate between the 1952 and 2003 earthquakes was constant (Figure
3-9¢). It shows that the sum of the coseismic slip and one year afterslip in the
Tokachi-oki region were comparable to or in part exceeding the accumulated slip deficit
during the interval (Figure 3-9c¢).

In the Akkeshi-oki—-Nemuro-oki region, the slip deficit rate was nearly constant
during the analyses period, expect for the period of 25/09/2004-24/09/2005 when two
M7 class earthquakes occurred whose afterslip is included in the slip deficit/afterslip
distribution (Figures 3-6, 3-7, and 3-8). Even though the afterslip of the two M7 class
earthquakes reached the main rupture of the 1952 earthquake in the Akkeshi-oki region,
the slip amount was only comparable to the one-year slip deficit. Therefore, in the
Akkeshi-oki region there was no significant strain release after the 2003 earthquake, and
large slip deficit probably have been accumulated (Figure 3-9c). Note that the
Nemuro-oki earthquake with ~3m slip occurred in 1973 [Tanioka et al., 2007].

The slip deficit distributions prior to the 2003 earthquake (Figure 3-9a) show that,
in the Tokachi-oki region, the peak value was located on the border of the main rupture
area of the 2003 earthquake, even though the coseismic slip of the 2003 earthquake had
a peak value in the center of the main rupture area (Figure 3-9b). The largest afterslip
occurred in the northeast region adjacent to the main rupture area of the 2003
earthquake (Figure 3-7a). Miyazaki et al. [2004a] suggested that the region surrounding
the main rupture area of the 2003 earthquake had a slip-strengthening frictional property.
In the slip deficit distribution, we likely see the entire region including both
slip-weakening and slip-strengthening regions, which cannot be distinguished in the slip

deficit inversion. If we again assume that the slip deficit between the 1952 and 2003
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earthquakes was constant, in the region surrounding the main rupture area, only a part of
the accumulated slip during the interval was released by the afterslip of the 2003
earthquake because the amount of afterslip was ~1 m.

Ignoring the viscoelastic relaxation could represent a major error in our model, in
particular, after the 2003 earthquake. Sun and Wang [2015] suggested that ignoring the
viscoelastic relaxation in case of large earthquakes results in overestimation of afterslip
in deeper parts than coseismic rupture area and underestimation of afterslip in shallower
parts. Ito and Nishimura [2016] studied the effect of viscoelastic relaxation due to the
2003 earthquake assuming that the afterslip pattern did not change from that of the first
three months after the earthquake and that only the slip amount of the afterslip was
decaying. They showed that the horizontal crustal deformation due to the afterslip was
dominant until four years after the earthquake. Therefore, our results of afterslip
distribution five to seven years after the earthquake may be biased.

In conclusions, from 25 September 2000 to 24 September 2003 the slip deficit
was stable and there was no yearly scale transient event in the Tokachi-oki region prior
to the 2003 earthquake. After the 2003 earthquake, afterslip occurred in and around the
source region of the 2003 earthquake. However, it did not extend to the Akkeshi-oki
region where the 1952 earthquake ruptured. In the Akkeshi-oki—Nemuro-oki region, the
slip deficit was stable in all the analysis periods from 25 September 2000 to 24

September 2010.
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Table 3-1. List of earthquakes whose coseismic offsets were detected by GEONET.

Origin time

No. (UTC) Latitude Longitude Mima M,
I lzf/gl”gg(;% 43.0082 146.7443 7.0 6.8
2 1295:/5009:32932 41.7785 144.0785 8.0 8.3
3 A0S 42.5653 144.6698 6.4 6.6
4 1288/3121/ . 42.9460 145.2755 7.1 7.0
5 ?f:/ 1152/ 200 42.8477 1453428 6.9 6.7
6 1115:/ llj:/ e 46.7027 154.0475 7.9 8.3
7 " / 822/ o 417318 143.7227 6.2 6.0
8 Do 417755 14,1515 7.1 6.8
9 e 418123 143.6203 6.4 6.3
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Figure 3-1. Station distribution. (a) The Dark blue squares show the GEONET stations
used to exmatine the trend. The Red diamond shows the location of Mount Usu. (b) The
green squares represent the GEONET stations selected for calculating the common

mode error.
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Figure 3-2. Differences in the trends of the horizontal components between 30 March

1997-29 March 2000 and 25 September 2000-24 September 2003. The blue arrows

show the differences in the trends. The purple stars indicate the epicenters of the notable

earthquakes that occurred during 1993-1995. The focal mechanisms of these

earthquakes determined by the GCMT are also shown. The light gray rectangle

represents the main rupture area of the 2003 Tokachi-oki earthquake estimated in

Chapter 2. The red diamond shows the location of Mount Usu.

