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Long-term seafloor geodetic measurements are important for constraining submarine crustal deformation near plate boundaries. Here we present an integrated analysis of a decade of GNSS/acoustic data collected at a site 60 km to the east of northeast Taiwan near the axis of the Okinawa Trough back-arc basin. We obtained a time-series of horizontal and vertical positions based on 18 measurements from 2009 to 2019. These data reveal a southeastward movement at a rate of 43 ± 5 mm/yr since 2012 with respect to the Yangtze Plate. The horizontal motion can be explained by the clockwise rotation of the Yonaguni Block and northern Central Range. In addition, the vertical displacement of the transponder array shows rapid subsidence of 22 ± 9 mm/yr from 2012 to 2019. The fast subsidence rate and negative free-air gravity anomaly in this region indicate that crustal thinning is compensated mainly by surface deformation rather than upward migration of the Moho. Taking into account the offset in 2012 owing to the replacement of the transponder array, the horizontal position time series of our site are best explained by two linear lines with a slope change in July 2013. The timing of the velocity change coincides broadly with a change in the nearby seismicity rate and dike intrusion 150 km away from the site. Our results highlight the potential of seafloor geodesy in assessing temporal changes in deformation near the spreading center of the Okinawa Trough, which cannot be one using data from onland GNSS stations.
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INTRODUCTION
The Okinawa Trough is an active back-arc basin (Sibuet et al., 1987). The axis of the basin has its southwestern end in the Yilan Plain of Taiwan and extends to the Beppu–Shimabara rift zone in Japan. The spreading rate is fastest (60 mm/yr) around the Yaeyama rift in the southwestern Okinawa Trough (Nishimura et al., 2004; Figure 1). Episodic opening of the rift has been reported around the Yaeyama rift. For example, dike intrusion was detected north of Yonaguni Island in 2002 (Nakamura and Kinjo, 2018), beneath the Yilan Plain in 2005 (Lai et al., 2009), and north of Iriomote Island in 2013 (Ando et al., 2015). In contrast to the episodic rifting, onland Global Navigation Satellite System (GNSS) measurements of the Ryukyu Arc (Lallemand and Liu, 1998; Nishimura et al., 2004) have shown an almost constant southward velocity. To investigate episodic opening of the Okinawa Trough, Chen et al. (2018) conducted GNSS/acoustic seafloor geodetic measurements immediately south of the spreading center for four years from 2012 to 2016, and suggested episodic opening of the rift valley occurred between the most active site of rifting and the Yilan Plain.
[image: Figure 1]FIGURE 1 | Tectonic setting of the Okinawa Trough. GNSS velocity vectors relative to the Yangtze Plate during January 2009 to January 2016 are shown as white arrows. The Euler vector between ITRF2005 and the Yangtze Plate is from DeMets et al. (2010). Hypocenters of earthquakes larger than M5 in the same period are shown as solid circles and are color-coded according to depth. Earthquake source parameters were determined by the Japan Meteorological Agency (JMA) and Central Weather Bureau (CWB). The black box encloses the study area of Figure 4. The location of the OILN site is shown as a white circle. The velocity at the OILN site was estimated from the data acquired over a 4-years period in Chen et al. (2018). The vectors of the on-land GNSS stations were calculated from the daily time series by linear fitting after removing offsets caused by large earthquakes, antenna maintenances, and offsets over 30 mm even if the cause is not clear.
In this study, we analyzed data obtained using the seafloor benchmark unit installed by Chen et al. (2018) for three additional years (i.e., 2016–2019). In addition, we retrieved data from 2012 and earlier years that were discarded previously because of the replacement of transponders due to battery exhaustion, making it impossible to compare these data with later transponder data. Using these data acquired over the past decade, we determined the vertical and horizontal motions at this site and the associated uncertainties.
DATA AND METHODS
We carried out 18 series of GNSS/acoustic geodetic measurements using a fishing boat or buoys (Figures 2A–C) from 2009 to 2019 at the seafloor site OILN (Figure 1), which includes the 8 series of measurements reported in Chen et al. (2018). We used the drifting measurement strategy proposed by Ikuta et al. (2008), in which the vessel drifts with the sea current and wind for hours with the boat engine shut down during the transmission and reception of acoustic signals. We repeated the drifting measurement with different initial vessel locations until the coverage was sufficient. The observation period for each campaign varied from 11 to 62 h, depending on the weather and sea conditions.
