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Abstract Shallow slow slip events accompanied by seismicity has been increasingly reported in
subduction zones during the last decade; however, the relationship between shallow slip events and
seismicity is unclear. We report episodic slow slip events and seismicity at the southernmost Ryukyu Trench.
The inversion results from GPS-derived cumulative displacements indicate that the slow slip events occur
offshore in northeastern Taiwan on the shallow subduction interface, where high seismic VP/VS ratios applies.
Seismicity is observed above the subduction interface for locations of signiﬁcant variations in the VP/VS
ratio and does not follow the migration of peak slip along the subduction interface. We calculated the
temporal evolution between the seismicity and the propagation of slow slip events and determined that
seismicity is not primarily driven by slip propagation. The spatiotemporal relationship, coupled with the VP/VS
ratio, suggests that high-pressure ﬂuid activity may be crucial to episodes of slow slip events and seismicity.
Plain Language Summary Slow slip events are a member of the slow-earthquake family observed
by geodetic measurements in global subduction zones in the past 15 years. Shallow slow slip events are
considered to be important for the megathrust earthquake cycle of the shallowest locked zone. Recently,
shallow slow slip events accompanied by different seismic behaviors has been increasingly reported. This
paper reports episodic, shallow slow slip events accompanied by overlying plate seismicity at the
southernmost Ryukyu Trench and analyzes their relationship. We discover that the spatiotemporal
relationship between the propagation of slow slip and seismicity is weak, which infers that they may not have
a causal relationship. We suggest that the initiation of shallow slow slip events and subsequent seismicity was
probably caused by high-pressure ﬂuid activity. The interpretation may reveal the cause of many shallow
slow slip events as a broad phenomenon.
1. Introduction
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Slow slip events (SSEs), with slow rupture velocities and long durations from days, months, to years, is
regarded as an aseismic mechanism that releases accumulated stress on subduction interfaces. The mechanism primarily occurs in deep regions of subduction interfaces under the seismogenic zone (e.g., Dragert et al.,
2001; Schwartz & Rokosky, 2007). Recently, SSEs are increasingly occurring in shallow regions of subduction
interfaces over the seismogenic zone or near trenches (e.g., Araki et al., 2017; Wallace et al., 2016). Activity of
shallow SSEs is considered to be a key effect on the megathrust earthquake cycle of the shallowest subduction interface (Obara & Kato, 2016; Saffer & Wallace, 2015). Shallow SSEs may be accompanied by seismicity,
tremors, or very low-frequency earthquakes that locate near the source region of shallow SSEs. Seismicity was
predominantly observed in several subductions at shallow depths (<30 km), for example, Hikurangi, Japan
Trench, and Ecuador (Delahaye et al., 2009; Ito et al., 2013; Vallée et al., 2013). Along the Hikurangi subduction
interface and Ecuador subduction interfaces, seismicity that accompanies shallow SSEs occurred near depths
of <30 and <15 km, respectively, at the downdip of the shallow SSE region (Delahaye et al., 2009; Vallée et al.,
2013). However, the relationship between shallow SSEs and seismicity remains unclear. Recently, biannual
SSEs in the southern Ryukyu Trench (Heki & Kataoka, 2008) were observed to be modulated by earthquake
swarms from the Okinawa Trough (Tu & Heki, 2017). A modulation is an acceleration of southward movement
after recurrence of earthquake swarms in a decadal time scale. In this study, we focus on the southernmost
Ryukyu Trench, where seismic activity is high and may be modulated by seasonal horizontal motion detected
by a continuous GPS (cGPS) network in the eastern Taiwan (Chen et al., 2014).