48



3 L 1 1 n n 1 | n | 3 1 L 1 L 1 | n 1 L T
21 950105 EW} 21 960532 EW |
11 SRE 5
5 01 ZIackeg 5 0] ek ]
0_1 E E 0_1 E =
-2 ] E -2 é E-
=1 E -3 é E
-4 T T T I -4 T T T T
1996 1997 1998 1999 yZeOgO 2001 2002 2003 1996 1997 1998 1999 yZSOEOrO 2001 2002 2003
3 . 1 1 1 | | 3 1 1 1 | 1 1 -
2 960511 EW[ 2 940019 EW |
1 3 (k- 3
EO___7 ————— E o 04 — dchsukaielORN e -
0_1 E 0_1 4 E
-9 E -2 ] E
=3 3 E o og] E
-4 —T T T T T T T T 4T T T T T T T
1996 1997 1998 1999 yZeOQ'O 2001 2002 2003 1996 1997 1998 1999 y28030r0 2001 2002 2003
3 1 1 1 | | 3 1 1 1 | 3 1 -
24 950119 EW | 2~ 950158 EW ¢
1 L 14 -
£ 09 2 T g v o F 0T T F L e 3
©-1 4 / D i
-2 4 E -2 _i E
~3 E -3 _i E
_4 T T T T T T T _4 1 T T T T T T T =
1996 1997 1998 1999 yZeOERO 2001 2002 2003 1996 1997 1998 1999 yZEan'O 2001 2002 2003
3 L n 1 1 n | n 1 | n | 3 n 1 L n 1 | n : 1 n
25 950112 EWE 24 940017 EW ¢
1 Eo14 3
£ 01— it iR £ 01— — I e *
(_)_1 1 E 0_1 4 E-
—2 7 Em24 3
-3 4 - -3 ;—
-4 4 T T T I =4 FA—— 1 T T "
1996 1997 1998 1999 yzeoa?ro 2001 2002 2003 1996 1997 1998 1999 yZEC)aOrO 2001 2002 2003
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Figure 3-4. Station distribution and fault model for the inversion analyses.
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were observed by GEONET during the analysis period. The focal mechanisms of these
earthquakes determined by GCMT are also shown. The plate-boundary depth up to 200
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(a) Three-year averaged slip deficit distribution prior to the 2003 earthquake. The
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and gray rectangles represent the main rupture areas of the 1952 and 2003 earthquakes

in the Tokachi-oki and Akkeshi-oki regions, respectively.
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4. Vertical deformation and repeating earthquakes in

southeastern Hokkaido in the last 100 years

4.1. Introduction

In Japan, seismic and geodetic observations began in the late 19™ century.
Leveling surveys began in 1883 and are repeated at irregular intervals. Leveling survey
data are useful for investigating the crustal deformation in the pre-GNSS age and have
been used, together with trilateration/trilateration data, to estimate the slip deficit of
pre-GNSS age [e.g., El-Fiky and Kato, 1999; Ito and Hashimoto, 2004] and the
coseismic slip of historical earthquakes [e.g., Wald and Somerville, 1995; Yabuki and
Matsu’ura, 1992] around Japan. The decade to century scale vertical crustal deformation
in Japan has been summarized and discussed in previous studies [e.g., Dambara, 1971;
Kumini, 2001]. Murakami and Ozawa [2004] compared the vertical crustal deformation
observed by GNSS with that observed by leveling surveys and confirmed that the
deformation pattern of Japan in these two data periods generally agree with each other.

In Hokkaido, the first leveling survey was conducted from 1900 to 1913 and was
repeated five times in the 20™ century [Kumini, 2001]. The 1952 Tokachi-oki
earthquake occurred between the first and second surveys. The second survey was
conducted from 1952 to 1961. Due to the long intervals of the surveys, leveling survey
data must include not only coseismic deformations due to earthquakes but also
interseismic deformation. Previous source studies of the 1952 earthquakes were
conducted under different assumptions. Kasahara [1975] constructed a fault model of

the 1952 earthquake assuming that the observed deformation was primarily due to the
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coseismic deformation of the 1952 earthquake. Conversely, Nishimura (2006) corrected
the data using the deformation rate obtained from recent GNSS data and assumed that
the rates were the same prior the 1952 earthquake to perform the source inversion.
However, there is no evidence of the validity of these assumptions.

Repeating earthquakes are series of earthquakes whose observed waveforms at a
station are quite similar to each other and that occur in an isolated locked area
surrounded by an unlocked area. Because repeating earthquakes are thought to occur to
make up for a delay in the surrounding aseismic slips, their occurrence can be used to
estimate the aseismic slip rate of the surrounding area [Nadeau and McEvilly, 1999;
Uchida et al., 2003]. Around Japan, many repeating earthquakes have been detected
using recent digital records [Uchida and Matsuzawa, 2013]. It is expected that these
repeating earthquakes also occurred when seismic waves were recorded using analog
seismographs, in fact, repeating earthquakes have been detected in the age of analog
seismographs [Matsuzawa et al., 2002; Sakoi et al., 2012; Seismology and Volcanology
Research Department of Meteorological Research Institute et al., 2014 (hereafter
referred to as SVRD et al. 2014)]. Therefore, we can infer the previous plate boundary
conditions via the occurrence of such repeating earthquakes.

In this chapter, we examine the vertical deformation and repeating earthquakes in
southeastern Hokkaido in the last 100 years to investigate the state of plate interface in
the pre-GNSS age. We choose the leveling survey data around Cape Erimo and estimate
the effect of the M > 6.5 earthquakes to the survey data. We investigate the historical

repeating earthquakes using analog seismograms.
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4.2. Leveling survey

4.2.1. Data

A leveling survey was conducted by the GSI and their results are published on

their website (http://vldb.gsi.go.jp/sokuchi/level/ KENSOKUSYUROKUY/, in Japanese).

We chose the survey route around Cape Erimo (Figures 1-1 and 4-1a) because the
survey was conducted in 1952 and 1953 after the 1952 earthquake, the route has not
changed since the first survey and is located near coast, and there is likely no subsidence
due to the pumping of underground water. Figure 4-1b shows the history of the leveling
survey on this route. Figure 4-2 shows the vertical deformation along the route for each
period. We set the reference point as the benchmark 7966. The coseismic deformations
of the 1952 and 2003 earthquakes are included in periods (i) and (vi), respectively. The
notable deformation in period (iv) is primarily due to the M, 6.9 Urakawa-oki
earthquake that occurred in 1982. The leveling survey was conducted under the

condition that the measurement difference between the outward and homeward surveys
was less than 2.5v/S mm after 1960 and less than 1.5v/2S mm prior to 1960. S is the
distance between the benchmarks in unit of km. We show the value of 2.5v/2S for the

distance—displacement plot and 2.5v/S for the time-displacement plot as the

observation error when we plot the figures.

