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Abstract slow slip events (SSEs) with a moment magnitude of 6.6-6.7 occur at intervals of 5-9 months
along the southern Ryukyu subduction zone in southwestern Japan. To obtain detailed image of these
SSEs, this study applies a modified Network Inversion Filter to the Global Navigation Satellite System time
series from March 2010 to February 2013 and estimates the spatiotemporal evolution of slow slip on the plate
interface. Five SSEs are detected during this period. These events have similar cumulative slip distributions
and are located near the northwestern coast of Iriomote Island at depths of 30-60 km, indicating that the
SSEs recur in the same fault area. The analysis reveals that the spatiotemporal evolution of slip during the five
SSEs varies from event to event. The notable feature is that three of the five SSEs nucleate rapidly and
reach the maximum slip rate within several days, while the other two SSEs show much slower nucleation,
lasting for 25-45 days prior to rapid acceleration of slip. Such variations in spatiotemporal evolution suggest
temporal changes of fault properties such as fluid distribution and fault friction. Very low frequency
earthquakes and low-frequency earthquakes are activated during one of the five SSEs. The source area of the
SSEs is complimentarily located in a deeper part of the very low frequency earthquakes and low-frequency
earthquake source areas, and a possible tsunami source region is located near the trench, indicating the
depth dependence of the physical properties along the plate interface.

Plain Language Summary A slow slip event (SSE) is a spontaneous slow aseismic fault slip that
typically occurs adjacent to the megathrust earthquake zone on plate interfaces. SSEs play an important
role in plate subduction systems by modulating seismic/aseismic fault slips. However, the underlying physical
mechanism of SSE generation remains unclear. This study estimates the spatiotemporal evolution of five
recurrent SSEs from 2010 to 2013 along the southern Ryukyu subduction zone in southwest Japan to reveal
variations in source processes of the recurrent SSEs, which may provide important insights into physical
mechanisms of SSEs. Slip distributions of the five SSEs are quite similar, indicating that SSEs recur in the same
fault area. In contrast, the temporal evolutions of the SSEs, especially their nucleation styles, vary with events,
suggesting temporal variations of physical properties such as fluid distribution and frictional properties
along the plate interface. The SSE source area is located at the deeper part of the areas where other types of
slow but seismic fault slips called very low frequency earthquakes and low-frequency earthquakes occur, and
a possible tsunami source region near the trench, indicating the depth dependence of physical properties
along the plate boundary.

1. Introduction

Recent development of geodetic and seismic observation networks enables us to detect a new type of fault
slip events in worldwide tectonic zones, categorized as slow earthquakes (Ide et al., 2007). Slow earthquakes
typically occur in the transition zone between the locked seismogenic zone in shallower regions where large
earthquakes nucleate and the freely slipping zone in deeper regions along the plate boundary. These earth-
quakes are characterized by spontaneous fault ruptures with longer durations and lower slip rate than ordin-
ary earthquakes of the same magnitude. Slow earthquakes include slow slip events (SSEs), very low frequency
earthquakes (VLFEs), low-frequency earthquakes (LFEs), and nonvolcanic low-frequency tremors (Obara &
Kato, 2016; Peng & Gomberg, 2010; Schwartz & Rokosky, 2007). SSEs are slow transient fault motions that last
for days to years and do not radiate seismic waves. Geodetic instruments such as the Global Navigation
Satellite System (GNSS), tiltmeters, and strainmeters can help detect SSEs in many plate boundaries.
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Analyses of geodetic data have clarified that a series of SSEs recurring in a specific region has a characteristic
duration, recurrence interval, and magnitude, with some fluctuations depending on the region (e.g., Heki &
Kataoka, 2008; Hirose & Obara, 2010; Rogers & Dragert, 2003; Szeliga et al.,, 2008; Yoshioka et al., 2015).
These regional differences could be controlled by many factors, such as frictional properties and stress state
on the fault, fluid distribution near the plate boundary, and plate geometry (e.g., Matsuzawa et al., 2010;
Schmidt & Gao, 2010). However, the physical mechanism of SSE generation itself remains unclear.

Previous studies have reported that stress transfer from SSEs often modulates other seismic and aseismic slip
events in the area adjacent to the SSE region, including deep low-frequency tremors (Rogers & Dragert, 2003),
other SSEs (Hirose & Obara, 2005), small earthquakes (Segall et al., 2006), and possibly large magnitude (~7)
earthquakes (Graham et al., 2014; Ito et al., 2013). For example, SSE propagation correlates well with the
migration of tremors (Bartlow et al., 2011; Hirose & Obara, 2010; Wech & Bartlow, 2014) and small earthquakes
(Fukuda et al,, 2014; Hirose et al., 2014). Hirose et al. (2014) suggested that earthquake swarms are mainly dri-
ven by stress transfer from SSEs. Therefore, investigating the detailed spatiotemporal evolution of SSEs can
help to quantitatively evaluate spatial and temporal effects of SSE occurrence on seismic/aseismic phenom-
ena in adjacent fault regions and can provide important information about the physical mechanisms of SSEs.