[image: Figure 2]FIGURE 2 | Onboard configuration and seafloor transponders. (A) Schematic illustration of the onboard configuration of Buoy I used in the June 2010 measurement. The onboard XYZ coordinates were defined by the GNSS antenna triplet. All antenna phase centers are on the XY plane. (B) Buoy II used in the April and July 2012 measurements. The onboard XYZ coordinates were defined by the gyrocompass. (C) The fishing boat Yilonglu-VI. The onboard coordinates were defined by the GNSS antenna triplet. (D) A seafloor transponder installed at the OILN site. (E) Relative location of the seafloor transponders. The inactive and active transponders are shown as open and solid circles, respectively. The values in parentheses are the ellipsoidal heights of the transponders.
History of the Site
The OILN site comprises a triplet or quartet of mirror-response transponders that were installed at a depth of about 1300 m. The site was first built in October 2008 with a triplet of transponders equipped with short-lived batteries (Units 3, 4, and 9 in Table 1 and Figure 2E). In 2010, we deployed an additional transponder (Unit 12). Three more transponders were installed in 2012 (Units 15, 17, and 18) to replace the transponder triplet installed in 2008, as their batteries were exhausted between 2010 and 2012. Only Unit 12 was in operation before July 2012. The number of available seafloor transponders was three and four prior to and after 2012, respectively. The detailed history of the transponder replacement is listed in Table 1.
TABLE 1 | Details of the transponders used in this study.
[image: Table 1]Data Acquisition
For 15 of the 18 field campaigns, measurements were conducted using the fishing boat Yilonglu-VI, whereas the other 3 campaigns were carried out using two towed buoys (Table 1; Figure 2). Each vessel was equipped with a transducer, a GNSS antenna for determining the position of the transducer, and a GNSS antenna triplet (the boat and buoy I) or a gyrocompass (buoy II) for determining the attitude of the vessel (Figure 2). The positions of the seafloor transponders were measured by acoustic ranging from the onboard transducer, whose position was determined by combining the GNSS antenna position and attitude of the vessel. We solved the kinematic 3D position of the GNSS antenna every 0.2 s using GrafNav Ver.8.60. Two onshore GNSS stations, SCHN and S101, located 110 km SW and 90 km W of the OILN site, respectively, were used as fiducial sites to solve the kinematic GNSS antenna position. Given the signal condition of the GNSS antenna on the top of the transducer pole was sometimes not optimal, owing to obstruction by onboard structures above the antenna, on several campaigns Chen et al. (2018) used a GNSS antenna at the bow of the vessel as the main antenna instead of the on-pole antenna (Figure 2C). In this study, we improved the kinematic positioning of the on-pole antenna by using the bow antenna as a nearby moving fiducial site. This very short baseline analysis improved the yield of kinematic solutions significantly and allowed the on-pole antenna to always be used as a reference to calculate the onboard transducer position. The length between the antenna and transducer was determined with an accuracy of 1 cm. As a result, the repeatability of the estimated vertical position was improved relative to the result of Chen et al. (2018).
According to Chen et al. (2018), the error propagation from the unbiased observation error to the benchmark location is approximately [image: image], where ΔG represents the error on the kinematic GNSS positioning, Δθ is the uncertainty of the vessel attitude in 3D orthogonal coordinates, r is the relative position of the onboard transducer with reference to the onboard GNSS antenna, Δc is the travel-time error measured as a distance, and N is the number of acoustic shots. ΔG is 8 cm in the vertical direction and 2 cm in the horizontal direction (Ikuta et al., 2008). Δθ×r is 2 × 2.7 m for Buoy II, 0.8 × 2.6 m for Buoy I, and 0.4 × 6.0 m for the fishing boat (Chen et al., 2018). Δt is 0.04 ms for all systems (Ikuta et al., 2008). Based on these values, the resulting error varies from 1.3 to 2.0 mm for a number of acoustic measurements between 3000–12,000. This error is much smaller than the actual repeatability of the estimated seafloor benchmark positions. The error on the benchmark positioning is larger than that expected from the unbiased observation error, which may be due to unexpected biased error in the observations, including kinematic GNSS positioning, as well as a discrepancy between the observational model and actual signal propagation.