4.2.2. Coseismic deformation due to the M > 6.5 earthquakes since 1908

We first examined the coseismic deformation due to M > 6.5 earthquakes because
the M > 6.5 earthquakes such as the 1982 Urakawa-oki earthquake can cause significant

coseismic deformation as shown in Figure 4-2.
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Table 4-1 and Figure 4-3 show the M > 6.5 earthquakes that occurred around the
survey route in the period of 1908-2003 according to the JMA catalog and Utsu [1982],
except for the 1952 and 2003 earthquakes and their largest aftershocks. We used the
method of Okada [1992] to estimate the coseismic deformation of these earthquakes.
We assumed a half-space with a Poisson’s ratio of 0.25 and a rectangle fault with a
uniform slip. We placed the hypocenter on the center of the subfault and assumed that
ratio of the fault length and the width was 2:1; however, we used the centroid depth if
available and changed its depth if the values are too shallow. We calculated the length
and width using the empirical relationships between the rupture area, average slip, and
seismic moment proposed by Iwata and Asano [2011], Murotani et al. [2008], and
Somerville et al. [1999] for the intraplate, interplate, and crustal earthquakes,
respectively. We categorized the earthquakes into the three types according to their focal
mechanisms and depths.

The focal mechanisms and seismic moment of some earthquakes have been
estimated in previous studies (Table 4-1). We used these values as well. For earthquake
No. 9, we performed a point source analysis using the method of Kikuchi and Kanamori
[1991] and the velocity structure shown in Tables 2-5 and 2-6. We digitized the World
Wide Standardized Seismograph Network seismograms to obtain the waveform data.
The waveforms were resampled with 0.5 s and filtered between 0.01 Hz and 0.5 Hz. We
also removed the instrumental response from the waveforms. The results are shown in
Figure 4-4. Considering the obtained focal depth, we categorized earthquake No. 9 as a
crustal earthquake. For the other earthquakes after 1923, we used the first motion
solution and M/Mjua as M,,. Even though Ichikawa [1971] determined the first motion

solution of the earthquakes occurred near Japan in 19261968, not all earthquakes listed
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in Table 4-1 were included and the JMA started revising their catalog after Ichikawa
[1971]. Therefore, we estimated the plausible first motion solution of the earthquakes
via trial and error (Figure 4-5) using the polarity data reported to the ISC and JMA and
the revised JMA catalog. In addition, we used the data of Kitada [1931] and picked the
polarity of several seismograms.

Prior to 1923, the polarity data were not reported. However, the waveform of
earthquake No. 3 observed by the Omori seismograph in Nagano is available in the
HERP data retrieval system; therefore we digitized and examined this waveform. We
then compared it to several waveforms of recent earthquakes observed around Nagano
(Figure 4-6a). We found that the amplitude of the earthquake No. 3 is comparable to that
of the 2013 intraplate earthquake and much smaller than those of the 2008 and 2016
interplate earthquakes (Figure 4-6b). Considering that earthquake No. 3 has a magnitude
of 7.0, it is highly likely that earthquake No. 3 is an intraplate earthquake. Therefore, we
assumed that this earthquake had the same mechanism and depth as earthquake No. 14
which is also an intraplate earthquake. Because there is no useful data for earthquake
Nos. 1, 2, 4, and 5, we simply assumed that these earthquakes were typical interplate
earthquakes.

Figure 4-7 shows the calculated vertical crustal deformation of the earthquakes
listed in Table 4-1. For the intraplate earthquakes we only show the results of the nearly
horizontal fault planes because all of the recent earthquakes (earthquake Nos. 18, 20,
and 21) have such fault planes [Sasatani, 1985; Sapporo District Meteorological
Observatory, 1987; Takeo et al., 1993]. For the crustal earthquakes, except earthquake
Nos. 17 and 19 whose fault planes ware estimated in previous studies [Moriya, 1972;

Moriya et al., 1983; Tada, 1987], we show the results of both fault planes because it is
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not clear which is the true fault plane. These results indicate that there are two
earthquakes that could have caused more than 10 cm of vertical deformation around the
survey route. One is earthquake No. 19, which is the 1982 Urakawa-oki earthquake, and
its deformation can be clearly seen in the leveling survey data (Figure 4-2). The other is
earthquake No. 8. This earthquake occurred in 1931; therefore, the deformation due to

this earthquake is likely included in data period (i).

4.2.3. Crustal deformation prior to and after the 1952 earthquake

Figure 4-8a shows comparisons of the vertical deformation along the survey route
between periods (i) and (vi), which include the coseismic deformation of the 1952 and
2003 earthquakes, respectively. We set the reference point to benchmark 7966. In spite
of a survey interval difference of approximately 30 years, these two periods have similar
deformation patterns and amounts. We also show the coseismic deformation estimated
using the source model of the 2003 earthquake obtained in Chapter 3. The estimated
deformation generally agrees with the deformation in period (vi), even though there is
some difference around 140 km, which may be due to the error in the source model and
the effect of the early postseismic and approximately 10 years of interseismic
deformations.

If we sum up the deformation in periods (i1), (iii), (vi), and (v), excepting that of
period (iv), which has only a one-year survey interval and includes the deformation due
to the 1982 Urawaka-oki earthquake, and compare it to the deformation of period (i),
these two deformations are completely different, and the former is nearly flat (Figure
4-8b). This indicates that the coseismic deformation due to the 2003 earthquake nearly

balanced the deformation in periods (ii), (iii), (vi), and (v). The difference between the
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two periods shown in Figure 4-8b can be seen at 60—100 km and 180-220 km. Because
we cannot explain these differences using the coseismic deformations due to the M >
6.5 earthquakes, these differences are due the difference between the interseismic
deformation rate prior to and after the 1952 earthquakes.

