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Abstract
The Okinawa Trough, to the southwest of Kyusyu, Japan, is an active backarc basin of the Ryukyu (Nansei-Shoto) island arc–trench system caused by the Philippine Sea plate subduction. Unlike other backarc basins around Japan, the Okinawa Trough, ~ 1000 km in length, is unique because the crustal thinning due to backarc rifting is currently in progress in the entire trough. We conducted extensive seismic reflection and refraction surveys to detect detailed variation in seismic structures associated with the rifting tectonics. Seventeen seismic lines were shot, including ten across-trough and seven along-trough lines in the Okinawa Trough. Moho depths estimated mainly from PmP travel times indicate that the crust beneath the trough is thinner than that below the East China Sea shelf and the Ryukyu Island Arc. The shallowest Moho of the across-trough lines was not necessarily detected at the center of the trough, defined as the deepest water depth, but was located beneath the western margin of the northern and middle Okinawa Trough. An M7.1 earthquake occurred in the area on November 14, 2015, and intense aftershock activity was observed along the western margin of the trough. These earthquakes with extension axes of northwest–southeast direction demonstrated that the area is undergoing tectonic rifting. The Moho depth is over 25 km in the northern region of the Okinawa Trough and decreases down to ~ 13 km as it goes to the south, and the thinnest crust of ~ 7 km occurs beneath the Yaeyama Rift in the southern Okinawa Trough. Despite the crustal thinning by the backarc rifting, the P wave velocity models across the Okinawa Trough show that the continental/island arc crust composed of an upper, middle, and lower crusts is continuous between the East China Sea shelf and the Ryukyu Arc. The multichannel seismic profiles along and across the rifts in the southern Okinawa Trough show more volcanic intrusions in the southern side than in the north, which may be related to the position of the volcanic front, which is undetermined in this region.[image: A40623_2019_998_Figa_HTML.png]
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Introduction
A series of subduction trenches lines up on the Pacific side of the Japanese archipelago, and subductions of the Pacific plate and the Philippine Sea plate through the trenches form trench–arc–backarc systems (Fig. 1). Among them, the Okinawa Trough (OT), a backarc basin in the Ryukyu (Nansei-Shoto) arc–trench system, which is located southwest of Kyushu, is unique owing to its extensive active rifting.[image: A40623_2019_998_Fig1_HTML.png]
Fig. 1a Tectonic map in and around the Okinawa Trough (OT). Sky-blue dashed lines indicate westward extension of the Tokara Valley and Kerama Gap. NOT northern Okinawa Trough, MOT middle Okinawa Trough, SOT southern Okinawa Trough, TV Tokara Valley, KG Kerama Gap, MS Miyako Saddle, IS Ishigaki Saddle, MJ Miyako-jima, IJ Ishigaki-jima, LOFZ Luzon-Okinawa fracture zone, BMFZ Botan–Miyako fracture zone, OH Oki–Hateruma Basin. Red dotted line shows the volcanic front. b Scheme of the tectonic provinces in the East China Sea summarized by Inoue (2007). 1, Fukien-Reinan Massif; 2, Goto Uplift Zone; 3, Senkaku Uplift Zone; 4, Ryukyu Arc; 5, Ryukyu (Nansei-Shoto) Trench; A, Goto Basin; B, Tungai Basin; C, Senkaku Basin; D, Okinawa Trough; E, Ryukyu forearc basin; F, Amami Basin (Kizaki, 1985); A + B + C, East China Sea Basin (Taiwan Basin), G, Basin under Tungai Slope (Kimura 1990). c Location of the seismic lines. Red, green, and sky-blue lines are the across-trough, along-trough, and along-rift/rift-parallel survey lines, respectively. Blue lines indicate positions of previous surveys. Iwasaki et al. (1990), Nakahigashi et al. (2004), Nagumo et al. (1986), Hirata et al. (1991), Lee et al. (1980), Arai et al. (2017), Klingehoefer et al. (2009). Violet asterisks show hydrothermal vents (http://​vents-data.​interridge.​org/​ventfields?​order=​name_​3&​sort=​asc;)