The Ryukyu Trench is considered to be a Mariana-type subduction (Uyeda & Kanamori, 1979) based on the
main driving force of active back-arc rifting (Sibuet et al., 1987). Seventeen-year geodetic observations
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Figure 1. Tectonics, surface motion, and seismicity of the southernmost Ryukyu Trench. The dashed rectangles show the
Ryukyu Fault, which is a locked region of the trench proposed by Hsu et al. (2012) and the interplate seismogenic zone
(ISZ; Kao, 1998; Theunissen et al., 2010). The trench axis is modiﬁed from Theunissen et al. (2010) and Hsu et al. (2012). The
black arrows represent the continuous GPS (cGPS) horizontal velocities at each station in the white triangle with respect
to the S01R station in the yellow triangle with 95% conﬁdence ellipses from GLOBK. The colored dots are relocated
earthquakes at depths from 1991 to 2016, which is updated from Wu, Chang, et al. (2008), and the stars show historical
M ≥ 7.0 earthquakes (Theunissen et al., 2010). The box region includes clear transient displacements from named cGPS
stations and is used to calculate seismicity.

indicate that SSEs frequently occurred along the Ryukyu Trench at the shallow depths (Nishimura, 2014).
However, the observations did not include the southernmost segment, which is the only segment that
lacks evidence of SSEs. The southernmost Ryukyu Trench rapidly converges at a rate of 12.5 cm/year (Hsu
et al., 2012), which produces high seismic activity in the subduction zone (Figure 1). The maximum
historical earthquake size in the last 300 years is ~Mw 7.7 and limited to the range Mw 7.0–7.5 (Theunissen
et al., 2010). The limitation of earthquake size seems to conﬂict with an expectation of one maximum size
when an ~60-Ma young oceanic plate converges with rapid velocity (Ando et al., 2009). Thus, an aseismic
mechanism was suggested to exist in the interplate seismogenic zone (ISZ) (Kao, 1998; Figure 1) for the
release of seismic moment budgets. This suggestion is supported by an estimation of weak seismic
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coupling on the ISZ (Theunissen et al., 2010), which implies that an aseismic slip has a major role on a fault slip
in multiple earthquake cycles. Here we present new evidence of surface transient displacements in
northeastern Taiwan to directly verify the slow slip behavior. We identiﬁed a correlation between cGPS
transient displacements and seismicity in the surrounding areas, which provides an excellent opportunity
to examine the relationship between SSEs and seismicity in the southernmost Ryukyu Trench.

2. Data and Methods
2.1. cGPS, Earthquake Data, and Processing
cGPS observations are derived from the edge of the southernmost Ryukyu Trench, including 21 cGPS stations
in northeastern Taiwan and 1 GNSS station on Yonaguni Island (Figure 1). The cGPS data information, processing, and analysis of the position time series from January 2004 to June 2017 were described in Text S1 in the
supporting information S1. The analysis attempted to highlight transient signals on raw position time series
and used a criterion to systematically identify transient displacements (refer to Text S1). In the analysis, when
transient displacements are detected by many cGPS stations in northeastern Taiwan, they are not detected at
the GNSS station on Yonaguni Island. To examine velocity changes in the position time series after high seismic activity as observed at the southern Ryukyu Trench (Tu & Heki, 2017), a 1-year secular velocity before
onset times and after stop times of each transient displacement was calculated to estimate the degree of
velocity change.
Since tremor/very low-frequency earthquake data are lacking in our study area (Chao et al., 2012; Nakamura &
Sunagawa, 2015), seismicity data are used to examine whether seismic activity spatiotemporally correlates to
cGPS-derived transient displacements. A relocated earthquake catalog in the Taiwan region from 1991 to
2016 updated from Wu, Chang, et al. (2008) was employed by selecting events in the vicinity of the cGPS
transient displacements in a box region (Figure 1), with local magnitudes (ML) of ≥2.0 and depths of
≤30 km. The criterion in the space is consistent with observations of seismicity that accompany SSEs from
subduction zones (e.g., Delahaye et al., 2009; Vallée et al., 2013); that is, seismicity tends to occur at shallow
depths of subduction zones beneath surface transient displacements. If the temporal seismicity is correlated
with the period between the onset/stop times of cGPS transient displacements, the transients will be recognized as SSEs. Other aspects of temporal seismicity that are not correlated with any transient displacement
will not be discussed. The temporal seismicity was calculated for monthly and 6-day activity to perform a
comparison with different timescales in position time series (Figure 2). In the analysis, transient displacements can correspond to regional seismicity using our assumption and criterion, and we did not identify distinct transient displacements without seismicity in the 13-year cGPS observations. To explore the temporal
relationship between temporal seismicity and transient displacements, the cumulative number of
earthquakes was calculated with the cumulative displacements of the peak displacement during each SSE.