ANALYTICAL METHODS
We solved the position of the seafloor transponders using a tomographic technique based on Chen et al. (2018). The position of the seafloor transponders, as well as the sound speed variation and onboard configuration, were solved using the penalized least squares method. We used the following equation:
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where Ti is the ith acoustic travel-time (ms) obtained at time ti (s), f (r0,ri, a (ti)) is the travel-time predicted by ray tracing from the position of the seafloor transponders r0j in the jth campaign and the onboard transducer ri, a(t) is the temporal varying coefficient (no units) of the speed of sound in seawater represented by superposition of cubic B-spline functions (Barnhill and Riesenfeld, 1974), and μj is the hyper parameter that balances the smoothness of a(t) with the travel-time residual. We selected the best hyper parameter for each campaign using the Akaike’s Bayesian information criterion (ABIC), based on Chen et al. (2018). The resulting hyper parameters range from 104.00 to 104.16, although the values of Chen et al. (2018) ranged from 103.67 to 104.00. Hyper parameter dependence of the seafloor benchmark position solutions is evaluated in Appendix. The total number of campaigns in this study was 17, because two measurements conducted in 2012 were merged into one campaign because of the limited amount of data.
To solve Eq. 1, we used two realistic assumptions. Firstly, in estimating r0, we assumed that all the transponders were fixed on a rigid body that does not rotate, and moved from campaign to campaign in the same geometric configuration. This rigid body assumption allows us to estimate the motion of the rigid body between campaigns, even if some of the transponders are different, provided there was at least one common transponder in each campaign. Secondly, the temporal variation of the speed of sound was assumed to be controlled by a horizontal layered structure:
[image: image]
where z is the depth and V0(z) is the speed of sound obtained by the CTD measurements.
The configuration between the onboard GNSS antenna and transducer was not measured accurately, but was solved from the acoustic ranging because it was difficult to keep the same instrument configuration on the fiberglass fishing boat between the different campaigns. Although the acoustic ranging has an approximately linear trade-off between the vertical component of the seafloor transponder and the vertical position of the onboard transducer relative to the GNSS antenna, the horizontal onboard configuration of the transducer can be estimated robustly by the acoustic ranging. Given that the onboard GNSS antenna is on top of the transducer pole, we measured the length of the pole L with an accuracy of <1 cm. When the horizontal distance of the transducer from the GNSS antenna is solved as h0, the vertical distance is [image: image]. We first solved Eq. 1 by assuming the pole length L, and then resolved it iteratively. This improvement in the on-pole antenna solution allowed us to obtain more accurate vertical seafloor position than Chen et al. (2018).
RESULTS
Figure 3 shows a time-series of the 3D position of the OILN site relative to the Yangtze Plate from 2009 to 2019. The horizontal components show a southeastward motion, but there is a discontinuity between the initial four and the latter campaigns. The campaigns prior to and post-2012 have only one common transponder (Unit 12). Furthermore, the amount of data from the third and fourth campaigns (June 2010 and August 2011), which were measured using the common transponder (Unit 12) before 2012, is limited (Table 1). For this reason, we first focused on the post-2012 results without considering the pre-2012 data. In addition, we discarded the positions from the two campaigns conducted in 2010 and April 2014, due to the limited acoustic data (<3,000), as compared with the other campaigns (average = 7,597).
[image: Figure 3]FIGURE 3 | Three-dimensional time-series of the position of the OILN site relative to the Yangtze Plate. (A) N–S component. The error bars for individual campaigns were defined by Chen et al. (2018). Thin black and gray lines show the positions of the GNSS sites on Gueishang (GS20) and Yonaguni (0499, 1211) islands, respectively. Station 1211 on Yonaguni Island was built ∼800 m from site 0499 in March 2014, and its absolute position on the diagram is not meaningful. Open and solid purple circles show the campaigns before and after transponder replacement, respectively. Circles with brackets show the positions estimated from acoustic data with <3000 shots. (B) E–W component. (C) Up–down component.