The OT is around 1000 km long, and the water depth generally increases along the trough from ~ 600 m in the north to ~ 2300 m in the south (Fig. 1). The OT is divided into three regions by the westward extensions of the two large bathymetric depressions across the Ryukyu Arc: the Tokara Valley in the north and the Kerama Gap in the south. The seafloor feature in the northern OT is characterized by a gentle slope at the western margin of the trough, a flat seabed in the western half of the trough, and a rugged topography in the eastern half. Numerous knolls, smaller elevations with a rounded profile, are found in the eastern half of the middle OT. Along the center of the southern OT, there are several conspicuous en echelon graben structures (i.e., Miyako Rift, Yaeyama Rift, and Yonaguni Rift as shown in Fig. 2), which are elongate depressions formed by the backarc rifting. The slope at the northern margin of the southern OT shows a steeper gradient than that in the northern OT and is cut by submarine channels of varying size. Over ten hydrothermal vents have been found through the OT, and some of them have been investigated in great detail (e.g., Beaulieu 2015; Ishibashi et al. 2015; Minami and Ohara 2017). However, a volcanic front is recognizable only to the west of the Ryukyu Arc in the northern and middle OT, but not in the southern OT.[image: A40623_2019_998_Fig2_HTML.png]
Fig. 2Three-dimensional view of the fine bathymetry in the southern OT and the position of the seismic lines. The OBSs were deployed at each square. TB Taisho Bank, DM Daiichi–Miyako Knoll, MS Miyako Seamount





Tectonic evolution models for the OT have been discussed in many previous studies (e.g., Letouzey and Kimura 1986; Furukawa et al. 1991; Miki 1995; Park et al. 1998; Sibuet et al. 1998). For example, Sibuet et al. (1995) revealed that crustal thinning is different between the northern and southern OT based on seismic refraction and gravity data. Recently, Gungor et al. (2012) compiled multichannel seismic reflection (MCS) profiles at the northern OT and pointed out that diffuse rifting/extension in the northern OT, in contrast to focused rifting/extension in the southern OT, is due to the tectonic perturbation caused by the convergence or subduction of the bathymetric high at the northern Ryukyu Arc.
Although the large and long seafloor depression of the OT is currently in progress due to the backarc rifting, there are several inactive depressions with associated ridges (elongated narrow elevations) parallel to the mainland Chinese shoreline beneath the thick sediments in the East China Sea (ECS) shelf (Fig. 1b). These inactive depressions are considered as failed rift basins. The formation age of these rift basins becomes progressively younger from NW to SE, and the youngest rift basin is the OT (e.g., Kimura 1990; Sibuet and Hsu 1997; Sibuet et al. 2004; Lin et al. 2005). Li et al. (2009) revealed that the Xihu Depression, one of the failed rift basins located within the region “B” in Fig. 1b, exhibits a thin crust similar to a typical oceanic crust. Therefore, the active rifting in the OT might stop in the future, similar to the abandoned rift basins to the west. A precise understanding of the present situation is necessary to predict future activities of the OT.
Fundamental geological and geophysical data have been collected in and around the OT by the Japan Coast Guard under the Continental Shelf Survey Project since 1983 (e.g., Katsura et al. 1986; Oshima et al. 1988). Figure 3 summarizes geophysical data compiled since then. The free-air gravity anomaly map generally shows a slightly positive anomaly in the OT, and its variation corresponds to the seafloor topography. However, despite the flat seafloor of the ECS shelf, there are distinct positive gravity anomalies along the eastern margin of the shelf, roughly parallel to the strike of the OT, which corresponds to the Goto–Senkaku Uplift Zone (Taiwan–Sinzi Ridge) in Fig. 1b.[image: A40623_2019_998_Fig3_HTML.png]
Fig. 3Geophysical maps in and around the OT. a Free-air gravity anomaly map. b Bouguer gravity anomaly map. The Bouguer anomaly was calculated using an average crustal density of 2.67 × 103 kg/m3 and corrected for a terrain effect within a radius of 30 km (Oikawa and Kaneda 2007). c A magnetic anomaly on the shaded bathymetry. The magnetic anomaly map was produced by a combination of our original data, CCOP (http://​www.​ccop.​or.​th/​), and EMAG2 (https://​doi.​org/​10.​7289/​v5mw2f2p)





The Bouguer gravity anomaly map (Fig. 3b) shows a southwestward decrease along the OT. Based on the Bouguer gravity anomaly data, the crustal thickness of the OT decreases from the northeast to southwest (Fig. 3b). Different from the free-air gravity anomaly map, there are no distinct anomalies along the eastern margin of the ECS shelf.