To examine whether earthquake swarms have a role in transient displacements, an approach of spatiotemporal double-link declustering (Wu & Chiao, 2006) was applied to remove aftershock sequences in the box
region, which is dominated by ML ≥ 5.0 events (Figure S2).
2.2. cGPS Time Series Inversion
To understand a ﬁrst-order feature of spatiotemporal evolution of SSEs, three-component transient displacements are inverted using a time-dependent nonlinear TDefnode code (McCaffrey, 2009) for the slip distribution on a subduction interface. TDefnode inverts ﬁrst-order features of a position time series and can search a
coherence of transient displacements from each station (e.g., Koulali et al., 2017; Wallace et al., 2017). At the
southernmost Ryukyu Trench, the ISZ can be aseismic (Kao, 1998; Theunissen et al., 2010) but the location is
distant from the cGPS transient displacements detected in northeastern Taiwan (Figure 1) and is too close to
Yonaguni Island, where transient displacements are undetected. Here we searched a single fault model along
the subduction interface for each SSE (refer to Text S2 in supporting information S1) and then estimated the
slip distribution by dividing the calculated fault model into uniform grids. The grid size with a resolution of
10 km × 10 km is established on the fault planes to perform TDefnode for spatiotemporal distributions of slip
(McCaffrey, 2009; refer to Text S3 in supporting information S1). To estimate the migration rate and azimuth
of the SSEs by the approach of McCaffrey (2009), onset times of slip are delayed at each cGPS station if
required. Cumulative moments during each SSE were estimated by a magnitude dependence on fault
parameters in the Taiwan region (Yen & Ma, 2011).
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Figure 2. Position time series at the northeastern Taiwan and temporal seismicity from a box region of Figure 1. The blue
time series and red time series denote the east component and north component, respectively, and the inner black curves
are model predictions. The black solid lines show the onset/stop times of slip at each station, and the dashed lines are
1 year before the onset/stop and 1 year after the onset/stop, respectively. The blue arrows and red arrows represent 1-year
secular velocities before the onset/stop and 1-year secular velocities after the onset/stop, respectively. The number of
earthquakes with ML ≥ 2.0 and depths of ≤30 km and the events with ML ≥ 4.0 are shown in the bar charts and open circles,
respectively. The subﬁgures on the right show approximately a half-year period, which covers the onset/stop times of slip in
each slow slip event at the named station.

3. Shallow SSEs, Seismicity, and Spatiotemporal Evolution of Slip
Figure 2 shows episodic SSEs, including durations from 2 to 4 months on cGPS horizontal components in
northeastern Taiwan. Figure 3 shows the cumulative horizontal displacements during each SSE and the locations of the most active seismicity during the SSEs. The episodic SSEs occurred April to June 2005, June to
October 2009, and August to November 2015. The 2005 SSE triggered surface cumulative displacements
southeastward to a peak of 10 mm in the vicinity of the PEPU and HUAL stations (Figure 3). The 2009 and
2015 SSEs triggered southeastward displacements and eastward displacements to a peak of 10 and
12 mm, respectively, in the vicinity of the LTUN, SUAO, and NAAO stations (Figure 3). During the SSEs, declustered seismicity did not show signiﬁcant activity in the cGPS transient displacements (Figure 2), which indicates that earthquake swarms may not participate in the process of SSEs. However, raw seismicity
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Figure 3. Locations with most active seismicity and cumulative horizontal displacements at the southernmost Ryukyu Trench during slow slip events. The vertical
cumulative displacements were a few millimeters at some of the continuous GPS stations and are disregarded. The periods of most active seismicity are shown
in each top ﬁgure. The colored circles (2.0 ≤ ML ≤ 4.0) and beach balls (ML ≥ 4.0) represent earthquakes at depths of ≤30 km derived from a relocated catalog (Wu,
Chang, et al., 2008) and a P wave ﬁrst motion focal mechanism catalog (Wu, Zhao, et al., 2008), respectively. The dashed curves represent the subduction interface
(Wu et al., 2009). The seismic VP/VS ratios at depths along the proﬁles are derived from Huang et al. (2014).