The average rate of movement since 2012 is 41.2 ± 4.8 and 13.5 ± 3.7 mm/yr in the southward and eastward direction, respectively (Figures 3A,B). This result is considerably different from the average velocities of 50.3 ± 11.2 and 34.8 ± 7.2 mm/yr in the southward and eastward directions, respectively, obtained by Chen et al. (2018) from measurements over 4 years (2012–2016). This discrepancy is significant, even taking into account the 1σ error, and may reflect a temporal change in the motion (Temporal Variation in Horizontal Motion). The position of the benchmark for each campaign also differs in the present and previous studies. The vertical positions reveal there has been 22.0 ± 8.9 mm/yr of subsidence over 7 years (Figure 3C). The scatter of data from the individual campaigns from a linear trend is 33 and 59 mm, which is expressed as the root-mean-square (rms) deviation of the horizontal and vertical components, respectively.
DISCUSSION
Observation Errors
The horizontal velocity of the OILN site from 2012 to 2019 has an accuracy of <5 mm/yr, and the positions of the individual campaigns have a scatter of 35.6 and 27.6 mm (rms deviations from the linear trends of the N–S and E–W components, respectively). This error is comparable with the value of 20–30 mm obtained by the Japan Coast Guard (JCG) group (e.g., Yokota et al., 2016). Although the errors result from a combination of numerous factors, our observations appear to have some limitations compared with those of the JCG group. One involves the uncertainty on the position of the acoustic transducer relative to the GNSS antenna, which changed slightly from campaign to campaign. The fishing boat used in this study is made of fiberglass and, as such, rigging is not possible. This caused difficulties in setting the sensor jigs at the same positions with centimeter accuracy. As a result, the configuration between the onboard GNSS antenna and transducer also needed to be solved from the acoustic ranging. This led to an increase in the number of unknown parameters, which resulted in a reduction of the accuracy of the transponder array positioning. A further disadvantage of our data is the uneven ship track coverage over the transponder array. Due to the noise from the engine and crew, we had to cease boat operations and allow the boat to drift during the acoustic measurements. Sato et al. (2013) developed a hull-mounted onboard system, in which the transducer is installed on the bottom of the vessel, and this enables the vessel to sail along predetermined track lines. This improved the positioning repeatability and decreased the observation time for a single site from 2 to 4 days to 16–24 h (Ishikawa et al., 2020). Although our method had some disadvantages compared with that of the JCG group, we compensated for these disadvantages with long observation periods.
Average Rate of Back-Arc Rifting
Although the transponder array motion appears to have some temporal variations in both the horizontal and vertical components (Figure 3), we first consider the average motion (i.e., linear fitting without offsets) during 2012–2019. As proposed by Chen et al. (2018), if we assume the rigid Yonaguni Block is the western end of the Ryukyu arc, the Euler pole calculated from the 0499 (Yonaguni Island) and OILN sites is located off the eastern coast of Taiwan (Figure 4). The velocity predicted from the rotation of the Yonaguni Block at onland GNSS sites in the northern part of the Central Range is consistent with the observed GNSS velocities within ±15 mm/yr (Figure 4B). This suggests that clockwise rotation of the Ryukyu arc is the main driving mechanism for deformation of the Yilan Plain, which is consistent with evidence from earthquake focal mechanisms (e.g., Huang et al., 2012). Most of the earthquakes shallower than 25 km beneath the Yilan Plain and the Okinawa Trough show normal faulting mechanisms (Figure 4B). In addition, the GNSS velocities in northern Taiwan (Figure 4A), with respect to the stable Yangtze Plate, also exhibit a small eastward velocity of up to 10 mm/yr, associated with the clockwise rotation of the Yonaguni Block (Figure 4C). The velocity generally increases toward the trough axis. This E–W extension suggests that this area is also affected by back arc spreading. Schellart and Moresi (2013) used a 3D lithospheric deformation and mantle flow simulation to show that slab-rollback-induced toroidal and poloidal mantle flows are responsible for back-arc spreading. The overriding plate is extended by the basal shear of the asthenosphere, which flows into the space vacated by the rollback of the sinking slab. The E–W extension off the northern coast of Taiwan behind the spreading center may reflect the mantle flow beneath this region (Figure 4D), which has been predicted from a numerical mantle flow simulation based on the specific slab geometry (Lin and Kuo, 2016).