Figure 4-9 shows the time series of the relative vertical deformation of the
selected benchmarks and the GEONET stations along the survey route (Figure 4-1a). In
this figure, we again ignore data period (iv). We set the reference points to 7966 for the
benchmarks and 940016 for the GEONET stations. Even though the GEONET stations
are not located in exactly the same place as the benchmarks, the GEONET data may
reflect the deformation at the benchmarks prior to and after the 2003 earthquake. The
observed leveling survey data and GEONET data show that the deformation rates
between 1952 and 2003 earthquakes appear not to be constant. Moreover, the linear
trends of the GEONET stations prior to the 2003 earthquake do not fit the data between
1952 and 2003 earthquakes. It is probably because the afterslip and viscoelastic
relaxation of the 1952 and 1968 Tokachi-oki earthquakes have affected the deformation
rate after these earthquakes. The feature is unchanged even if we correct the data using
the estimated coseismic deformation of the M > 6.5 earthquakes and the 1952 and 2003
earthquakes. We assumed that the deformation is the same for the 1952 and 2003
earthquakes because in our coseismic analyses in Chapter 2 they have similar rupture
area and amount in the Tokachi-oki region. Note that the corrected data point after the
2003 earthquake includes deformation due to early (1-2 months) afterslip. Even though
there is only one data point before the 1952 earthquake, considering the corrected data
point just after the 1952 earthquake, the deformation rate prior to the 1952 earthquake

appears to be similar to that prior to the 2003 earthquake (Figures 4-9d—4-9f). Note that
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the deformation rate was clearly affected by the 2011 Tohoku earthquake (Figure 4-9f).

4.3. Repeating earthquakes

To investigate the historical occurrences of repeating earthquakes, we chose two
groups around Hokkaido whose average Mjwva 1s 5.4 from the catalogs of Uchida and
Matsuzawa [2013] and SVRD et al. [2014] (Figure 4-10). Using the JMA catalog, we
selected earthquakes occurring prior to 1993 whose epicentral distance from the known
repeating earthquakes was less than 20 km and whose Mpya was between 5.1 and 5.7
(Tables 4-2 and 4-3). Because we did not consider the hypocentral depth and the focal
mechanism, the selected earthquakes may include not only interplate earthquakes but
also intraplate and crustal earthquakes. In addition, we checked a few earthquakes
whose epicentral distances were less than 30 km. We used the HERP data retrieval
system to obtain copies of the analog seismograms. Even though the instrumental
response of the analog seismograms might vary slightly even in the same seismograph,
we visually determined the repeating earthquakes (Figures 4-11 and 4-12). Even though
the waveforms of earthquakes Nos. A9, A12, and A14 were a little different from other
repeating earthquakes at short period (Figures 4-11) we categorized these earthquakes as
the repeating earthquakes of the group A

Figure 4-13 shows the magnitude—time diagrams for the repeating earthquake
groups in this study and SVRD et al. [2014] (Figure 4-10). Moreover, assuming that
Mjma is equal to My, and using the relationships between the seismic moment M, in
dyne-cm and the slip amount d in cm (Eq. 4-1) [Nadeau and Johnson, 1998] and
between the seismic moment and moment magnitude (Eq. 4-2) [Hanks and Kanamori,

1979], we estimated the aseismic slip rate around the repeating earthquake
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log(d) = —2.36 + 0.17 log(M,)) 4-1)

log(My) = 1.5M,, + 16.1 (4-2)
groups (Figure 4-13).

In groups A and B the aseismic slip rates after the 2003 earthquake were clearly
faster than those prior to the 2003 earthquake. This indicates that afterslip occurred
around the groups, which is supported by the slip deficit/afterslip analyses in Chapter 3
(Figures 3-7 and 3-8). A little acceleration of the aseismic slip rate after the 2003
earthquake also can be seen in groups P3 and P4. Moreover, in group A, the aseismic
slip rate after the 1952 earthquake was also faster than that prior to the 1952 earthquake.
This indicates that afterslip also occurred after the 1952 earthquake around group A and
the 1.3—1.4-year afterslip was similar for the 1952 and 2003 earthquakes. The aseismic
slip rate around group A was still faster than 10 cm/year even 6 years after the 2003
earthquakes. This is likely due to a small afterslip of M, 6.8 earthquakes occurred
around group A in 2008 (Figures 3-4 and 3-8k). In group A, the repeating earthquakes
occurred approximately two weeks after the 1952 and 2003 earthquakes. Miura et al.
[2004] estimated the 12-day afterslip of the 2003 earthquake. According to their results
the slip amount of the 12-day afterslip around group A was approximately 20 cm. The
aseismic slip rate shown by the red lines in Figure 4-13 were calculated by simply
dividing the slip amounts of the repeating earthquakes by the intervals. If we assume
that the slip amounts of two-week afterslip is 20 cm the red broken lines were more
plausible than the red lines as the aseismic slip rate prior to the 1952 and 2003
earthquakes. If this is the case, the aseismic rate around group A was decelerated around
1980. The aseismic slip rates prior to the 1952 and 2003 earthquakes were similar

around group A.
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The aseismic slip rate around group B after the 1952 earthquake was not as fast as
that after the 2003 earthquake. This suggests that afterslip did not occur around group B
after the 1952 earthquake. The temporal acceleration of the aseismic slip rate around
1945 was possibly due to two M7 earthquakes that occurred at offshore Hachinohe in
1943 and 1945, or the earthquake in 1944 (No. 11 in Table 4-1). The aseismic slip rate
in group B was accelerated around 1980. This timing corresponded to the deceleration
of group A. Note that the acceleration of the aseismic slip rate after the 1968
Tokachi-oki earthquake can be seen in group P1 and the aseismic slip rate of group P2
were stable. The temporal acceleration of seismic slip rate in P5 is possibly due to M <

6.5 earthquakes because it does not correspond to the M > 6.5 earthquakes.

