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Abstract

Slow earthquakes are important phenomena in discussing how plates converge in
subduction zones. Here | detected slow slip events (SSEs) and very low-frequency
earthquakes (VLFEs) in the Ryukyu Trench using GEONET (GNSS Earth Observation Network)
GNSS (Global Navigation Satellite System) data and board-band seismic data of F-net and
BATS (Broadband Array in Taiwan for Seismology) in order to investigate interplate coupling
in this subduction zone.

From 1997 to 2016, | identified 38 SSEs beneath the Iriomote Island, southwestern
Ryukyu Arc. These events occurred biannually on the same fault patch at a depth of ~30 km
on the subducting Philippine Sea Plate slab with average moment magnitudes (M,,) of ~6.6.
Their slip accumulation rate varies in time and increases in 2002 and 2013, coinciding with
the activation of the back-arc spreading as indicated by the earthquakes swarms in the
Okinawa Trough. It suggests that episodic activations of the back-arc spreading at the
Okinawa Trough caused extra southward movement of the block south of the trough and
accelerated convergence at the Ryukyu Trench.

From 2005 to 2012, a total of 29,841 VLFEs were detected in the Ryukyu area also.
These events are distributed near the Ryukyu Trench axis and have shallow thrust-faulting
mechanisms, which indicates that they probably occur in the accretional prism or on the
shallow plate interface of the Ryukyu subduction zone. Moreover, these VLFEs are
characteristic of high b-values (2.3-5.0), and nearby SSEs often influence their activities. For

example, in the Sakishima, Okinawa, and Amami areas, VLFEs are activated in 5-30 days,

vii



0-15 days, and 0-5 days, respectively, after the start of SSEs.

Among these VLFEs, 97 events south of the Miyako Island showed notable similarities in
waveforms, amplitudes, magnitudes, and source mechanisms. These events recurred in the
same area with an average interval of ~50 days. This new type of VLFEs, named as repeating
very low frequency earthquakes (RVLFEs), are similar to small repeating earthquakes in the
creeping zone of the plate boundaries. Seismic slip released by the RVLFEs is about 3-42 %
of the average plate convergence in this segment of the subduction zone, significantly
smaller than that of 72 % released by the repeating SSEs.

From the locations of SSEs and VLFEs detected in this study, and two suspect megathrust
earthquakes (M,>8) in the Ryukyu area, slow and ordinary earthquakes in the Ryukyu
Trench are found to occur in following depths, Sakishima: megathrusts (locked zone, ~10
km), VLFEs (~20 km), and SSEs (~30 km), and Okinawa: VLFEs (~20 km) and SSEs (~30 km).
However, the situation in the Amami area is not well understood due to the complex

tectonic setting and inaccurate hypocenters of large earthquakes and VLFEs.
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Chapter 1: Ryukyu subduction zone

1.1 Subduction zones

1.1.1 What are subduction zones?

The lithosphere (containing the crust and shallow upper mantle) forms the outermost
layer of the solid earth, which consists of several hundred tectonic plates. These plates
(including oceanic and continental plates) float upon the asthenosphere and move relative
to one another by the thermal convection of the mantle (Figure 1.1). Based on the relative
movement of plates, their boundaries can be classified into three types, i.e., convergent,
divergent, and transform fault (Figure 1.1). At convergent boundaries, plates collide with
each other and often form majestic mountain ranges (e.g., Himalaya, the highest mountain
system on Earth, caused by the convergence of two continental plates) or oceanic trenches
(e.g., Mariana, the deepest trench on Earth, due to the convergence of two oceanic plates).
In contrast, at divergent boundaries, plates are pushed apart by magma rising from the
mantle to the surface. This process renews the oceanic plates and let the marine basins
spread. Two typical cases for the type of boundaries are the mid-ocean ridge in the Atlantic
Ocean and the Great Rift Valley in the continent of Africa. Moreover, at transform fault
boundaries, plates slide sideways in front of each other. These boundaries are different
from the convergent and divergent types; they cannot produce spectacular landforms such
as high mountains or deep oceans but still can generate large earthquakes (e.g., the M,, 7.9
San Francisco earthquakes of Apr. 18, 1906 along the San Andreas Fault in California).

Subduction is a geological process that occurs at the convergent plate boundaries. When

two tectonic plates (usually consists of two oceanic plates or one oceanic and one
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continental plates) converge, the heavier plate will sink into the mantle under the lighter
plate due to the gravitational force. This is called subduction. In this process, a large number
of earthquakes occur along the slabs subducting to the depth. Additionally, the volcanism
caused by the arc magmatism related to the melting of the upper mantle at the upper
surface of the subduction slab is also activated. The region influenced by the subduction
process can extend landward one to several hundreds of kilometers from the trench axis
depending on the dip angle of the subduction slabs. Such an area is known as the

subduction zone.

==
Shield\ g

SRR,
dglcano A -

‘ =1 =
P P Lithosphere

Figure 1.1. Schematic image of plate tectonics and three types of plate boundaries.
(Diagram by the courtesy of the u.S. Geological Survey,
https://pubs.usgs.gov/gip/dynamic/Vigil.html)
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1.1.2 Where are subduction zones?

Subduction zones exist along convergent plate boundaries, where at least one of
tectonic plates is an oceanic plate. As shown in Figure 1.2, most subduction zones are
located around the Pacific Ocean. These subduction zones can be divided into two major
groups based on the type of plates (Figure 1.3). One of the groups is related to the
convergence of two oceanic plates, characterized by an island arc parallel to the trench axis
(Figure 1.3a). One typical example for this type of subduction zones is the Mariana Trench at
the west margin of the Pacific Plate (Figure 1.2). The other group of subduction zones is
caused by the oceanic-continental plate convergence (Figure 1.3b). This type of subduction
zones forms a remarkable chain of volcanoes at the border of continental plates, and its
oceanic trench is closer to the coastline in comparison to the type of the oceanic-oceanic
plate convergence (Figure 1.3b). The Cascadia subduction zone in North America (Cascadia
faces Canada and USA.) and the Peru-Chile Trench in South America are two typical

examples (Figure 1.2).
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Convergent boundary
Divergent boundary

Transform boundary

Uncertain boundary

Figure 1.2. Distribution of convergent plate boundaries (barbed lines) including subduction
zones, whose names are shown in red, and continental collision zones, whose names are
shown in blue. (Modified from Figure 1 of Stern, 2002) (Base-map by the courtesy of the

Encyclopaedia Britannica, https://www.britannica.com/science/subduction-zone)

Figure 1.3. Schematic image of two types of subduction zones as (a) oceanic-oceanic plate

convergence, and (b) oceanic-continental plate convergence. (Diagram courtesy of the U.S.
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Geological Survey, https://www.usgs.gov/media/images/subduction-fault-zone-diagram;

https://walrus.wr.usgs.gov/tsunami/sumatraEQ/tectonics.html)

1.1.3 Large earthquakes and subduction zones

Although approximately 90 % of earthquakes occur in subduction zone areas, large
interplate earthquakes (M,, >8) only occur in few subduction zones and do not show a
random distribution (Figure 1.4). Uyeda and Kanamori (1979) first discussed this
phenomenon and attempted to understand its causes by analyzing characteristics of
subduction zones where large interplate earthquakes occur. They found that these
subduction zones seemed to have similar properties. Moreover, all subduction zones on
Earth probably followed an evolution mode and could be classified into several different
stages based on the age of subducting sea floor, the arc-normal stress, and the existence of
active back-arc basins. The two extreme cases of this evolution mode are the Chilean and
the Mariana types, respectively (Figure 1.5).

In the Chilean type subduction zones, a young (< 50 Ma), hot, and thin oceanic plate
subducts beneath a continental plate (Figure 1.5). Such a relatively light subducting plate
resists the subduction process due to high buoyant. This causes high seismicity and high
coupling between the upper and lower slabs and induces the occurrence of large interplate
earthquakes. Moreover, this type of subduction zones also has other significant
characteristics, such as shallow dip angles, shallow seismic zones, and shallow oceanic
trenches (Figure 1.5). The most famous example is the Peru-Chile Trench in South America

(Figure 1.2). There, several large interplate earthquakes have occurred in the past 100 years,
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including the M,, 9.5 Chile earthquake in 1960, the largest earthquake recorded in the
human history (Figure 1.4).

In contrast, the subducting plate in the Mariana type subduction zones is an old (> 50
Ma), cold, and thick oceanic plate. Such a relatively dense subducting plate can dive
smoothly into the mantle, and causes low seismicity and low interplate coupling. Large
interplate earthquakes rarely occur in such subduction zones. Moreover, they are also
characterized by steep dip angles, deep oceanic trenches, and the existence of active
back-arc opening systems (Figure 1.5). A typical case for this type of subduction zones is the

Mariana Trench in the western Pacific Ocean (Figure 1.2).

Global Earthquakes 1900 - 2013

e

Figure 1.4. Global earthquake distribution and 20 largest earthquakes in the world.
(Diagram courtesy of the u.s. Geological Survey,

https://earthquake.usgs.gov/earthquakes/byregion)
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Figure 1.5. Two extreme types of subduction zones. (From Figure 7 of Uyeda and Kanamori,

1979)
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1.2 Geological setting of the Ryukyu Trench

1.2.1 Plate tectonics

Japan is surrounding by several subduction zones, such as the Japan Trench, Nankai
Trough, and Ryukyu Trench, generated by the interaction of the Eurasian, Philippine Sea,
North America, and the Pacific plates (Figure 1.6). The southernmost Ryukyu Trench is a
convergence plate boundary between the Eurasian Plate and the Philippine Sea Plate,
extending ~2000 km from southern Kyushu to eastern Taiwan (Figure 1.6). Along this trench,
the Philippine Sea Plate subducts beneath the Eurasian plate at a rate of ~8 cm/year (Hsu et
al., 2012; Nakamura, 2009).

Northeast of the Ryukyu Trench runs the Ryukyu Arc and the Okinawa Trough (Figure
1.6). Unlike general island-arcs dominated by igneous rocks made by subduction magma
activities, the Ryukyu lIslands are composed of Holocene sediments and Pleistocene
conglomerate and limestone (Ando et al., 2018). In addition, both geological (e.g., Yamano
et al., 2001; 2003) and geodetic (lwasa and Heki, 2018) data reveal that the uplift of these
islands is non-uniform both in time and space. The Okinawa Trough lying behind the Ryukyu
Arc is an active back-arc spreading system (Sibuet al., 1987). It causes the Ryukyu islands
move trench-ward as demonstrated by the rapid southward movements of the Globe
Navigation Satellite System (GNSS) stations there (Figure 1.7). Given the opening rate of the
Okinawa Trough at the southwest segment is ~5 cm/year (Nishimura et al., 2004), the
convergent rate between the southwestern part of the Ryukyu Arc and the Philippine Sea

plate is probably up to 12.5 cm/year (Heki and Kataoka, 2008; Hsu et al., 2012).
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120° 125° 130° 135° 140° 145°

Eurasian 4t
Plate

Phlllppme S
SR Plate

Figure 1.6. The plate tectonic map around the Japan Islands. The blue curves show the plate
boundaries with the Eurasian, Philippine Sea, North America, and the Pacific plates. The
orange dashed rectangle represents the geometry range of the Ryukyu area, studied here.
The Ryukyu Trench, Ryukyu Arc, and Okinawa Trough, three major geological structures in
the Ryukyu area, run in parallel. Along the Ryukyu Trench, the Philippine Sea Plate subducts

beneath the Eurasian Plate at a rate of ~8 cm/year (Nakamura, 2009; Hsu et al., 2012).
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Eurasian Plate
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>
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Taiwan
Philippine Sea Plate

Figure 1.7. Velocities of GNSS stations (red arrows) relative to the Eurasian Plate during the
period of 2000-2010. The data is from GEONET (GNSS Earth Observation Network), run by
Geographical Information Authority (GSI) of Japan.

1.2.2 Bathymetry

The northern Philippine Sea Plate consists of two inactive marginal basins, i.e., the
Shikoku Basin and the West Philippine Basin (Figure 1.8), whose evolutionary histories have
been described in detail in several studies (e.g., Okino et al 1999; Deschamps and Lallemand,
2002). The West Philippine Basin subducts northward along the Ryukyu Trench and is
bounded by the Kyushu-Palau ridge in the east and by the Gagua ridge in the west (Figure

1.8). Based on the bathymetry, the West Philippine Basin can be divided into two distinct

11
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subareas, i.e., the southwest block close to the Ishigaki, Miyako, and Okinawa Islands with a
smooth seabed, and the northeast block near the Amami Island with several bathymetric
highs (Figure 1.8). These marine ridges at the northeast block of the West Philippine Basin
are Oki-Daito ridge, Daito ridge, and Amami Plateau from SW to NE. They are considered to
be the remnants of paleo-island arcs subducting beneath the Ryukyu Trench together with
the Philippine Sea Plate (Nishizawa et al., 2014).

The Kyushu-Palau Ridge near the Kyushu Island separates the Shikoku Basin from the
West Philippine Basin (Figure 1.8). The two basins are subducting at the Ryukyu Trench and
the Nankai Trough, respectively, and the Kyushu-Palau Ridge bounds these two subduction
zones (Figure 1.8). The bathymetry of the Shikoku Basin is similar to the west block of the

West Philippine Basin, i.e., smooth seafloor without significant bathymetric highs.

120° 125° 130° 135° 140° 145°

.

. 8
Jr‘ Kyushu

e .

Figure 1.8. Bathymetry map of the northern Philippine Sea Plate. It is composed of the West

12
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Philippine Basin and the Shikoku Basin. The two basins are bounded by the Kyushu-Palau
Ridge and subduct beneath the Eurasian Plate along the Ryukyu Trench and Nankai Trough,
respectively. Several linear structures lie on the eastern block of the West Philippine Basin.
They are the remnants of paleo-island arcs subducting at the Ryukyu Trench (Nishizawa et
al., 2013). The bathymetry of the Shikoku Basin is similar to the western block of the West

Philippine Basin, having smooth seafloors with few bathymetric highs.

1.2.3 Seafloor ages

The seafloor ages of the northern Philippine Sea Plate vary from region to region. As
illustrated in Figure 1.9, the seafloor ages along the Ryukyu Trench (i.e., the west block of
the West Philippine Basin) falls within 50-70 Ma, while those along the Nankai Trough (i.e.,
the Shikoku Basin) are only 20-35 Ma. As for the region around the Amami Island (i.e., the
east block of the West Philippine Basin), the seafloor is considered to have a younger age
due to the existence of paleo-island arcs (Muller et al., 2008). Such a difference significantly
influences the subduction process of the Philippine Sea Plate and causes diverse seismic
activities and complex crustal deformations in this region. Furthermore, based on this factor,
several studies classified the Nankai Trough and the Ryukyu Trench into the Chilean type
and the Mariana type subduction zone, respectively (e.g., Peterson and Seno, 1984; Scholz
and Campos 2012), even though these two subduction zones belong to the same tectonic

plate.

13
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120° 125° 130° 135° 140° 145° 150°

Age (Myr)

Figure 1.9. The seafloor age of the Philippine Sea Plate and the Pacific Plate around Japan.
The data are provided by Muller et al. (2008). The seafloor age along the Ryukyu Trench falls
into 50-70 Ma, which is significantly older than that of 20-35 Ma along the Nankai Trough.
However, due to the existence of oceanic paleo-island arcs, the age of the seafloor

subducting around the Amami Island are much younger than other regions.

1.3 Historical large earthquakes in the Ryukyu Trench

The Ryukyu Trench is different from the Nankai Trough or the Japan Trench; large

interplate earthquakes (M,, = 8) have not been reported in this region (Peterson and Seno,
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1984; Ando et al., 2009; Nakamura, 2009; Scholz and Campos 2012). Figure 1.10 exhibits the
disaster earthquakes (M, 2 7.0) that have occurred along the Ryukyu Trench from 1700 to
2015. It is interesting to note that most of the earthquakes are located in eastern Taiwan
and the offshore of Kyushu. Only very few events have occurred near the Ryukyu Trench
axis. Among these earthquakes, | marked two significant events on this map, i.e., the 1771
Yaeyama earthquake and the 1911 Kikai earthquake, because they have larger magnitudes

(M, = 8) and seem to have occurred on the plate boundary of the Ryukyu subduction zone.

120 125 130
35" o
1700-2015
M, >7
30
1911.Mm,,8.0
Kikai EQ
25
1771 M, >8.0
Yaeyama EQ
20

Figure 1.10. Distribution of disaster earthquakes (M, 27) in the Ryukyu area. The yellow and
blue stars show the epicenters of the 1771 Yaeyama earthquake and the 1911 Kikai
earthquake, respectively. The data are from the earthquake catalog of Japan Meteorological

Agency (JMA).
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1.3.1 1771 Yaeyama earthquake

The 1771 Yaeyama earthquake occurred near the Ishigaki Island, southwestern Ryukyu
Arc (Figure 1.10). This event was accompanied by a disastrous tsunami that struck Ishigaki
and surrounding islands with the maximum run-up height of ~¥30 m and caused fatalities of
one-third of the populations on the Ishigaki Island (Goto et al., 2012). For the mechanism of
this event, Imamura et al. (2001, 2008) suggested that it was an extensive submarine
landslide triggered by an M7-class intraplate earthquake, whereas Nakamura (2009b)
considered that it should be an M,, 8.0 tsunami (slow) earthquake near the Ryukyu Trench
axis. Recently, Ando et al., (2018) investigated paleotsunami deposits on the Ishigaki Island
and proposed that this earthquake might be an ordinary subduction thrust earthquake of
M, > 8.0 based on earthquake-induced ground cracks observed in the soil bed underlying
the Yaeyama tsunami sediments. It means that the 1771 earthquake is probably a large
interplate earthquake (M,, = 8.0) that occurred on the subduction plate interface of the

southwestern Ryukyu Trench.

