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Activated seismicity by strain rate change
in the Yaeyama region, south Ryukyu

Mamoru Nakamura ® and Ayumi Kinjo

Abstract

We evaluated the long-term strain rate by using continuous global navigation satellite system data of GEONET and
compared it with seismicity activation between 1996 and 2017 near Iriomote Island, south Ryukyu arc. We analyzed
the seismicity by using the epidemic-type aftershock sequence model to detect the timing when the seismicity had
changed. The results revealed that the long-term shear strain rate had increased on around 2002 and around 2013,
and this was accompanied by an increase in seismicity in both 2002 and 2013. The change in the shear strain rate in
2002 could be explained by the crustal movement induced by the 2002 afterslip in the area west of Iriomote Island.
The change in the shear strain rate in 2013 could be explained by the post-seismic crustal movement induced by the
dike intrusion that occurred during the earthquake swarm in the Okinawa Trough in April 2013. These findings sug-
gest that the long-term seismicity near Iriomote Island is strongly affected by changes in the crustal strain rate, which
have occurred in the past in response to dike intrusions in the Okinawa Trough and slow earthquakes in the Ryukyu

Trench.
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Introduction

Faulting during a slow earthquake changes the stress
distribution and can induce surrounding seismicity.
This makes it possible to estimate the stress change
near the fault of a silent slip. Earthquake swarms have
occurred in conjunction with slow events in the detach-
ment fault beneath Kilauea’s south flank on Hawaii
Island (Dieterich et al. 2000; Segall et al. 2006; Wolfe
et al. 2007). In the Boso region, central Japan, earth-
quake swarms have been generated repeatedly when
slow slip events (SSEs) occurred in the subducting
Pacific plate (Ozawa et al. 2007). The moment mag-
nitude of the studied SSEs was ~Mw 6.5, whereas the
maximum magnitude of the swarm was Mw ~ 4 (Ozawa
et al. 2007). This finding suggests that the plate inter-
face mainly slips aseismically, whereas small seismic
patches ruptured during the slip of the Mw 6.5 aseismic
events. The seismicity of the swarm accompanying the
SSEs had notable characteristics in that the background
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and indicate if changes were made.

seismicity increased during the swarm but the after-
shock productivity did not change (Llenos et al. 2009;
Okutani and Ide 2011).

Various types of slow earthquakes, which can change
the strain distribution, occur in the Yaeyama Islands,
south Ryukyu arc. In the Yaeyama Islands, the Phil-
ippine Sea plate (PH) is subducting beneath the
Eurasian plate (EU) at a rate of 8.6 cm year™! north-
westward (Bird 2003; Kreemer et al. 2014) (Fig. 1a).
Because of the rifting of the Okinawa Trough at a rate
of 3.5 cm year™! (Nakamura 2004; Kreemer et al. 2014)
(Fig. 1b), the relative convergence rate of the PH with
respect to the Yaeyama Islands is 11.1 cm year™!. The
depth of the subducting plate is 40—60 km beneath Irio-
mote Island (Fig. 1b). The repeating SSEs occur beneath
Iriomote Island biannually (Heki and Kataoka 2008; Tu
and Heki 2017). The average moment magnitude of the
SSEs is 6.7. A Mw 7.4 afterslip occurred beneath the
area west of Iriomote Island after the Mj 7.0 earthquake
on March 31, 2002 (Nakamura 2009). This afterslip
lasted approximately 4—5 years.

Regular crustal earthquakes are active near Iriomote
Island in the central Yaeyama Islands and in the Okinawa
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Trough. Iriomote Island is located in the central part of
the seismic network of the Yaeyama Islands, and the seis-
micity at Iriomote Island has been continuously active.
The maximum magnitude (Mj) since January 1, 1991,
was 5.6, and this occurred on March 2, 2018, at Iriomote
Island. Conspicuous earthquake swarms occurred from
1991 to 1994 in the area northwest of Iriomote Island,
and the maximum magnitude during this time was 5.1.
On December 18, 2001, Mj 7.3 normal-faulting earth-
quakes (Eql) occurred south of Yonaguni Island (Fig. 2).
This event was accompanied by an afterslip that lasted
1 month, and its released moment was approximately
30% of the mainshock (Nakamura 2009). In the Okinawa
Trough, earthquake swarms occur every several years,
and these are accompanied by M5 class earthquakes. The
major swarm activities since 1990 occurred during June
1996, October 2002 (SW1), and April 2013 (SW?2) (Fig. 2).