Geodetic measurements have shown that SSEs recur at an approximately regular interval in a specific region.
In the Bungo channel in southwest Japan, long- and short-term SSEs occur every ~6 years (Yoshioka et al.,
2015) and ~6 months (Hirose & Obara, 2005, 2010; Sekine et al., 2010), respectively. Recurrence intervals of
SSEs are ~14 months in the Cascadia subduction zone (Rogers & Dragert, 2003) and 3-4.5 years in the
Guerrero region of the Mexican subduction zone (Graham et al.,, 2016). Whether or not these recurrent
SSEs occur in the same patch on the fault with similar temporal evolution of slip is important to understand
the slip style of the fault and the mechanisms governing the generation of SSEs, including the temporal
change of the fault frictional properties and fluid pressure distribution. To compare and contrast recurrent
SSEs, many previous studies analyzed geodetic data to estimate spatial distributions of slip of recurrent
SSEs using time-independent inversion methods and showed that the location of slip is similar within each
SSE series (e.g., Heki & Kataoka, 2008; Sekine et al., 2010). In contrast, Szeliga et al. (2008) found that the spatial
distributions of SSEs in Cascadia varied from event to event. On the other hand, only a few time-dependent
inversion analyses have compared the temporal change of slip distribution among recurrent SSEs. For exam-
ple, Yoshioka et al. (2015) estimated the source process of three long-term SSEs in the Bungo channel in the
Nankai subduction zone and found that the final slip distributions are nearly identical, while the propagation
direction of slip differs from event to event. Fukuda (2018) imaged the spatiotemporal evolution of five SSEs
off the Boso Peninsula in central Japan to show that nucleation patterns of SSEs as well as slip propagation
directions and speeds vary with each event but always correlate highly with seismicity. These time-
dependent analyses enable us to reveal the similarities and differences in the spatiotemporal evolution of slip
within a single series of SSEs. However, our knowledge of such variability is still limited.

This study aims to image the detailed source process of recurrent SSEs beneath the Yaeyama Islands along
the southern Ryukyu subduction zone in the most southwestern part of Japan (Figure 1). The plate conver-
gence rate beneath the Yaeyama Islands is 12-13 cm/year, consisting of the subduction of the Philippine
sea plate (PH) northwestward at a rate of 8.0-8.5 cm/year (Sella et al, 2002) beneath the Ryukyu Arc
(Figure 1) and the southward back-arc spreading at a rate of 3.5-5.0 cm/year (Nishimura et al., 2004) along
the Okinawa trough (Sibuet et al., 1998).

Along the southern Ryukyu subduction zone near the Yaeyama Islands, there are no historical records of
earthquakes with a moment magnitude (M,,) greater than 8.0 during the last 300 years (Ando et al., 2009).
The lack of large earthquakes is consistent with the weakly coupled subduction interface inferred from the
GNSS velocity field (Nishimura et al.,, 2004). However, based on tsunami height records, Nakamura (2009)
pointed out the possibility that a M,, 8.0 tsunami earthquake occurred in 1771 at the shallow part of the
southern Ryukyu subduction zone (Figure 1). On the other hand, Goto et al. (2010) claimed that the tsunami
was caused by a local earthquake accompanied by a marine landslide, and therefore, whether this earth-
quake occurred in the shallow plate interface or not is still debated. Recently, VLFEs and LFEs have been
detected at depths shallower than 25 km along the southern Ryukyu subduction zone (Ando et al., 2012;
Nakamura, 2017; Nakamura & Sunagawa, 2015). The centroid moment tensor solutions of VLFEs indicate
thrust type mechanisms, suggesting that these VLFEs occur on the plate interface (Ando et al., 2012). Arai
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Figure 1. (a) Tectonic setting of Japan. AM, OK, PA, and PH indicate the Amurian, Okhotsk, Pacific, and Philippine Sea plates,
respectively. The solid lines indicate plate boundaries. (b) A map of the Yaeyama Islands is shown by the rectangle in
Figure 1a. Red and blue triangles indicate the GNSS stations operated by the Geospatial Information Authority of Japan
(GSI) and Kyoto University (KU), respectively. The thick and thin lines indicate the Okinawa trough and the Ryukyu trench.
The black arrow indicates the motion of the subducting PH relative to AM (Sella et al., 2002). The white arrow

indicates a motion of the south Ryukyu block relative to AM, due to back-arc spreading of the Okinawa trough (Nishimura
etal., 2004). The dashed lines are depth contours of the upper surface of the PH with an interval of 10 km (Hayes et al., 2012)
and are extrapolated in the region off the south coast of Yonaguni Island by using the surface command in Generic
Mapping Tools (GMT) software (Wessel & Smith, 1998). The orange region indicates the source area of the 1771 Yaeyama
tsunami earthquake estimated by Nakamura (2009). GNSS = Global Navigation Satellite System.

et al. (2016) and Nakamura (2017) located the hypocenters of LFEs and showed that LFEs constitute a few
clusters near the trench. In addition, Nakamura and Sunagawa (2015) investigated long-term activity of
VLFEs and showed that the epicenters are complementarily located to the estimated source area of the
1771 Yaeyama earthquake (Nakamura, 2009). On the deeper part of the plate interface at depths near
30 km, SSEs with M,,~6.6 recur in an interval of 6-7 months beneath the Yaeyama Islands, with a duration
of ~1 month (Heki & Kataoka, 2008; Nishimura, 2014; Tu & Heki, 2017).

Following Heki and Kataoka (2008), Tu and Heki (2017) detected 38 SSEs during 1997-2016, based on GNSS
data observed at continuous stations (red triangles in Figure 1b). They estimated a simple time-independent
fault model for SSEs, assuming a planar rectangular fault with spatially uniform slip. They found that SSEs exhi-
bit a fairly regular recurrence and that the locations of slip patches are nearly identical. However, SSE magni-
tudes still vary, ranging from M,, 6.3 to 7.0. These SSEs, along with M,,, ~7 SSEs in other regions (e.g., Ohta et al.,
2006; Rousset et al., 2017; Voss et al., 2017; Wallace & Beavan, 2010), are one of the largest SSEs in the world.

This study examines the spatiotemporal source process of SSEs in the southern Ryukyu area based on a time-
dependent inversion of GNSS data using a modified Network Inversion Filter (NIF; Fukuda et al., 2008). The NIF
enables us to extract an accurate spatiotemporal evolution, including nucleation and propagation of slip
(Fukuda, 2018; Fukuda et al., 2014). We compare and contrast the source processes of multiple SSEs. In addi-
tion, we examine the spatial and temporal correlations between SSEs and VLFEs, as well as between SSEs and
LFEs, based on inferred source processes and hypocenters of the seismic events. These investigations may
provide a basis for further understanding of physical properties such as frictional characteristics and fluid dis-
tributions along the plate interface, as well as interactions between SSEs and other types of slow earthquakes.