indicates signiﬁcant activity in the transient displacements, which is substantially higher than that of other
periods (Figure 2). For the 2005 SSE, seismicity occurred in the initial durations of the SSE dominated by a
ML 5.6 mainshock-aftershock sequence (Figure 2), which is located beneath the region of surface peak
displacement (Figure 3). During the early to middle duration of the 2009 SSE and the 2015 SSE, both of
seismicity rapidly increased and were dominated by two mainshock-aftershock sequences located near
the region of surface peak displacement (Figure 3), with the largest events of ML 5.3 and ML 5.7,
respectively. Time periods of the mainshock-aftershock sequences are shown in Figure 3; they represent
the most active seismicity in each SSE. The spatial seismicity approximately distributed above the shallow
subduction interface, which ranges from depths of 1 to 20 km (Figure 3). The overlying plate seismicity,
with location uncertainties of ~1 to 3 km in horizontal and ~4 km in depth (e.g., Wu et al., 2013), is
relatively localized, which differs from the majority of previous observations: seismicity that accompanies
SSEs occurred on or near the subduction interface. During each SSE, the epicenters of the overlying plate
seismicity spatially correlate with the areas of surface cumulative displacements (Figure 3), which implies
that the SSE source is likely located near the locations of seismicity and surface displacements. An
examination of the focal mechanisms of ML ≥ 4.0 earthquakes suggests that the seismicity related faulting
styles to thrust faulting or a mixture of strike-slip faulting and thrust faulting (Figure 3). This ﬁnding is
consistent with regional stress regimes in the region of Figure 3, which is dominated by a high Aϕ value
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Figure 4. Spatiotemporal evolution of each slow slip event (SSE) and seismicity. Subﬁgures (a–c), (d–f), and (g–i) represent
SSEs in 2005, 2009, and 2015, respectively. The color bar shows the slip amounts on the best-ﬁtting fault models. The black
arrows and blue arrows represent the horizontal displacements for the continuous GPS stations from observations and
model predictions, respectively. The green circles in the box region of Figure 1 represent the earthquakes with ML ≥ 2.0 at
depths of ≤30 km for each time slice.

domain at depths of ≤20 km (Chen et al., 2017) as a thrust faulting regime (refer to the deﬁnition of Aϕ in Text
S4 in supporting information S1). In addition, a possible remaining slip was detected after episodic SSEs
(Figure 2) in northeastern Taiwan; however, it is quantitatively minor compared with the slip of SSEs (refer
to Text S5 in supporting information S1 and Figure S3).
In Figure 4, spatiotemporal evolution of slip is shown on the best-ﬁtting fault model. The fault models for
three SSEs with a given length of 70 km suggest that they dip northward at 15° with an orientation of
N20° and a width of 50 km and approximately cover the depth range of the subduction interface from 10
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to 40 km. For the 2005 SSE, the aseismic slip occurred south of the two subsequent SSEs at shallower depths.
Spatiotemporal evolution of slip on the fault shows a southeastward migration at an average speed of
0.35 km/day and a peak slip of ~10 cm near the fault plane center (Figure 4). For the 2009 and 2015 SSEs,
the inversion results indicate that they shared the same fault plane but performed different spatiotemporal
evolution of slip. The 2009 SSE migrated toward the southeast at a slower average speed of 0.3 km/day and
attained a peak slip of 12 cm on the west of the fault plane center (Figure 4). The 2015 SSE migrated to the
east at a faster average speed of 0.4 km/day and attained an ~15-cm peak slip near the downdip region of the
fault plane (Figure 4). The predictions of slip by the best-ﬁtting fault models adequately ﬁt ﬁrst-order transient
displacements at most of the cGPS stations within the observational uncertainties.