1.3.2 1911 Kikai earthquake

The 1911 Kikai earthquake occurred near Amami Island (Figure 1.10), and its signal was
recorded as far as Tokyo (> 1000 km) (Usami, 1988). This earthquake generated strong
ground shaking that destroyed approximately 400 houses on Kikai Island and caused a
tsunami (< 3m) with slight damage to surrounding islands (Hatori, 1988; Goto, 2013).

Several studies considered this earthquake as an intraplate earthquake with a depth of >
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100 km (M,, 28) (e.g., Utsu, 1982; Abe and Kanamori, 1979). However, Goto (2013)
relocated its hypocenter using old smoked seismograms and proposed that this event was a
large shallow interplate earthquake (M,, 8.0) near the Ryukyu Trench axis. That is, the 1911
Kikai earthquake may be another case of large interplate earthquakes that occurred in the

Ryukyu subduction zone.

1.4 Issue of the Ryukyu Trench: coupled or decoupled?

As mentioned by Uyeda and Kanamori (1979), all subduction zones on Earth could be
roughly divided into the Chilean and Mariana types based on the sea floor age, the
arc-normal stress, and the existence of active back-arc basins (Figure 1.5). The Chilean type
subduction zones have a young (< 50 Ma) subducting plate, which causes a low dipping
seismic zone due to weaker negative buoyancy. The plate motion of this type of subduction
zones is seismic, i.e., their coupled is high, and large interplate earthquakes may occur. In
contrast, the Mariana type subduction zones possess an old (> 50 Ma) subducting plate,
which results in a large dip-angle seismic zone and low coupling ratio between the upper
and lower slabs. There, the plate motion is aseismic, and large interplate earthquakes
seldom occur.

Under this hypothesis, the Ryukyu Trench should be classified into the Mariana type
subduction zone because it has an older subducting plate (> 50 Ma, Figure 1.9) and an active
back-arc opening system (Okinawa Trough; Sibuet al., 1987). Additionally, the absence of

large interplate earthquakes in the past 300 years (Ando et al., 2009; Scholz and Campos
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2012) and the trenchward monition of the Ryukyu Arc from GNSS observations (Figure 1.7)
all indicate that the plate motion of the Ryukyu Trench is aseismic, i.e., the plate boundary
here may be decoupled or weakly coupled (Peterson and Seno, 1984; Scholz and Campos
2012).

However, several investigations, such as the excavation of palotsunami sediments (e.g.,
Ando et al., 2018), slow earthquake detections (Heki and Kataoka, 2008; Ando et al., 2012;
Nishimara, 2014; Nakamura and Sunakawa, 2015, Arai et al., 2016, Nakamura 2017),
seafloor geodetic observations (Nakamura et al., 2010; Chen at al., 2018), the analysis of
geological structures (e.g., Lin et al., 2014), and the estimation of locked zones from GNSS
observations (e.g., Hsu et al., 2012) also suggest that the Ryukyu Trench may have slight, but
significant interplate coupling and has potential to generate large interplate earthquakes.
Such diverse views indicate that we have only insufficient understandings of the subduction
process in the Ryukyu Trench. Hence, more detailed and multiple-approach studies are

crucial.

1.5 Primary purposes of this study

The primary purpose of this study is to clarify the interplate coupling of the Ryukyu
subduction zone. To achieve this goal, | focus on the subject of slow earthquakes. Slow
earthquakes are a newly discovered type of earthquakes within the past of 50 years (Beroza
and Ide, 2011). Theses earthquakes often observed in strongly coupled subduction plate

boundaries, such as the Nankai Trough and the Cascadia subduction zone, and were
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considered to be related to large interplate earthquakes (Obara and Kato, 2016). However,
they are also detected in the Ryukyu Trench (e.g., Heki and Kataoka, 2008; Ando et al.,
2012). Hence, | selected this subject for this study and expected that the properties of slow
earthquakes and its relation with other seismic events could help us understand the general

feature of the plate convergence in the Ryukyu subduction zone.
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Chapter 2: Slow earthquakes

2.1 What are slow earthquakes?

Earthquakes are the ground shaking of the Earth, which release strain by fault
ruptures/slips in the Earth's interior. Ordinarily, earthquake faults are locked due to the
friction of fault planes, but the rupture/slip starts when the accumulated strain exceeds the
friction. Because the way of fault slips and strain release is diverse, the velocity of fault slips
can range from 10 (creeping along plate boundaries) to 10° m/s (fast slippage along faults).
A rapid slip of faults generates high-frequency elastic waves that propagate in the Earth and
cause detectable ground shaking, i.e., ordinary (or regular) earthquakes (Utsu, 2001). In
contrast, a slow fault slip predominantly generates low-frequency elastic waves (Beroza and
Ide, 2011). Such earthquakes known as slow earthquakes are undetectable with
short-period seismometers and do not cause significant ground shaking.

Although both slow earthquakes and ordinary earthquakes are phenomena of fault slips,
the frequency contents of seismic energy radiated from them are fairly different. For
example, slow earthquakes release energy over a period of seconds to years (Figure 2.1),
significantly longer than that of seconds to minutes of ordinary earthquakes (Obara and
Kato, 2016). Moreover, this type of earthquakes generates seismic waves inefficiently
relative to ordinary earthquakes, especially at the high-frequency components (Figure 2.2)
(Beroza and Ide, 2011). That is, they are characterized by low-frequency signals, and only
high-sensitivity broadband seismometers and long-term geodetic/strain measurements can

record these events (Beroza and Ide, 2011).
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Figure 2.1. Waveforms of an ordinary earthquake and four types of slow earthquakes, i.e.,
low-frequency tremor, very low-frequency earthquake (VLFE), low-frequency earthquake
(LFE), and slow slip event (SSE). Most of the slow earthquakes have a longer duration than

the ordinary earthquake. (Modified from Figure 1 of Peng and Gonberg, 2010)
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Figure 2.2. EW-component waveforms of a slow earthquake (upper) and an ordinary
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earthquake (bottom) in the Cascadia subduction zone. The seismograms are filtered in
0.02-0.05 Hz (red) and 2-8 Hz (black), respectively. Waves from the slow earthquake are
dominated by low-frequency signals and depleted in high-frequency components (From

Figure 2 of Ghosh et al., 2015)

2.2 Development of slow earthquake research

Over the past 50 years, scientists have noted some seismic events that occurred much
more slowly than regular earthquakes (Beroza and Ide, 2011). These anomalous events such
as creeping tremors (e.g., Kanamori and Setwart, 1979), tsunami earthquakes (e.g.,
Kanamori, 1972; Kanamori and Kikuchi, 1993), and silent earthquakes (e.g., Beroza & Jordan
1990; Kawasaki et al., 1995) all have remarkably long durations and seismic waves of
unusually long periods. At the early stage, silent earthquakes were considered to be the
extreme case situated at the end of the seismic spectrum, in which they were the boundary
of seismic events that could generate detectable seismic radiation (Beroza & Jordan 1990).
This is the earliest stage of the slow earthquake research, but no detailed investigations
could be done due to the limit of seismometer networks.

In the 1990s, with the development of the global positioning system (GPS), slow surface
deformations after large earthquakes were determined as slow post-seismic slips (afterslips)
(e.g., Heki et al., 1997; Heki and Tamura; 1997). Subsequently, more and more silent
earthquakes/slips and slow crust movements were detected over the world by space

geodesy (e.g., Hirose et al., 1999; Dragert et al., 2001; Ozawa et al., 2002, 2003; Kawasaki,
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2004). These studies all demonstrate that slow aseismic slips are common phenomena on
the Earth, not exceptional cases, and their results built essential foundations for further
studies.

In the 21st Century, the slow earthquake research evolved into a new stage due to the
improvement of observation instruments. Applying high-sensitive borehole and broadband
seismometers, scientists discovered a series of slow earthquakes that had never been
observed, such as low-frequency tremors (e.g., Obara, 2002), very low-frequency
earthquakes (VLFEs) (e.g., Obara and Ito, 2005; Ito and Obara, 2006a), and low-frequency
earthquakes (LFEs) (e.g., Katsumata and Kamaya, 2003). Moreover, the dense and
continuous observations by Global Navigation Satellite System (GNSS) also provided
abundant high-quality coordinate data of ground stations, which made significant advances
in detection of slow crust movements. Hirose et al. (1999) first used the name “slow slip
events (SSEs)” to signify anomalous crustal deformations that occurred on subduction plate
boundaries but were not directly related to large earthquakes. Afterward, plenty of SSEs
was detected in subduction zones worldwide (e.g., Dragert et al., 2001; Lowry et al., 2001;
Douglas et al., 2005; Hirose and Obara, 2005; Heki and Kataoka, 2008) although sometimes
they had different names, e.g., aseismic slips (Ozawa et al., 2002, 2004), silent slips (e.g.,
Shibazaki and lio, 2003), and characteristic silent earthquakes (Ozawa et al.,, 2003).
Furthermore, episodic tremor and slip (ETS) is another significant finding during this period.
Rogers and Dragert (2003) first discovered that slow slips and low-frequency tremors at the
same source depth in the Cascadia subduction zone coincided both temporally and spatially

(Figure 2.3). The same phenomena were also found in the Nankai Trough, SW Japan (e.g.,
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Obara et al., 2004a; Hirose and Obara, 2006), while their correlation extended from the
slow slips and tremors to LFEs and VLFEs (e.g., Shelly et al., 2006; Ito et al., 2007).

At the later period of this stage, the direction of slow earthquake research started to
shift from observations to the comparative analysis due to the accumulation of large
amounts of seismic data. For example, Ide et al. (2007) compared characteristics of SSEs,
VLFEs, LFEs, ETSs, and silent earthquakes detected over the world and found that their
durations and seismic moments are proportional. This is entirely different from regular
earthquakes (Figure 2.4). Shelly et al. (2006, 2007) also analyzed low-frequency tremors and
LFEs in Shikoku area, SW Japan. They proposed that various slow seismic events are
different manifestations of a single process, possibly related to the fluid on the plate
boundary of subduction zones. Since then, slow earthquakes are believed to have similar
seismogenic processes and belong to the same family independent from regular
earthquakes.

During the last decade, slow earthquake research has been getting diverse. In addition
to observational studies (e.g., Ando et al., 2012; Nishimura, 2014; Matsuzawa et al., 2015,
Arai et al, 2016, Arisa and Heki, 2017), scientists pay much attention to particular subjects,
such as the correlation between different types of slow earthquakes (e.g., Hirose et al., 2010;
Nakamura and Sunagawa, 2015; Nakamura, 2017; Nakano et al., 2018), migration of the
slow earthquakes (e.g., Asano at al., 2015; Yamashita at al., 2015; Ghosh et al., 2015;
Nakamura, 2017), and tidal trigging (e.g., Thomas et al., 2012). Moreover, several
comprehensive reviews have been published during this period (e.g., Peng and Gonberg,

2010; Beroza and Ide, 2011; Obara and Kato, 2016). Following the establishment of the
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community of slow earthquake science in Japan in 2016, large integrated studies, i.e., those
involving two or more disciplines (e.g., geophysics, geology, and physics), will become the

mainstream of slow earthquake research in the future.
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Figure 2.3. Synchronous activities of low-frequency tremors and slow slips in the Cascadia

subduction zone. (From Figure 2 of Rogers and Dragert, 2003)
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Figure 2.4. Seismic moments (My) and durations of various slow earthquakes detected in

the world. (From Figure 2 of Ide et al. 2007)
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2.3 The slow earthquake family

As mentioned above, diverse types of slow earthquakes have been detected over the
world, which reflects variety in fault slip phenomena controlled by different frictional
properties (Asano et al., 2015). However, at the early stages, a slow seismic event
sometimes had several names because scientists created new words for their observations.
Until the 21 Century, the types/names of slow earthquakes were gradually unified. Ide et al.
(2007) first proposed that slow earthquakes could be divided into five groups of LFEs, VLFEs,
SSEs, ETSs, and silent earthquakes. Subsequently, Peng and Gonberg (2010) classified slow
seismic events into the geodetic and seismic groups based on detecting instruments. Each
group includes more than one type of slow earthquakes, i.e., the geodetic group comprises
SSEs, and the seismic group consists of low-frequency tremors, VLFEs and LFEs (see Figure
2.1). Then, Beroza and Ide (2011) sorted out slow earthquakes and classified them into five
main types based on their characteristics, i.e., LFEs, nonvolcanic tremor, SSEs, ETSs, and
VLFEs. Recently, Obara and Kato (2016) followed the classification by Peng and Gonberg
(2010) to divide slow earthquakes detected in the Nankai Trough into the geodetic and
seismic groups, but they replaced LFEs with ETSs (see Figure 2.5). In this section, | adopt the
viewpoints of Peng and Gonberg (2010) and Obara and Kato (2016) and propose that four
significant relatives of the slow earthquake family should be SSEs, VLFEs, LFEs, and ETSs

(Figure 2.6). Brief descriptions of these slow seismic events are given as follows.
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Characteristic Downdip Updip Observation
time scale side side instruments
(05 to 5years) Long-term SSE GNSS (GSI GEONET)
100 days ‘ :
Borehole tiltmeter (NIED Hi-net)
Geodeti (2to6days) — Short-term SSE Borehole strainmeter (JMA, AIST)
eodetic : GNSS (GS1 GEONET)
a
1000
Broadband seismometer (NIED F-net)
(10t0100s) | Deep VLF Shallow VLF High-sensitivity accelerometer (NIED Hi-net)
10s ———————— | [ earthquake earthquake
Seismic
_Deep low- Shallow low- Deeper side Shallower side
0ls (2to8Hz) . . ,
frequency tremor  frequency High-sensitivity seismometer Ocean bottom seismometer
> DeepETS tremor (NIED Hi-net)

Figure 2.5. Various types of slow earthquakes in the Nankai Trough (From Figure 1 of Obara

and Kato, 2016)
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Figure 2.6. Four major types of slow earthquakes proposed by this study.
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2.3.1 Slow slip events (SSEs)

The stress release in subduction zones can induce two types of anomalously slow crust
deformations, i.e., afterslips of large earthquakes, which occur around asperities that
ruptured in the main shock, and slow slip events (SSEs) that occur as slow ruptures at the
plate interface (Heki and Kataoka, 2008). SSEs are the exclusive slow seismic event of the
geodetic group (Figure 2.6). Because their fault slips are too slow to radiate detectable
seismic waves, scientists have been able to detect them only by geodetic sensors such as
Global Navigation Satellite System (GNSS) or borehole tiltmeters (Beroza and Ide, 2011).
Moreover, based on their duration, these slow events can be further classified into the
short-term SSEs lasting from days to weeks and the long-term SSEs from months to years
(Figure 2.6).

The name “SSE” was proposed at the end of 20th Century (Hirose et al., 1999), but
scientists have already known such anomalous slow crustal movements. For example, silent
earthquakes (e.g., Beroza & Jordan 1990; Kawasaki et al., 1995) detected at the early stages
may be some type of SSEs judging from little detectable seismic waves and unusually long
duration. With the development of space geodesy, more and more SSEs were detected over
the world, e.g., in Alaska (e.g., Ohta et al., 2006; Fu and Fremueller, 2013), Cascadia (e.g.
Dragert et al., 2001), Mexico (e.g. Lowry et al., 2001, Kostoglodov et al., 2003; Vergnolle et
al., 2010), Costa Rica (e.g. Jiang et al., 2012), Chile (e.g. Socquet et al., 2017), New Zealand
(e.g., Douglas et al., 2005; Wallace et al., 2016), and Japan (e.g., Hirose et al., 1999; Ozawa
et al.,, 2002, 2004; Hirose and Obara, 2006) (Figure 2.7). These SSEs often occur in

subduction zones around the Pacific Ocean (Obara and Kato, 2016) and sometimes show
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quasi-periodic recurrences (e.g., Heki and Kataoka, 2008; Hirose et al., 2012) and strong
links with other slow seismic events (e.g., Hirose et al., 2010; Baba et al., 2018).

In Japan, the best study area to study SSEs, abundant SSEs have been detected in several
subduction plate boundaries, such as the Nankai Trough (e.g., Hirose et al., 1999; 2010;
Ozawa et al., 2004; Hirose and Obara, 2006; Kobayashi, 2014), the Japan Trench (e.g., the
Boso Peninsula, Ozawa et al., 2003, 2007, 2014; Hirose et al., 2012; the lzu-Bonin Arc, Arisa
and Heki, 2017), and the Ryukyu subduction zone (Heki and Kataoka, 2008; Nakamura, 2009;
Nishimura, 2014; Tu and Heki, 2017; Kano et al., 2018). Additionally, some small SSEs that
occurred in an inland plate boundary were also observed in Northen Hokkaido (Ozono et al.,

2014; Ikeda et al., 2015).