A magnetic anomaly map is shown in Fig. 3c. There are positive and negative anomalies of − 300 to 500 nT along the eastern margin of the ECS shelf, reflecting spatial variations in magnetic basement depths (Oshima et al. 1988). The distribution of the magnetic anomalies in the OT shows dipole anomalies related to small seamounts, knolls, and volcanic intrusions. The short linear magnetic anomalies observed in the southern OT reveal a rifted magnetized basement of the continental crust, and there are no distinct magnetic lineations indicating seafloor spreading in the OT (Oshida et al. 1992).
Information on seismic activities and structures including the deeper crust and uppermost mantle is necessary to understand regional tectonics of the OT. Large shallow earthquakes with depths < 30 km in the OT were not known until quite recently, except for the 1938 Miyako-jima–Hokusei-oki Earthquake (M7.2) north of Miyako-jima Island. However, an M7.1 earthquake occurred in 2015 at the western margin of the northern OT, where no large earthquakes have been observed before the event. From viewpoints of hazard assessment and disaster mitigation, it is crucial to investigate seismic structure in the source area of the 2015 M7.1 earthquake. Moreover, seismic velocity models are capable of providing fundamental structural constraints which contribute to constructing an evolutionary model of the OT.
Former seismic surveys have shown rough along-trough variation in the crust of the OT. Two-ship seismic refraction experiments in the 1960–1970s have provided simple velocity distribution models in and around the OT (e.g., Murauchi et al. 1968; Ludwig et al. 1973; Lee et al. 1980). Since the 1980s, refraction experiments using ocean bottom seismographs (OBSs) as receivers have been performed at various locations in the OT, and more precise crustal models have been developed (e.g., Nagumo et al. 1986; Iwasaki et al. 1990; Nakahigashi et al. 2004; Klingelhoefer et al. 2009, 2012). Very recently, seismic reflection and refraction surveys with a much denser OBS interval and longer MCS streamer have provided more detailed seismic structures. Arai et al. (2017) accurately estimated a thin crust of ~ 13 km beneath the rift in the center of the southern OT and demonstrated that the 2- to 7-km-wide volcanic intrusion on the rift axis resulted from the passive upwelling of magma. However, such dense seismic surveys are limited in the OT and the detailed rifting structure remains unclarified yet. On the other hand, Nakamura and Umezu (2009) conducted P wave travel time inversion of natural earthquakes and showed variations in the crustal thicknesses and Pn velocities beneath the Ryukyu Arc and the OT. Compared with the seismic reflection and refraction surveys, the accuracy and resolution of the inversion result had limitations due to the insufficient number of the stations and the seismic network configuration only on the land of the Ryukyu Arc.
The Japan Coast Guard has conducted extensive seismic reflection and refraction surveys in the Nansei-Shoto region since 2008 to obtain the fundamental seismic structure using uniform high-spec seismic exploration techniques (Fig. 1). We have previously reported the seismic structure related to the subduction of the Philippine Sea plate (Okamura et al. 2017; Nishizawa et al. 2017). In the present study, we compile P wave velocity models obtained from all the 17 seismic lines and discuss regional variations in seismic structure across and along the OT. The fine shallow seismic structure of the OT, mainly based on MCS profiles, will be reported in another paper, and preliminary interpretation of ECr1 and ECr10 in the northern OT has been described by Ishibashi et al. (2015).
Seismic data acquisition and processing
We performed 17 seismic surveys: ten lines across the trough strike, three along-trough lines, and four lines along or parallel to the rift axes in the center of the southern OT (Fig. 1). The specification of our seismic survey and procedures for data processing and velocity structure modeling are the same as those described by Nishizawa et al. (2017), in which seismic structures related to the Philippine Sea plate subduction were reported using the same dataset. We used a non-tuned airgun array with a total volume of 98.4 L (1500 in.3 × 4) as a controlled seismic source at an interval of 200 m (90 s) for refraction lines and a three-gun cluster airgun, 17.1 L (350 in.3 × 3), at an interval of 50 m for reflection lines. OBSs deployed at a 5-km interval and a 3000-m-long, 240-channel hydrophone streamer were used as receivers. A 480-channel streamer was used only for ECr15. We determined the location of each OBS instrument using the direct water wave arrivals (Oshida et al. 2008). Several OBSs drifted from the seismic line more than 500 m due to the strong Kuroshio ocean currents.