In this paper, the GNSS data analysis is described in section 2, and a brief summary of the time-dependent slip
inversion scheme is presented in section 3. Spatiotemporal evolutions of SSEs are then discussed in section 4,
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followed by comparisons of SSE features and the spatial and temporal relations between SSEs and other
types of slow earthquakes in section 5. Finally, conclusions are presented in section 6.

2, Data Processing

In the Yaeyama Islands, eight stations (red triangles in Figure 1) from the GNSS Earth Observation Network
System have been operated by the Geospatial Information Authority of Japan since 1997. However, spatial
coverage is poor around Iriomote Island, where recurrent SSEs occur on the plate boundary (Heki &
Kataoka, 2008). To improve the spatial and temporal resolution of slow slip, Kyoto University installed four
additional GNSS stations (blue triangles in Figure 1) in this area since March 2010. We use GNSS data from
the GNSS Earth Observation Network System and Kyoto University networks from 1 July 2010 to 28
February 2013. The GNSS data are processed by the GIPSY-OASIS Il software (version 6.1.1), employing the
precise point positioning technique (Zumberge et al., 1997) with single receiver phase ambiguity resolution
(Bertiger et al,, 2010). We use the final fiducial-free satellite orbit and clock products provided by the Jet
Propulsion Laboratory to obtain the daily coordinates at GNSS sites. The tropospheric delays are modeled
using the VMF1 mapping function (Boehm et al.,, 2006), and ocean tide loading is calculated using the
FES2004 model (Lyard et al., 2006) and the Ocean Tide Loading Provider (http://holt.oso.chalmers.se/load-
ing/). The estimated daily positions are transformed to the IGb08 reference frame (Rebischung et al., 2012)
using the seven-parameter Helmart transformations provided by Jet Propulsion Laboratory. These trans-
formed daily positions are used for the following data analysis.

To remove the secular trend and steps related to the antenna replacement for an individual station, we
model each time series as the sum of the secular trend, steps, and displacement due to SSEs using the follow-
ing equation:

(- 7)
y(t) =a+bt +3cH(t —T) +3d; |1 — exp| —~—-2 H(t - T].SSE) + e(t), M
i j

P

where y (t) is the observed coordinate at time t originated from 1 July 2010, a is the initial position, b is the
long-term secular velocity, H (t) is a Heaviside step function, and ¢; is an amplitude of ith step due to the
antenna replacement at time T;. Transient deformation due to a jth SSE is approximated by an exponential
function with a time constant z; following Heki and Kataoka (2008) using the onset time of the SSE, TfSE,
obtained by Nakamura and Sunagawa (2015) in the fourth term on the right-hand side. Here d; is the final
displacement caused by the jth SSE. We estimate the parameters a, b, ¢; and d; using the least squares
approach and the time constant z; using a grid search by changing the value from 0.10 to 0.15 years (Heki
& Kataoka, 2008) with an interval of 0.01 year so that the cumulative residuals, e*(t), can be minimized.
The estimated secular trend (second term in equation (1)) and steps (third term[) are then removed from
the observed data, and hereafter, we refer to this corrected time series as detrended time series, which is
used for the inversion analysis. Note that the modeled SSE displacements (fourth term) are not removed.
The annual and semiannual seasonal variations are not modeled because the recurrence intervals of the
SSEs of about 6-7 months are similar to the periodicity of seasonal variations. We find that this simplification
does not affect the inversion results in section 4. For example, the detrended time series (Figure 2) show a
clear 1 to 2-cm eastward movement during the middle of 2010 and early 2011 at stations 0500, 0750,
OOHR, KOHM, and KRSM. These apparent signals are found at stations on and near Iriomote Island, suggest-
ing that transient slip occurred beneath the island. We ignored 17-20 September 2010 at all stations and 11
October 2010 to 31 May 2011 at KOHM, because of unstable observations due to a typhoon and some ambig-
uous effects.

3. Time-Dependent Inversion

Here we generate a model of the geometry of the upper surface of the subducting PH using depth contours
of the subduction interface given by Hayes et al. (2012). The model region extends from 122.75°E to 124.5°E
and from 20 to 80 km depth (Figure 3). The curved plate interface is subdivided into Delaunay triangular dis-
location elements. Subsequently, the detrended time series are inverted to infer the daily temporal evolution
of slip on the modeled plate interface using the modified NIF.
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Figure 2. Detrended GNSS time series from 2010 to 2013 in (a) east-west, (b) north-south, and (c) up-down components. Each time series is sorted from the western-
most (top) to easternmost (bottom) station. The dashed lines correspond to the onsets of SSEs determined by Nakamura and Sunagawa (2015). GNSS = Global

Navigation Satellite System; SSEs = slow slip events.

We provide a brief summary of the modified NIF here (see Fukuda et al. (2008) for a detailed explanation). The
observation equation employed in the modified NIF is given in the following form:

Un(x,t)

= %G,,(x, E)s(&,t) + Ln(x, 1) + Fr(t) +en(x, 1),

)

where uj, (x,t) is the nth component of the detrended time series at a station location x and time t. The first
term on the right-hand side in equation (2) represents the displacement due to fault slip; s (&, t) is the slipin a
triangular fault at & G, (x, &) represents the elastostatic Greens’ function that provides the nth component of
the displacement at x due to a unit slip at & and is computed assuming a homogeneous elastic half space
(Thomas, 1993). The slip direction is assumed to be parallel to the plate convergence between the subducting
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Figure 3. The modeled fault region (shaded), extending from 122.75 to 124.5°E
and 20 to 80 km depth. The dashed lines indicate depth contours for the upper
surface of the PH at 10-km intervals (Hayes et al.,, 2012) and are extrapolated

in the region off the south coast of Yonaguni Island using the surface command
in the GMT software (Wessel & Smith, 1998). Moment rate functions and
seismic moments shown in Figures 4, 9, and Table 1 are calculated using the slip
rate within the black rectangle. GMT = Generic Mapping Tools.