Seismicity activation was observed to have occurred
after a change in the crustal movement twice since
1995 in the Yaeyama Islands. Such seismicity activa-
tion was observed in the S region, which is located in
the central part of the Yaeyama Islands, during 2002
and 2013 (Figs. 2, 3a). The temporal seismicity activa-
tion by the aftershocks was obvious for the seismic-
ity of M>2.0 in the N region. However, conspicuous
seismic activity around the same time as the seismic-
ity activation of the S region was not found in the seis-
micity for M>2.5. When the seismicity changed, the
accumulation of the slip of the repeating SSEs changed
around 2002 and 2013 (Tu and Heki 2017). The accu-
mulation of the slip was 9.3 cm year™! before 2002. This
increased to 10.9 cm year™! from 2002 to 2007. After
2007, it decreased to 6.3 cm year™!. It increased again
to 10.2 cm year! since 2013. Tu and Heki (2017) pro-
posed that the transient acceleration of the SSE rate in
the Yaeyama Islands was driven by the rifting in the
Okinawa Trough, which accompanied the earthquake
swarm. Another factor is the afterslip that occurred in
2002. Nakamura (2009) showed that the activity of the
repeating SSE was changed by the 2002 afterslip. These
research results suggest that the seismicity can be
changed by transient fluctuations in the crustal move-
ment caused by dike intrusions and nearby slow earth-
quakes. We investigated the relationship between the
long-term variation of the strain rate and the seismicity
activation in the Yaeyama Islands. We then investigated
the cause of the strain rate change, which could have
also generated the seismicity change.

Data and methods

Analysis of the long-term and short-term strain rate

In this study, we used the global navigation satellite sys-
tem (GNSS) site data of GEONET in the Ryukyu Islands,
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which are managed by the Geospatial Information
Authority of Japan (GSI). We employed the daily solution
of F3 (final) at the sites for the analysis. First, we calcu-
lated the relative position of each site against site 950498
(Fig. 4). The period in which the relative position was cal-
culated ranged from April 1, 1997, to December 31, 2017.
We computed the annual velocity of each site relative to
site 950498.

We analyzed the strain rate by using the horizon-
tal velocity of four sites (960749, 960750, 960751, and
950500) (Fig. 4). We employed the calculation formula of
Shen et al. (1996). The eastward velocity (V,) and north-
ward velocity (Vy) at each station can be expressed as
follows:

U
Uy
_|10Ax Ay 0 Ay Tox
}_[010 AxAy—Ax} Tay
Tyy
1)

where U, and U, are the eastward and northward hori-
zontal velocity of a certain area, respectively. The 7, 7,
7,, terms denote the strain rate.  represents the angu-
lar velocity of the area of concern. The terms Ax and Ay
represent the position of the observation site relative to
the reference point. ¢, and ¢, are the error of the eastward
and northward velocity components, respectively.

To obtain the long-term strain rate change in this
region including the displacement of the SSEs, which
occur repeatedly at 6-7-month intervals, we calculated
the 3-year average annual velocity at each site for the
east—west and north—south direction, and then, we com-
puted the strain rate by using the above equation. The
analysis of the strain rate was done from January 1998
to December 2017, and it was performed by moving the
calculation interval by 1 year. Then, we calculated the
dilatation rate and maximum shear strain rate by using
formula (4) of Sagiya et al. (2000).

Moreover, we calculated the short-term strain rate
to obtain the strain caused by SSEs and earthquakes
around the Yaeyama Islands. We computed the strain
rate for 3 months by moving the interval by 0.5 months.
We determined the average velocity by using the relative
position for every 3 months, and then, we calculated the
strain rate by using the above equation.