The multichannel seismic reflection data were processed by the conventional procedure composed of resampling, common midpoint sorting at 6.25 m intervals except for 3.125 m for ECr15, bandpass filter, amplitude recovery, minimum phase conversion, predictive deconvolution, velocity analysis, multiple suppression, normal moveout correction, mute and common midpoint stack, and post-stack time migration. For time-to-depth conversion, we used the P wave velocity (Vp) models derived by the seismic refraction survey.
Our OBSs were equipped with three-component 4.5-Hz geophones and a hydrophone. We mainly used vertical geophone outputs and sometimes referred hydrophone outputs for the identification of reflection phases. We obtained final Vp models using tomographic inversion (tomo2D) according to Korenaga et al. (2000) and forward modeling with two-dimensional ray tracing (Fujie et al. 2000; Kubota et al. 2009). Initial Vp models were constructed with information of sedimentary structure obtained by the MCS profile. In the two-dimensional inversion models, the horizontal grid spacing is 0.5 km, and the vertical grid spacing gradually increases with depth according to the relation 0.05 + (0.01 × depth (km))1/2 km. We applied smoothness constraints on both velocity and depth perturbation in the models using predefined correlation lengths. We defined the correlation length function for model smoothing as follows: The horizontal correlation length for velocity nodes ranges from 1 km at seafloor, 3 km at a depth of 3 km, 5 km at 10 km, 20 km at 10 km, 15 km at the model bottom, and the vertical correlation length also varies from 0.1 km at seafloor, 0.4 km at a depth of 3 km, 3 km at 10 km, 3 km at 20 km, 3 km at the bottom. The correlation lengths vary linearly between the depth nodes. The velocity smoothing parameter (SV) and velocity damping factor (TV) were selected to be 300 and 20%, respectively, after several tests.
We examined the reliability of the inversion using conventional checkerboard resolution tests. A reference model for the test was built by adding sinusoidal anomalies with a horizontal dimension of 10 km, a vertical dimension of 2.5 km, and a velocity perturbation of ± 5% to the upper crust of our preferred final model. The vertical lengths of the cells in the middle and lower crusts are 5 and 10 km, respectively, and the horizontal length is 20 km. As a result, we succeeded in determining Vp models shallower than ~ 10 km with misfits of less than ~ 50 ms by the inversion method after 2–3 iterations. Since the recovery of the checkerboard pattern of the deeper part was insufficient, we mainly used the forward modeling to estimate deeper crust and mantle structures.
Forward modeling is useful to construct layering structural models based on reflection signals produced at a layer boundary. Especially, Moho depths are constrained by travel time fitting of wide-angle reflections from Moho. The accuracy of the depths varies depending on the locations of the seismic lines, and the potential error of the Moho depth is 1–2 km in the case of good travel time fitting for clear PmP signals.
The code for the forward modeling is based on the graph theory and calculates only first arrivals of refracted waves and faster-reflected waves at each layer boundary. A finite difference method, E3D (Larsen and Schultz 1995), can be used to calculate several later arrivals that cannot be estimated by the tomographic inversion and forward modeling approach. When amplitude characteristics in synthetic record sections show apparent differences from those of the observed records, we revised the Vp model by the forward modeling.