PH and overriding Amurian Plate (Sella et al., 2002). The second term, L,
(x,t), represents temporally correlated nontectonic local benchmark
motions (Langbein & Johnson, 1997; Mao et al, 1999; Segall &
Matthews, 1997). The third term, f, (t), represents spatially uniform
common mode errors related to errors in the reference frame and satel-
lite orbits (e.g., Miyazaki et al., 2003; Wdowinski et al., 1997), and the last
term, &, (X, t), represents random observation errors. Equation (2) repre-
sents observed displacement as the sum of displacements due to slip
on the fault, temporally correlated local motions, spatially uniform
errors, and random observation errors. In the modified NIF, slip distribu-
tions, s (&, t), are represen;ced by the superposition of spatial basis func-
tions b, (§)ass(&,t) = 3 by (&)cm(t), where Ny is the number of basis
functions that controls the spatial roughness of slip (Fukuda et al., 2008)
and ¢, (t) is the coefficient of mth basis function b, (§). The number of
basis functions, m, is determined to be 6 in this study by maximizing
the marginal likelihood function (Fukuda et al., 2008). The modified
NIF considers these coefficients, ¢, (t), and their time derivatives, ¢p,
(t), as state variables to be estimated in addition to local benchmark
motions, L, (x,t), and common mode errors f, (t).

The temporal evolution of fault slip is formulated in the following dis-
cretized equations, assuming that slip rate follows a random walk
process:
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where t, represents the kth observation epoch and At is the time inter-
val of observations defined as t, — tx_;, which is equal to 1 day in the
present study (Fukuda, 2018). Equation (3) shows that temporal rough-
ness of slip rate is controlled by the hyperparameter aZ. For example, if
o is zero, the system noise v,((m) is zero, yielding to s(&, tx) = S(&, tk—1)-
This indicates that slip rate does not vary between t,_; and t;. On the
other hand, if @} is large, the system noise v,(('m can become large,
and equation (3) indicates that slip rate can vary rapidly between t,_,
and t,. The standard NIF (McGuire & Segal, 2003; Segall & Matthews,

1997) assumes aﬁ is time invariant. This assumption often leads to tem-

poral smoothing of rapid changes in slip rate and/or excessively noisy estimates of slow temporal evolution
of slip rate (Fukuda et al., 2004, 2008). For example, Bartlow et al. (2011) showed that the standard NIF esti-
mates an amount of artificial slip before the true onset of SSEs in the Cascadia subduction zone. The primary
advantage in the modified NIF is that o2 is modified to vary temporally and stochastically. Therefore, the mod-
ified NIF can extract slip signals without significant oversmoothing or undersmoothing (Fukuda et al., 2004,
2008), and is thus able to detect small changes in slip rate, as for the onset and early acceleration phase of
the 2013-2014 Boso SSE (Fukuda et al., 2014). We model the local benchmark motion as a random walk pro-

cess with a scale parameter of 1 mm/year

72 and common mode errors are modeled as a Gaussian white

noise process with a standard deviation of 20 mm. By combining the observation equation and the equations
that describe the temporal evolution of state variables, the modified NIF sequentially estimates slip and slip
rate on the fault, local benchmark motions, and common mode errors every day from 1 July 2010 to 28
February 2013 so that the predicted displacements are adjusted to match the observations at each day.

4, Results

4.1. Moment Rate Functions

Figure 4 shows moment rate functions calculated from the estimated daily slip rate distribution with a shear
modulus of 30 GPa. The temporal evolution of moment rate shows that five significant events whose
moment rate exceeds 1-c uncertainty are detected between July 2010 and February 2013. The SSEs started
approximately in 2010.6, 2011.2, 2011.6, 2012.3, and 2012.8, with a recurrence interval of 5-9 months.
Hereafter, we refer to these five SSEs as Events 1-5, respectively.

4.2, Observed Features of Surface Displacements

Figures 5 and S1 show observed GNSS time series for Events 1-5. The time series are obtained by subtracting
common mode errors (the third term on the right-hand side in equation (1)) from the detrended time series
(Figure 2). Transient signals can be detected for all five events at stations located on and near Iriomote Island
(0500, 0750, 0751, FNUK, KOHM, KRSM, and OOHR; see Figure 1 for GNSS stations). For example, the station
0500 shows rapid transient displacements of 0.6-0.9 cm to the east, 0.3-0.5 cm to the north, and 1-2 cm
upward over 1.0-1.5 months during each of the five SSEs (Figure 5). Based on the observed time series, we
calculate total cumulative displacement vectors for each event (Figure 6) by taking the difference between
coordinates averaged over 10 days before and after the event. Figure 6a indicates that in Event 1, stations
on and near Iriomote Island exhibit east-southeastward movement of 0.6-1.0 cm, which are roughly the
opposite direction of horizontal movement due to the subduction of the PH, and uplifts of 0.7-1.5 cm. The
spatial patterns of the total displacement vectors for Events 2-5 are similar to those for Event 1 (Figure 6),
suggesting that the spatial patterns of the total slip distribution for Events 1-5 are similar.

4.3. Cumulative Slip Distributions

Cumulative slip distributions of the five events (Figure 7) indicate that SSEs occur in the same area of the fault
located near the northwestern part of Iriomote Island at depths of 30-60 km, although the sparse distribution
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Figure 5. Observed GNSS time series (circles) at station 0500 (Iriomote) obtained by subtracting common mode errors from the detrended time series (Figure 2), with
the calculated displacement (red lines) due only to slip on the plate interface for Events (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. Blue, green, and black circles indicate the east-
west, north-south, and up-down components, respectively. See Figure 1 for GNSS station location. GNSS = Global Navigation Satellite System.

of the GNSS stations (Figure 1) makes it difficult to discuss the spatial distribution of SSEs in detail. The
locations of the main slip regions for the five events are consistent with previously estimated locations of
recurrent SSEs including these five events (Heki & Kataoka, 2008; Nishimura, 2014; Tu & Heki, 2017). The
amount of maximum slip ranges from 7.0 to 9.0 cm.