Moreover, we calculated the strain and difference in
Coulomb failure stress (ACES) (King et al. 1994) for the
Eql, 2002 afterslip, 2002 earthquake swarm (SW1), and
2013 earthquake swarm (SW2) (Table 1). We used the
program “DC3D” by Okada (1992) for the calculation of
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Fig. 1 Location of the Yaeyama Islands and GNSS sites. a Plate tectonic setting of the Ryukyu arc. Rectangle area shows the survey area detailed in
b. b GNSS horizontal velocity in the Yaeyama Islands. Red arrows show the average annual velocity of each GNSS site between January 2007 and
December 2017 with reference to site 950546 in Fig. 1a. The annual velocity at site 151211 was calculated between January 2017 and December
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2017. Contours show the depth of the subducted Philippine Sea plate (Lindquist et al. 2004; Iwasaki et al. 2015)

the displacement and strain field. We set the frictional
coefficient of the ACFS to 0.0-0.6. The fault parameters
of the Eql were set as striking 210°, dipping 60°, slip of
150 c¢m, and rake of —120°. We employed the modified
fault model of Nakamura (2009) for the fault model of
the 2002 afterslip. We moved the fault location 30 km
eastward, which is within the 1o error of the fault loca-
tion. For the SW2, we set the dike in the cluster of the SW2,
which was northwest of Iriomote Island. The length and
width of the dike were set to 20 km and 10 km, respec-
tively. The opening tensile was set to 2 m since the
volumetric change by dike intrusion was estimated as
~0.4 km® (Ando et al. 2015). For the SW1, we set the
length, width, and opening tensile of the dike to the same
values as those used for the SW2; this was done because
the coinciding SSE obscured the displacement of the
SW1 so that we could not detect it. The dike of the SW1
was set to the cluster location of the SW1, which was
north of Iriomote Island. The strain axes in the Yaeyama
Islands were calculated by using the horizontal displace-
ment at four GNSS sites. The ACFS in the normal fault
striking 135° and dipping 60° at the depth of 15 km was
computed, and the results were based on the centroid
moment tensor (CMT) solution in the south Ryukyu arc
(Kubo and Fukuyama 2003) (Fig. 2c).

Analysis of seismicity

To determine the minimum magnitude that could be
recorded completely in the S region, we calculated the
magnitude completeness (Mc) by using the method of

Wiemer and Wyss (2000). This method compares the
cumulative number of earthquakes against the magni-
tude, i.e., the earthquakes are sorted by magnitude, and
one determines the Mc where the cumulative earthquake
number does not correspond with the Gutenberg—Rich-
ter power law distribution. We used Zmap software
(Wiemer 2001) for the analysis of the Mc.

We used the Japan Meteorological Agency (JMA)
earthquake catalog to obtain data for January 1994 to
December 2017. We used the earthquakes whose mag-
nitudes were over 0.0. The calculated area was located
at 23.0°-25.3°N and 123.0°-124.5°E. We set the points
at every 0.05° and calculated the Mc at these points.
We used the earthquakes for the calculation of the Mc,
which occurred within 30 km from each point. We
computed the Mc when the number of events was over
50. The Mc was computed for an interval of 2 years
between 1994 and 2017. During this period, the seismic
network expanded in a stepwise manner in the Yaey-
ama Islands. In March 1994, the number of stations
increased from two to four. In July 2000, the number of
stations increased from four to six. In February 2010,
the number of the stations increased from six to eight
(JMA 2002, 2018). Thus, since the detection ability for
earthquakes increased in March 1994, we used the data
from March 1994 to December 1996 for the calculation
of the Mc of 1994. The Mc values for the other terms
were calculated every 2 years.

According to the results of the analysis, the Mc
largely remained at 1.5-1.8 near Iriomote Island since
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Fig. 2 Epicenter distribution of earthquakes from January 1994 to December 2017 for those with depths shallower than 30 km and magnitudes
over 2.0. a Magnitude completeness. The solid lines show the contours where the magnitude completeness was 2.0. The dotted lines show the
contours of 1994-1995 and 2000-2001 where the magnitude completeness was 2.3. The lines are colored corresponding to the initial year for the
period in which the Mc was calculated. Yellow triangles show the JMA seismic stations. b Locations of earthquake swarms and large earthquakes.
Dotted rectangles show the areas where the cumulative number of earthquakes is plotted in Fig. 3. The CMT solution shows the event of Eq1 (Fnet,
NIED). € The CMT solutions of the earthquakes (between January 2000 and March 2018) whose depths are shallower than 20 km. The CMT solutions

1996 (Fig. 2). However, earthquake detection capabili-
ties were insufficient between 1994 and 1995. Moreo-
ver, for Period I, the Mc increased to over 2.0 in the
southwest corner of the S region between 2000 and
2001 (Fig. 2). However, the Mc in the S region stayed
within 2.3 through Period I (Fig. 2). Thus, we set the
Mc to 2.3 for the analysis of Period I. Since the Mc was
within 2.0 in Period II, we set the Mc to 2.0 for the anal-
ysis of Period II (Fig. 2).