Results
We show the MCS depth-converted profile (Fig. 4), P wave velocity model (Fig. 5), and checkerboard test result with ray coverage (Fig. 6) for each line. On the whole, the crustal models in the OT show thinned continental/arc crusts of the ECS shelf and the Ryukyu Island Arc, which consists of upper (Vp < 6 km/s), middle (6.0–6.5 km/s), and lower crusts (> 6.5 km/s). We describe the characteristics of each profile roughly from north to south and from west to east.[image: A40623_2019_998_Fig4_HTML.png]
Fig. 4Multichannel seismic profiles (MCS; depth-converted section) for the across-trough survey lines. These MCS sections were arranged from north to south and along the slope between the East China Sea (ECS) shelf and the OT. The vertical dashed blue line shows the position of the northwestern edge of the OT. Upward arrows on ECr8 and ECr9 indicate ascending high Vp materials (in Fig. 5) in the top sedimentary layers. Blowups of the regions are also presented. DM Daiichi–Miyako Knoll, MS Miyako Seamount, YoR Yonaguni Rift, YaR Yaeyama Rift, MR Miyako Rift, sb sedimentary basin; ab acoustic basement



 [image: A40623_2019_998_Fig5_HTML.png]
Fig. 5P wave velocity models for the survey lines perpendicular to the trough axes. The contour interval is 0.25 km/s. These Vp models were arranged from north to south and along the slope between the ECS shelf and the OT. The vertical dashed blue line shows the position of the northwestern edge of the OT. Upward arrows on ECr8 and ECr9 indicate ascending high Vp materials in the top sedimentary layers. DM Daiichi–Miyako Knoll, MS Miyako Seamount, YoR Yonaguni Rift, YaR Yaeyama Rift, MR Miyako Rift



 [image: A40623_2019_998_Fig6_HTML.png]
Fig. 6Results of the checkerboard test for each P wave velocity model shown in Fig. 5. Ray coverage is also plotted from the forward modeling, including reflection waves. The ray paths correspond to manual readings on the observed record sections for each seismic line




There sometimes exist discrepancies in these Vp models at intersections between the seismic lines. These differences are possibly due to three-dimensional heterogeneities and/or azimuthal anisotropies of the Vp structures. Since more detailed surveys and analyses are necessary to elucidate the causes of the inconsistencies, we only describe degrees of the differences in the Vp models in this paper.
Across-trough lines
The results for the across-trough lines ECr11, ECr10, and ECr15 in the northern OT, ECr9 and ECr8 in the middle OT, and ECr7, ECr16, ECr6, ECr5, and ECr4 in the southern OT are summarized in Figs. 4, 5, and 6.
ECr11 is the northernmost across-trough seismic line in our study. ECr11, 624-km-long line, extends from the ECS shelf at the northwestern end and crosses the OT in the middle volcanic front in the southeastern part of the line (Fig. 1). The MCS profile (Fig. 4) showed a large sedimentary basin reaching a depth of ~ 8 km in the western margin of the OT. Another deep sedimentary basin exists at the western end of the profile, and there is a shallow acoustic basement between the sedimentary basins. These sedimentary basins correspond to areas with lower Vp values than those of the surroundings in the Vp model (Fig. 5). Figure 7 shows an example of the forward modeling for OBS025 revealing that the boundary between the middle crust and lower crust beneath the ECS shelf lies at depths of 12–13 km and the Moho discontinuity at ~ 33 km. However, the velocity values in the lower crust were not precisely determined due to a lack of refracted waves, as shown in Figs. 6 and 7. The Moho depth decreases abruptly in the western margin of the OT, the transition area from the ECS shelf to the OT. Clear signals around the offset of 70 km were observed at ~ 0.2 s before more continuous phases of PmP with calculated travel times, as shown in Fig. 7. The Moho depth decreases if we interpret them as PmP arrivals. Reflection signals from the top of the lower crust and the Moho were also observed beneath the trough (Figs. 6, 7). The Moho depth below the trough is 26–30 km, shallower than that below the ECS shelf. In the southeastern part of ECr11 near the volcanic front, there are several bathymetric highs correlated with shallow high Vp of ~ 6 km/s (Fig. 5). The estimated Pn velocity below the trough is 8 km/s based on weak Pn signals recorded on several OBSs (e.g., Fig. 7).[image: A40623_2019_998_Fig7_HTML.png]
Fig. 7Example of forward modeling for OBS025 on ECr11. a Observed record section, b calculated travel times on the record section, c ray diagram, d synthetic record sections with calculated travel times. Blowups of the observed weak Pn signals are also shown. Predictive deconvolution, 4–20 Hz bandpass filter, and a gain factor proportional to distance were used to increase signal-to-noise ratios of the observed record sections. The reduction velocity is 8.0 km/s. The color of the calculated travel times corresponds to the ray path in the ray diagram. The ray paths are generated at equal distance. e Positions of the seismic lines and ocean bottom seismographs (OBSs) on the three-dimensional topographic map. OB Okigaja Bank, YS Yokogan Sone





ECr10 is parallel to ECr11 and 100 km southwest of ECr11. The MCS reflection image shows that several sedimentary basins exist in the ECS shelf and the OT along ECr10, and these structural features are similar to those along ECr11 (Fig. 4). The sedimentary basin just below the slope of the western margin of the OT is the deepest along ECr10, and an upper crust with Vp ≤ 6 km/s reaches 10 km depth (Fig. 5). Although the seafloor topography in the northwestern half of the seismic line in the OT is flat, the sea bottom in the southeastern half is rather rugged, with several bathymetric highs. The Vp of the uppermost crust at Okigaja Bank, submerged elevation of the seafloor around the center of the OT, is higher than that of the surrounding area but is lower than that of bathymetric highs related to the volcanic front located further southeast.