4.4, Spatiotemporal Evolution of Fault Slip

Figures 8-10 show the temporal evolution of moment rate, slip rate distribution, and slip rate at a point
within the large slip area (point A in Figure 7) for the five SSEs. Since there is only one station on Yonaguni
Island (Figure 1), slip resolution is low beneath the island. Moreover, it would be difficult to separate slow slip
signals from local benchmark motions using only one GNSS station. Therefore, we do not discuss slip near
Yonaguni Island, although a small amount (< 0.4 m/year) of slip can be inferred beneath Yonaguni Island
prior to the onset of Events 1 and 2 (Figures 9a and 9b), in the end of Event 3 (Figure 9¢), and during the initial
stage of Event 5 (Figure 9e).

4.4.1. Event 1 (August-September 2010)

Figures 8a, 9a, and 10a indicate that the fault slip for Event 1 starts to accelerate rapidly with a clear onset date
of 10 August 2010 near the northwestern coast of Iriomote Island, reaching a maximum slip rate of ~1.2 m/
year. This rapid acceleration to the maximum slip rate occurs within a day (Figures 8a, 9a, and 10a), and slip
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Figure 6. Observed (left) horizontal and (right) vertical GNSS displacement vectors (black arrows) with calculated ones due
to fault slip (gray arrows) for Events (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. These vectors are obtained by taking the difference
between coordinates averaged over 10 days before and after the event period shown in each panel. The observed dis-

placements are corrected for secular trend, steps, and common mode errors. GNSS = Global Navigation Satellite System.

greater than 1.0 m/year continues for ~15 days in the same fault area until 22-26 August (Figure 9a).
Subsequently, slip begins to decay gradually, and the slip rate at the main slip region becomes less than
the 1-c uncertainty level on 8 September (Figure 10a), although the small amount of slip (~ 0.1 m/year)
slightly above the 1-c uncertainty level continues beneath the southeast part of Iriomote Island until 20
October. The total duration of Event 1 is ~30 days, and the location of the main slip area does not vary
throughout the event.

Figures 5a and Sla compare the observed time series corrected for common mode errors with
calculated ones that contain contributions only due to fault slip (the first term on the right-hand side in equa-
tion (1)), indicating that the calculated time series are good fits with respect to the observed ones. In addition,
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Figure 7. Cumulative slip distribution of the five SSEs during the period shown in each panel. Slip rate histories at point A
are shown in Figure 10. The black line indicates the Ryukyu trench. The dashed lines are depth contours of the upper
surface of the PH with an interval of 10 km (Hayes et al.,, 2012) and are extrapolated in the region off the south coast of
Yonaguni Island by using the surface command in GMT software (Wessel & Smith, 1998). The black arrows indicate the
positive slip direction. GMT = Generic Mapping Tools; SSEs = slow slip events.

the total displacement vectors obtained from the calculated time series match well with observed
displacements (Figure 6a).

4.4.2. Event 2 (March-April 2011)

Event 2 starts around 6 March 2011 near the northwestern coast of Iriomote Island, and the fault slip reaches
a maximum slip rate of 0.9 m/year around 14-18 March (Figures 8b, 9b, and 10b). It takes several days for
Event 2 to reach the maximum slip rate, which is a little longer than in Event 1. However, uncertainties in
the estimated slip and moment rates indicate that there is no significant difference in the slip acceleration
style between Events 1 and 2. Fault slip subsequently lasts for ~30 days with a slip rate of ~0.8 m/year until
early April. After that, slip gradually decelerates and stops in mid-April. The main slip area does not migrate
during Event 2 (Figure 9b), and the total duration is ~35 days. Figures 5b and S1b compare the calculated
time series with the observed ones and indicate a good match. Consequently, the calculated displacement
vectors during Event 2 fit the observed ones well (Figure 6b).

4.4.3. Event 3 (August-November 2011)

Figures 8¢, 9¢, and 10c indicate that Event 3 exhibits different behavior compared with Events 1 and 2 and is
characterized by slower acceleration, longer total duration, and a smaller maximum moment rate (Figures 8f
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Figure 8. Time histories of moment rate (solid lines) within the area shown by the black rectangle in Figure 3 with 1-c
uncertainty (dotted lines) for Events (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. The orange and red bars indicate the numbers of
VLFEs (Nakamura & Sunagawa, 2015) and LFEs (Nakamura, 2017) per day, respectively. (f) Red, green, blue, black, and
orange lines indicate the moment rate functions for Events 1-5, respectively. VLFEs = very low frequency earthquakes;
LFEs = low-frequency earthquakes.

and 10f). This event can be divided into two periods: Period | (mid-August to September) is characterized by a
slower acceleration and subsequent slower slip rate, while Period Il (October to late November) exhibits a
sudden slip acceleration and a relatively faster slip rate. Figures 8¢, 9¢, and 10c indicate that during Period
I, Event 3 initiates in mid-August 2011 near the northwestern coast of Iriomote Island, and slip accelerates
slowly up to a slip velocity of ~0.15 m/year for about 1.5 months through the end of September 2011.
During Period ll, acceleration of slip increases suddenly in early October and slip rate reaches its maximum
of ~0.4 m/year around 6 October. The maximum slip rate is 2-3 times less than that for Events 1 and 2 and
lasts until the middle of November. Finally, slip shows a rapid deceleration and slip rate becomes less than
the 1-c uncertainty level during the end of November. The temporal evolution of slip rate distributions
(Figure 9c¢) indicates that the locations of large slip area are the same for Periods | and Il. The total duration
of Event 3 is ~95 days, which consists of the first slow acceleration for ~45 days (Period I) and the
subsequent faster slip for ~50 days (Period II).