Next, we detected the timing of seismicity activation
by using the ETAS (epidemic-type aftershock sequence)
model (Ogata 1988, 1999). We adopted the software
“etas_solve” to estimate the parameters of the ETAS
model (Kasahara et al. 2016). As for the ETAS model, the
seismicity A(t) at time ¢ can be explained as the combi-
nation of the background seismicity rate and the effect
of preceding earthquakes. After normalization of the
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Fig. 3 Cumulative number of earthquakes since 1995 near Iriomote Island. a Cumulative number of earthquakes in the S region. The location of
this area is shown in Fig. 2. The bold line, solid line, dotted line, and dot-dash line denote the cumulative number of earthquakes with magnitudes
over 2.0, 2.3, 2.5, and 3.0, respectively. The yellow rectangle area and green rectangle area show the Period | (from January 1996 to December 2003)
and Period Il (January 2008 to December 2016) results, respectively. Blue dotted lines show the occurrence of the Eq1, afterslip, SW1, and SW2. b
The same as a but in the N region

aftershock productivity K, the A(f) term in “etas_solve”

can be written as follows:

es’

where AIC, represents the AIC for the model of time
interval [S, T]. AIC, and AIC, represent the AIC for

Mes Kes
Alt) = — +
; Jo @+ o) Pdu

exp (a(M; — Mo))/ (¢ — t; + ¢ 2)

where y is the background seismicity. « is the effect of
earthquake productivity between the mainshock and
aftershocks. K is the aftershock productivity. ¢ and p are
parameters from the Omori—Utsu law. 7 is the normal-
ized time interval, and we set 7 to 1. These five param-
eters were determined by using the maximum likelihood
estimation method with data from the earthquake cata-
log (origin time: ¢; and magnitude: M,). Here, M, means
the reference magnitude. We set M, as 2.0.

We determined the time when the seismicity changed
in around 2002 and 2013 by using Akaike information
criterion (AIC) values. We compared the goodness of

the model of time interval [S, Ty] and [T, T], respec-
tively. The parameters k; k;, and k, reflect the num-
ber of parameters. L means the maximum likelihood
of the ETAS model. Then, we compared the AIC, with
AIC, +AIC,+2g(N) (Ogata 1992). The term ¢(N) is
a penalty value (Ogata 1992, 1999). We set the value of
q(N) by using the results of Kumazawa et al. (2010). We
then calculated the ETAS parameters for the two peri-
ods (Period I and Period II) (Table 2). When we calcu-
lated the ETAS parameter for the Pre time (from January
5, 1996, to February 2002) of Period I, the parameter o
stayed at nearly zero. To avoid this, we fixed & at 1.0 for

the fitting models in the time interval between S and the Pre of Period I.
T ([S, T]) with those in two intervals, namely, [S, T)]

and [T, T], and these AICs can be expressed as follows

(Ogata 1992): Results

AICy = — 2InL(S, T) + 2ko
AIC; = — 2InL(S, Tp) + 2k; (3)
AICy = — 2InL(Ty, T) + 2ky

Long-term and short-term strain rate

The long-term dilation and shear strain rate were off the
stationary trend in 2002 and 2012-2013 (Fig. 5a). The
long-term dilatation rate and the maximum shear stress
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Table 1 Model parameters of the faults and dikes used in this study

Model Position of top center Length (km) Width (km) Strike (°) Dip (°) Slip (cm) Rake (°) Tensile (cm)
Latitude (north) Longitude (east) Depth (km)

Eql 23.95 122.80 15 15 15 210 60 150 —120

Afterslip  24.18 123.12 35 80 30 280 30 150 135

SW1 25.26 123.80 0 20 10 270 90 200

SW2 24.82 123.33 0 20 10 270 90 200

rate were almost zero (—0.003 to 0.006 ppm year ')
and 0.06 ppm year !, respectively, from 1999 to
2001. The error of dilatation and shear strain rate was
0.043 ppm year ! and 0.028 ppm year !, respectively.
The extensional axis was in the northeast—southwest
direction (Fig. 6). However, the degree of the dilata-
tion rate increased to 0.014—0.10 ppm year™ ' (Fig. 5a)
and the direction of the extensional strain axis changed
from the NE-SW to NNW-SSE direction between
2001 and 2004 (Fig. 6). The maximum shear strain rate