2.3.2 Very low frequency earthquakes (VLFEs)

Very low-frequency earthquakes (VLFEs) are a type of slow seismic events dominated in
the frequency band of 0.1-0.01 Hz with little or no high-frequency contents (Obara and lto,
2005). These events have a typical duration of ~20s and consist mainly of long-period
seismic waves (lto et al., 2007; Beroza and Ito, 2011). Hence, only high-sensitivity
broadband seismometers can detect these signals. Based on different seismogenic
processes, VLFEs can be divided into the volcanic type and nonvolcanic type. The
volcanic-type VLFEs are related to the fluid or magma transportation (e.g.,
Arciniega-Ceballos et al., 1999), and the nonvolcanic-type VLFEs are generated by the shear

faulting of subduction zones (e.g., Obara et al., 2004b). For the nonvolcanic-type VLFEs,
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scientists can further classify them into the shallow VLFEs in accretionary prisms near trench
axes (e.g., Obara et al., 2004b; Obara and Ito, 2005; Ito and Obara, 2006a, 2006b; Ando et
al.,, 2012; Nakamura and Sunagawa, 2015) and deep VLFEs at the downdip limit of the
seismogenic zones that are often accompanied by ETSs, another kind of slow seismic events
(e.g., Ito et al., 2007; Ghosh et al., 2015; Baba et al., 2018).

Obara and Ito (2005) first used “VLFEs” to express these anomalous seismic events
recorded in broadband seismometers, whose frequency band is much lower than that of
low-frequency earthquakes (LFEs). Subsequently, with the development of dense
broadband seismic networks, scientists successfully observed plenty of VLFEs. However,
unlike the SSEs, VLFEs have only been detected in a few subduction zones, such as the
Nankai Trough (e.g., Obara and Ito, 2005; Ito and Obara, 2006a; Asano et al., 2008; Sugioka
et al., 2012), the Japan Trench (e.g., Matsuzawa et al., 2015), the offshore of Hokkaido (e.g.,
Obara et al., 2004b; Asano et al., 2008), the Ryukyu Trench (Ando et al., 2012; Nakamura
and Sunagawa, 2015), and the Cascadia subduction zone (e.g., Ghosh et al., 2015) (Figure

2.7).

2.3.3 Low-frequency earthquakes (LFEs)

Low-frequency earthquakes (LFEs) are another slow seismic event with a dominant
frequency band of 2—8 Hz (lde et al., 2007; Aso et al., 2013). Because these events radiate
more high frequency seismic waves than VLFEs, scientists usually use short-period

seismometers to detect these signals (Beroza and Ito, 2011). Based on their origins, LFEs can
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be assigned into three major types, i.e., tectonic LFEs on plate boundaries (e.g., Obara, 2002;
Shelly et al. 2006), the volcanic LFEs by volcano activities (e.g., Lin et al., 2007), and the
intraplate LFEs that are not related to either plate subduction or active volcanoes (e.g., Aso
et al., 2013; Aso and Ide, 2014). For the tectonic LFEs, we can further divide them into the
shallow LFEs located at the upper segment of subduction zones (e.g., Arai et al., 2016;
Nakamura 2017) and deep LFEs at the downdip limit of the seismogenic zones that often
synchronize with ETS activities (e.g., Shelly et al. 2006, 2007).

In the 1990s, the Japan Meteorological Agency (JMA) first observed tectonic LFEs from
the routine hypocenter determination (Beroza and Ito, 2011). These anomalous seismic
events did not have clear P waves and looked like the background noise due to their small
amplitudes. Moreover, they appeared to be located in a belt-like region along the Nankai
Trough, in which large interplate earthquakes (M,, > 8) repeatedly occur (e.g., Ando, 1975).
Soon after the 21° Century, JMA recognized these slow events as a new type of earthquakes
and started to provide their catalog (e.g., Katsumata and Kamaya, 2003). Simultaneously,
Obara (2002) detected abundant nonvolcanic tremors that have occurred in the same
region by high-sensitive borehole seismic network (Hi-net) developed by National Research
Institute for Earth Science and Disaster Prevention (NIED). At first, seismologists considered
that these low-frequency tremors were another type of slow seismic events. However,
Shelly et al. (2007) analyzed the characteristics of low-frequency tremors and LFEs in the
Nankai Trough and proposed that low-frequency tremors are a swarm type of LFEs. Since
then, the boundary between the two slow seismic events becomes vague, but there has

been no consensus on this issue so far. This condition causes that some scientists adopt the
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name “LFEs” (e.g., Brown et al. 2009, 2013), but other scientists call them as “tremors” or
“low-frequency tremors” (e.g., Obana and Kodaira, 2009; Obara and Kato, 2016). Although
it is still uncertain whether LFEs and tremors are the same slow seismic event or not, |
decide to combine all literature of tremors and LFEs in this study. Based on these data, LFEs
and low-frequency tremors have been occurred in several subduction plate boundaries,
such as the Nankai Trough (e.g., Obara, 2002, Shelly et al. 2006, 2007; Ito et al., 2007; Obana
and Kodaira, 2009; Yamashita et al., 2015), the Ryukyu Trench (e.g., Arai et al.,, 2016;
Nakamura, 2017), the Cascadia subduction zone (e.g., Rogers and Dragart, 2003; Brown et al.
2009), the Aleutian subduction zone (e.g. Brown et al. 2013; Li and Ghosh, 2017), and

Middle America (e.g., Brown et al. 2009).

2.3.4 Episodic tremor and slip (ETS)

Episodic tremor and slip (ETS) is the phenomenon that low-frequency tremors and
repeating SSEs at the downdip limit of the seismogenic zone are correlated temporally and
spatially (see Figure 2.3). According to past studies, such a phenomenon has merely been
observed in the Nankai Trough and the Cascadia subduction zone (e.g., Gogers and Dragert,
2003; Obara et al., 2004a). ETSs were discovered first in the Cascadia subduction zone
(Gogers and Dragert, 2003). Subsequently, similar phenomena were detected in the Nankai
Trough (e.g., Obara et al., 2004a and Hirose and Obara, 2006), but the correlation of slow
seismic events extended from the simple case between slow slips and low-frequency

tremors to a complicated one involving slow slips, low-frequency tremors, LFEs, and VLFEs.
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(e.g., Shelly et al., 2006; Ito et al., 2007). In recent years, Ghosh et al. (2015) confirmed that
such an extended correlation has existed between VLFEs and low-frequency tremors in the
Cascadia subduction zone. That is, the essential characteristic of ETS is that at least two
types of slow seismic events occur simultaneously. Moreover, these slow seismic events

sometimes exhibit significant source migrations (e.g., Ghosh et al., 2015; Baba et al., 2018).

2.4 Distribution of slow earthquakes

Considering that various slow seismic events are different manifestations of a single
process (Shelly et al., 2007), Obara and Kato (2016) sorted out slow earthquakes detected in
the world and plotted their locations. As described in Figure 2.7, slow earthquakes are
distributed in subduction zones around the Pacific Ocean, such as Aleutian, Alaska, Cascadia,
Mexico, Costa Rica, Chile, New Zealand, Taiwan, and Japan. Among them, the most
remarkable area in the slow earthquake studies is the Nankai Trough since all types of slow
earthquakes occur in this region (Figure 2.7). The Ryukyu Trench is located to the south of
the Nankai Trough. Although the same plate (Philippine Sea Plate) subducts at these two
subduction zones, there are significantly differences in the subduction processes due to the
different ages of subducting plates (Figure 1.9) (Scholz and Campos, 2012). Likewise, several
types of slow seismic events have been detected in the Ryukyu Trench (Figure 2.7). A
concise description of the distribution of slow earthquakes in the Nankai Trough and the

Ryukyu Trench is given in the following sections.
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Figure 2.7. Global distribution of different types of slow earthquakes. (From Figure 3 of

Obara and Kato, 2016)

2.4.1 Nankai Trough

For nearly two decades, scientists identified various types of slow seismic events in the

Nankai Trough, such as long-term SSEs (e.g., Hirose et al., 1999, 2012; Ozawa et al., 2004;

Kobayashi, 2010, 2014; Shuto and Ozawa, 2009), short-term SSEs (e.g., Obara et al., 2004a;

Hirose and Obara, 2006, 2010), shallow VLFEs (e.g., Obara and Ito, 2005; Ito and Obara,

2006a, 2006b; Asano et al., 2008, 2015; Sugioka et al., 2012), deep VLFEs (e.g., Ito et al.,

2007; Baba et al., 2017), shallow LFEs/low-frequency tremors (e.g., Obana and Kodaira,

2009; Yamashita et al., 2015), deep LFEs/low-frequency tremors (e.g., Obara, 2002; Shelly et
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al., 2006, 2007; Ito et al., 2007), and ETS (e.g., Obara et al., 2004a; Hirose and Obara, 2006,
2010; Ito et al., 2007; Baba et al., 2017; Shelly et al., 2006, 2007). As illustrated in Figure 2.8,
the depth ranges of these slow seismic events, form the surface to depth, is shallow VLFEs
and shallow LFEs/low-frequency tremors (depths < 10km), long-term SSEs (~30 km), and
ETSs (including short-term SSEs, deep LFE/low-frequency tremors, and deep VLFEs) (~40 km).
Notably, the asperities of large interplate (megathrust) earthquakes (i.e., locked zones) are
coincidentally located in the space between shallow VLFEs and long-term SSEs at depths of
~20 km (Figure 2.8). Accordingly, Obara and Kato (2016) infer that the activity of slow
earthquakes might influence the seismogenesis of large interplate earthquakes, and some

mechanical links could exist between them.

1 ‘r\) s Stable sliding zone
11 Transition zone
B Seismogenic zone

Nankai

Volcanic arc Trough

Upper l
continental ——— S
crust — ()
Subducting
t'LOWter| \Y) Shallow oceanic
continental —e
| grust Megathrust VLF and plate

earthquake UENIO:

Long-term
Wedge mantle .

T SSE
(asthenosphere) Deep ETS
(Episodic tremor and slip)
Short-term SSE
Oceanic crust ——* Deep VLF Asthenosphere
Oceanic mantle ——= Deep tremor

Figure 2.8. Depth range of slow earthquakes and megathrust earthquakes in the Nankai

Trough (From Figure 1 of Obara and Kato, 2016)
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2.4.2 Ryukyu Trench

The development of slow earthquake research in the Ryukyu Trench started much later
than the Nankai Trough because the seismic and geodetic observation stations are sparse
here. In the past ten years, scientists strived to overcome this difficulty and successfully
detected several types of slow seismic events in the Ryukyu subduction zone, such as
long-term SSEs (e.g., Heki and Kataoka, 2008; Nakamura, 2009; Nishimura, 2014, Tu and
Heki, 2017; Kano et al., 2018), short-term SSEs (e.g., Nishimura, 2014), shallow VLFEs (e.g.,
Ando et al., 2012; Nakamura and Sunagawa, 2015), and shallow LFEs (e.g., Arai et al., 2016;
Nakamura, 2017). Recently, Arai et al. (2016) analyzed these slow earthquakes and seismic
reflection images in this region. They proposed that the depth range of slow earthquakes in
the SW Ryukyu Trench should be ~20 km for shallow VLFEs/LFEs and ~30 km for long-term
SSEs (Figure 2.9). Notably, the fault zone of the 1771 Yaeyama earthquake, which causes a
disastrous tsunami striking Ishigaki and surrounding islands (see detailed contents in Section
1.3.1), is located at the shallowest segment of the Ryukyu subduction zone (see
Tsunamigenic zone in Figure 2.9). Moreover, ETSs and other deep slow seismic events have
not been observed in this region. Such a distribution is significantly different from that of
regular/slow earthquakes in the Nankai Trough. The diagram shown as Figure 2.9 offers a
rough concept of slow earthquakes in the Ryukyu subduction zone. However, until now, the
location of locked zones (seismogenic zones) and the correlation of these slow seismic
events remain vague due to insufficient data of slow earthquakes there. Thus, a detailed

and comprehensive study is urgently needed.
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Figure 2.9. Depth range of slow earthquakes and tsunamifenic zone in the Ryukyu Trench

(From Figure 4 of Arai et al., 2016)

2.5 Primary objectives of this study

In the Nankai Trough, the locked zones, in which large interplate earthquakes (M,, > 8)
recur regularly, are located in a zone between the shallow VLFEs and long-term SSEs (Figure
2.10) (Obara and Kato, 2016). This result suggests that if we can confirm the relative
positions of VLFEs and SSEs, the location of locked zones in the Ryukyu Trench might be
determined. Considering this point, | decided to focus on two types of slow seismic events,
i.e., SSEs and VLFEs, in this thesis. Since the insufficient database is the fundamental

problem for the slow earthquake research in the Ryukyu Trench, | attempted to expand the
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time span covered by the data at least twice as long as previous studies. Furthermore, the
properties, activities, and the correlations between the two types of slow seismic events are
to be analyzed in detail. Finally, using the above data, | would discuss the interplate coupling
of the Ryukyu subduction zone. | expect that the results of this thesis can help clarify the
role of slow earthquakes played for the plate convergence in the Ryukyu Trench. Moreover,
| also hope the database of slow earthquakes provided in this thesis can contribute to

various kinds of future studies.
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Figure 2.10. Distribution of slow earthquakes in the Nankai Trough. The locked zones (red
polygon) are distributed in the region between shallow VLFEs (white circles) and long-term

SSEs (yellow circles) (From Figure 2 of Obara and Kato, 2016)
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Chapter 3.

Slow Slip Events
(SSEs)

The primary contents of this chapter have been published in Geophysical Research Letters,
Tu, Y. and K. Heki (2017), Decadal modulation of repeating slow slip event activity in the
southwestern Ryukyu Arc possibly driven by rifting episodes at the Okinawa Trough, Geophys.
Res. Lett., 44, 9308-9313, doi: 10.1002/2017GL074455.
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3.1 Introduction

3.1.1 What are slow slip events (SSEs)?

Slow slip events (SSEs) are a type of slow earthquakes generated by slow fault ruptures
at plate interfaces (Heki and Kataoka, 2008). From their durations, these events can be
classified into short-term SSEs lasting from days to weeks and long-term SSEs from months
to years (Obara and Kato, 2016). Since their fault slips are too slow to generate seismic
waves, SSEs are known as geodesic slow earthquakes (Obara and Kato, 2016) and can only
be detected by geodetic observations such as Global Navigation Satellite System (GNSS) and

tiltmeters.

3.1.2 Where do SSEs occur?

SSEs have been observed in several subduction zones around Japan, such as the Nankai
Trough, Southwest Japan (e.g. Hirose at al, 1999, 2010; Ozawa et al., 2002, 2017; Hirose and
Obara, 2005, 2006), and the Boso Peninsula, Central Japan (e.g. Ozawa et al., 2003, 2007,
2014; Hirose et al., 2012) (Figure 3.1). In addition, they were also found in other areas over
the world, e.g., the Cascadia subduction zone, western Canada (e.g. Dragert et al., 2001;
Rogers and Deagert, 2003; Szeliga et al., 2008), Mexico (e.g. Lowry et al., 2001, Kostoglodov
et al., 2003; Vergnolle et al., 2010) and New Zealand (e.g. Douglas et al., 2005; Wallace et al.,
2016) (Figure 3.1). Since large thrust earthquakes occur repeatedly in these subduction
zones, SSEs are considered to have mechanical links to large interplate earthquakes (Obara

and Kato, 2016). On the other hand, a few investigations also found SSEs in weakly coupled
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plate boundaries, such as the lzu-Bonin Arc (Arisa and Heki, 2016) and the Ryukyu
subduction zone (Heki and Kataoka, 2008; Nakamura, 2009; Nushimura, 2014). Moreover,
Ozono et al. (2014) and lkeda et al. (2015) also studied small SSEs occurring in an inland

convergent plate boundary running NS in Hokkaido, Japan.
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Figure 3.1. Global distribution of slow slip events (SSEs). Most of SSEs occur in coupled plate

boundaries around the Pacific Ocean. (Modified from Obara and Kato, 2016.)

3.1.3 SSEs in the Ryukyu Trench
The Ryukyu Trench differs from the Nankai Trough. It is a weakly coupled plate boundary

(Uyeda and Kanamori, 1979), and few megathrust earthquakes (M,,> 8) rarely occur there
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(Ando et al., 2009; Scholz and Campos, 2012). Moreover, active back-arc spreading in the
Okinawa Trough makes the Ryukyu Arc moves trench-ward (Figure 3.2a), which causes the
fast convergence at the Ryukyu Trench of ~12.5 cm per year (Heki and Kataoka, 2008). In
this segment of the Ryukyu Trench, a series of repeating SSEs were found and studied.

Heki and Kataoka (2008) detected SSEs beneath the Iriomote Island in the
southwesternmost part of the Ryukyu Arc. These events occur approximately twice per year
on the same fault patch. Subsequently, Nakamura (2009) detected a large scale afterslip of a
My 7.1 thrust earthquake off the eastern coast of Taiwan continuing for ~5 years. Recently,
Nishimura (2014) identified ~130 short-term SSEs along the whole Ryukyu subduction zone
using a new detection technique based on Akaike’s Information Criterion (AIC). The

positions of above SSEs are shown in Figure 3.2a.