4.4. Discussion and conclusions

The deceleration of the aseismic slip rate of group A around 1980 may indicates
that the afterslip ended up at that time. In the leveling survey data the relative uplift
rates were accelerated after the 2003 earthquake likely by the afterslip (Figure 4-9).
Therefore, the end of the afterslip is expected to decelerate the uplift rate. In fact, the
deceleration can be seen around 1980 (Figures 4-9d to d-9f). The acceleration of the
aseismic slip rate around group B is expected to accelerate uplift rate around it.
However, it is not so clear in the leveling survey data (Figure 4-9). In the southernmost
part of the Kuril subduction zone the direction of the plate convergence is oblique to the
trench axis (Figure 1-1). Therefore, the fast aseismic rate slip around group B causes
strain accumulation in the Tokachi-oki region and may contribute to the short recurrence
intervals between the 1952 and 2003 earthquakes.

In conclusion, in the Tokachi-oki region 1.3—1.4-year afterslip of the 1952
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earthquake was probably similar to that of the 2003 earthquake and it may have
continued until around 1980. The state of the plate interface in the Tokachi-oki region
prior to the 1952 earthquake may be similar to that prior to the 2003 earthquake. The
fast aseismic slip rate around B prior to the 2003 earthquake is a possible cause for the

short intervals of the 1952 and 2003 earthquakes in the Tokachi-oki region.
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Table 4-1. List of earthquakes plotted in Figure 4-3.

Date

Latitude Longitude

Depth

No. (UTC) (degree) (degree)  (km) MMpia type Remarks
1 16/09/1909 42.0 142.0 <100 6.8 inter
2 20/02/1913 41.8 1423 <100 6.9 inter
3 17/03/1915 42.1 143.6 <100 7.0 intra
4 18/03/1916  41.5 144.5 <100 6.6 inter
5 16/09/1920  41.6 142.1 <100 6.5 inter
6 04/09/1926 42.4458 143.7057  66.0 6.7 intra
7 13/12/1930  42.6530 142.5907  62.0 6.5 crustal
8 16/02/1931 41.1223 143.1040 32.88 6.8 crustal
9 26/11/1932  42.3562 1424662  66.0 6.9 crustal
10 02/03/1936 41.7952 143.9337 14.0 6.7 inter
11 01/02/1944 41.9778 142.4528 0.0 6.8 crustal
12 19/09/1945 42.1353 144.1640  49.0 6.6 intra
13 19/05/1952 41.7437 144.5253  28.0 6.5 inter
14 23/04/1962 424617 143.7667  69.0 7.1 intra
15 16/05/1968 41.5047 142.6267  8.00 7.5 crustal
) centroid depth 52 km, M,,6.6
16 21/09/1968 41.9848 142.7615  54.0 6.8 inter
[Miyamura and Sasatani, 1986]
centroid depth 34 km, M,,6.5
17 20/01/1970 42.4195 143.1498  55.0 6.7 crustal ) )
[Miyamura and Sasatani, 1986]
) centroid depth120.9 km, M,,6.8
18  23/01/1981 42.4167 142.2000 130.0 6.9 intra
(GCMT)
centroid depth 36.7 km, M,, 6.9
19  21/03/1982 42.0667 142.6000  40.0 7.1 crustal
(GCMT)
centroid depth 89.4 km, M,, 6.8
20 14/01/1987 42.5367 142.9283 119.01 6.6 intra
(GCMT)
centroid depth 100 km, M,, 7.6
21 15/01/1993  42.9200 144.3533 100.06 7.5 intra
(GCMT)
) centroid depth 35 km, M,,6.4
22 29/09/2003 42.3597 144.5530  42.50 6.5 inter

(GCMT)
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Table 4-2. List of earthquakes examined for group A.

No. Date Latitude  Longitude Depth Miia Obihiro Sapporo Sapporo N§mur0
(UTC) (degree) (degree) (km) Type 59B  Type 59C/59 Wiechert Wiechert

Al (())j;/;);:/zl?éi 417865  144.045 14 53 n

A2 32/315/3179‘;18 4T3 143782 73 52 n

A3 1236/315/ 139222 416682  143.635 69 54 s s

A4 312:/266:/ 539‘133 416788 143.9002 67 54 n

AS 123/ fgf;g.‘;‘(‘) 417168 143.6777 117 57 n

A6 8%’93:/ 139%%) 416518 144.1747 7 57 n

A7 8;‘?3;1/379‘%23 417168 144.1795 0 5.1 n

A8 2126/83/2159512 41,6043  143.7807 40 55 s

A9 1222/227 / 1129523 415985 143.9462 40 55 s s

A10 33/253/3695277 415127 143.9048 27 5.6 n

All %15{%‘1/:15?‘% 416183 143.9917 40 53 s s

Al2 (;55/2533297217 417193 144.0018 21 5.5 s

Al3 2135233/1139‘7365 416552 143.9673 19 5.1 n

Al4 322/ (;‘é/: })?g 415833 144.0000 40 52 s

Al5 31% (132/ 1&?19 417450 1437800 4001 5.6 n

Al6 21((’)/: %13/: 1591?3 416800 1439450  68.07 5.4 s s

A17 11;/213/ 128% 417600 1438212 4798 55

A8 391:/29152258 417640 1438182 4751 54

A19 ?1233:/5222 417953 1438225 3907 54

Earthquakes with bold numbers are repeating earthquakes confirmed in previous studies.
Light green shaded entries indicate that the waveforms are shown in Figure 4-10.
“s” and “n” indicate “similar” and “non-similar,” respectively.
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Table 4-3. List of earthquakes examined for group B.