The slow acceleration during Period | is visible in the GNSS time series (Figures 5c¢ and S1c), which show
very slow east-southeastward movements from the middle of August until the start of the significant
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Figure 9. Spatiotemporal evolution of slip rate for Events (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. The orange and red dots indicate the epicenters of VLFEs (Nakamura &
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east-southeastward signals in early October. Figures 11a and 11b show horizontal displacement vectors for
40 days prior to the onset of Event 3 and during Period |, respectively. These vectors are calculated by taking
the difference between the mean coordinates, averaged over 5 days before and after the period shown in
each panel. Before the onset of Event 3, no systematic displacements are observed (Figure 11a). In contrast,
east-southeastward movements of 1-3 mm are observed during Period | (Figure 11b). The spatial pattern of
the displacement vectors is analogous to the total displacement (Figure 6c), suggesting that these east-
southeastward movements are caused by slow fault slip. Nakamura and Sunagawa (2015) examined the
onset of SSEs by fitting the exponential function in equation (1) to the GNSS data and determined the onset
of Event 3 to be 6 October 2011. This onset time is significantly different from ours (mid-August 2011) but is
consistent with our initiation time for Period Il. The different onset times of Event 3 result from the fact that
the exponential function is not capable of capturing the gradual acceleration of the slip during Period I; con-
sequently, Nakamura and Sunagawa (2015) detected only the faster slip during Period II. In contrast, since the
modified NIF does not assume any deterministic function for fault slip evolution (see equation (3)), we suc-
cessfully identify the slow slip acceleration during Period | as well as the faster slip during Period II.

4.4.4. Event 4 (April-June 2012)

Event 4 starts around 30 April 2012 near the northwestern coast of Iriomote Island, and slip rapidly acceler-
ates within a few days to reach a maximum slip rate of ~1.0 m/year in early May (Figures 8d, 9d, and 10d). The
maximum slip rate continues for ~15 days until 17 May, followed by a gradual decay through the end of June.
No significant propagation of slip is found during Event 4, and the total duration is ~60 days. The displace-
ment time series at the GNSS observation sites reproduce the observed ones well (Figures 5d and S1d).
The temporal evolutions of moment rate (Figure 8d) and slip rate at the large slip area (Figure 10d) show that
this event is characterized by the rapid nucleation of slip, similar to the temporal evolution of Events 1 and 2
(Figures 8f and 10f). This indicates that Event 4 is a recurrence of Events 1 and 2.

4.4.5. Event 5 (November 2012-January 2013)

The temporal evolution of moment rate (Figure 8e) and slip rate distributions (Figure 9e) indicates that Event
5 can be divided into three periods, each of which has different characteristics of spatiotemporal slip
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Figure 11. Observed (black arrows) and calculated (white arrows) displacement
vectors for 40 days (a) before the onset of Event 3 and (b) during Period | of Event
3. These vectors are obtained by taking the difference of mean coordinates
averaged over 5 days before and after the period shown in each panel. The
observed displacement vectors are corrected for secular trend, steps, and com-
mon mode errors, and the calculated ones represent displacements due only to
fault slip.

5. Discussion

evolution: a slow fault slip beneath the northern coast of Ishigaki Island
from late October to late November (Period 1), a slow slip acceleration
beneath the northwestern coast of Iriomote Island from late
November to late December (Period Il), and a more rapid acceleration
of slip and the subsequent faster slip rate until the middle of January
(Period Ill). The moment rate shows negative values just before the
onset of Event 5 (the first half of October 2012) due to some ambiguous
negative slip beneath the south part of Ishigaki Island, but this negative
slip is not discussed. In Period |, slip accelerates and the moment rate
exceeds 1-c uncertainty at the end of October (Figure 8e) beneath
the northern coast of Ishigaki Island (Figure 9e), where no significant
slip was estimated for Events 1-4. The slip near Ishigaki Island con-
tinues with a rate of ~0.25 m/year for ~30 days and ceases around 27
November. During Period Il, slip begins to accelerate at the end of
November beneath the northwestern coast of Iriomote Island, where
large amounts of slip have been estimated for Events 1-4, and con-
tinues to accelerate gradually for the following 25 days (Figure 10e).
Finally, in Period Ill, slip starts to accelerate rapidly on ~21 December
and reaches a maximum slip rate of ~0.9 m/year by the end of the
month (Figures 9e and 10e). The maximum slip rate lasts for ~10 days
and finally begins to decelerate around 10 January, terminating a few
days later. This temporal evolution characterized by slower acceleration
during Period Il and a rapid reacceleration in Period lll is similar to Event
3. The observed GNSS time series show slower transient signals during
Periods | and II, followed by rapid signals during Period Ill (Figures 5e
and S1e). These observations are explained well by the estimated slip
evolution in Figures 5e and S1e.

5.1. Characteristics of Recurrent SSEs in the Southern Ryukyu Region

We have detected five SSEs during the period from July 2010 to February 2013 in the southern Ryukyu region.
These five SSEs occur beneath the northwestern coast of Iriomote Island at depths of 30-60 km with
quite similar cumulative slip distributions (Figure 7) and have nearly the same seismic moments of
1.0-1.2 x 10'® Nm, which are equivalent to M,, of ~6.6-6.7 (Table 1). These results indicate that the SSEs recur

in the same patch on the fault.

In contrast to the similarity in final slip distributions, we found that the spatiotemporal evolution of the five
SSEs is significantly different for each event (Figures 8-10). In terms of SSE nucleation, the five SSEs are cate-
gorized into two groups: Events 1, 2, and 4 (Group 1), and Events 3 and 5 (Group 2). The SSEs in Group 1 show
sudden acceleration from zero to the maximum slip rate within several days (Figure 10f). On the other hand,

Table 1

Cumulative Moment, Moment Magnitude (M,,), Duration and Maximum Slip Rate for the Five SSEs

Cumulative moment (Nm) M, Duration (days) Maximum slip rate (m/year)
Event 1 11202x10"° 6.6 ~30 1202
Event 2 11+03x10'"° 6.6 ~35 08 +0.1
Event 3 11£03%x10" 6.6 ~45 (Period I) 04 £0.1
~50 (Period Il)
Event 4 12+03x10'° 6.7 ~60 1.0 £ 0.1
Event 5 11£04%x10" 6.6 ~30 (Period I) 0.9 £0.1
~25 (Period Il)
~25 (Period IIl)