3.1.4 Purposes of this study

Although Heki and Kataoka (2008) studied repeating SSEs beneath the Iriomote Island in
detail, a discussion on the temporal variability of their slip accumulation rate has not been
done. Here, | study these SSEs again using more accurate coordinate data with twice as long
a time span as in the previous study and focus on the time-variable behavior of slip
accumulation rate of SSEs. | expect that the results can clarify what controls the stability of
the slip accumulation rate and understand the plate motion of the southwestern Ryukyu

subduction zone.
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Figure 3.2. (a) Plate tectonic map of the Ryukyu area. The Philippine Sea Plate is subducting
beneath the Eurasian Plate along the Ryukyu Trench with a high convergence rate. The
Okinawa Trough lie behind the Ryukyu Arc is an active back-arc spreading system. It causes
the Ryukyu Arc moves trench-ward as demonstrated by the rapid southward velocities of
the GNSS stations. The arrows represent velocities of GNSS stations relative to the Eurasian
Plate for the period of 2000-2010. Red, yellow and purple rectangles indicate SSEs detected
by Heki and Kataoka (2008), Nakamura (2009), and Nishimura (2014), respectively. (b)
Distribution of the slow slip events (SSEs) (rectangle), earthquake swarms (gray circles), and
six large earthquakes (EQ1-6; EQ1 is shown in 2a). The beach balls along the Ryukyu Trench
show the locations and focal mechanisms of five large earthquakes (EQ1-4, and EQ6). The
beach balls in the Okinawa Trough display the source mechanisms of two earthquake
swarms (SW1 and SW2 including EQ5). The polygons (zonel and zone2) show the geometric

extents of earthquakes illustrated in the Figure 3.12a and 3.12b
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3.2 Data and method

3.2.1 Detection of SSEs

GNSS data obtained from 1997 to 2016 at six stations (Figure 3.3) of the GNSS Earth
Observation Network System (GEONET) operated by the Geospatial Information Authority
(GSI) of Japan were used in this study. | adopted their daily coordinates available as the
GSI-F3 solution (Nakagawa et al., 2009), and selected the Miyako station (Figure 3.3) as the
reference site based on its large distance from nearby large earthquakes or the Iriomote
SSEs (Heki and Kataoka, 2008). These SSEs show the largest signal-to-noise ratio in the
movement of the Hateruma station toward N20°W (Figure 3.4a), which is the direction of
the Philippine Sea Plate subduction (Heki and Kataoka, 2008).

Offsets generated by antenna changes were removed in advance, and coseismic jumps
by nearby earthquakes were marked with dashed lines (see Figures 3.4a and 3.4b). |
detected 38 SSEs by visual inspection with assistance from —AAIC (Akaike Information
Criterion), which is an index showing statistical significance of the SSE onset signatures

(Figure 3.4c) (Nishimura, 2014).
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Figure 3.4. (a, b) The change in daily displacements of the Hateruma station relative to
Miyako site in the N20W and up directions. Solid vertical lines show the onset times of the
38 SSEs. Their numbers are marked at the top. Dashed lines indicate six large earthquakes
(EQ1-6) during the studied period. Locations and focal mechanisms of these earthquakes
are shown in Figure 3.2a, b. (c) The values of —AAIC, which indicates the significance of the

trend change (bending) of the N20W component, or the onset of SSEs (Nishimura, 2014).

3.2.2 Model for the time series
To determine three-dimensional (EW, NS, and UD) displacement vectors associated with
the SSEs, | used the model as Heki and Kataoka (2008) to estimate the changes of

coordinate x in time ¢ as:
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n
—(t—-T)
x=at+b+ Xil—expT— (T <T,<<T, <)
i=1 :

(1)

where a is the long-term background trend, and b is the offset. The number of SSEs before
the time tis n, and X;, T; and t; are the final displacement, the onset time, and the time
constant of the i'th SSE, respectively. The values of T; and t; here are determined by
minimizing the post-fit residual in the Hateruma N20W time series.

As suggested by Heki and Kataoka (2008), a relatively short interval might cause the
magnification of the theoretical final displacement X;. Accordingly, | used the actual final

displacement X’; to replace the theoretical final displacement X;:

X,i = Xi [1 - exp%]
i

(2)
where X'; is the cumulative displacement by the i'th event until the onset of the next

event.

3.2.3 Estimation of fault parameters

After calculating the three-component displacement vectors at six GNSS stations in all
the SSEs, | estimated the slips of the fault patch assuming homogeneous elastic half-space
(Okada, 1992). Since these SSEs have similar displacement vectors, we adopted the same
geometry of the fault patch as in Heki and Kataoka (2008), which was confirmed to have the

smallest post-fit residuals of the displacement vectors. Moreover, the dislocation vectors of
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dip-slip and strike-slip components were also estimated through the least-squares method
from the three-dimensional displacement data. The detailed source parameters of the 38

SSEs are given in Table 3-1.

Table 3-1. Occurrence times, locations, magnitudes and fault parameters of SSEs beneath

the Iriomote Island

No. | Date length Slip Moment Mw No.| Date length Slip Moment Mw
(km) (m) (el9N'm) (km) (m) (el9N'm)
1 [1997.7 160 0.07 3.15 6.93 21 | 2007.7 94 0.041 1.03 6.61
2 [1998.4 160 0.087 3.51 6.96 22 | 2008.3 94 0.054 1.34 6.68
3 [1999.1 114 0.059 1.79 6.77 23 [ 2008.7 160 0.013 0.58 6.44
4 11999.7 94 0.042 1.06 6.62 24 | 2008.9 94 0.025 0.63 6.46
5 [2000.2 94 0.038 0.96 6.59 25 | 2009.5 94 0.019 0.48 6.39
6 (2000.7 94 0.046 1.15 6.64 26 | 2009.9 94 0.026 0.67 6.48
7 (2001.2 94 0.028 0.71 6.5 27 | 2010.5 94 0.033 0.83 6.54
8 |2001.7 94 0.041 1.75 6.76 28 | 2011.1 94 0.052 13 6.68
9 |2002.2 160 0.044 1.88 6.78 29 | 2011.7 94 0.034 0.85 6.55
10 | 2002.7 160 0.075 3.19 6.94 30 | 2012.3 94 0.048 1.21 6.65
11 |2003.2 114 0.050 1.53 6.72 31 | 2012.9 94 0.048 1.2 6.65
12 | 2003.7 94 0.059 1.79 6.77 32 (20135 114 0.050 1.52 6.73
13 |2004.3 94 0.074 2.24 6.83 33 [2014.0 114 0.071 2.15 6.82
14 |2004.8 114 0.045 1.12 6.63 34 [ 2014.6 114 0.064 1.93 6.79
15 | 2005.3 94 0.028 0.71 6.50 35 (2015.2 114 0.042 1.27 6.67
16 | 2005.6 94 0.043 1.07 6.62 36 | 2015.7 114 0.039 1.47 6.71
17 | 2006.0 94 0.045 1.12 6.63 37 | 2016.1 114 0.049 1.46 6.71
18 | 2006.5 94 0.036 0.91 6.57 38 | 2016.7 96 0.054 1.36 6.69
19 | 2007.0 94 0.013 0.34 6.29
20 |2007.1 94 0.033 0.82 6.54

* Location of the center of the SSE fault patch: 24.5°N, 123.8°E, depth 32 km.
** Fault width is 66 km for all SSEs.
¥k Strike, Dip, Rake of the fault: 250°, 15° NNE, 116°
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3.3 Results

3.3.1 Characteristics of SSEs

The 38 SSEs from 1997 to 2016 occurred regularly with an average interval of ~¥6 months
(Figure 3.5a). Although the recurrent intervals show a strong pick (Figure 3.5a), the
occurrence season looks random (Figure 3.5b), which indicates that these SSEs are not
controlled by seasonal forcing. The average magnitude (M,,) of these events is ~6.7 (Figure
3.5c). The time constant of ~0.10 years implies that these SSEs just lie on the boundary
between the short- and long-term SSEs as defined by Obara and Kato (2016) (Figure 3.5d).

These properties are all consistent with Heki and Kataoka (2008).
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Figure 3.5. (a) The recurrence intervals of the 38 SEEs. The average interval is 6.3 months

with the standard deviation of 1.7 months. (b) Occurrence months of the SSEs. The
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distribution indicates that SSEs are not seasonal. (c) The distribution of M, of the SSEs. Their

average is M, 6.7. (d) Time constants of these SSEs.

3.3.2 Fault Parameters of the SSEs

| estimated the fault slip parameters of the 38 SSEs employing the program to calculate
surface displacement due to the fault dislocation developed by Okada (1992). Figure 3.6
shows the dislocation vectors and fault parameters estimated for the SSE #18 in July 2006.
The fault patch of this event is ~100 km away from the Ryukyu Trench axis and probably lie
on the upper surface of the Philippine Sea Plate. Its center is located at ~24.5°N, ~123.8°E at
a depth of ~30 km, and the depth of its upper and lower edges are ~20 and ~40 km,
respectively. The dimensions of this fault patch are ~90 km in length and ~70 km in width. It
strikes in N70E and dips 15 degrees toward NNE.

The 38 SSEs have quite similar horizontal dislocation vectors, which suggests that these
ruptures should occur at similar fault patches (Figure 3.7). However, some of them still have
slight differences. For example, SSE #1, 2, and 10 display larger horizontal displacements in
the Yonaguni Island, which indicates that their fault patches may extend more westward. As
suggested by Heki and Kataoka (2008), | assumed two longer fault geometries for these
events. Their fault lengths were extended by 20 or 40 km toward the WSW direction to
realize better fits to observe displacements. The numbers of SSEs for the three different
fault lengths, i.e., long (~*160 km in length), middle (~110 km), and short (~90 km) are 6, 10
and 22, respectively. Such differences between SSEs are probably related to the change of

fluid distribution or fault friction (Kano et al., 2018), similar to SSEs in the Bungo (e.g.,
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Ozawa et al., 2007b) and Boso areas (Fukuda, 2018).

CS0km .\ ... & °  Center:1238°E, 24.5°N
Dip: 15° NNE, Strike: 250°
Depth: 32 km
1cm
—> Calc
——> Obs. Vertical

Vertical

123° 124° 123° 124°

Figure 3.6. (a, b) The estimated fault parameters for the SSE #18 using the observed
horizontal (green arrows in (a)) and vertical (red arrows in (b)) displacements. Dotted-line
contours show surface depths of the Philippine Sea Plate slab. Blue arrows in (a) and (b)
indicate displacements calculated using the fault slips shown by the thick arrows. (c) and (d)

show calculated horizontal and vertical displacements at grid points, respectively.
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Chapter 3: SSEs

3.3.3 Time-predictable recurrence

Heki and Kataoka (2008) inferred that recurrences of SSEs near Iriomote Island were
time-predictable from the observation that the lower right corners of the slip accumulation
diagram align (Figure 3.8). With the present dataset of the 38 SSEs, such time-predictability
seems to hold (Figure 3.9a). To future confirm this, | compared the correlations between
slips and recurrence intervals following or preceding the events. The correlation coefficients
(0.57 and 0.38) indicate that the slips have a stronger correlation with the intervals

following the events. It means that time-predictable recurrence is more likely.

(a) (b)

Time-predictable Slip-predictable

Cumulative slip
Cumulative slip

Time Time

Figure 3.8. (a) Time-predictable recurrences. The lower right corners of the slip
accumulation diagram line up. In this case, a stronger correlation exists between slips and
recurrence intervals following the events. (b) Slip-predictable recurrences. The upper left
corners align, and a stronger correlation is expected to exist between slips and recurrence

intervals preceding the events. (modified from Heki and Kataoka, 2008.)
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3.3.4 Fluctuations of slip accumulation rate

The overall slip accumulation rate (cumulative slip/lapse time) of SSEs from 1997 to
2016 is ~8.6 cm/year, which is significantly lower than ~11 cm/year in 1997-2007 reported
by Heki and Kataoka (2008). In addition, the rate fluctuates in time and is hard to fit a single
line into the whole time series (Figure 3.9a). The trends during the four periods of
1997-2001, 2003-2007, 2007-2013, and 2013-2016 (slip accumulation is largely linear within
these periods) are 9.3 cm/year, 10.9 cm/year, 6.3 cm/year, and 10.2 cm/year, respectively
(Figure 3.9a). The detrended cumulative slip provided on Figure 3.9a also clearly indicates
two distinct increases in 2002 and 2013 and one gradual slowdown around 2007.

Moreover, | also tried to fit a polynomial into the lower right corners of the slip
accumulation diagram (Figure 3.9a). | calculated RMS of each polynomial and found that the
degree-6 polynomial is the most appropriate (Figure 3.10). The time derivative of this
polynomial was used to represent slopes of the slip accumulation curve in this study (Figure
3.11). Next, | compared the correlation between slopes and two quantities: amount of slips
(Figure 3.9b) and recurrence intervals (Figure 3.9c). It is interesting to see a stronger
correlation (CC = 0.52) for the slips, which suggests that increased slips cause the rise of the

slip accumulation rate rather than decreased recurrence intervals.
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Figure 3.9. (a) Slip accumulation diagram of the 38 SSEs from 1997 to 2016. The upper

diagram is fit by four lines with different trends and time periods. It is also modeled with the

degree-6 polynomial, whose time derivative f(t) is shown in Figure 3.11. At the bottom of

the diagram, the detrended cumulative slip is displayed, which clearly indicates the changes

of the trend. Vertical positions of the three curves are arbitrary. Dashed lines and dotted

lines with triangles indicate occurrences of large earthquakes (EQ1-6) and earthquake

swarms (SW1-2), respectively. The two orange belts in the illustration represent the epochs

of the slip accumulation rate increase. (b) The scatter diagram between the slips and f(t) at

the SSE onset times. Its correlation coefficient is 0.52, which suggests that the two variables

are positively correlated. (c) However, the correlation between the recurrence intervals and

f'(t) is small. The correlation coefficient is only 0.08.
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RMS (cm)

Degree

Figure 3.10. The L-curve test was used to determine the most appropriate degree of
polynomial to fit the slip accumulation curve of the SSEs. Based on the fast drop of RMS
value up to degree 6. Hence, the degree-6 polynomial is inferred to be the most

appropriate.
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Figure 3.11. The time derivative of the degree-6 polynomial used to model the SSE slip

accumulation curve. The time series of f(t) represents slopes of the slip accumulation curve.
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3.4 Discussion

3.4.1 Mechanisms of time-variable slip accumulation

Since SSEs release accumulated strain like regular earthquakes, stress disturbances
caused by external forces (e.g. large earthquakes) may change their occurrences. Heki and
Kataoka (2008) studied the possibility that the static stress perturbation by EQ2-4 (Figure
3.2b) in 2001 and 2002 might have disturbed the regular occurrence of SSEs. However, they
considered it unlikely by comparing the stress drop of the average SSE and the Coulomb
Failure Stress change (ACFS) by EQ2-4 at the SSE fault. Later, Nakamura (2009) proposed the
afterslip of EQ4, i.e., the 2002 Hualien earthquake (M,7.1) east of Taiwan (Figure 3.2b),
lasted for 5 years and probably caused the increase of slip accumulation rate. However, no
large earthquakes occurred around the second increase of the slip accumulation rate in
2013. Moreover, the activities of small earthquakes (M,,> 3) along the Ryukyu Trench did
not show significant changes, either (Figure 3.12a). Here, | propose a new mechanism that
may ecplain the two increases of the slip accumulation rate, in addition to the afterslip of
EQ4 (Nakamura, 2009).

Okinawa Trough, an active back-arc spreading system, is located ~70 km north of the SSE
fault patch. During the study period, two earthquake swarms (SW1 and SW2) occurred
(Figure 3.12b), possibly suggesting the occurrences of rifting episodes at the trough axis. The
first event was active about two days (Oct. 24-25, 2002) and showed a definite stop. The
second one started on Apr. 15, 2013 and is followed by a long-duration high seismic activity

at the trough. Notably, their occurrences roughly coincide with the increases of the slip
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accumulation rate in 2002 and 2013 (Figure 3.9a).

Ando et al. (2015) inferred that the SW2 reflects a dike intrusion with the volume of ~0.4
km?>. If | assume a 2-meter tensile opening of a vertical plane with the width 10 km and the
length 20 km, a positive ACFS of ~9 kPa occurs at the SSE fault. It would be a significant
stress change amounting to ~40 % of the stress drop of an SSE but still inadequate to explain
the observed increase in the slip accumulation rate from 6.3 cm/year to 10.2 cm/year

lasting for several years.

( ) 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
a 8 1 L L Il | | Il 1 L | | | 1 | 1 1 | | L
3 EQl
s Y EQ2
3
R :
g Earthquake activity
(b) 7 | | | | L Il | | | | | | | | | | | | |
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35
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Figure 3.12. (a) Seismicity along the southwestern Ryukyu Trench from 1997 to 2016. Open
circles indicate large earthquakes (M,, > 6). The gray curve displays the number of small
earthquake (M,, > 3), whose unit is given on the right axis. Gray shaded rectangles represent
two epochs when the slip accumulation increased. (b) Earthquake activity (M,, > 3) within
the Okinawa Trough. Two triangles indicate earthquake swarms in 2002 and 2013, and EQ5
(My, 6.1) belongs to the SW2. Geometric ranges of earthquakes shown in (a) and (b) are

given in Figure 3.2b.
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Iriomote Islands is located above the SSE fault patch in the southwestern Ryukyu Arc
(Figure 3.2b). | found that the southward motion of the GNSS station on this island
accelerated from 1.4 mm/year to 6.6 mm/year, and from 0.8 mm/year to 10.3 mm/year,
when SW1 and SW2 occurred, respectively (Figure 3.13a). Based on the long duration of
accelerated periods, | speculate that the two rifting episodes may have been followed by
years of post-rifting stress diffusion as seen in NE Iceland after the 1975 Krafla rifting
episode (e.g. Foulger et al., 1992). They might have let the block between the Okinawa
Trough and the Ryukyu Trench move faster southward over several years after SW1 and
SW2, and then have caused the positive trend changes of the slip accumulation curve. The
enhanced convergence by SW1 seems to decay in four years or so (Figure 3.13a). It is
shorter than the accelerated period lasting over ten years in NE Iceland (Heki et al., 1993).
The decay of the second episode is still not obvious at present (Figure 3.13a). In addition to
the post-rifting stress diffusion, | consider that the afterslip of EQ4 also has contributed to
the increased slip accumulation rate in 2002 as suggested by Nakamura (2009).