also increased to 0.11 ppm ear ! in 2002. After 2002,
the dilatation rate and maximum shear strain rate
decreased and were close to zero. The decreasing trend
changed after 2012. After that time, the maximum
shear stress rate increased to 0.064—0.070 ppm year !
at 2012-2013 (Fig. 5a). The dilatation rate changed to
negative (—0.009 to — 0.055 ppm year '), and the com-
pressional stress for the WNW-ESE direction has been
dominant since 2013 (Fig. 6).
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The short-term strain analysis revealed the dilatation
rate change by repeating SSEs. The 3-month strain
analysis showed that the peaks of the positive dilata-
tion rate increased for every 6-month interval (Fig. 5b).
The peaks of the positive dilatation rate correspond to
the occurrence of the SSEs. The peaks of the dilatation
rate were 0.2—0.4 ppm year! (Fig. 5b), and the direc-
tions of the extensional strain rate were generally in
the north—south direction. The short-term shear strain
rate reached the peak when a SSE occurred. However,
it sometimes reached a peak between the SSEs. In this
period, the compressional strain for the N-S direction
was dominant in the Yaeyama Islands, which suggests
that this compressional strain rate corresponds to the
accumulation of stress between the SSEs.

Observed short-term strain rates revealed differ-
ences in the strain accumulation between the SW1
and the SW2. When the SW1 occurred in the Okinawa
Trough, a positive dilatation and large shear strain rate
for the short-term was found in the Yaeyama Islands
(Fig. 5b, ¢). However, since the SW1 occurred over
the same term with the occurrence of the SSEs during
the swarm, we cannot divide the strain caused by the
SW1 with that caused by the SSEs from the short-term
strain. On the other hand, when the SW2 occurred
on April 2013 in the Okinawa Trough, the short-term
dilatation rate in the Yaeyama Islands showed a small
dilatational strain and large short-term shear strain
rate (Fig. 5b, c).

ACFS by the faulting and dike

The computed results showed differences in strain and
ACFS among the Eql, 2002 afterslip, SW1, and SW2. Fig-
ure 7b, d, f, h shows the ACFS at the frictional coefficient
of 0.2. The computed extensional and compressional
strain axis for the Eql was N-S and E-W, respectively
(Fig. 7a). The negative dilatation was dominant in the S
region. The computed ACES for the Eql in the S region
was —1 to —10 kPa (Fig. 7b). When the 2002 afterslip
occurred, the positive dilatation was dominant in the S
region (Fig. 7c). The directions of the extensional and
compressional strain axis, which were estimated by using
the calculated displacement of GNSS sites, were NN'W-
ESE and ENE-WSW, respectively. The ACES in the S
region for the 2002 afterslip was 10-100 kPa (Fig. 7d).
The negative dilatation was dominant in the S region in
the case of the SW1 (Fig. 7e). The directions of the exten-
sional and compressional strain axis for the SW1 were
E-W and N-S, respectively. The ACEFS for the SW1 in the
S region was — 1 to — 10 kPa (Fig. 7f). The negative dila-
tation was dominant in the area south of Iriomote Island
in the case of the SW2 (Fig. 5g). The directions of the
extensional and compressional strain axis for the SW2
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were NE-SW and NW-SE, respectively. The ACES for
the SW2 in the S region was 1-10 kPa (Fig. 7h). Although
we changed the frictional coefficient of the ACFS from
0.0 to 0.6, the distribution of the positive and negative
ACES only changed slightly (Additional file 1: Fig. S1).

Seismicity

Corresponding to the crustal deformation events of
Period I and Period II, the change in seismicity in the area
south of Iriomote Island was detected by change point
analysis in ETAS (Fig. 8). For Period I, the seismicity rate
was almost constant from January 1996 to December
2001. However, the seismicity rate increased starting in
January 2002 (Figs. 3a, 8a). Around this time, an M4.7
earthquake occurred on December 21, 2001 (Fig. 8c). The
AAIC reached the maximum (16.37) in around January
2002 (Fig. 8e). The seismicity rate then returned to the
previous state until around 2004—2005. The background
seismicity increased from 0.0064 to 0.076 after February
2002 (Table 3).