The maximum cumulative moments during the 2005, 2009, and 2015 SSEs are estimated to approximately
equal earthquake failure of Mw 6.4, Mw 6.5, and Mw 6.6, respectively. The estimation is similar to the cumulative moments that are released from SSEs in the neighboring southern Ryukyu Trench, which was estimated
to be an average of Mw 6.6 (Heki & Kataoka, 2008). Considering seismicity and the potential remaining slip,
the maximum cumulative moments and the moments of the 2005 SSE, 2009 SSE, and 2015 SSE are Mw 6.5,
Mw 6.7, and Mw 6.8, respectively. The quantiﬁcations reveal that episodic shallow SSEs can reduce a portion
of accumulated stress on the shallow portion of the southernmost Ryukyu subduction zone. In addition, we
noticed that the overlying plate seismicity did not follow the migrations of the peak slip (Figure 4). Shallow
SSEs and concurrent seismicity are not spatially well correlated in a few subduction zones as in Boso,
Japan (Ozawa et al., 2007) and Hikurangi, New Zealand (Delahaye et al., 2009; Wallace et al., 2017). This phenomenon may reveal that the spatial relationship between the seismicity and propagation of shallow SSE is
weak, which implies other physical mechanisms.

4. Discussion
4.1. Possible Mechanism of Shallow SSEs and Seismicity
Recently, geophysical surveys, drilling, and laboratory experiments from the shallowest trenches in Nankai,
Japan and Hikurangi, New Zealand indicate that shallow SSEs occur in the fault zones with overpressured
ﬂuid, low effective stress, and frictional transition (Araki et al., 2017; Saffer & Wallace, 2015; Wallace et al.,
2016). An examination of the offshore seismic velocities of northeastern Taiwan from the tomography results
(Huang et al., 2014; Wu et al., 2009) indicates that the shallow subduction interface and SSE faults are covered
by high VP/VS ratios with low VS values that are located in the vicinity of Hoping Basin (Figure 3). The high VP/VS
ratios imply a ﬂuid-rich environment that is consistent with the concept of shallow SSEs occurrence in regions of
overpressured ﬂuid (Saffer & Wallace, 2015), which is recently observed near the SSE fault in the neighboring
southern Ryukyu Trench (Yamamoto et al., 2018). The high VP/VS ratios elongated vertically near the signiﬁcant
variation in the VP/VS ratios, where the overlying plate seismicity occurred (Figure 3). The location uncertainties
of the seismicity are within the range of the signiﬁcant variation in the VP/VS ratios. The feature may reveal that
high-pressure ﬂuid ascends from the subduction interface to shallow depths, which causes the overlying plate
seismicity. We infer that when the Philippine Sea Plate subducts, the dehydration causes the ﬂuid to migrate
along the subduction interface and vertically within the overlying plate, which triggers episodic SSEs and
seismicity, respectively. The inference shows agreement with a recent seismic observation and concept of
ﬂuid-triggered SSEs and seismicity from Kanto, Japan (Nakajima & Uchida, 2018).