No. Date Latitude Longitude Depth Mia Obihiro  Hiroo Sz};’y‘;:o Sclﬁsg Sa}_)poro* Nf:muro
(UTC) (degree)  (degree) (km) Type 59B Type 54B 590759 simple Wiechert Wiechert

BI ggfggle:é% 417642 1425602 53 52 n

B2 %%10/1179%% 419397 1425245 64 5.7 s s

B3 gffg;‘ggg 419155 1424763 36 54 s

B4 13(}/2182/213‘;% 419955 142652 44 52 n

BS ?;@72/ ig‘%‘i 417227 1429578 52 5.6 s s s

B6 33?8;5;59.59; 418477 142575 71 5.1 n

B7 ?56:/332/313623 419418 1427185 6580 55 n

B8 2112/ 351/ 1192672 418633 142.6400 65 5.5 s s

B9 1192/517”312%‘; 419878 142.6883 6537 5.1 n

BI0 1195:/;)36:/11;%2 418025 142806 49 53 n

Bl 125’:/336:/513‘282 419582 1427653 49 5.7 n

BI2 125/25/512792 417590 142.8828 49 52 n

BI3 115;/ (ﬂ: 15(’;72 418500 142.6500 60 5.5 s s s

B4 %?/: 235/ :)92% 419500 1425667 20 54 n

BIS 2168/ 333/: 11%% 419500 1425833 20 53 n

BI6 2135/ ((’)76/: ﬁ?; 419550 1427300 63 53 n

BI7 %i/: ﬂ ﬁ?g 418150 142.6200 77 5.7 n

BI8 %13/ %é/: 1197856 418467 142.6400  62.04 53 s

BI19 017”2;/21399751 418427 1425972 5636 5.4 s

B20 fgfggf?fé 418157 1426710 5527 5.4

B21 2235/276/12?% 418257 1426727 5496 5.4

Earthquakes with bold numbers are repeating earthquakes confirmed in previous studies.
Light green shaded entries indicate that the waveforms are shown in Figure 4-12.
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*Station Sapporo was moved in 1939.
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Figure 4-1. (a) Leveling survey route around Erimo-misaki. The green and dark blue
squares show the benchmarks and GEONET stations, respectively. The gray rectangle
indicates the main rupture area of the 2003 Tokachi-oki earthquake. (b) Survey data

along the route. (i)—(vi) correspond to the data periods shown in Figure 4-2a.
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Figure 4-2. Observed vertical displacement along the survey route for each period. The

reference point is benchmark 7966.
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Figure 4-4. The results of the point source analysis of earthquake No. 16: (a) assumed

source time function; (b) obtained focal mechanism; and (c) waveform fitting. The

observed and synthetic waveforms are shown by the thick and thin lines, respectively.

The observed full amplitude (um), station name, component, and station azimuth are

given to the left of each waveform.
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Figure 4-5. First motion solutions estimated in this study. The black and white circles
indicate the reported compressional and dilatational first motions, respectively. The
earthquake number and the fault plane solutions (strike, dip, rake) are shown above the

focal mechanisms.
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Figure 4-6. (a) Station map. The stars show the epicenters of recent earthquakes. The

focal mechanisms determined by GCMT are also shown. The diamonds indicate the

F-net stations. The hexagon and reverse triangle show the location of the epicenter of

earthquake No. 3 and the Nagano station, respectively. (b) Comparisons of waveforms.

The instrumental response of all the waveforms are equalized to that of the Omori

seismograph in Nagano in 1915 (V =20, T=30, and € =1.9).
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Figure 4-11. Continued.
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MJMA

Figure 4-13. Magnitude—time diagrams for the repeating earthquake groups shown in

Figure 4-10. The blue circles indicate the repeating earthquakes. The red lines show the

corrected aseismic slip rate. The shaded area indicates that the period is not addressed

by the studies. The vertical broken lines indicate the large earthquakes.
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5. Discussion

In this chapter we summarize the results obtained in Chapters 2 to 4 and discuss the
slip history in the southernmost part of the Kuril subduction zone. In Chapter 2, we
showed that the slip distributions of the 1952 and 2003 earthquakes are similar in the
Tokachi-oki region. In Chapter 3, we confirmed that there is no yearly scale transient
event prior to the 2003 earthquake in the Tokachi-oki region. Moreover, we obtained the
distributions of slip deficit and afterslip prior to and after the 2003 earthquake. In
Chapter 4, the following features were suggested in the Tokachi-oki region: the slip
deficit prior to the 1952 earthquake may be similar to that prior to the 2003 earthquake;
the afterslip of the 1952 earthquake continued until around 1980.

Considering the above, we draw the relative slip history of the selected subfault in
the Tokachi-oki region for quantitative discussion (Figure 5-1). Even though the
estimated rake angles in the coseismic model (Figure 3-9b) are not exactly opposite to
that of the slip deficit/afterslip models (Figures 3-7, 3-8 and 3-9a), we ignored it and
only slip amount were considered for simplicity. We draw the Figure 5-1b assuming that
coseismic slip and two-year afterslip of the 1952 earthquake were the same as the 2003
earthquakes as suggested in Chapter 2 and Figure 4-13, and not considering afterslip
three or more years after the 1952 earthquake.