Except for the increases mentioned above, one gradual slowdown of the slip
accumulation rate is seen around 2007 (Figure 3.9a). Since this event is not accompanied by
any corresponding event, | suspect that it reflects the natural decay of the increase that
started in 2002. Based on this, another slowdown of the slip rate would appear in the

coming years, which is due to the decay of the second acceleration episode in 2013.
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Figure 3.13. (a) Daily north coordinate of the Iriomote station. Southward movements of
this island accelerated significantly after SW1 and SW2. Gray shaded rectangles represent
two epochs, when the slip accumulation increased. (b) and (c) Enlarge segments of (a)

around SW1 and SW2.

3.4.2 Stress increases and the enhancement of slips

In general, transient stress increases caused by external forces would enhance amount
of slips and/or the event rate. For example, in the Boso area, Central Japan, the transient
stress increase caused by the 2011 Tohoku-oki earthquake encouraged the earlier
recurrence of the next SSEs (Hirose et al., 2012). However, in the southwestern Ryukyu Arc,
the transient stress increase seems to enhance only amount of slips without making the
recurrence intervals shorter (see Figure 3.8b and 3.8c). It is contrary to what | expect that
the increased loading would cause the increased event rate. At present, | do not have a

reasonable interpretation on this phenomenon, and future studies are necessary.
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3.4.3 Coupling ratio of the SSE fault patches

Heki and Kataoka (2008) suggested that SSEs in the SW Ryukyu Arc accommodate most
of the plate convergence in the Ryukyu Trench, i.e., the slip accumulation rate of the
repeating SSEs was comparable to the plate convergence rate. Hence, there were no
long-term stress accumulations that could lead to large interplate earthquakes in the SW
Ryukyu subduction zone. With the present dataset, | recalculated the coupling ratio of the
SSE fault patch. Considering the average slip for the SSEs of 4.5 cm and the average
recurrence interval of six months, | obtain the average slip accumulation rate of ~9 cm/year.
It is about 72 % of the plate convergence of 12.5 cm/year in the SW Ryukyu Trench (Heki
and Kataoka, 2008). That is, small earthquakes and the stable slips surrounding the SSE fault

patches probably contain the rest (~28 %) of the plate convergence.

3.4.4 Comparison with other SSEs

In addition to the SW Ryukyu, SSEs were observed in several regions of Japan, such as
the Bungo channel (e.g., Hirose et al., 1999; 2010; Hirose and Obara, 2005), the Kii channel
(e.g., Kobayashi, 2014), the Tokai area (e.g., Ozawa et al., 2002; Hirose and Obara, 2006),
and the Boso Peninsula (e.g., Ozawa et al., 2003, 2007, 2014, Hirose et al., 2012). Although
these SSEs have similar source mechanisms (Beroza and Ito, 2011), they show diverse
characteristics. Here, | study properties of series SSEs in different regions and compare them
with the Iriomote SSEs. The detail information is provided in Table 3.2.

The Bungo channel separates the Japan islands of Kyushu and Shikoku, SW Japan (Figure

64



Chapter 3: SSEs

3.14). There the Philippines Sea Plate is subducting beneath SW Japan along the Nankai
Trough (Figure 3.14), both long- and short-term SSEs are detected there (e.g., Hirose et al.,
1999; Hirose and Obara, 2005). The magnitude (M,, ~6.8) and depth (~30 km) of the Bungo
long-term SSEs are similar to those beneath the Iriomote SSEs, although their time constant
(~1 year) and the recurrence interval (~6 years) are much longer than the Inriomote events
(Hirose and Obara, 2005; Hirose et al., 2012). On the other hand, the short-term SSEs found
in the Bungo channel have smaller magnitudes (M,, ~6.0) and shorter durations (< 10 days)
(Hirose and Obara, 2005). Their source depths are between 20-45 km (Table 3-2), and fault
patches extend northeastward to the Shikoku (Hirose and Obara, 2005).

In the Shikoku region, short-term SSEs possess similar properties to the short-term
events in the Bungo channel (Obara et al., 2004; Hirose and Obara, 2005). The fault patches
of these short-term SSEs are distributed on a belt-like zone extending more than 600 km
(Figure 3.14). Notably, they all have a strong link with deep low-frequency tremor, deep
very low frequency earthquakes (VLFEs), and low frequency earthquakes (LFEs) that
occurred on the down-dip side of long-term SSE source regions (Obara et al., 2004; Hirose et
al., 2010; Hirose and Obara, 2010). The coincidence of these low frequency events is
referred to as episodic tremor and slip (ETS)(Hirose and Obara, 2010). Long-term SSEs are
rare in Shikoku and distributed beneath the western Shikoku (Figure 3.14). Their magnitudes
(M~6.5) are smaller than those of the Iriomote SSEs, but they have longer durations up to
several months (Kobayashi, 2010; 2014). However, the recurrence intervals of these events
are not well understood uncertain because of the small number of the long-term SSEs.

The Kii channel separates the Shikoku Island from the Kii Peninsula of the Kinki District,
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Honshu (Figure 3.14). It is different from the Bungo channel; short-term SSEs completely
disappear in this region, and only one long-term SSE has been observed (Kobayashi, 2014).
The magnitude of this event (M, 6.7) is comparable to that of the Iriomote SSEs, but its
duration (1-1.5 years) is much longer (Kobayashi, 2014).

Tokai area is close to the northeastern end of the Nankai Trough, Central Japan (Figure
3.14). Both long-term and short-term SSEs are active in this region (Ozawa et al., 2002;
Hirose and Obara, 2006; Suito and Ozawa, 2009). The Tokai long-term SSEs have the largest
magnitudes (Mw ~7.0) and long durations (~5 years) and recurrence interval (~ 10 years)
among various repeating SSEs in Japan (Suito and Ozawa, 2009). On the other hand, the
Tokai short-term SSEs have smaller magnitudes (Mw ~6.0) and shorter durations (2-3 days)
(Hirose and Obara, 2006). Their recurrence intervals of ~ 6 months are comparable to the
Iriomote events (Hirose and Obara, 2006).

The Boso Peninsula is located in the Kanto District, Central Japan. Its tectonic setting is
complicated, i.e. there the Philippines Sea Plate and the Pacific Plate subduct underneath
the SW and NE Japan along the Sagami Trough and Japan Trench, respectively (Figure 3.14).
Long-term SSEs do not occur in this region; only short-term SSEs have been detected
(Ozawa et al., 2003, 2007, 2014; Hirose et al., 2012). The magnitudes of the Boso short-term
events (M,, ~6.6) are comparable to those of the Iriomote SSEs, but their recurrence
intervals (5-7 years) are much longer (Ozawa et al., 2007; Hirose et al., 2012). A unique point
of these repeating short-term SSEs is their relatively short duration, less than 10 days, for
their magnitudes (Hirose et al., 2012).

Comparing the long-term SSEs in Japan, | find that the Iriomote SSEs have a short
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recurrence interval (6 months) and time constants (~0.1 years)(Table 3-2). This may reflect
the high plate convergent rate of the SW Ryukyu Trench (Heki and Kataoka, 2008). Their
average magnitude (Mw ~6.7) just falls in the middle value, and the source depth of ~30 km

is similar to other long-term SSEs (Table 3-2).

34°

acific Plate

Y

—1 ItDeep low-frequency Tonankai  Tokai
remor . :
Long-term SSEs

Megathrust seismogenic zone
Shallow VLFEs

Figure 3.14 Distribution of slow earthquakes and megathrust earthquakes in southwestern
Japan. Green zones display the locations of deep low-frequency tremor. Yellow and blue
circles are the long-term SSEs and shallow VLFEs, respectively. The regions outlined in red

denote seismogenic zones for future megathrust earthquakes. (Modified from Obara and

Kato, 2016)
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3.5 Summary

From 1997 to 2016, | identified 38 SSEs repeating biannually beneath the Iriomote
Island in the southwestern Ryukyu Arc. These events occurred at the same fault
patch as those reported by Heki and Kataoka (2008).

The slip accumulation rate of these SSEs significantly increases in 2002 and 2013,
which is consistent with the activations of the back-arc spreading indicated by the
earthquakes swarms in the Okinawa Trough.

The accelerated southward movement of the block between the Okinawa Trough
and the Ryukyu Trench caused by post-rifting stress diffusion might induce the
increase of the slip accumulation rate of the SSEs.

The repeating SSEs accommodate about 72% of the plate convergence in the SW

Ryukyu subduction zone.
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4.1 Introduction

4.1.1 What is a very low frequency earthquake (VLFE)?

Very low-frequency earthquakes (VLFEs) belong to the category of slow earthquakes
dominated by the low frequency energy of 0.1-0.01 Hz with little or no high frequency
content (Obara and Ito, 2005). In comparison with ordinary (or regular) earthquakes, these
events have a longer duration (~20 s) and consist predominantly of long-period waves
(Beroza and Ito, 2011). Hence, only high sensitivity broadband seismometers can record
such low-frequency signals. Furthermore, VLFEs can be classified into two groups, the
volcanic VLFEs related to the fluid or magma transportation (e.g., Arciniega-Ceballos et al.,
1999) and the nonvolcanic VLFEs generated by the shear faulting of subduction zones (e.g.,
Obara et al., 2004b). For the nonvolcanic VLFEs, we still can divide them into shallow VLFEs
in accretionary prisms near trench axes (e.g., Obara and Ito, 2005; Ito and Obara, 2006a)
and deep VLFEs that occur at the downdip limit of the seismogenic zones often associate

with episodic tremor and slips (ETSs, Ito et al., 2007; Ghosh et al., 2015; Baba et al., 2018).

4.1.2 Where do VLFEs occur?

Unlike worldwide distribution of SSEs (Figure 3.1), VLFEs have been observed in a few
subduction zones, such as the Nankai Trough (e.g., Obara and Ito, 2005; Ito and Obara,
2006a; Asano et al., 2008), the Japan Trench (e.g., Matsuzawa et al., 2015), the offshore of
Hokkaido (e.g., Obara et al., 2004b; Asano et al., 2008), and the Cascadia Subduction Zone

(e.g., Ghosh et al., 2015) (Figure 4.1). Because large interplate earthquakes often occur in
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these subduction zones, VLFEs, like other slow earthquakes, are considered to link with
megathrust earthquakes (Obara and Kato, 2016). However, at present, some studies also
found that VLFEs occur in weakly coupled plate boundaries, such as the Ryukyu subduction

zone (Ando et al., 2012; Nakamura and Sunagawa, 2015) (Figure 4.1).
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VLFE
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@/_ VLFE
shallow and Hokkaido
Deep VLFE Tohoku Cascadia
30°N Nankai
Ryukyu
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SSE
0° —
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0° 60°E 120°E 180° 12°W 60°W 0°

Figure 4.1. Global distribution of nonvolcanic very low frequency earthquakes (VLFEs).

(Modified from Obara and Kato, 2016.)

4.1.3 VLFEs in the Ryukyu Trench

Several studies indicated that the Ryukyu subduction zone is a decoupled or weakly
coupled plate boundary (e.g., Peterson and Seno, 1984; Scholz and Campos, 2012), but a
number of VLFEs were detected in this subduction zone (Ando et al., 2012; Nakamura and

Sunagawa, 2015). These VLFEs occurred at depths of < 60km along the Ryukyu trench axis
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with a thrust fault mechanism. Ando et al. (2012) thus inferred that the VLFEs are
distributed within an accretionary prism or on the shallow plate interface of the Ryukyu
Subduction Zone. Moreover, Nakamura and Sunagawa (2015) hypothesized that the VLFEs
in the southwestern segment of the Ryukyu Subduction zone probably have been activated

via repeating SSEs beneath Iriomote Island (Heki and Kataoka, 2008).

4.1.4 Purposes of this study

Ando et al. (2012) studied the properties of VLFEs along the Ryukyu Trench, but their
activities are still not clear due to the short span of data sampling (one year). Subsequently,
Nakamura and Sunagawa (2015) analyzed long-term (12 years) activities of VLFEs in Ryukyu.
However, their study provides neither focal mechanism, nor accurate hypocenters because
of unclear onset of long-period first-motion waveform data recorded at sparse seismic
stations. To overcome these predicaments, | extend the time span of data sampling to eight
years and determine the locations and source mechanisms of VLFEs using a waveform
inversion technique (Nakano et al., 2008). In this chapter, | focus on the spatiotemporal
variations and characteristic behaviors of VLFEs and try to clarify the relationships between
SSEs and VLFEs in the Ryukyu area. | expect that the results can help us understand the
generation of slow earthquakes and various slip phenomena on the plate boundaries during
the subduction processes. Moreover, | attempt to propose a subduction model for the

Ryukyu Trench to compare with the model for the Nankai Trough.
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4.2 Data and method

4.2.1 Detection of VLFEs

| analyzed vertical component seismograms in 2005-2012 obtained from ten broadband
seismic stations of the F-net by National Research Institute for Earth Science and Disaster
Resilience (NIED) of Japan and BATS by Institute of Earth Science (IES) of Taiwan (Figure 4.2).
Because the short-period (0.2-1 Hz) noise level is too high to detect VLFE signals, all raw
seismic data were bandpass-filtered at 0.02-0.06 Hz (Figure 4.3). After detecting
low-frequency signals from the filtered seismograms, | removed teleseismic and local
earthquakes referring to earthquake catalogs of Preliminary Determination of earthquakes
(PDE, USGS), Japan Meteorological Agency (JMA), and Taiwan Central Weather Bureau
(CWB). A few un-cataloged microearthquakes (< M, 2.5) were also found among the signals,
and | deleted them via 1.0 Hz high-pass filtered seismograms. Through these steps, |
identified 29,841 VLFEs in the Ryukyu area, whose seismic waves arrived first at one of the
seven F-net stations.

Figure 4.4 shows a typical sequence of VLFE activities in Ryukyu recorded at both F-net
and BATS broadband seismic stations. Their first arrival times indicate that these events
occurred around IGK and YNG stations (Figure 4.2). Moreover, the sequence of VLFEs lasted
several hours like an earthquake swarm, which is a primary form of VLFE activities in the

Ryukyu area.
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Figure 4.2. Index map of the Ryukyu area. Area U represents the geometric extent of the
grid search for the waveform inversion analysis, and the rectangles of S, O, A and K indicate
the four sub-areas of Sakishima, Okinawa, Amami, and southern Kyushu, respectively. The
blue squares show ten broadband seismic stations of F-net (dark blue) and BATS (light blue)
used in this study. The black arrow shows the average convergence rate of ~8 cm/y between
the Philippine Sea Plate and Eurasian Plate (Nakamura, 2009). Kyushu-Palau Ridge near the
southern Kyushu area (K) is the boundary between the Ryukyu Trench (black solid line) and
the Nankai Trough (black dash line). The West Philippine Basin is located at the
northwestern Philippine Sea Plate, which is subducting along the Ryukyu trench over 1200
km-long segment bounded by the Kyushu-Palau Ridge in the east and the Gagua Ridge in
the west. The West Philippine Basin has a smoothed seafloor around the Sakishima (S) and
Okinawa (O) areas, but it becomes uneven in the Amami area (A) where several old oceanic

ridges (Oki-Daito Ridge, Daito Ridge, and Amami Plateau) lie or partly subduct at the trench.
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Figure 4.3. Vertical component seismograms of a sequence of VLFEs for a period of 4000s
recorded at IGK, SW Ryukyu. The top and bottom diagrams show the raw and bandpass
filtered (0.02-0.06 Hz) broadband seismograms, respectively. Three VLFEs are seen at

approximately 1300s, 1650s, and 2700s in the filtered seismogram but cannot be identified

in the raw seismogram.
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Figure 4.4. Three-hour vertical component seismograms of a sequence of VLFEs obtained
from broadband seismic stations of F-net and BATS (diamonds in the right diagram). The
bandpass filtered (0.02-0.06 Hz) seismograms are arranged, from top to bottom, based on
increasing distance northward from 120°E-20°N (they correspond to the stations shown in

the map to the right). The origin time is comparable to (UT) 20:55:00, on Nov. 9, 2007.
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4.2.2 Determination of hypocenters and mechanisms

To determine source locations and mechanisms of VLFEs in Ryukyu, | adopted a
grid-search moment-tensor inversion program (Nakano et al., 2008). This program can
provide a stable solution of hypocenter and focal mechanism using data from a small
number of stations. Assuming a double-couple source model, this inversion program locates
a target earthquake at a spatial grid point and determines its strike, dip, and rake of the
earthquake fault using a 1-D seismic velocity model (AK135, Kennett et al., 1995).

First, | calculated the Green’s functions of full waves at each grid point with a horizontal
interval of 0.5° and a vertical interval of 10 km in the area U (22°N-33°N and 120°E-133°E).
For the waveform inversion analysis, | selected 1,504 VLFEs with a maximum velocity
amplitude of > 10 nm/s and a low ambient noise level. After obtaining approximate
hypocenters of VLFEs, | reduced the horizontal spacing to 0.2° for estimating more accurate
hypocenters in the Sakishima, Okinawa, Amami, and southern Kyushu areas (Figure 4.2).
Here, | selected at least two seismic stations for each area to let the epicentral distance of
every event < 300 km, i.e., YNG and IGK for the Sakishima area, ZMM and KGM for the
Okinawa area, AMM, KGM, and KYK for the Amami area, and KYK and TAS for the S. Kyushu
area (Figure 4.2). Such setting of seismic stations is appropriate for the inversion analysis of
this study.