For Period II, when the anomalous crustal deformation
occurred on 2012-2013 (Fig. 6), the seismicity rate was
activated starting in May 2013 (Figs. 3a, 8c). However,
no remarkable earthquake accompanying the seismicity
rate change was found (Fig. 8d). This seismicity activa-
tion has continued until late 2017. The AAIC reached its
maximum (11.9) in May 2013 (Fig. 8f). The background
seismicity increased from 0.029 to 0.093 after May 2013
(Table 3).

Discussion

Cause of the increased shear strain rate in 2002

The shear strain rate in the Yaeyama Islands increased
in 2002. The directions of the extensional and compres-
sional strain axis were consistent with those expected
from the modified afterslip model (Fig. 7c). The estimated
total shear strain from the modified afterslip model in the
Yaeyama Islands was 0.93 ppm. The averaged shear strain
by the afterslip from 2002-2005 was 0.2 ppm year .
The observed annual strain rate from 2002 to 2005 was
0.03-0.1 ppm year ' in the Yaeyama Islands (Fig. 5a).
This is half to one-seventh of the computed one. This dif-
ference reflects the heterogeneity of the fault slip. The

Table 2 Earthquake catalog used in the analysis

Tstart TO Tend Mc N
Period | 1996/01/05 2002/01/26 2002/12/18 23 197
19:33 11:06 02:47
Period Il 2007/06/03 2013/05/10 2017/03/08 20 334
16:34 02:02 15:18

Time is given by the date (YYYY/MM/DD) and time (hh:mm). N is the number of
events. T, means the time when the seismicity changed
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Fig. 5 Strain rate change in the Yaeyama Islands. a Averaged strain rate for 3 years in the Yaeyama Islands from 1999 to 2016. Red line and dotted
blue line show the dilatation rate and maximum shear strain rate, respectively. Thin red and blue areas show the error range of the dilatation rate
and maximum shear strain rate, respectively. b Averaged dilatation rate for 3 months in the Yaeyama Islands from 1998 to 2017. Red line shows the
dilatation rate. The thin red area shows the error range of the dilatation rate. Dotted vertical lines show the occurrence of the SSEs by Tu and Heki

area where the strain was computed and the seismic-
ity changed is located in the east end and near the fault
edge of the afterslip. We assumed a homogeneous slip
distribution for the calculation of the strain. However,
due to the actual afterslip faulting with heterogeneity,
different strain distributions would have been generated
in the south part of Iriomote Island. However, the posi-
tive ACFS of the modified afterslip model was consistent
with the activated seismicity in the area south of Iriomote
Island (Fig. 7d).

On the other hand, the modeled strain caused by the
SW1 could not explain the observed 2002 strain field.
The estimated directions of the strain axes for SW1 were
inconsistent with the observed ones in the Yaeyama

Islands. The estimated ACES for the SW1 in the area
south of Iriomote Island was also negative, which made it
difficult to activate the seismicity (Fig. 7d). This suggests
that the increased shear strain in 2002 was not caused
by the dike intrusion; instead, it may have been caused
mainly by the afterslip. Moreover, the post-seismic defor-
mation of the visco-elasticity layer proceeds by the same
trend as the coseismic deformation far from the fault
(Hampel and Hetzel 2015). Thus, it was difficult to show
that the compressional strain field during the dike intru-
sion changed to that of an extensional one after the event
involving the visco-elasticity.

Similarly, the strain by the Eql, which occurred in
the southwest part of Iriomote Island during 2001, did
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Fig. 6 Averaged principal strain axis for every 3 years in the Yaeyama Islands from 1999 to 2016. Red arrows and black arrows show the extensional
and compressional axis, respectively

not affect the long-term strain rate and seismicity. The
maximum peak of the short-term maximum shear strain
rate, which was caused by the Eql and its afterslip, was
detected in late 2001. The observed maximum shear
strain rate was 0.2 ppm year ! (Fig. 5c). The calculated
maximum shear strain change caused by the Eql was
on the order of 0.1 ppm year™! (Fig. 7a). By adding the
coseismic strain change with the afterslip of the Eq1 [30%
of the Eql (Nakamura 2009)], the maximum shear strain
was estimated as 0.13 ppm year™'. This value was simi-
lar to the observed one, which suggests that this peak can
be explained by using the displacement of the Eq1 and its
afterslip. The afterslip of the Eql terminated in approxi-
mately 1 month (Nakamura 2009), and the degree of the
strain rate caused by the Eql was on the order of one-
tenth of that caused by the 2002 afterslip and the SW1.
This suggests that the coseismic displacement and after-
slip of the Eql were too small to affect the long-term
strain rate change. The ACFS by the Eql was negative
in the southwest part of Iriomote Island, which is also
inconsistent with the increased seismicity.