Note. The cumulative moment is calculated using only the positive slip rate within the area outlined by the black rectan-

gle in Figure 3.
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Figure 12. Temporal evolution of the estimated slip (solid line) at the main slip
area (point A in Figure 7) with 1-6 uncertainty (broken lines).

the SSEs in Group 2 exhibit much more gradual nucleation for ~25-
45 days, followed by rapid acceleration to the maximum slip rate.
This rapid acceleration is comparable to that for the events in Group
1. However, the maximum slip rate and duration are not systematically
different between the two groups. The maximum slip rate for most of
the SSEs is similar (~0.8-1.2 m/year), with an exception of ~0.4 m/year
for Event 3 (Table 1 and Figure 10f). Similarly, Events 1, 2, 4, and 5 exhi-
bit similar durations of maximum slip rate (~20-30 days), while Event 3
duration is significantly longer (~50 days, Figure 10f). Overall, total
duration varies from 30 to 95 days, reflecting differences in SSE nuclea-
tion and deceleration styles (Table 1).

Similar variations in nucleation style within a single series of SSEs are
also found in the SSEs off the Boso Peninsula in central Japan
(Fukuda, 2018). Another similarity for the SSEs in both regions is that
the maximum slip rate durations are comparable. SSEs in the Boso area
exhibit a correlation between nucleation style and the maximum slip

rate/seismic moment; events with rapid nucleation have a faster maximum slip rate and larger seismic
moment than events with slower nucleation (Fukuda, 2018). The maximum slip rate for Event 3 in the
Ryukyu area, which exhibits slower nucleation, is smaller than those for Events 1, 2, and 4, suggesting a cor-
relation between nucleation style and maximum slip rate similar to that for the Boso SSEs. However, Event 5
has a maximum slip rate that is more comparable to Events 1, 2, and 4. Therefore, it is not clear whether the
correlation found in the Boso area is applicable to the SSEs in the southern Ryukyu area.

In summary, SSEs in the southern Ryukyu area rupture the same fault patch, but the temporal evolution of
slip, especially the nucleation style, differs from event to event. However, the spatial resolution of slip is

124°

0.0 0.1 0.2 0.3 0.4 0.5
Cumulative Slip(m)

Figure 13. Cumulative slip distribution from July 2010 to February 2013, com-
pared with the epicenters of VLFEs (orange dots, Nakamura & Sunagawa, 2015)
and LFEs (red dots, Nakamura, 2017). The thin and dashed lines are the

Ryukyu trench and the depth contours of the upper surface of the PH with an
interval of 10 km (Hayes et al., 2012) and are extrapolated in the region off the
south coast of Yonaguni Island by using the surface command in GMT software
(Wessel & Smith, 1998). The orange region is the source area of the 1771
Yaeyama tsunami earthquake (Nakamura, 2009). VLFEs = very low frequency
earthquakes; LFEs = low-frequency earthquakes; GMT = Generic Mapping Tools;
PH = Philippine Sea plates.

low due to the limited number of stations (Figure 1). Installation of
additional stations will more clearly reveal similarities and differences
among SSEs in the southern Ryukyu area, enabling further comparisons
between SSEs in the southern Ryukyu area and those in other
subduction zones.

Figure 12 shows the cumulative slip in the main slip area of the SSEs
(point A in Figure 7), indicating that the slip rate averaged over the
entire analysis period is ~0.13 m/year. This average slip rate is compar-
able to the plate convergence rate of ~0.13 m/year in the southern
Ryukyu subduction zone, consisting of the PH subduction rate of
0.080-0.085 m/year (Sella et al.,, 2002) and the back-arc spreading rate
of 0.035-0.050 m/year (Nishimura et al, 2004) along the Okinawa
trough. This indicates that the main slip area is almost fully locked,
and the accumulated strain due to plate convergence is mostly
released by the SSEs.

5.2. Spatiotemporal Relationships Among SSEs, VLFEs, and LFEs

Along the southern Ryukyu subduction zone, seismic signals of slow
earthquakes such as VLFEs and LFEs have been recently reported in
addition to SSEs (Ando et al., 2012; Arai et al,, 2016; Nakamura, 2017;
Nakamura & Sunagawa, 2015). Figure 13 compares the cumulative slip
distribution of SSEs from July 2010 to February 2013 with the epicen-
ters of VLFEs (Nakamura & Sunagawa, 2015) and LFEs (Nakamura,
2017) during the same period, as well as the possible source area of
the 1771 Yaeyama tsunami earthquake (Nakamura, 2009). Although
the western limit of the slip area cannot be constrained due to the
insufficient number of stations on Yonaguni Island, the SSEs mainly
occur beneath Iriomote Island at depths of 30-60 km. Since
several GNSS stations exist above the southern part of the main slip
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area (see Figure 1), we consider that the upper limit of slip is largely resolved and this main slip area does not
extend to shallower depths (<~30 km). On the other hand, VLFEs and LFEs are distributed complementarily
with the SSEs, on the shallower part of the plate interface. Nakamura (2017) pointed out that LFEs form three
large clusters on the south ends of Iriomote and Ishigaki Islands, while VLFEs are widely distributed due to the
large uncertainties of their epicenters. Nakamura (2017) proposed that VLFEs and LFEs represent signals for
different frequency bands of the same fault slip phenomena during the same period and concluded that
most of VLFEs and LFEs occur in the same fault area, located along the shallow part of the plate boundary
beneath the south end of the Yaeyama Islands (~15-25 km). Figure 13 indicates that the style of fault slip var-
ies with depth along the southern Ryukyu subduction zone. There is a possible tsunamigenic zone in the shal-
lowest part (~15 km), source regions of VLFEs and LFEs in the shallower part (~15-25 km), and the fault where
SSEs occur in the deeper part (30-60 km), as also illustrated by Arai et al. (2016). This dependence of fault slips
on depth can be interpreted as the changes with respect to depth of physical properties such as frictional
properties and fluid pressure.