[image: Figure 4]FIGURE 4 | (A) Observed horizontal velocities with reference to the stable Yangtze Plate. Colored vectors represent observed velocities and white vectors show the predicted rotation of the Yonaguni Block estimated from the OILN and onland 0499 sites. The vectors on Taiwan were calculated from daily coordinates for variable periods from 1 to 15 years. The 95% confidence interval for the OILN horizontal velocity are shown as the black ellipse, while the errors for the onland sites are not visible at this same scale. The yellow star marks the estimated Euler pole of the Yonaguni Block, with the 95% confidence interval shown as a red ellipse. The black rectangle shows the area of the GNSS stations shown in (C). (B) Residual observed velocity vectors with reference to the motion of the Yonaguni Block. The dashed line is the 15 mm/yr contour. Beach balls show the centroid moment tensor (CMT) solutions for earthquakes between March 1999 and May 2020 with depths of <25 km. The CMT solutions were provided by F-net, National Research Institute for Earth Science and Disaster Prevention (NIED). (C) Eastward velocity of the onland GNSS stations in the rectangular area outlined in (A). (D) Schematic illustration of the tectonics around northeastern Taiwan taken from Chen et al. (2018), but also showing toroidal mantle flow.
Large Subsidence Rate
Chen et al. (2018) did not discuss the vertical motion of the OILN site because of its large uncertainty. However, we estimated the vertical motion more accurately, with the improved onboard configuration of the main GNSS antenna on top of the transducer pole. The total subsidence during 2012–2019 was ∼150 mm (Figure 3C). The average subsidence rate was 22.0 ± 8.9 mm/yr.
One possible interpretation of the high subsidence rate of the OILN site is sinking of the seafloor transponders into thick sediments. Taking into account that the transponder is ∼70 cm high and comprises a glass sphere that is 43 cm in diameter (Figure 2D), the transponders should have sunk fastest just after installation. However, after the installation of the new transducers in 2012, there was no acceleration in the subsidence. Another possibility for the high subsidence rate is a submarine landslide. The slope of the seafloor around this site is 1.5° to the north. When a landslide occurs, we would expect a large horizontal northward displacement compared with the subsidence. However, no such northward displacement was observed in the study period.
The other possibility is that subsidence is occurring due to crustal thinning at the margin of the back-arc basin, which is supported by the similar subsidence rate observed at the onland site on Gueishang Island (GS20; Figures 3C, 5A). In addition, onland sites in the Yilan Plain also show subsidence with rates of 5–10 mm/yr (Figure 5A). The subsidence rate of the OILN site is much faster than in active rift basins. For example, Steckler et al. (1988) showed from borehole profile data that the fastest tectonic subsidence rate in the central–southern Gulf of Suez was a few mm/yr in the late Burdigalian. This discrepancy may be explained by the unusual geological setting around the OILN site and Yilan Plain. The crust beneath the Okinawa Trough around the Yaeyama rift is continental, and the trough is in a transitional stage from continental rifting to seafloor spreading (Arai et al., 2017). If crustal thinning had a major role in the back-arc rifting around the OILN site, the thinning rate would be controlled by crustal thickness, spreading rate, and width of the trough. Assuming there is no change in the volume of the crust due to extension, the estimated thinning rate for a crustal thickness of 15–25 km (Arai et al., 2017) is 25–42 mm/yr, based on an average spreading rate of 50 mm/yr over a 30-km-wide trough. If isostasy is being attained, then thinning of the continental crust should be compensated by upward migration of the Moho discontinuity and seafloor subsidence. The ratio of the subsidence to thinning rate is governed by the density ratio between seawater, crust, and mantle according to the following equation:
[image: image]
where Δhc is the crustal thinning rate and Δd is the seafloor subsidence rate. ρw, ρc, and ρm are the densities of seawater, continental crust, and mantle, respectively. In this case, when typical density values of 1.0, 2.7, and 3.3 g/cm3 are adopted for ρw, ρc, and ρm, the expected subsidence rate Δd is 6.5–11.0 mm/yr for an estimated thinning rate Δhc of 25–42 mm/yr.