Several signal groups of Moho reflections below the western margin of the OT were recorded in the same offset ranges in many OBSs. These signal groups have slightly different travel times, indicating a three-dimensional inhomogeneity in the crustal structure in this transitional area from the ECS shelf to the OT. We selected the fastest arrivals as PmP signals and used these for forward modeling. We found that the Moho depth decreases from over 30 km below the ECS shelf to 22–24 km in the OT. The estimated Pn velocity below the trough is 7.8–7.9 km/s.
ECr15 is almost parallel to ECr11 and ECr10 and is ~ 60 km southwest of ECr10. Overall features of the MCS record were similar to those of ECr11 and ECr10 (Fig. 4), but the sedimentary basins were shallower below the western margin of the OT. The Vp model for ECr15 is also similar to that of ECr10 and ECr11, and the Vp of the middle crust is slightly lower below the OT and Ryukyu Arc than that beneath the ECS shelf. The seismic line is extended close to the volcanic front at its southeastern end. Although there are several heterogeneities in Vp distribution associated with the bathymetric highs, the shallow part of Yokogan Sone bank does not show higher Vp. The Moho depth along ECr15 decreases from ~ 30 km below the ECS shelf to 21–23 km below the OT. Since we could not observe signals propagating through the uppermost mantle, we assumed Pn velocity to be 7.8 km/s based on the crossing seismic lines of ECr1 and ECr21.
ECr9 is positioned in the middle of the OT. The slope between the ECS shelf and the trough is slightly steeper than that of the northern seismic lines. The seafloor topography is flat in the northwestern part of the OT, but is rugged in the southeastern part, as observed in ECr10. A deep sedimentary basin also exists below the western margin of the OT in the MCS profile shown in Fig. 4, which corresponds to materials with Vp of ~ 6 km/s at depths over 15 km below the slope, and there were no materials with Vp corresponding to a typical middle crust (Fig. 5). The velocity distribution in the OT crust reveals substantial horizontal heterogeneity and is characterized by a small velocity gradient in the thick upper crust. The Moho depth of ~ 20 km below the ECS shelf becomes shallow, ~ 18 km, and a very thin lower crust (~ 3 km) is modeled for the northwestern margin of the OT. Figure 8 shows two record sections of the OBSs installed at both sides of the shallow Moho area. Synthetic seismograms for OBS016 and the calculated travel times for OBS036 reveal good consistency with the observed record sections. The number of rays propagated at the top of the mantle is small (Fig. 6), but we roughly obtained a Pn velocity of 7.9 km/s below the OT on the basis of the Vp model for ECr1, an along-trough line.[image: A40623_2019_998_Fig8_HTML.png]
Fig. 8Seismograms showing shallow Moho reflections below the slope for ECr9. Left: observed record section of OBS016 (top), synthetic seismogram (center), and Vp model (bottom). Right: observed record section of OBS036 (top), calculated travel times on the record section (center), and ray diagram (bottom). These record sections are outputs of the vertical geophone. Predictive deconvolution, 4–20-Hz bandpass filter, and a gain factor proportional to distance were used to enhance signal-to-noise ratios. The reduction velocity is 8.0 km/s. The color of the calculated travel times corresponds to the ray path in the ray diagram. The ray paths are generated at equal distance. An arrow in the Vp model indicates the position of the shallow Moho





ECr8 is located 30–120 km southwest of ECr9 in the middle of the OT and obliquely traverses the trough. The MCS profiles of ECr8 and ECr9 are generally similar to each other and have deeper sedimentary basins, with lots of normal faults below the slope in the northwestern margin of the OT (Fig. 4, Additional file 1: Fig. A1). An intrusion structure is observed at ~ 20 km from the northwestern end of ECr8 beneath the ECS shelf, corresponding to an ascending Vp contour of 4 km/s in the Vp model (Fig. 5). In contrast, the Vp model reveals materials with Vp ≤ 6 km/s prevailing down to a depth of 15 km, with a width of over 40 km below the transition from the ECS shelf to the OT. Another ascending region of Vp = 5.5 km/s contour is detected in the OT at distances of ~ 150 km from the northwestern end of ECr8. To the southeast, some volcanic intrusions form a rugged topography and several active hydrothermal vents were located (Fig. 1). The Moho depth below the OT is estimated to be 20–22 km. A Pn velocity of 8.2 km/s for the northwestern margin of the OT is inferred from observed signals with a high apparent velocity on several OBS records (Additional file 1: Fig. A2). However, the high Pn velocity might reflect three-dimensional heterogeneity because ECr8 is oblique to the strike of the seafloor topography. Below the OT, a slightly shallower Moho (2–3 km shallower) and Pn velocity of 7.9–8.0 km/s were estimated based on the crossing seismic line of ECr1.