Our results indicate that the five SSEs in the southern Ryukyu area do not extend to the shallow (<~30 km)
part of the plate interface (Figure 7). Furthermore, we do not find any SSEs shallower than the five detected
SSEs. Dixon et al. (2014) and Rolandone et al. (2018) suggested that shallower SSEs may reduce the tsunami
potential along the shallow part of the plate interface because those SSEs release at least part of the accumu-
lated slip deficit and may limit coseismic rupture propagation. These previous studies, together with the
absence of shallow slow slip found in this study, may be consistent with the possibility of shallow historical
tsunami earthquake (Nakamura, 2009) and may imply future tsunami earthquakes in the southern Ryukyu
subduction zone.

Daily numbers of VLFEs and LFEs show that swarm-like activities of VLFEs occur simultaneously with swarms
of LFEs (Figure 8), although the number of detected LFEs is small due to a low signal-to-noise ratio.
Nakamura and Sunagawa (2015) investigated the temporal relationships between SSEs and VLFEs along
the plate interface in our study region. They obtained the daily occurrences of VLFEs averaged over 22
SSEs in our study area from 2002 to 2013 and concluded that VLFE activity often became 2 to 3 times
greater than normal 10-20 days after the onset of SSEs. The present study indicates that VLFEs, and possi-
bly LFEs, are activated in Event 3 (Figure 8c) 10-20 days after the initiation of the rapid acceleration of slip
(Period 1), although whether LFEs are activated or not is unclear due to the small event count. In contrast,
there seems to be no obvious activation of VLFEs and LFEs during the other events. It is not clear why VLFEs
and LFEs are activated during Event 3 but not during other events. One possible explanation is that stress
accumulated in VLFE and LFE patches are heterogeneous before the onset of the SSEs. SSE occurrence
results in a shear stress perturbation of ~1 kPa on the plate interface where VLFEs and LFEs occur
(Nakamura & Sunagawa, 2015). If the accumulated stress in VLFE and LFE patches is high enough, the
SSE stress perturbation would activate VLFEs and LFEs. Otherwise, activation of such events would not
occur. This explanation is supported by the fact that tidal sensitivity of VLFEs is low in our study area
because the shear stress change due to tides is comparable to that caused by SSEs (Nakamura & Kakazu,
2017). In summary, whether VLFEs and LFEs are activated or not might be dependent on the stress levels
in VLFE and LFE patches at SSE onset time.

5.3. Implications for Physical Properties on the Fault

A wide variety of numerical and laboratory studies have shown that fault slip behavior during SSEs is deter-
mined by many physical factors such as frictional properties and stress state on the fault, geometry of the
plate boundary, and, possibly, fluid pressure near the plate boundary. Previous studies have shown that fric-
tional properties and effective normal stress on the fault control the depth extent, maximum slip rate, recur-
rence interval, and duration of SSEs (e.g., Leeman et al., 2016; Liu & Rice, 2007; Matsuzawa et al., 2013; Watkins
et al., 2015). For example, Leeman et al. (2016) exhibited through laboratory experiments that the higher
effective normal stress leads to lower maximum slip rate and longer duration. This indicates that temporal
change of fluid distribution may explain the fundamental difference in temporal evolution of the SSEs in
the southern Ryukyu area. These results suggest that detailed investigations of the spatiotemporal evolutions
of SSEs may provide valuable information on such physical properties along the plate interface.

This study reveals that the cumulative slip distribution for the five SSEs along the southern Ryukyu Trench is
quite similar among all events, while the spatiotemporal evolutions of slip, especially the nucleation style,
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maximum slip rate, and duration, differ from event to event. Such variations in fault slip evolution during SSEs
were also found in the Bungo channel (Ozawa et al., 2007; Yoshioka et al., 2015) and Boso areas (Fukuda,
2018) in Japan. Our results, together with the findings of these previous studies, suggest that some physical
properties such as fluid pressure and frictional properties may change with time, or that the initial stress state
on the plate interface immediately before the nucleation of the SSEs differs from event to event. Previous stu-
dies developed methods to quantitatively estimate physical properties along the plate interface including
frictional properties, effective normal stress, and initial stress, based on transient postseismic geodetic signals
or the geodetically derived spatiotemporal evolution of afterslip following large earthquakes (Fukuda et al.,
2009; Kano et al,, 2013, 2015). Application of these methods to the spatiotemporal evolution of slow slip
obtained in this study may reveal whether the frictional properties and initial stress varies from event to
event, leading to further understanding of the physical properties on the SSE fault and, ultimately, the gen-
eration mechanism of SSEs.

6. Conclusions

We investigate the spatiotemporal source processes of SSEs along the southern Ryukyu subduction zone in
most southwestern part of Japan. The modified NIF is applied to GNSS time series from March 2010 to
February 2013 and detects five SSEs with M,, ~6.6-6.7 and recurrence intervals of 5-9 months. Slip distribu-
tions of the five SSEs are quite similar, located beneath the northwestern coast of Iriomote Island at depths of
30-60 km. In contrast, the temporal evolutions of slip rate and moment rate vary with events. The most out-
standing feature is that the nucleation style of SSEs is different from event to event; three of the five SSEs
nucleate rapidly from zero to the maximum slip rate within several days, and the other two SSEs show a slow
gradual nucleation lasting for 20-50 days. These SSEs repeatedly rupture the same fault area but evolve in
different manners. The SSE source areas are complementarily located at the deeper part of VLFE and LFE
source regions along the plate interface, and the SSE once activated the VLFEs and LFEs during our analysis
period. The similarities and differences in the spatiotemporal evolutions of slip within the series of SSEs in the
southern Ryukyu subduction zone, together with the relationships between the SSE evolution and VLFE/LFE
activity, will help constrain the physical characteristics along the subduction interface and eventually eluci-
date SSE generation mechanisms.
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