Cause of the increased shear strain rate in 2013

In contrast to the case of the 2002 strain rate change,
the increased shear strain rate in 2012-2013 was gen-
erated by a dike intrusion. In the case of the 2013
event, the observed strain field was compressional.
The observed extensional and compressional axis was
in the SSW-NNE direction and WNW-ESE direction,

respectively (Fig. 6). This was consistent with the esti-
mated strain field by the SW2 model (Fig. 7e). The
positive ACFS near Iriomote Island was also consist-
ent with the activated seismicity after 2013. The high
shear strain rate has been gently decreasing from
0.08 ppm year~! but has remained at a high value of
0.03—0.08 ppm year™! since 2013 (Fig. 5a). The value
of the strain rate of 2014 reflects the post-SW2 crus-
tal movement and does not contain the deformation
accompanying the SW2. This deformation might have
been caused by the post-seismic deformation induced
by the dike intrusion and the visco-elastic effect in the
Okinawa Trough.

Effect of the frictional coefficient on the ACFS distribution
The calculation of the ACFS with changes in the fric-
tional coefficient showed that the difference in distribu-
tion of the ACEFS for different frictional coefficients was
small except in the vicinity of the fault or dike (Fig. 7 and
Additional file 1: Fig. S1). This suggests that the effect for
changing the frictional coefficient was relatively small
because the normal stress change was smaller than the
shear stress change except near the faults and dikes. On
the other hand, the distribution of the ACFS changed
near the faults and dikes. In this calculation, the normal
stress change was larger than the shear stress change
near the fault and dike.

In the case of the dike intrusion in the Okinawa
Trough, which occurred far from the area southwest of
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Iriomote Island, the different frictional coefficients only
had a small effect on the ACES in the area southwest
of Iriomote Island. In the case of the afterslip, since the
source fault was located in the southwest part of Iriomote
Island, the distribution of the positive ACFS area changed
with different frictional coefficients. However, almost the
entire region in the area southwest of Iriomote Island
was positive with the different frictional coefficients.
These results suggest that the effect of the difference of
frictional coefficient was small for the ACES in the area
southwest of Iriomote Island.

Relationship between the seismicity change and strain rate
change

The activated seismicity during the increase in the shear
strain rate was observed twice after 1995 in the S region.
In the case of Period I, the seismicity activation started
approximately 2 months before the start of the 2002
afterslip. However, high AAIC values continued to the
beginning of April, which marked the start of the afterslip
(Fig. 8e). This suggests that the timing of the seismicity
change would be almost the same as that of the start of
afterslip. This suggests that the seismicity had increased
mainly in conjunction with the change in the strain rate
caused by the afterslip. In the case of Period II, the acti-
vation of the seismicity coincided (~1 month) with the
occurrence of the SW2, which occurred in the Okinawa
Trough in April 2013. This suggests that the seismicity
activation for Period II was caused by the SW2.

The rate of the SSEs beneath Iriomote Island also
increased in 2002 and 2013 (Tu and Heki 2017). These
rate changes were caused by different crustal movements,
which affected the Yaeyama Islands. The 2002 afterslip
induced the crust near Iriomote Island to move south-
ward, which increased the SSE rate. The inducement in
the SSE rate since 2013 could have been caused by the
intrusion of the dike, which pulled the crust near Irio-
mote Island southward.

The change in seismicity for the stress change was for-
mulized by Dieterich (1994). According to that work,
because of the sudden stress change within a period of
several days, the seismicity increased abruptly and then
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decreased gradually to the steady-state level (Dieterich
1994; Toda et al. 2002; Lohman and McGuire 2007). On
the other hand, for the stressing rate change continu-
ing on the order of 1 month, the seismicity started to
increase for several months, and high seismicity condi-
tions continued during the high stressing rate (Toda et al.
2002). The activity of the 2002 afterslip event continued
for several years, which corresponds to the long-term
stressing rate change. In this case, the seismicity would
have continued to increase during several months and
high seismicity continued while the faulting of the after-
slip continued.