[image: Figure 5]FIGURE 5 | Vertical motion of northern Taiwan. (A) Observed vertical velocity at onland GNSS sites and the OILN seafloor site. Solid and open circles show subsidence and uplift, respectively. The rectangle shows the area of (B). The colored depth contour intervals are 200 and 1000 m for the thin and thick lines, respectively. The vertical velocity at on-land GNSS stations were calculated from the daily time series in the same manner with Figures 1, 4, in which offsets by large earthquakes, antenna maintenances, and offsets over 100 mm even if the cause is not clear were removed before fitting. (B) Free-air gravity anomaly around the OILN site. The contour interval is 20 mgal. A large negative anomaly around the Hoping and Nanao forearc basins corresponds to flexure of the subducted Philippine Sea Plate. There is a narrow depression that extends from the Yilan Plain to the OILN site along the trough axis.
The observed subsidence rate of 22 mm/yr at the OILN site is higher than expected from isostasy. In fact, there is a narrow, negative, free-air gravity anomaly region that extends from the Yilan Plain to the OILN site along the trough axis (WGM2012 Earth Gravity Model; Bonvalot et al., 2012), which does not correlate with the bathymetry. This suggests that gravitational mantle flow cannot compensate for the rapid deformation within the narrow region around the western end of the rift axis. Given the small negative free-air gravity anomaly to the east of the OILN site in the Okinawa Trough, this rapid subsidence should be limited to this westernmost area in the initial stages of back-arc rifting.
Temporal Variation in Horizontal Motion
We estimated an average velocity in Average Rate of Back-Arc Rifting, but Chen et al. (2018) reported that the transponder array position of the OILN site from 2012 to 2016 can be explained by intermittent motion, based on Akaike Information Criteria (AIC). We examined if intermittent rifting of the Okinawa Trough axis as occurred using a longer observation period from 2009 to 2019.
Chen et al. (2018) modeled the horizontal transponder array position from 2012 to 2016 with a linear fit and an offset in 2013. They suggested that the offset was associated with an acceleration of seismic activity around the OILN site in 2013. Figure 6A shows an enlargement of the horizontal transponder array motion from Figure 3, excluding the campaigns with limited acoustic data (<3,000 shots). When including the new campaigns since 2016, no offset is recognized between the sixth (July 2013) and seventh (September 2013) campaigns.
[image: Figure 6]FIGURE 6 | Time-series of the OILN site position relative to the stable part of the Yangtze Plate. (A) Same as Figures 3A,B. N–S (solid circles) and E–W (open circles) components. The coordinates for the data prior to 2012 were modified by Eq. 4. The original N–S and E–W coordinates are shown as black and gray crosses, respectively. Each time-series is fitted with linear lines with a break at July 2, 2013 (vertical line), which was determined by AIC. Data for the middle eight campaigns are from Chen et al. (2018), but were treated with our new procedure. (B) Cumulative seismicity (>M2.0) detected within the corresponding colored rectangles shown in (C,D). The red dashed line is a fit to the seismicity from January 2009 to July 2013. (C) Horizontal velocity vectors and seismicity (>M3.0) from Jan 1, 2009 to July 2, 2013. D1 and D2 show the location of dike intrusion modeled by Nakamura and Kinjo (2018), which occurred at the end of 2002 and in April 2013, respectively. (D) Horizontal velocity vectors and seismicity from July 3, 2013 to September 30, 2019.
However, the site appears to have moved at different rates before and after 2013. We estimated the time of the rate change and the offset due to transponder array replacement by least squares regression as the follows:
[image: image]
where x is the horizontal position vector at time t, V1 and V2 are the horizontal velocities before and after the bending time t0, respectively; and x0 and x1 are the intercepts before and after the transponder array replacement, respectively. The appropriate t0 value was determined based on AIC. Note that we did not include the vertical component in this regression because uncertainty of the vertical component is much larger compared to the horizontal components.