Figure 4.5 shows an example for the inversion result of a VLFE on Mar 6, 2005, at
125.4°E-23.8°N with a depth of 30 km. Its moment magnitude (M) is 4.0. The best-fit
model is a reverse faulting mechanism with a slight strike-slip component.

Three-component (EW, NS, and Z) seismograms of YNG and IGK stations were used for the
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inversion analysis of waveform data of this event.
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Figure 4.5. (a) The source location (star) of VLFE #30 (see Supplement 1). The contours
display the residuals between synthetic and observed waveforms obtained from the
hypocenter and CMT grid search. (b) The CMT solution of the VLFE #30. The beach ball at
the top shows the best-fit focal mechanism. The obtained waveform at the source is shown
at the top right corner. The bottom displays the three-component waveforms of the
synthetic (red lines) and observed (black lines) seismograms. The dashed rectangles in green
indicate three categories of the residual (Res), waveform at the source (Wave), and shape of
residual contours (Cont) for evaluating the reliability of the inversion results. According to

Table 4-1 and 4-2, the quality value of this event is 9 and is defined as rank A.

4.2.3 Reliability of inversions
After obtaining locations and centroid moment tensor (CMT) solutions of the VLFEs, |

evaluated the reliability of inversion results using quality ranks A (good), B (fair), and C (poor)
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based on three categories, that is, the residual (Res), waveform at the source (Wave), and
shape of residual contours (Cont) (Table 4-1; Figure 4.5). | assigned three grades (good=3,
fair=2, poor=1) for each category. If the sum of grades is > 8, the inversion results will be
defined as rank A. However, if the sum falls into 5-7, they will be assigned as rank B, and if
the sum < 4, assigned as rank C (Table 4-2). For example, the VLFE #30 (Figure 4.5) has

values of Res=3, Wave=3, and Cont=3, and defined as rank A (i.e., Res + Wave + Cont).

Table 4-1. Evaluation points for the inversion results

Point (1) (2) (3)
Residual of waveform Waveform at the Shape of residual
matching source contours
3 (good) <0.2 Simple and clear Circular
2 (fair) 0.2-0.3 Slight noisy Elliptical
1 (poor) >0.3 Very noisy Elongated or unclosed

Table 4-2. The quality ranks of inversion results based on the quality value

Rank A (good)

Rank B (fair)

Rank C (poor)

Quality value

9,8

7,6,5

4,3
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4.3 Results

4.3.1 Waveform characteristics

| observed 29,841 VLFEs in the Ryukyu area during 2005-2012. To understand
differences in waveform characteristics between VLFEs and ordinary earthquakes, |
arbitrarily selected a VLFE and an ordinary earthquake that have the same magnitude (M,
4.6) and are located within a distance of 50 km from each other. Vertical-component
seismograms of the two earthquakes were processed with two filters: a band-pass filter of
0.02-0.06 Hz and a high-pass filter of 1 Hz. The bandpass-filtered waveforms of the ordinary
earthquake and the VLFE both have low-frequency components (Figure 4.6). However, the
high-pass-filtered waveform is ample in the ordinary earthquake but is absent from the VLFE.
Moreover, the spectrograms of VLFEs and ordinary earthquakes also display a spectrum
swell between 0.03 and 0.15 Hz, whereas another swell of >1 Hz only exists in the ordinary
earthquakes (Figure 4.7). It suggests that the VLFEs predominantly consist of long-period

waves (0.03-0.15 Hz) without high-frequency content (>1 Hz).
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Figure 4.6. Vertical-component waveforms of an ordinary earthquake (upper) and a VLFE
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(lower) recorded at IGK. Highpass filtered waveforms at 1 Hz (black) and bandpass filtered
waveforms in 0.02-0.06 Hz (red) are shown in the same diagram. The units for the black and
red waveforms are given on the left and right axes (nm/s), respectively. The origin time,

location, and magnitude (M,,) of the two events are provided at the upper left of each

diagram.
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Figure 4.7. Spectra of three-hour vertical-component seismograms of VLFEs (black) depicted
in Figure 4.4, an ordinary earthquake (blue), and background noise (green) at IGK station.
The two dashed lines define the dominant frequency range (0.03-0.15 Hz) of the VLFEs. The
spectrum swell between 0.03 and 0.15 Hz appears in the spectra of VLFEs and ordinary
earthquakes, but the other swell of >1 Hz only exists in the spectrum of ordinary

earthquakes. Vertical positions of these spectra are arbitrary.
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4.3.2 VLFE activities

To analyze activities of the VLFEs, | divided all 29,841 events into four sub-areas of
Sakishima, Okinawa, Amami, and southern Kyushu (Figure 4.2) based on the first arrivals of
waveforms. For example, if seismic waves of a VLFE arrive first at IGK, this event will be
grouped into the Sakishima area. Here, | assigned one or two seismic stations for each area
in the present study, i.e., YNG and IGK to Sakishima, ZMM and KGM to Okinawa, AMM to
Amami, and KYK and TAS to southern Kyushu (see Figure 4.2).

Figure 4.8 shows the VLFE time series of the four areas. Notably, Mjua 5-7 earthquakes
sometimes activate VLFEs or occur together with VLFE activities. For instance, a sequence of
VLFEs started one day after an Myua 5.0 earthquake (see EQ-I in Figure 4.8) on 2 Apr 2006,
~90 km south of IGK in the Sakishima area. Likewise, during an active period of VLFEs on Dec.
2-7 2006, an My 5.0 earthquake (see EQ-Il in Figure 4.8) occurred ~100 km southeast of
KGM in the Okinawa area. However, every Mjua 5-7-class earthquake not necessarily linked
with a VLFE activity. The Mjua 7.2 earthquake (see EQ-IIl in Figure 4.8) in 2010 is a typical
example. This earthquake occurred near the Okinawa Island but did not activate any VLFEs
around it. Table 4.3 provides the detail information of ordinary earthquakes that activated
VLFEs in the Ryukyu region.

A few teleseismic events can induce VLFEs. For instance, 11 hours after the Sichuan
earthquake on May 12, 2008 (M,, 7.9) (see Sichuan in Figure 4.8), VLFEs in southern Kyushu
became active and lasted 10 days (May. 12-21, 2008). Similar activations were also seen
after the Kuril earthquake of Nov. 15, 2006 (M,, 8.3), and the Tohoku-Oki earthquake of Mar.

11, 2011 (M, 9.1) (see Kuril and Tohoku in Figure 4.8). However, such a phenomenon has
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occurred only in southern Kyushu but has never seen in the other areas (Sakishima,
Okinawa, and Amami). Supplement 1-F1 provides 24-hour seismograms recorded at all
F-net stations after the M, 8.3 Kuril earthquake occurrence, which displays a typical VLFE
activation in the southern Kyushu area.

Figure 4.9 shows the cumulative number of VLFEs for the four areas. | noted that the
cumulative curves of the Sakishima, Okinawa and Amami areas increased linearly with time,
but that of Southern Kyushu showed a step-like shape, i.e., having relatively quiescent
epochs between two active periods. This suggests that the VLFE behaviors of the two groups
are probably different. To compare the temporal change of VLFE activities in the four areas,
| normalized yearly VLFE counts with the maximum number of each area (Figure 4.10). From
2005 to 2009, the normalized curves of Sakishima, Okinawa, and Amami are quite alike but
significantly different from that of Southern Kyushu (Figure 4.10). It means that VLFE activity
of the southern Kyushu is distinct from the three other areas. Nevertheless, from 2010 to
2012, the four curves seem to show a similar tendency, which may have occurred
coincidentally or due to some unknown reasons. These observations indicate that VLFE
activities in the three areas of Sakishima, Okinawa, and Amami along the Ryukyu Trench are

somehow tectonically linked but detached from the southern Kyushu area.
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Figure 4.8. Time series of VLFE activities in the Sakishima, Okinawa, Amami, and southern
Kyushu areas. Solid bars show the daily count of VLFEs. The blue arrows indicate ordinary
earthquakes (Mjua = 5) that triggered VLFEs, and green diamonds mark local earthquakes
that occurred concurrently with VLFE activity. The grey arrow shows an Myua 7.2 earthquake
that did not trigger any VLFEs. The three red inverse triangles indicate teleseismic events
that triggered VLFEs in the southern Kyushu area. The source information of 14 local
earthquakes (blue arrows) and 3 teleseismic earthquakes (red inverse triangles) are given in

Table 4.3

85



Chapter 4: VLFEs

F
10000 (10,168 J
r‘ Sakishima
— Okinawa
v
E 7500 Amami
= (7,647} — S-Kyushu
b ;
]
-g (7,546)
3 5000
@
=
S
g (4,480)
2500 —
0

2005 2006 2007 2008 2009 2010 2011 2012
year

Figure 4.9. Cumulative number of VLFEs for the Sakishima (blue line), Okinawa (green line),
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of the Sakishima (blue line), Okinawa (green line), Amami (yellow line), and southern Kyushu
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Table 4-3. Source information of the 17 earthquakes that triggered VLFEs.

Lon Lat Depth Epicentral distance

Type Area Time (UT) (°E) (°N) (km) Mjpa/M,, (km)*
Local Sakishima 20060402050830 123.91 23.48 36 5.0 70
Local Sakishima 20070116031035 122.44 23.99 28 5.5 90
Local Sakishima 20070307225717 122.42 24.03 19 5.5 90
Local Sakishima 20080427173208 125.07 24.86 32 5.2 200
Local Sakishima 20080510194200 122.43 23.95 32 59 90
Local Sakishima 20101004132838 125.33 24.21 53 6.4 200
Local Sakishima 20120227011146 123.36 23.83 30 5.5 10
Local Okinawa 20090322144546 128.66 26.02 50 53 90
Local Okinawa 20120307061808 127.28 25.53 47 5.2 60
Local Amami 20060812183917 130.17 28.69 55 53 110
Local Amami 20061117180312 130.15 28.51 30 6.0 90
Local S-Kyushu 20090405093626 131.89 31.92 28 5.6 160
Local S-Kyushu 20100125071509 131.15 30.87 49 5.4 180
Local S-Kyushu 20110409125749 131.83 30.01 61 5.8 150
Teleseismic Kuril 20061115111413 153.26 46.59 10 M, 8.3 2500
Teleseismic Sichuan 20080512062801 103.32 31.00 19 My 7.9 2700
Teleseismic Tohoku 20110311054624 142.37 38.29 29 My 9.1 1200

* The epicentral distance from the causative earthquake to the triggered VLFEs

4.3.3 Hypocenters

From 2005 to 2012, | detected a total of 29,841 VLFEs in the Ryukyu area, but only
1,504 events with large amplitudes and low ambient noise levels were applicable for the
waveform inversion analysis. Using the moment tensor inversion developed by Nakano et al.
(2008), | obtained the locations and CMT solutions of the 1,504 VLFEs. The detailed source
parameters of these VLFEs are provided in Supplement 1. The numbers of the VLFEs
assigned to ranks A, B, and C are 299, 751, and 454, respectively. However, | deleted 454
events due to their low-quality solutions (quality rank C in Table 4.2). Figure 4.11 shows the
distribution of the rest 1,050 VLFEs, whose quality ranks are A or B. These VLFEs are all
located along the Ryukyu Trench axis with source depths of 5-60 km (Figure 4.11;

Supplement 1). Notably, the VLFEs near YNG and IGK stations (Sakishima area) and those
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near ZMM and KGM stations (Okinawa area) appear to have well concentrated, while the
VLFEs around the AMM station (Amami area) are scattered over the entire area in the
fore-arc side bounded by the Ryukyu Trench axis and Okinawa Trough (Figure 4.10).
Considering these solutions all have high quality, the scattered distribution in the Amami
area is probably related to the location of operational seismic stations, but not caused by
low-quality data.

To examine above speculation and clarify the reliability of VLFE locations determined by
the waveform inversion method of this study, | attempted to compare hypocenters of
ordinary earthquakes determined by F-net and those solved by my approach. For this
analysis, | applied the same inversion method to 31 ordinary earthquakes with Myua > 4,
which were selected arbitrarily from the Ryukyu region (Figure 4.12). The seismic network,
stations, and filter-band used in this analysis were the same as those used for the VLFEs
mentioned above. Figure 4.12 displays hypocenters of these ordinary earthquakes obtained
from my inversion method and those imported from the F-net earthquake catalog
(http://www.fnet.bosai.go.jp/event/joho.php?LANG=ja, accessed on 25 Jan., 2018). As
described on the website, the epicenters of the F-net catalog are the same as those of IMA,
but the depths, magnitudes, and CMT solutions are determined by the inversion method of
F-net. Because JMA has 2-5 times more operational seismic stations than those belonging to
F-net, i.e., having a better azimuthal coverage, their hypocenter locations are more reliable
in general.

The average differences between the two results for the four areas are summarized in

Table 4-4a-c. It is obvious that the differences between my method and the F-net results in

88



Chapter 4: VLFEs

the Sakishima and Okinawa areas are: 0.03° + 0.11° in longitude, 0.06° + 0.13° in latitude,
and -6 km = 12 km in depth, respectively (Table 4-4a). These differences are as small as ~10
km, suggesting that the hypocenters of VLFEs obtained from my inversion method are
sufficiently accurate and reliable in these two areas. In contrary, the differences in Amami
(Table 4-4b) and southern Kyushu (Table 4-4c) are 2-5 times larger than those of the
Sakishima and Okinawa. Some events have significant discrepancies in the longitudinal
direction (~1°), especially around the AMM station (Table 4-4b, Figure 4.12). However, the
location errors near the trench axis are relatively small, almost comparable to those in the
Sakishima and Okinawa areas (Figure 4.12). These results suggest that the hypocenters of
VLFEs in the Amami area are perhaps unstable and need to be dealt carefully as described in

the following sections.

4.3.4 Focal mechanisms

The CMT solutions of the 1,050 VLFEs are mostly thrust faults (Supplement 1). In this
section, | discuss focal mechanisms of 21 selected VLFEs, whose quality value is 9 (rank is A).
Despite a limited number of waveforms (two or three seismic stations) used for the
inversion analysis, these source mechanisms with rank A are much more reliable than other
events due to their highest quality data. As illustrated in Figure 4.11, 85% of the CMT
solutions show the thrust faulting mechanisms, and some of them have a little strike-slip
component. It suggests that these events are caused by the compressional stresses due to

the plate convergence. Since these VLFEs have shallow source depths and thrust-fault
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mechanisms, they probably occur on splay faults in the accretionary prism or on the plate
interface of the Ryukyu subduction zone, which is similar to those observed in the Nankai
Trough (Obara and Ito, 2005).

However, three strike-slip faulting mechanisms are also seen south of YNG and ZMM
(Figure 4.11). Because several ordinary earthquakes in the two areas all have similar
strike-slip mechanisms (Kubo and Fukuyama, 2003; Wu et al.,, 2010), | infer that these
strike-slip VLFEs are one of the typical mechanisms in there. Additionally, these strike-slip
events may relate to interactions between the back-arc spreading (Okinawa Trough) and

subduction zone system (Ryukyu Trench) (Kubo and Fukuyama, 2003; Wu et al., 2010).
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Figure 4.11. Locations and focal mechanisms of the VLFEs in the Ryukyu region. The red
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circles depict the epicenter of VLFEs, whose quality ranks are A or B. The beach balls show
the CMT solutions of 21 events possessing the highest quality value 9. The dashed contours
display the upper depth of the Philippine Sea Plate (unit in km). The gray dots indicate the
epicenters of ordinary earthquakes (Myua = 3) in 2000-2015 reported by JMA. The blue
squares with a station name aside are the F-net and BATS broadband stations used in the

study.
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Figure 4.12. Epicenters of the 31 ordinary earthquakes obtained from the inversion method
of this study (red circles) and those from the F-net earthquake catalog (blue triangles). The
two epicenters (red circles and blue triangles) of the same earthquake are linked with a line.
These earthquakes are selected arbitrarily from the four areas of Sakishima (S), Okinawa (O),
Amami (A), and southern Kyushu (K). The differences between the two results are negligibly
small in the Sakishima and Okinawa areas. However, some events in the Amami and

southern Kyushu areas have large discrepancies, especially around AMM.
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Chapter 4: VLFEs

4.3.5 b-values

The moment magnitudes (M,,) of the 1,050 VLFEs determined by this study are between
3.2 and 4.7 (Supplement 1). This range is comparable to that of M,, 3.6-4.4 for VLFEs in the
Nankai Trough (Ito and Obara, 2006) but slightly larger than M,, 3.4-3.6 for LVFEs in the
Japan Trench (Matsuzawa et al., 2015). | calculated b-values of VLFEs in the Ryukyu region
based on the M,, data. For this estimation, | first divided the 1,050 events into four areas of
Sakishima (S), Okinawa (O), Amami (A), and southern Kyushu (K) (Figure 4.13). Subsequently,
| adopted the maximume-likelihood method proposed by Utsu (1964) and Aki (1965),

b =loge /(Mmean — Mc) (4.1),
where Mpean and M. are the mean magnitude and the cut-off magnitude of the given
sample, respectively. For the Sakishima area (S), | determined the M. = 3.8 via the
cumulative frequency curve of VLFEs (Figure 4.14a). Next, | calculated the average
magnitude (Mmean) between the maximum magnitude (M, 4.7) and the M. (M, 3.8). Finally,
using (4.1), | obtained the b-value of 2.3 for the VLFEs in this area. Under this premise, | also
estimated the cumulative number of VLFE as 0.4 for M,, = 5.0 over an eight-year timescale,
which suggests that large VLFEs hardly occur in this area or probably the maximum size of
VLFE faults is equivalent to M,, 4.8 only. Related parameters for this calculation and b-values
of the four areas are all provided in Table 4-4.