However, since the SW2 continued over several days
to several weeks, the seismicity would have been higher
for several weeks, and then, it decreased. However,
decreased seismicity several weeks after the 2013 seis-
micity activation was not detected. This suggests that
the increased seismicity of 2013 was not only related to
the stressing rate change caused by the dike intrusion,
but that it also contributed the long-term post-seismic
deformation after the dike intrusion in the visco-elastic
material.

Conclusions

The seismicity in the S region was found to be related to
the long-term shear strain rate. The seismicity increased
at a delay with the increased shear strain rate, and it
lasted several years. This is consistent with the seismic-
ity change, which was predicted from the rate and state
frictional model (Dieterich 1994; Toda et al. 2002). The
increase in the shear strain was not caused by one sim-
ple factor but was possibly related to the afterslip of large
earthquakes in the Ryukyu arc and dike intrusion in the
Okinawa Trough. In correspondence with changes in
both of these processes, seismic activity in the S region
increased. Although the shear strain rate has been
decreasing since 2013, its value remains larger than that
in 2008. This means that the seismicity has been activated
since 2013. The M5.6 earthquake on March 2, 2018, in
the area south of Iriomote Island might have been a part
of the activated seismicity that began in 2013.

(See figure on next page.)

Fig. 7 Strain and ACFS by dike intrusion and faulting. a Dilatation by the Eq1 faulting at the depth of 0 km. Red and blue arrows denote the
theoretical extensional and compressional strain axis, respectively, which were calculated from the dike intrusion and faulting model. The white
bold rectangle shows the fault of the Eq1. b ACFS at the depth of 15 km by the Eq1. ¢ The same as a but for the 2002 afterslip. The notation at the
right side of the panel shows the parameter of the receiver-side fault, which was used for the calculation of the ACFS. d The same as b but for the
2002 afterslip. e The same as a but for the SW1. The fault parameters (strike, dip, length, width, and degrees of intrusion) are the same as the SW2.
The white circles show the epicenters of earthquakes (M >2.0 and depth <30 km) that occurred on October 2002. The black solid line shows the
dike of the SW1. fThe same as b but for the SW1.The white solid line shows the dike of the SW1. g The same as a but for the SW2. The open circles
show the epicenters of earthquakes (M>2.0 and depth <30 km) that occurred on April 2013. The black solid line shows the dike of the SW2. h The
same as b but for the SW2. The white solid line shows the dike of the SW2
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The results of this study suggest that the seismicity in  area south of Iriomote Island is located on the top edge
the S region responds sensitively to the strain changes of the fault associated with the SSEs, and it is also located
caused by slow earthquakes in the surrounding area. The near the top edge of the 2002 afterslip fault. If the state



Nakamura and Kinjo Earth, Planets and Space (2018) 70:154

Table 3 Calculated ETAS parameters
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Hes Kes c a p AIC, 2q(N)
AIC; +AIC,
AAIC
Period | Single 0.0169 0.0578 1.79E—-03 135 0.876 117847 10.04
Pre 0.00639 0.0760 7.57E-03 1.0° 0.829 1162.11
Post 0.0767 0.0205 4.31E-03 223 1443 16.37
Period Il Single 0.0263 0.0824 7.50E—04 1.13 0.833 204713 1038
Pre 0.0291 0.0496 3.86E—04 1.06 0.798 2035.25
Post 0.0932 0.0757 3.29E-03 147 1.07 19

Single means the period between T, . and T, 4 (Table 1). Pre means the period between T, . and T,,. Post means the period between T and T4

2 Fixed

of faulting in the slow earthquake area changed, it would
influence the seismicity around Iriomote Island through
the strain change. This would contribute to crustal move-
ment in the seismogenic zone of the subducting plate,
which would be hard to detect by using GNSS.

Additional file

Additional file 1: Figure S1. ACFS by dike intrusion and faulting. a ACFS
at the depth of 15 km by the Eq1 at a frictional coefficient of 0.0. The
white bold rectangle shows the fault of the Eq1. b The same as a but for a
frictional coefficient of 0.6. ¢ The same as a but by the afterslip. The white
bold rectangle shows the fault of the afterslip. d The same as ¢ but for a
frictional coefficient of 0.6. € The same as a but by the SW1.The white
solid line shows the dike of the SW1. f The same as e but for a frictional
coefficient of 0.6. g The same as a but by the SW2. h The same as g but for
a frictional coefficient of 0.6.
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