There are two features in Figure 5-1b. The first one is that coseismic slip and
afterslip of the 2003 earthquake exceeded the accumulated slip since the 1952
earthquake at the selected subfault. This is based on the slip budget for a single
earthquake cycle from the 1952 earthquake to the 2003 earthquake. We used the

coseismic slip of 5.1 m for the 2003 earthquake, afterslip of around 0.5 m for the 2003
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earthquake. If 8.7 cm/year of slip deficit continues for 51.5 years, 4.5 m of the slip
accumulation is indicated. Considering the afterslip of the 1952 earthquake, the slip
accumulation is estimated smaller than 4.5 m. This indicates that the exceeding slip is
more than 1 m (Figure 3-9¢). Such exceeding was also indicated for other M8 class
earthquakes [e.g., Nocquet et al., 2017]. The other feature is that the accumulated slip
since the 1843 earthquake was not fully released even after the 1952 and 2003
earthquakes and their afterslip sequences. This is based on the assumption of constant
yearly slip deficit even in 19" century (Figure 5-1b), indicating the accumulation of slip
reached 13 - 14 m slip since the 1843 earthquake. On the other hand, when we assumed
coseismic slip of 5.1 m and afterslip of 0.5 m for both the 1952 and 2003 earthquakes,
11.2 m in total is still smaller than 13-14 m mentioned above. The second feature
suggests long-term earthquake cycles have fluctuations. These two features indicate the
unbalanced slip budget.

There are several potential geophysical reasons for the unbalanced slip budget:
stress transfer, temporal change of frictional properties, and changes of slip deficit rate,
or the mixture of these reasons. Stress transfer received from other places may hasten
the earthquake occurrence. The stress state would change in the Tokachi-oki region due
to the 1968 Tokachi-oki earthquake and other earthquakes in neighboring region (Figure
5-2). Acceleration of repeating earthquake in the Urakawa-oki region where the
backward of the plate convergence with respect to the Tokachi-oki region may trigger
the 2003 earthquake and shorten the interval of earthquake cycle there. Because in
Figure 5-1b we show not the stress but the slip history, these effects are not included in
the figure. The temporal change of frictional properties leads to changing the slip

behavior and could cause the unbalanced slip budget. The change of slip deficit rate can
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be also considered as a possible reason and has been observed in other zones such as the
Japan Trench subduction zone [Mavrommatis et al., 2014; Yokota and Koketsu, 2015].
This reason would apply to the second feature, but not to the first feature, since the slip
deficit rate is constrained between 1952 and 2003 by the geodetic analysis.

The second feature indicates that the slip deficit is not completely released by the
M8 class earthquake and continues to accumulate in the M8 class earthquake cycles.
The existence of earthquake supercycle is proposed by Sieh et al. [2008] and Goldfinger
et al. [2013] for M9 class earthquakes. Paleoseismic studies [e.g., Sawai et al. 2009;
Satake, 2017] suggested that giant earthquakes have occurred in the last several
thousand years in southernmost part of the Kuril subduction zone and the last such
earthquake occurred in 17" century (Figure 1-1). The supercycle model could be
another candidate to explain the unbalanced slip budget in the Tokachi-oki region.

The Akkeshi-oki region was ruptured in the 1952 earthquake but not in the 2003
earthquake. The slip deficit of the Akkeshi-oki region prior to 2000 is not constrained in
this study. However, if we assume the constant slip deficit (10-11 cm/year, Figure 5-1)
during the unconstrained period, the accumulated slip deficit since the 1952 earthquake
1s 5.2-5.7 m. Considering that in the 2003 earthquake the maximum slip estimated using
only the geodetic data (Figure 3-9b) is approximately two meter less than the one
obtained using waveforms (Figures 2-8a), that value could exceed the coseismic slip of
the 1952 earthquake. If the slip of a future large earthquake in the Akkeshi-oki region is
similar to the 1952 earthquake, it could be another example of unbalanced slip budget.
Note that the tsunami analysis [e.g., Satake, 2017] suggested that the Akkeshi-oki

region was ruptured in the 1843 and 1894 M8 class earthquakes (Figure 5-2).
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Concluding the above, the slip budget is unbalanced in the single M8 class
earthquake cycle and also in the multiple cycles since 1843. We suggested the four
possible reasons for unbalanced slip budget: stress transfer, temporal change of
frictional properties, changes of slip deficit rate, and supercycle. Because in the present
study we carried out the seismological and geodetic analyses using the limited available
data, Figures 5-1 and 5-2 has limitations due to the data. Moreover, we did not use the
data after 2011 because the 2011 M, 9.0 Tohoku earthquake and its postseismic
phenomena affected the crustal deformation in Hokkaido. For in-depth discussion of
earthquake cycles prior to the 20th century and after 2011, we have to conduct for the
geological analyses and careful examination of the effect due to the giant earthquake in

the adjacent region.
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6. Conclusions

In this study, we investigated the interseismic, coseismic, and postseismic periods
in the southernmost part of the Kuril subduction zone in the most recent 100 years to
examine the M8 class earthquake cycle in this part.

To investigate the coseismic period, we performed the joint source inversions of the
1952 and 2003 earthquakes. We performed two inversions for the 2003 earthquake
using the two datasets. One is the full dataset, while the other is a subset, whose amount
is almost same as the dataset for the 1952 earthquake. The results revealed similar
rupture processes, slip areas, and slip amounts for the two earthquakes in the
Tokachi-oki region. However, the 1952 earthquakes differed from the 2003 earthquake
in that the 1952 earthquake ruptured the Akkeshi-oki in addition to the Tokachi-oki
region and was initiated by an M,, 6.1 earthquake.