The b-values of VLFEs in the Ryukyu region range from 2.3 to 5.0 (Table 4-4), significantly
larger than b-values of ordinary earthquakes in tectonic regions (e.g., 0.7-1.1, Utsu, 2001)
and for earthquakes swarms in volcanic areas (e.g., 1.5-2.0, McNutt, 2005). To confirm the

rationality of high b-values of VLFEs in Ryukyu, | estimated b-values for ordinary
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earthquakes of the four areas in 2005-2012 and found that these values all fall in 0.9-1.2
(Table 4-4), comparable to the global average for ordinary earthquakes. Namely, the
b-values of VLFEs in the Ryukyu area are intrinsically larger than those of ordinary
earthquakes even if they occur in the same tectonic region.

Because the b-value reflects the heterogeneity of material (Mogi, 1962; Scholz, 1968),
such high b-values of VLFEs in Ryukyu suggest that highly heterogeneous materials may
present in the accretionary prism or on subduction plate-boundary interface. Another
possible reason for the high b-value is the existence of high pore pressure fluid in the VLFE
source region (McNutt, 2002; Nakamura and Sunagawa, 2015). In addition to the Ryukyu
area, similar anomalously high b-values were also seen in the seamount subduction area of
southernmost Nicoya, Costa Rica (Ghosh et al., 2008). This phenomenon was interpreted
regarding the presence of massive fractured materials or high fluid pressure in the seismic

source region (Wang and Bilek, 2014).

4.3.6 Amplitude-magnitude (A-M) relation

Based on the obtained magnitude data, | estimated an empirical relation between
amplitudes and moment magnitudes of VLFEs for each area (A-M relation, Table 4-4). This
method can help us estimate moment magnitudes for smaller events because only 5% of
VLFEs are suitable for my waveform inversion analysis. The CMT solutions of the rest 95% of
VLFEs cannot be determined because of their weak and unclear waveforms. For VLFEs in the

Sakishima area (S), | obtained the following A-M relation (Figure 4.14b)
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M, = 0.42log A + 3.4 (4.2),
where A is the maximum velocity amplitude (nm/s) at the first arrival station. Applying (4.2),
the moment magnitudes of all VLFEs in this area can be determined. The A-M relations for
another three areas are also provided in Table 4-4. In this calculation, | did not consider
traveling effect on seismic wave amplitudes because epicentral distances between VLFEs
and seismic stations are all shorter than 2-6 wavelengths (Ando et al., 2012). These
empirical relations will be helpful for further VLFE studies, e.g., the triggering caused by tide
or tectonic stress changes as observed in ordinary earthquakes (e.g., Thomas et al., 2012;

Ide et al., 2016; Scholz, C. H., 2015).

Table 4-4. b-values of VLFEs and ordinary earthquakes, and amplitude-magnitude (A-M)

relations for the four areas

VLFE 2 3 |b-value b-value . 4
COl‘ll'ltS1 My Minean M. (VLFEs) | (Ordinary earthquakes) A-M relation
Sakishimal c: \34.47| 40 | 38 | 23 0.9 M,, = 0.42log A+3.4
(Zone S)
Okinawa | o, |35 44| 41 | 40 | s0 1.1 M,, = 0.34log A+3.5
(Zone 0)
Amami | o0 133.46| 39 | 37 | 24 1.1 M,, = 0.72log A+3.0
(Zone A)
SKyushu /5 |35-26| 41 | 39 | 25 1.2 M,, = 0.45log A+3.3
(Zone K)

1, the number of VLFEs used for the estimation of b-value.
2, the mean M,, used in the estimation of b-value.

3, the minimum M,,.

4, the amplitude unit is nm/s.
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Figure 4.13. Distribution of the 1,050 VLFEs (red circles) detected by the waveform inversion

method in the sub-areas of Sakishima (S), Okinawa (O), Amami (A), and southern Kyushu (K).
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Figure 4.14. (a) Cumulative frequency distribution of VLFEs in the Sakishima area. The total
number of VLFEs used for this calculation is 463. This diagram shows that M. (cut-off
magnitude) equals 3.8. (b) The log-amplitude and magnitude relation for VLFEs in the
Sakishima area. The maximum amplitude (0.02-0.06 Hz bandpass filtered) of each VLFE
recorded at YNG or IGK is plotted in this diagram.
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4.4 Discussions

Various slow earthquakes detected on the subduction plate interfaces are considered to
have a similar source mechanism (Beroza and Ide, 2011). Hence, different types of slow
earthquakes sometimes appear remarkable correlations with each other (Obara and Kato,
2016). For example, in the Bungo Strait, southwest of the Nankai Trough, long-term SSEs
activated shallow VLFEs and deep episodic tremor (Hirose et al., 2010; Asano et al., 2015).
Likewise, VLFEs triggered by SSEs were also seen in the Ryukyu Trench. Nakamura and
Sunagawa (2015) reported that the SSEs near Iriomote Island (hereafter call “Iriomote SSEs”)
activated VLFEs around the Ishigaki and Yonaguni Islands in 10-20 days and attributed it to
the Coulomb failure stress change (ACFS) by the SSEs. However, the relations of the two

types of slow earthquakes in the Okinawa and Amami areas have not been clear so far.

4.4.1 Correlations in activity between VLFEs and SSEs

To understand temporal correlations between SSEs and VLFEs in Ryukyu, | used the
29,841 VLFEs and 16 long-term Iriomote SSEs during the period of 2005-2012. Moreover, |
adopted short-term SSEs identified by Nishimura (2014) to assist the analysis of the
Okinawa and Amami areas. | first divided these selected slow earthquakes into the four
areas: Sakishima (S), Okinawa (O), Amami (A), and southern Kyushu (K) as illustrated in
Figure 4.15. Next, | compared the occurrence times of SSEs with those of VLFEs within these

areas.
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Figure 4.15. Tectonic map in the Ryukyu area and locations of VLFEs (red circles), SSEs
(rectangles), and ordinary large (M-8 class) earthquakes (yellow ellipses) in the four areas of
Sakishima (S), Okinawa (O), Amami (A), and southern Kyushu (K). The green and blue
rectangles are the fault patches of SSEs detected by this study and Nishimura (2014),

respectively.

4.4.1.1 Sakishima area

For this area, | selected 3,541 VLFEs whose seismic waves arrive first at IGK, and 16
Iriomote SSEs that were detected in the Sakishima area in this study (Figure 4.15). | analyzed
the time series of the two types of slow earthquakes. As described in Figure 4.16, VLFEs
occurred actively during the SSEs in progress (e.g., SSEs#15, #16, and #23), but some SSEs
were not accompanied by VLFEs (e.g., SSEs#27, #28, and #30). To clarify the puzzling

correlations and highlight the VLFE activation, | first separated VLFEs based on the time
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periods of the 16 SSEs (Figure 4.17). Then, | stacked these SSEs with respect to their onset
times. Figure 4.18a displays a stacked count of VLFEs within each of the 16 SSEs. Three
significant peaks are seen at 5-30, 60-75, and 120-125 days after the SSE onsets. The first
activation of 5-30 days is consistent with the duration of the Iriomote SSEs (0.1-0.15 years,
see details in Section 3.3.1). Namely, the VLFEs become more active in general after the
SSEs start. In contrast, the peaks of 60-75 and 120-125 days may have occurred
coincidentally or be triggered by ordinary earthquakes (Figure 4.17). Moreover, | also noted

that the level of VLFE activity was low before the SSEs (Figure 4.18b).
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Figure 4.16. (a) The daily GNSS coordinates of the Hateruma site relative to the Miyako site
in the N20W direction. The green belts show the active times of the 16 SSEs with a number
corresponding to the SSEs in Table 3-1. (b) The daily count of VLFEs (black bars) whose
seismic waves arrive first at IGK and its cumulative numbers (red curve). The units of the
daily and cumulative numbers are given on the right and left axes, respectively. VLFE activity

was high in SSE #15-20, #22-23, #25-26, and #29, but low in SSE #21, #24, #27-28, and #30.
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Figure 4.17. The 5-day count of VLFEs within the 16 Iriomote SSEs. The time span of each

diagram is from SSEs to their consecutive events. The event numbers at the top right corner

refer to the SSEs in Table 3-1. The blue arrows in #17, #27 and #30 indicate VLFEs triggered

by local ordinary earthquakes.
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Figure 4.18. (a) Stacked number of VLFEs after the SSEs. The time span is from SSEs to

consecutive events, same as Figure 4.17. The red bars, the 5-day count of VLFEs; the blue
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bars, the average number of VLFEs with a 5-day interval expected when VLFE occurrences
are random; the yellow triangle marks, the onset time of SSEs. The first peak of 5-30 days
highlighted by the dashed red rectangle is evidence of the SSE activations. (b) Same as (a),
but the time span is 100 days before and after the SSE onsets (yellow triangle). Lower and
higher VLFE activity periods are marked by the dashed red and green rectangles,

respectively.

4.4.1.2 Okinawa and Amami areas

| applied the same method as used for the Sakishima area to analyze correlations of
activities between VLFEs and SSEs in Okinawa and Amami. For the Okinawa area, |
compared the occurrence times of 4,480 VLFEs identified in this study and 28 short-term
SSEs detected geodetically by Nishimura (2014) (Figure 4.15). As illustrated in Figure 4.19,
one significant peak is seen at 0-15 days, which is shorter than that (5-30 days) of the
Sakishima area (see Figure 4.18a). One possibility for the short delay time is that the SSE
fault patches in the Okinawa area are much closer to the VLFE source region than in the
Sakishima area, resulting in higher ACFS and triggering VLFEs more quickly.

Likewise, | compared 7,647 VLFEs and 19 short-term SSEs in the Amami area. There are
five peaks at 0-5, 75-85, 100-105, 210-220, and 370-375 days (Figure 4.20). The first peak at
0-5 days is probably related to the SSE activation, but other peaks show VLFE activities that
may occur coincidentally or be triggered by earthquakes. The reaction time (0-5 days) of
VLFE activities here is similar to that in Okinawa but is shorter than that in the Sakishima
area. Such short activation time may have been enabled by the shorter distance between
SSE faults and VLFE source regions in the both Okinawa and Amami areas than the

Sakishima area.
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Figure 4.19. Stacked number of VLFEs after the SSE occurrences in the Okinawa area. The
green bars display the 5-day counts of VLFEs, and the grey bars show the numbers of VLFEs
expected by random occurrences with a 5-day interval. The peak of 0-15 days marked with
the red dashed rectangle is related to the activation by SSEs. It is significantly faster than the
VLFE activation in the Sakishima area (5-30 days).
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Figure 4.20. Stacked number of VLFEs after the SSEs in the Amami area. The blue bars
display the 5-day counts of VLFEs, and the grey bars show the numbers of VLFEs expected
by random occurrences with a 5-day interval. Five peaks are seen in this diagram. The first
peak marked with a red dashed rectangle is related to the SSE activation, and others are

caused by VLFE sequences triggered coincidentally.
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4.4.1.3 Southern Kyushu area

The southern Kyushu area differs from the Ryukyu region; it has much more complicated
geological structures than other three areas (Figure 4.15). These two subduction systems
are bounded via the Kyushu-Palau Ridge, a 2000-km-long remnant of an ancient island arc
(Figure 4.15) (Okino et al., 1998; Nishizawa et al., 2017). Across this ridge, the age of the
subducting Philippine Sea Plate changes suddenly from 60-70 Ma (Ryukyu Trench) to 15-25
Ma (Nankai Trough) (Figure 4.28) (Okino et al., 1998). This causes that the two adjacent
subduction zones have very different subduction processes (Scholz and Campos 2012).

According to previous studies, long-term and short-term SSEs both were detected in this
area (e.g., Hirose, et al., 1999; Ozawa et al., 2004; Nishimura, 2014). These SSEs can be
divided generally into the Bungo, Hyuga-nada, and Tanega-shima clusters based on their
locations (Figure 4.21c). Several studies have mentioned that the Bungo SSEs could activate
nearby VLFEs (Hirose et al.,, 2010; Asano et al., 2015; Baba et al., 2018) and earthquake
tremors (Yamashita et al., 2017), but the correlations between VLFEs and the Hyuga-nada
and Tanega-shima SSEs are still unknown. Here, | used the same methods as those for the
Ryukyu area to analyze the relations among these slow earthquakes.

The Bungo SSEs has moment magnitudes (M, ~6.8) and source depths (~30 km) similar
to the Iriomote SSEs of the Sakishima area, but their duration (~1 year) and the recurrence
interval (~6 years) are much longer (Hirose and Obara, 2005; Hirose et al., 2012) (see detail
in Table 3-2). From 1996 to 2014, three Bungo SSEs were detected around 1996, 2004, and
2010 (Hirose et al., 1999; Ozawa et al., 2004; Hirose et al., 2010) (Figure 4.21a). Among

them, | used the 2010 Bungo SSE for this analysis because it overlaps with my database
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period from 2005 to 2012. Figure 4.21b displays the time series of VLFEs in the southern
Kyushu area and its cumulative curve. It is noted that the VLFEs became very active after the
2010 Bungo SSE. Moreover, the delay time of VLFE activations is about 20-40 days (Figure
4.22a), which is longer than that of the Sakishima area and probably due to a longer
distance from the Bungo SSE fault to the VLFE sources.

The Hyuga-nada and Tanega-shima SSEs both are short-term SSEs with an average
magnitude (M,,) of ~6.1. From 2005 to 2012, a total of nine events were detected
(Nishimura, 2014) (Figure 4.21b). As illustrated in Figure 4.21b, VLFE activity is well
correlated with the Tanega-shima SSEs, but the correlation between the VLFEs and
Hyuga-nada SSE is not obvious due to the infrequent occurrence of the latter. Figure 4.22b
shows the stacked numbers of VLFE time-series with respect to the onset of the nine SSEs. It
suggests that these short-term SSEs can activate VLFEs in 0-10 days, which is comparable to
the activation period of VLFEs in the Okinawa and Amami areas (Figure 4.19 and 4.20).

Moreover, it is interesting that the activation period (~20 days) of VLFEs caused by the
Bungo SSEs is much longer than ~10 days found for the Hyuga-nada and Tanega-shima SSEs
(Figure 4.22). Such phenomenon was also seen in the Ryukyu region. In the Sakishima area,
the activation period of VLFEs caused by the Iriomote SSEs is ~25 days (Figure 4.18a), which
is longer than that in the Okinawa (~15 days) and Amami (~5 days) areas (Figure 4.19 and
4.20). Because the Bungo and Iriomote SSEs both are long-term SSEs having large moment
magnitudes (Table 4-5), | suspect that such difference of VLFE activation periods may relate
to the size of SSEs. Furthermore, considering that the seismic moment and duration of slow

earthquakes are nearly proportional (Ide et al., 2007), the duration of SSEs would also
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govern the periods of VLFE activities.
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Figure 4.21. (a) Daily position of the Otsuki station (the pink triangle in Figure 4.21c) relative
to Tsushima (the green triangle in Figure 4.21c) in the N135E direction. The grey belts show
the active time of the three Bungo SSEs. The yellow dashed arrows indicate the occurrence
time of three teleseismic events (the 2006 M,,8.3 Kuril, 2008 M,,7.9 Sichuan earthquakes
and 2011 M,,9.1 Tohoku-oki earthquakes) that activated VLFEs in the southern Kyushu area.
The detail information on these teleseismic earthquakes is given in Table 4.3. (b) The daily
(black bars) and cumulated (red line) numbers of VLFEs. Their units are given in right and
left axes, respectively. Green and blue vertical lines display the occurring times of
Tanega-shima and Hyuga-nada SSEs, respectively (Figure 4.21c). (c) Tectonic map of the
Kyushu area and locations of VLFEs (red dashed circle), and SSEs faults of Bungo (grey

rectangle), Hyuga-nada (blue rectangle), and Tanega-shima (green rectangle).
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Figure 4.22. Stacked numbers of VLFEs in the southern Kyushu area after (a) the Bungo SSEs
and (b) the Tanega-shima and Hyuga-nada SSEs. The color bars display the 5-day counts, and
grey bars show the average numbers of VLFEs with a 5-day interval expected assuming their

random occurrences. A significant peak appears in 20-40 days in (a), and 0-10 days in (b).

Figure 4-5. VLFE activation periods and related SSE parameters.

Type of Location Area M., Duration of VLFE activation
SSE SSE periods

Long-term Bungo Southern Kyushu M, 6.8 ~1 year ~20 days

Long-term Iriomote Sakishima M, 6.6 1-1.5 mons ~25 days

Short-term Okinawa Okinawa M,, 6.0 Several days ~15 days

Short-term Tanega-shima/  Southern Kyushu M, 6.1 Several days ~10 days

Hyuga-nada
Short-term Amami Amami M, 6.1 Several days ~5 days
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4.4.2. Spatial correlations of VLFEs, SSEs, and large (M-8 class)
ordinary earthquakes

For the Ryukyu Trench, the most critical issue is whether the locked zones, in which
megathrust earthquakes often occur, exist along this subduction zone. Although most
studies suggest that no known megathrust earthquakes have occurred there (e.g., Peterson
and Seno, 1984; Scholz and Campos 2012), two large earthquakes with M,, > 8 occurred
along the Ryukyu subduction zone in the historical time, i.e., the 1771 Yaeyama earthquake
and the 1911 Kikai earthquake (Figure 4.23).