4.2. Temporal Relationship Between Shallow SSEs and Seismicity
In Figure S4, the cumulative number of earthquakes as a function of the cumulative peak displacements during each SSE is shown. A second-order polynomial relationship with varying dependence indicates that the
number of earthquakes increased at a faster rate and a slower rate than displacements in the early periods of
SSEs and later periods of SSEs, respectively. The temporal relationship is similar to previous observations in
the Hikurangi (Delahaye et al., 2009) and Ecuador subduction interfaces (Vallée et al., 2013). However, only
small-magnitude seismicity (Mw ≤ 4.1) was identiﬁed in the studies. In this study, the temporal seismicity during each SSE was dominated by aftershock sequences from ML ≥ 5.3 earthquakes (Figure 2). If the temporal
seismicity is driven by propagation of aseismic slip, a linear relationship between the cumulative displacements and the cumulative number of earthquakes is expected, as observed between the afterslip and the
aftershock after occurrences of large earthquakes (e.g., Hsu et al., 2006). Considering the temporal relationship between declustered seismicity and SSEs, a linear relationship is also nonexistent because the
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seismicity did not increase with the activity of each SSE and are similar before, within, and after the durations
(Figure 2). The temporal evidence, coupled with the spatial separation of seismicity and aseismic slip
(Figures 3 and 4), causes us to infer that seismicity is not primarily driven by the propagation of SSEs.
Recently, an environment of high Aϕ values and low b-values was reported in the region of overlying plate
seismicity (Wu et al., 2018). The environment may imply that larger earthquakes can dominate over smaller
earthquakes in a state of high differential stress. High-pressure ﬂuid activity may necessitate an increase in
pore-ﬂuid pressure and the triggering of ML > 5.0 mainshock-aftershock sequences in this region.
4.3. Role of Shallow SSEs in Megathrust Earthquake
In the shallowest locked zone of the southernmost Ryukyu Trench, the magnitude of a potential megathrust
earthquake was estimated to be Mw ≥ 8.0 based on neotectonic architecture (Shyu et al., 2005) and
7.5 ≤ Mw ≤ 8.7 based on geodetic measurements (Hsu et al., 2012). The estimations may need to be rethought
because of the ﬁnding of shallow SSEs. Kao (1998) and Theunissen et al. (2010) inferred that aseismic slip can
exist in the ISZ at depths from 15 to 35 km. Our results indicate that the SSE fault is located further west of the
ISZ at a similar depth range and may cover the western half of ISZ. The difference reveals that the slip did not
simultaneously occur on the ISZ, at least the eastern half, when the SSE fault moved during the data period of
2004 to 2017. The feature may imply that aseismic slip is not restricted within a single fault zone and can laterally vary along the subduction interface. The lateral variation of SSE behavior is signiﬁcant from our study
area to the neighboring southern Ryukyu Trench, as reported that SSEs in that Trench are biannually repeated
at a deeper depth range of 20–45 km (Tu & Heki, 2017). This ﬁnding may imply a spatiotemporal heterogeneity in the interplate coupling along the strike of the total southern Ryukyu Trench, which is crucial for
further understanding of earthquake cycles along the Trench. If the episodic SSEs repeat in all timescales
instead of only during our 13-year data periods, this ﬁnding will help us explain a phenomenon at the southernmost Ryukyu Trench: For a rapid convergence rate of 12.5 cm/year (Hsu et al., 2012), the maximum earthquake sizes are restricted with magnitudes of Mw 7.7 in the last 300 years (Theunissen et al., 2010). Further
observations and modeling would better explain the lateral variation of aseismic slip, interplate coupling,
and earthquake cycles along the southernmost Ryukyu Trench.

5. Conclusions
This paper identiﬁed episodic SSEs and the source region at the southernmost Ryukyu Trench for the ﬁrst
time. The source region of SSEs is estimated to locate at a low-angle fault on the shallow subduction interface,
which is covered by a region of high seismic VP/VS ratios. The shallow SSEs with durations from 2 to 4 months
in 2005, 2009, and 2015 are accompanied by overlying plate seismicity with maximum magnitudes of ML 5.6,
ML 5.3, and ML 5.7, respectively. The seismicity occurred above the SSE fault in locations where the VP/VS
ratios signiﬁcantly vary and does not spatially correlate well with the propagation of SSEs. The seismicity
and propagation of SSEs are also not well temporally correlated. High-pressure ﬂuid activity revealed by high
VP/VS ratios can be a key mechanism of the initiation of episodic SSEs and subsequent seismicity.
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