To examine the interseismic and postseismic periods prior to and after the 2003
earthquake, we analyzed the recent GNSS data. We first investigated the crustal
deformation rate prior to the 2003 earthquake and confirmed that there was no yearly
scale transient event preceding the 2003 earthquake in the Tokachi-oki region. Then, we
performed inversion analyses to obtain the yearly slip deficit/afterslip distribution
between 25 September 2000 and 24 September 2010. The results revealed the following
features: 1) the slip deficit rate in the Tokachi-oki region prior to the 2003 earthquake
was stable; 2) the region with the large slip deficit rate corresponds to the main rupture
area of the 1952 and 2003 earthquakes in the Tokachi-oki and Akkeshi-oki regions; and

3) the slip deficit rate in the Akkeshi-oki region was stable during the period from 25
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September 2000-24 September 2010, except for the period just after the two M 7
earthquakes in the Akkeshi-oki region.

To examine the interseismic and postseismic periods which were not covered by the
GNSS data, we investigated the crustal deformations and repeating earthquake in the
most 100 years around Cape Erimo using the leveling survey data and analog
seismograms. We also examined the effect of the crustal deformation due to medium (M
> 6.5) earthquakes to the data. The results suggested the following features in the
Tokachi-oki region: 1) the afterslip of the 1952 earthquake continued until around 1980;
2) the state of plate interface prior to the 1952 earthquake is similar to that prior to the
2003 earthquake. Moreover, the acceleration of aseismic slip rate prior to the 2003
earthquake is indicated in the Urakawa-oki region.

Summarizing the above results, we examined the slip history in the southernmost
part of the Kuril subduction zone since 1843. Because the Tokachi-oki region was
covered by all the above analyses, we quantitatively examined the slip history during
the earthquake cycles in the Tokachi-oki region. The results showed that the slip budget
in the Tokachi-oki region is unbalanced not only in the single earthquake cycle but also
in the multiple earthquake cycles since 1843. We suggested geophysical mechanisms of
this unbalanced slip budget: stress transfer, temporal change of frictional properties, and
changes of slip deficit rate. In the southern part of the Kuril subduction zone, historical
M09 class earthquakes were suggested in the previous studies. Their supercycle can be
another possible reason for the unbalanced slip budget. Because our analyses are based
on seismological and geodetic data and we excluded the data after 2011 M, 9.0 Tohoku
earthquake, geological analyses and careful examination of the effect of the giant

earthquake are necessary for further discussion of the earthquake cycle.

94



Appendix

Table A-1. Instrument constants for the seismographs at the teleseismic stations.

Seismograph Comp. V T € Source
Florissant Galitzin UD 11.7  Alvarado and Beck [2006]
. h,=0.8 . Microfilm
Tucson Benioff UD h=10 77 Vnis from Alvarado and Beck
& [2006]
Tucson Wood-Anderson NS 466 8 77 Microfilm
Tucson Wood-Anderson EW 457 8 107 Microfilm
Pasadena Benioff UD Microfilm
Honolulu  Milne-Shaw NS 124 12 20 Charlier and Van Gils [1953]
Honolulu  Milne-Shaw EW 142 12 20 Charlier and Van Gils [1953]
Wellington  Milne-Shaw NS 250 12 20 Scanned image
Riverview Galitzin UD Station bulletin (04-06/1952)
(HNyiarr;i: g Mile-Shaw NS 249 12 20 Station bulletin (03/1952)
(Hiilzearr;;: g Milne-Shaw  EW 249 12 20 Station bulletin (03/1952)
Zurich Mainka NS 140 7 3 Charlier and Van Gils [1953]
Zurich Mainka EwW 140 7 3 Charlier and Van Gils [1953]
Gottingen Wiechert ub 177 51 39 Estabrook et al. [1994]
Gottingen Wiechert NS 143 101 29 Station bulletin (unknown)
Gottingen Wiechert EW 140 13 4.1 Estabrook et al. [1994]
De Bilt Galitzin UuD Charlier and Van Gils [1953]
De Bilt Galitzin NS Charlier and Van Gils [1953]
De Bilt Galitzin EwW Charlier and Van Gils [1953]
Toledo Wiechert NS 540 11 4.2 Station bulletin (02/1952)
Toledo Wiechert EW 530 11 4.1 Station bulletin (02/1952)
Lisbon Wiechert UD 205 49 2.67 Station bulletin (02/1952)

V: magnification. Ty: natural period. &: damping ratio. Vy,: peak magnification. T;: natural period of
pendulum. T, natural period of galvanometer. h;: damping constant of pendulum. hy: damping
constant of galvanometer. We assumed h,=h; = 1.0 except for the Benioff seismograph in Tucson.
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Table A-2. Instrument constants for the seismographs of the near field stations.

Seismograph Comp. V T € Source
Nemuro JMA type 50 NS 1 6 8 Hamamatsu [1966]
Wiechert NS 80 5 6 Hamamatsu [1966]
IMA type 51 NS 1 62 135 Scanned image
JMA type 51 EwW 1 62 105 Scanned image
Kushiro IMA type 51 UD 1 60 54 Scanned image
CMO portable NS 40 40 77 CMO [1953]
CMO portable EW 40 41 6.7 CMO [1953]
. IMA type 50 UD 1 50 8.0 CMO [1953]
Aomori
Wiechert ub 83 33 58 CMO [1953]
IMA type 51 NS 1 60 8 CMO [1953]
. IMA type 51 EwW 1 60 8 CMO [1953]
Hachinohe Wiechert NS 90 46 46 CMO [1953]
Wiechert EW 89 48 56 CMO [1953]
IJMA type 51 NS 1 6.0 8.0 CMO [1953]
Miyako JMA' type 51 EW 1 60 8.0 CMO [1953]
Wiechert NS 96 52 64 CMO [1953]
Wiechert EW 94 50 56 CMO [1953]

V: magnification. Ty: natural period. &: damping ratio.
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