The 1771 Yaeyama earthquake occurred near the Ishigaki Island, southwestern Ryukyu
Arc (Figure 4.23). This event accompanied a disastrous tsunami that struck Ishigaki and
surrounding islands with the maximum run-up height about 30 meters and caused fatalities
of one-third of the populations on the Ishigaki Island (Goto et al., 2012). Although the
mechanism of this earthquake is still uncertain, Nakamura (2009b) proposed the event to be
an M,, 8.0 tsunami (slow) earthquake occurred near the Ryukyu Trench. Recently, Ando et
al., (2018) investigated paleotsunami deposits on the Ishigaki Island and proposed that the
1771 earthquake was an ordinary (not slow) subduction thrust earthquake of M,, > 8.0
based on earthquake-induced ground cracks.

The 1911 Kikai earthquake occurred near Amami Island and was felt as far as in Tokyo (>
1000 km) (Usami, 1988) (Figure 4.23). This earthquake generated strong ground shaking
that destroyed approximately 400 houses on Kikai Island as well as a tsunami (< 3m) with
slight damage to the surrounding islands (Hatori, 1988; Goto, 2013). Several studies

considered that the Kikai earthquake was an intraplate earthquake at a depth of > 100 km
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(My, > 8) (e.g., Utsu, 1982; Abe and Kanamori, 1979). However, Goto (2013) relocated its
hypocenter using old smoked seismograms and proposed that this event was more likely a
great shallow interplate earthquake near the Ryukyu Trench axis.

To understand the positions of the locked zone for megathrust earthquakes in the
Ryukyu region, | plotted VLFEs, SSEs, ordinary earthquakes (Mjua >3), and the two possible
megathrust events in Figure 4.23. In addition, | drew profiles of all these events along SS’,
00’, and AA’ perpendicular to the trench axis (Figure 4.23). A detail discussion about the

spatial correlation of these events is given below.

28°

24° 7 Taiwan:!

i

Philippine Sea Plate

Figure 4.23. Distribution of VLFEs (red circles), SSEs (rectangles), ordinary earthquakes (Mjua
>3, gray dots), and two possible megathrust events (yellow ellipses) in the Ryukyu region.
The green and blue rectangles are the fault patches of SSEs detected by this study and
Nishimura (2014), respectively. The tsunami source ranges of the 1771 earthquake and the
1911 earthquakes are illustrated based on Nakamura (2009b) and Hatori (1988). Seismic
profiles of SS’, O0’, and AA’ are shown in Figure 4.24-4.26.
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4.4.2.1 Sakishima area

In this area, the seismic events of the 1771 earthquake, VLFEs, and SSEs are distributed
in order from the Ryukyu trench to the Okinawa Trough (Figure 4.23). These three types of
earthquakes are adjoining but not overlap each other. Figure 4.24 shows the profile of SS,
which indicates that the 1771 earthquake fault is located in the shallowest segment of the
Ryukyu subduction zone. The VLFEs are concentrated within the area between the 1771
earthquake fault and the Iriomote SSE fault patch. Notably, the updip limit of the Iriomote
SSE fault keeps a distance from the trough-ward border of VLFEs (Figure 4.24). This distance
may be related to the delayed timing of VLFE activations after the start of SSE. In the
Sakishima area, the delay of activated VLFEs is 5-30 days (Figure 4.18), while the delay is
only 0-5 days in the Okinawa area (Figure 4.19) and 0-15 days in the Amami area (Figure
4.20) where VLFEs and SSEs are distributed closely or overlapped with each other. It means
that the distance between the VLFE and SSE areas may govern the delay of VLFE activities
after the SSE onsets.

The locked zones of the Nankai Trough, where megathrust earthquakes repeatedly
occur, are located in a particular space between shallow VLFEs and long-term SSEs (Obara
and Kato, 2016) (Figure 3.14). However, in the Sakishima area, the space between the VLFEs
and SSEs is too narrow to accumulate stress for preparing megathrust earthquakes (Figure
4.24). Accordingly, the locked zone of the Ryukyu subduction zone here should be located
between the SSE-VLFE zone and the trench axis, i.e., the location of the 1771 earthquake
fault. Such observation is consonant with results raised by Arai et al. (2016) and Nakamura

(2017) but significantly different from the seismic distribution in the Nankai Trough.
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Figure 4.24. Cross-section of profile SS’ perpendicular to the trench axis in the Sakishima
area. Ilts geometric extent is shown in Figure 4.23. The red circles are VLFEs detected in this
study. The gray circles are small ordinary earthquakes (Mjua 23) recorded by JMA. The green
rectangle displays the fault patch of long-term SSEs beneath Iriomote Island detected by this
study. The yellow rectangle shows the fault zone of the 1771 earthquake estimated by
Nakamura (2009b). The black dashed line is the subduction plate boundary between the
Philippine Sea Plate and the Eurasian Plate. The solid arrows on the top mark the relative

positions of the Ryukyu Arc, Ryukyu Trench, and Okinawa Trough.

4.4.2.2 Okinawa area

Okinawa Island has been the political and cultural center of the Ryukyu Islands over its
historical time, but it is remarkable that large earthquakes (M, >8.0) or tsunamis (>5-10m)
had not been recorded in historical documents after the establishment of the Ryukyu
Kingdom (15th century). Nevertheless, authentic historical documents of the Kingdom (e.g.,
“Kyuyo”) had recorded details of the 1771 earthquake in Sakishima, 400 km away from

Okinawa Island, and several other earthquakes (M < 8) in the Ryukyu region (Usami, 2003;
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M. Nakamura, Ryukyu University,

http://seis.sci.u-ryukyu.ac.jp/hazard/large-eq/history.html). It means that earthquake

phenomena had been a focus of concern and not ignored intentionally in these historical
documents. Moreover, geological data also provide another evidence for the lack of large
earthquakes (tsunamis) in the Okinawa area. Goto et al. (2010) proposed that tsunami
boulders carried by large paleotsunamis during the past 2,300 years have not been found in
and around Okinawa Island. Based on the absence of tsunami boulders and historical
records on large earthquakes and tsunamis, | suspect that megathrust subduction
earthquakes rarely occurred here.

Except for large ordinary earthquakes, both VLFEs and SSEs have been detected in the
Okinawa area. The profile of 00’ shows the NW-SE section of these earthquakes (Figure
4.25). | found that the VLFEs occur in the shallowest part of the Ryukyu subduction zone
close to the trench axis (Figure 4.25). In addition, the SSE fault patch overlaps partly with the
VLFE source region (Figure 4.25). This is the reason why the VLFEs in the Okinawa area can
be activated immediately after the SSE starts. Due to limited space between the SSE-VLFE
zone and the trench axis (Figure 4.25), | infer that the locked zone of the Ryukyu subduction
zone in the Okinawa area may be narrow or nearly absent. However, it may be premature to
conclude that the Ryukyu Trench is a decoupled plate boundary. For example, Kawana
(1990) reported that the coastal terraces on Okinawa Island facing the Pacific Ocean side
exhibit the significant landward tilting, which suggests the existence of inter-plate coupling
as seen in the Nankai Trough (Ando, 1975). Moreover, Nakamura (2013) reexamined two

historical tsunamis of 1768 and 1791 in the Okinawa Island using numerical simulations of
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tsunami and earthquake shaking. His results also indicated that both events were probably
due to M>8 interplate earthquakes near the Ryukyu Trench axis. Namely, further studies are

necessary to clarify the coupling in the Okinawa area of the Ryukyu subduction zone.
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Figure 4.25. Cross-section of the profile OO’ in the Okinawa area (Figure 4.23). The red and
gray circles are VLFEs and ordinary earthquakes (Mjua>3), respectively. The blue rectangle
displays the fault patch of short-term SSEs detected by Nishimura (2014). The black dashed
line shows the subduction plate boundary between the Philippine Sea Plate and the
Eurasian Plate. The solid arrows on the top mark the relative positions of the Ryukyu Arc,

Ryukyu Trench, and Okinawa Trough.

4.4.2.3 Amami area

Slow earthquakes (SSEs and VLFEs) and large ordinary earthquakes (the 1911 Kikai
earthquake) both occurred in the Amami area. Notably, the distribution of these
earthquakes seems to overlap with each other without a clear boundary (Figure 4.23),

which is significantly different from that in the Sakishima and Okinawa areas. The profile AA’
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indicates that the fault zone of the 1911 earthquake, VLFE source region, and SSE faults are
all located in the same area (Figure 4.26). This may be the reason why the SSEs can
immediately activate VLFEs. If the SSE and VLFE zones overlap, there is no space between
them to accummodate a locked zone for large interplate earthquakes. However, the 1911
Kikai earthquake, possible an interplate megathrust event, is located precisely in this place
(Figure 4.23; Figure 4.26).

Although the location and mechanism of the 1911 Kikai earthquake have not been well
constrained, | propose two possibilities for its mechanism. If the 1911 earthquake is a
megathrust earthquake, the fault zone should be much closer to the trench axis, i.e., it is
probably between the SSE-VLFE zone and the Ryukyu trench axis, similar to the 1771
earthquake in the Sakishima area. In contrast, if the location of the 1911 earthquake shown
in Figure 4.23 is correct, this event should be an intraplate earthquake, just like an M, 7.1
(USGS) earthquake that occurred 50 km east of Amami Island at a depth of 20 km on 18 Oct.
1995 (Arai et al., 2017). The 1995 earthquake was determined as a high-dip-angle normal
fault in the slab, and it also generated a tsunami (<3m), slightly affecting Amami and Kikai
Islands (Satake and Tanioka, 1997; Yamada et al., 1997).

Because the locations of VLFEs in the Amami area have a lower accuracy (see Section
4.3.3), and the sea-mountain (e.g., Daito Ridge and Amami Plateau) subducting also causes
complex tectonics here, it is difficult to determine whether or where the locked zone exists

in this area. Accordingly, further studies are still necessary.
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Figure 4.26. Cross-section of profile AA” in the Amami area. Its geometric extent is shown in
Figure 4.23. The red and gray circles are VLFEs and ordinary earthquakes (Mjua >3),
respectively. The blue rectangle displays the fault patch of short-term SSEs detected by
Nishimura (2014). The yellow rectangle describes the fault zone of the 1911 earthquakes
suggested by Hatori (1988) and Goto (2013). The black dashed line shows the subduction
plate boundary between the Philippine Sea Plate and the Eurasian Plate. Solid arrows on the

top mark the relative positions of the Ryukyu Arc, Ryukyu Trench, and Okinawa Trough.

4.4.3 Along-strike variation of earthquake distribution

Based on above discussions, | propose that the Ryukyu subduction zone is coupled at
least in the Sakishima area but probably absent in Okinawa. However, it is still uncertain
whether the locked zone is present in the Amami area (Figure 4.27). The distribution of
seismic events from the surface to depth in Sakishaima is: the megathrust earthquake zone
(locked zone, ~10 km), VLFE zone (~20 km), and SSE zone (~30 km), and in Okinawa is: VLFE
zone (~20 km) and SSE zone (~30 km) but without locked zones here (Figure 4.27). Notably,
such distribution significantly differs from that of the Nankai Trough proposed by Obara and

Kato (2016). In the Nankai Trough, the sequence of seismic distribution is: VLFE zone (>10
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km), megathrust earthquake zone (10-20 km), SSE zone (~30 km), and episodic tremors and
slip (ETS) zone (~40 km)(Figure 3.14). These observations suggest that the two subduction
zones have different characteristics although they are related to the Philippine Sea Plate
subduction.

For the difference of the seismic distributions between the Sakishima and Okinawa
areas and the Nankai Trough, | propose that it may relate to the dip angle of subduction
slabs. In the Ryukyu Trench, the age of the Philippine Sea Plate ranges in 50-60 Ma (Muller
et al., 2008) (Figure 4.28), and its dip angle is ~20° (Kubo and Fukuyama, 2003; Nishizawa et
al., 2017). However, the age and dip angle of the Philippine Sea Plate in the Nankai Trough is
20-30 Ma (Muller et al., 2008) (Figure 4.27) and 10° (Kodaira et al., 2000), respectively.
According to a classical model of subduction zones by Uyeda and Kanamori (1979), an old
and thick oceanic plate subducts into the mantle with a higher dip angle due to its
gravitational force, resulting in a decoupled or weakly coupled plate boundary. In this case,
the locked zone becomes narrower and shifts shallower toward the trench axis. This
hypothesis is consonant with the narrow locked zone in Sakishima (30 km, Nakamura, 2009)
relative to the Nankai Trough (70-100 km, Sagiya and Thatcher, 1999). Similarly, the
difference in the seafloor age may cause the diversity of seismic pattern between the
Sakishama (50-60 Ma) and Okinawa (60-70 Ma) areas (Figure 4.28). Such a slight difference
probably affects stress balance of the upper and lower slab interactions and frictional
conditions, causing the absence (Okinawa) or presence (Sakishima) of the locked zone

(Figure 4.27).
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Figure 4.27. The distribution of three seismic zones (Locked, VLFE, and SSEs) in the
Sakishima, Okinawa, and Amami areas along the Ryukyu subduction zone. Their scales are

arbitrary.
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Figure 4.28. The seafloor age of the Philippine Sea Plate and Pacific Plates around Japan.

The age data are from Muller et al. (2008). Area U is the extent of this study, and the
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rectangles of S, O, A and K indicate the four sub-areas of Sakishima, Okinawa, Amami, and

southern Kyushu, respectively.

4.4.4 Migration of VLFE activities

Migration activity is a significant characteristic of slow earthquakes and has been
discussed in several studies (e.g., Deep VLFEs, Ghosh et al., 2015; Shallow VLFEs, Asano et al.,
2015; Shallow Tremors, Yamashita et al., 2015; ETSs, Hirose and Obara, 2010). In the Ryukyu
region, such a phenomenon has been observed in low frequency earthquakes (LFEs) having
dominated frequency range of 2-8 Hz (Nakamura, 2017) but has never been reported for
VLFEs. To understand the migration activity of VLFEs in Ryukyu, | analyzed the
spatiotemporal distribution of the 1,050 VLFEs for the four sub-areas (Figure 4.29a). It is
interesting to note that VLFE activities in the Sakishima and southern Kyushu areas
occasionally form clusters in time and space, but those in Okinawa and Amami are much
scattered and form a random distribution (Figure 4.29b). Because these clustering activities
all lasted several days and extended over a distance about 60-100 km, | infer that they are
probably the migration of VLFE activities.

To determine the migrating clusters of VLFEs, | assumed that each clustering activity
should consist of at least three VLFEs and migrate in one direction to two or more
neighboring grid points (> 40 km). Based on this definition, | identified 6 and 3 migrating
clusters in the Sakishima and southern Kyushu areas, respectively (Table 4-6 Figure 4.29b).

For the Sakishima area, five of the six clusters (S2-S6) migrated westward; only one cluster
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(51) moved from west to east (Table 4-6; Figure 4.30). The migration speeds of these
clusters are between 20 and 90 km/day (Table 4-6; Figure 4.30), which are comparable to or
higher than those for the Nankai Trough (8-18 km/day, Obara, 2011; 15-20 km/day, Asano
et al., 2015) and the Cascadia subduction zone (10-20 km/day, Houston et al., 2011).
Notably, these migration clusters all started around the Iriomote SSE fault patches (Figure
4.31), which imply that the Iriomote SSEs may trigger these VLFE migrations.

Sequentially, | compared the occurring times of these six migrating clusters with those of
the Iriomote SSEs to examine the above hypothesis. As illustrated in Figure 4.32, the
sequences of S1, S3, and S4 just occurred after the SSE onsets and are consistent with the
duration of SSE #15, #25, and #29, respectively. It suggests that the Iriomote SSEs triggered
these VLFE migrations, similar to the condition between the Bungo SSEs and shallow VLFEs
in the Hyuga-nada region (Asano et al., 2015). However, other three sequences (S2, S5, and
S6) started before the SSEs (Figure 4.32), i.e., their occurrences may correlate with other
external forces, not the Iriomote SSEs. Here, | propose that the migrating cluster of S5 is
related to a Mjma 5.5 local earthquake because it triggered this VLFE sequence (Figure 4.32),
but the causes for the migration clusters of S2 and S6 are still unknown.

For the southern Kyushu area, | detected three migrating clusters of VLFEs in space-time
diagram (Figure 4.29b). The detailed information of these VLFE migrations such as the origin
time, duration, direction and speed are all provided in Table 4-6. The migrating sequence of
K1 lasted about four hours and moved from south to north with an extremely high speed of
240 km/day (see K1 in Figure 4.33). This migrating cluster seems to be isolated from the

Bungo, Tanega-shima, and Hyuga-nada SSEs and without any correlations with local or
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teleseismic earthquakes (Figure 4.34). The sequence of K2 is a VLFE cluster triggered by the
2008 Sichuan earthquake of My, 7.9, China (Figure 4.34). It started with several VLFEs that
occurred simultaneously and then migrated toward the south at a speed of ~20 km/day (see
K2 in Figure 4.33). Its duration and travel distance is ~4 days and ~100 km, respectively
(Figure 4.33).

The sequence of K3 is the most remarkable cluster, which has a large scale (distance >
200 km) and long duration (~35 days). This migration activity started o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>