The best-fit result is shown in Figure 6A, and yielded a t0 of July 2, 2013. The minimum AIC value is −110.5. The offsets caused by the replacement of the transponder array are estimated as 5.6 and 12.7 cm for the south and west components, respectively. When fitting by a line instead of bending lines, the AIC value is −103.9. The relative likelihood of the linear fitting with respect to the bending-line fitting is calculated as exp{(103.9–110.5)/2} = 0.037. Consequently, it is plausible that the velocity of OILN changed in July 2013. The estimated t0 value based on the horizontal motion of the OILN site is consistent with the timing of the change in seismicity. The seismicity rate around the OILN site increased abruptly at the end of 2013 (Figure 6B), which was at the time of dike intrusion in the Yaeyama rift (D2 in Figure 6C) reported by Nakamura and Kinjo (2018). Nakamura and Kinjo (2018) analyzed onland GNSS coordinate data and seismicity around Iriomote Island and showed that the shear strain rate changed around the time of dike intrusion, which was also associated with a seismicity change in the forearc region of Iriomote Island. Our results show that these changes also coincided with the seismicity and crustal deformation changes 150 km away from the Yaeyama rift. However, the motion of the OILN site does not show an acceleration in rifting, but instead exhibits a deceleration of rotation associated with an increase of seismicity, which appears to be counterintuitive. One possible explanation for this is activation of a normal fault to the south of the OILN site, which separates the Okinawa Trough from the Ryukyu arc. Arai et al. (2017) described a high-angle normal fault that separates the trough from the arc ∼100 km east of the OILN site, which appears to continue to the south of the OILN site, based on the bathymetry. The increased seismicity may reflect not only the opening of the Okinawa Trough, but also normal faulting south of the OILN site.
Chadwell et al. (1999) conducted a 2-years-long acoustic ranging experiment over a distance of 1 km across the Juan de Fuca ridge axis, and found that the ridge axis was not rifting. Chadwell and Spiess (2008) subsequently studied the plate motion using GNSS/acoustic methods at a location 25 km away from the same ridge axis, and found a motion indicative of constant seafloor spreading. They suggested that the crust between 0.5–25 km from the ridge axis accommodates the transient deformation by normal faults on the ridge slope and elastic strain accumulation. Our site is located 10 km away from the trough axis, and also shows a transient velocity change. Although we did not observe intermittent rifting, the velocity changes almost perpendicular to the rifting direction. The timing of the near-axis velocity change coincides with a change in the strain rate (Nakamura and Kinjo, 2018) and the inter-plate slow slip event (SSE) occurrence rate (Tu and Heki, 2017). The unique location of the OILN site close to the rifting center allows changes in the deformation field to be detected over time, which is not possible with land-based stations.
Differences From the Study of Chen et al. (2018)
Figure 7 shows the horizontal positions determined by Chen et al. (2018) superimposed on the result of the present study. There are significant differences of up to 10 cm in the N–S positions of campaigns conducted in 2012 and 2014. In 2012, the position accuracy of Chen et al. (2018) is degraded because of the limited acoustic data (<3,000). In this study, we merged the data from the campaigns in April 2012 and July 2012 that were previously discarded by Chen et al. (2018) due to lack of data, in order to increase the available data to 5,828. Despite the absence of such differences in the 2014 acoustic data, there are significant differences in the estimated benchmark position. The difference between the results of Chen et al. (2018) and this study for the 2014 campaign reflect the KGPS analysis. Chen et al. (2018) solved for the GNSS antenna position using Interferometric Translocation software (IT; Colombo, 1998), whereas we solved for the same antenna using the bow antenna as the fiducial site with GrafNav software (NovAtel Inc, 2014). As a result, the positions of the onboard transducer estimated in this study differ from those in Chen et al. (2018). On average, the positions determined in this study differ from Chen et al. (2018) by 0.7 ± 5.0 cm in a westward direction, 3.8 ± 3.3 cm in a northward direction (Figure 8A), and 15.6 ± 15.7 cm in a downward direction (Figure 8B). We compared the elevation with the theoretical sea level in order to evaluate which result is more reliable (Figures 8C,D). The results show that the elevations obtained in this study are more consistent with sea level than those of Chen et al. (2018). This trend is also evident in some other campaigns, but is especially large in April 2014. It is possible that the coordinates of the seafloor position might have been influenced by this unexpected bias in the kinematic GNSS positioning of Chen et al. (2018).
[image: Figure 7]FIGURE 7 | Time-series of the OILN site position relative to the stable part of the Yangtze Plate. (A) N–S component. Black circles show the results of this study. Circles with parentheses show the positions estimated from acoustic data with <3000 shots. Red circles are the results of Chen et al. (2018). (B) E–W component.
[image: Figure 8]FIGURE 8 | Differences in the onboard transducer positions between this study and Chen et al. (2018). (A) Relative horizontal positions from Chen et al. (2018). The red cross shows the average position. (B) E–W cross-section. (C) Time-series of the vertical transducer position. Positions from Chen et al. (2018) and this study are shown as purple and light green dots. One-hour running averages are shown as green and red dots. The predicted astronomical tide is shown as black dots. (D) Height difference between the transducer position and the astronomical tide level.
In the time-series obtained by low-frequency campaigns, the temporal changes are heavily biased by the results of only a few campaigns (e.g., 2012 and 2014 in Chen et al. 2018). This is also the case for our study. It should be noted that the estimated motion before 2012 obtained in this study was determined mainly by the location of the campaign in 2011. However, irrespective of the pre-2011 coordinate values, the eastward velocity appears to have decreased over time, at least when comparing 2012–2016 with 2016–2019 (Figure 6).
CONCLUSION
We measured seafloor movement near the rift axis of the Okinawa Trough back-arc basin over a 10-years-long period using a GNSS/acoustic technique. We deployed a seafloor site that is 60 km east of northeastern Taiwan in 2009, and conducted 18 measurement campaigns until 2020. Chen et al. (2018) reported the results for campaigns from 2012 to 2016 and found possible temporal variations in the rifting velocity of the Okinawa Trough. In this study, we extended the measurement period to 2019, in order to obtain more reliable estimates of velocity. The seafloor transponder array has undergone southeastward movement at an average velocity of 43 mm/yr from 2012 to 2019, which is 18 mm smaller than the results of Chen et al. (2018) for 2012–2016. This horizontal movement can be explained by clockwise block rotation of the Yonaguni Block and Central Range, which form the Yilan Plain, by back-arc rifting. In addition to the horizontal motion, the transponder array revealed fast subsidence in the 7 years from 2012 to 2019, with an average velocity of 22 mm/yr. The rapid subsidence and negative gravity anomaly suggest that rapid crustal thinning is not being fully compensated for by upward migration of the Moho, but is being accommodated by surface deformation. We also attempted to retrieve the acoustic ranging data obtained from 2009 to 2012, which were initially discarded because of replacement of the seafloor transponders. By fitting the decadal horizontal motion with two linear lines with a break and an offset due to the transponder replacement, the break is estimated to have occurred in July 2013. This timing coincides with a change in the seismicity rate around the site, as well as dike intrusion 150 km away from the site.
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APPENDIX: HYPER PARAMETER DEPENDENCE
We selected the appropriate hyper parameters μ based on the minimum ABIC. Figure A1 shows how the time-series site position changes with different hyper parameters. When varying the hyper parameters within a range from 103.5 to 104.5, which covers the range of both Chen et al. (2018); (103.67–104) and this study (104–104.16), the horizontal and vertical positions change <1.5 cm and <3.0 cm, excluding the campaign with limited acoustic data (<3000; Figure A1E). The different hyper parameters within this range effect the velocity estimates by < 0.6 mm/yr in a N–S direction, <1.2 mm/yr in an E–W direction, and <2.1 mm/yr in a vertical direction (Figure A1F).
[image: Figure A1]FIGURE A1 | Time-series of the OILN site position solved with different hyper parameters ranging from 103.5 to 104.5. (A) N–S component. Circles with parentheses show the positions estimated from limited acoustic data (<3,000 shots). (B) E–W component. (C) Up–down component. (D) Differences in the estimated site positions using different hyper parameters, showing the standard deviation for all hyper parameters between 103.5 to 104.5. The horizontal and vertical motion ranges between ±1.5 and ±3 cm, respectively, excluding the campaigns with limited data. The standard deviation was calculated for the deviation from the temporal variation trend obtained by averaging all hyper parameters. The campaigns before and after 2012 were evaluated separately. (E) Standard deviation of the site position difference from the value estimated with a hyper parameter of 104. The two campaigns with limited data (campaigns with brackets in the left panels) were not included in this evaluation. (F) Differences in the trend estimated using various hyper parameters in this study.
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