ECr7 is laid out on the boundary between the middle and southern OT, matching the extension of the Kerama Gap (Figs. 1, 2). The seafloor topography shows that the slope from the ECS shelf to the OT becomes steeper than that in the middle trough and has several submarine canyons. The MCS profiles (Fig. 4) reveal sedimentary basins with normal faults beneath the slope, similar to the northern profiles. The thickness of the sediments varies around the center of the trough with flat seafloor. The Vp model for ECr7 (Fig. 5) shows a thick middle crust below the ECS shelf, as inferred from travel times of reflections at the middle/lower crust boundary. The Vp distribution in the OT crust is rather homogeneous compared with the northern seismic lines. The Moho depth of over 25 km beneath the ECS shelf gradually becomes shallow, reaching ~ 18 km below the trough. Although the crust is significantly thin beneath the OT, a continental/arc structure composed of an upper, middle, and lower crusts continues from the ECS shelf, through the OT to the Ryukyu Arc.
ECr16 is a seismic line with a north–south orientation in the southern OT. A characteristic elevation of the seafloor, the Taisho Bank, with a depth of 200–300 m exists at the western margin of the OT (Fig. 2). A deep sedimentary basin observed in the MCS profile (Fig. 4) reaches over 10 km deep between the ECS shelf and the Taisho Bank. This feature corresponds to the wide distribution of materials with Vp < 6 km/s (Fig. 5). The Vp value of the Taisho Bank is not significantly different from that of the ECS shelf. The Miyako Rift, an elongate seafloor depression with a water depth of 2250 m at the center of the OT, corresponds to the depocenter of the uppermost sedimentary layer in the MCS profile (Fig. 4). The Vp distribution in the upper crust beneath the OT is more rugged beneath the northern side of the Miyako Rift. The Moho depth along ECr16 varies from ~ 30 km below the ECS shelf to ~ 17 km beneath the OT. The thinner crust below the trough is due to thinning of both the middle and lower crusts in the Vp model (Fig. 5). The estimated Pn velocity is 7.7–7.8 km/s.
ECr6 is positioned along the extension of the Miyako Saddle and intersects with ECr16 at the western margin of the Ryukyu Island Arc. The survey line was designed to cross the Miyako Rift, Miyako Seamount, and Daiichi–Miyako Knoll in the trough (Fig. 2). The MCS profile along ECr6 in Fig. 4 reveals a broad sedimentary basin with a width of ~ 100 km beneath the ECS shelf. Although the bottom of the sedimentary basin is not clear, the Vp model in Fig. 5 shows that materials with Vp ≤ 6 km/s exist to a depth of 14–15 km. There are sedimentary basins below the slope in the northwestern margin of the OT and to the north of Miyako Seamount. The latter sedimentary basin corresponds to the Miyako Rift, where several normal faults reach from the sea bottom to the acoustic basement below the rift. Two examples of travel time fitting and synthetic seismograms for OBS040 and OBS053 are shown in Fig. 9. Enlarged record sections are also shown in Additional file 1: Figs. A3 and A4. The calculated travel times and seismograms indicate good consistency with the observed record sections. Vp at the top of the Miyako Seamount is ~ 4 km/s and little sediment was detected, while over 1-km-thick materials with Vp ≤ 4 km/s covered Daiichi–Miyako Knoll (Fig. 5). The Moho depth gradually varies from 30 km at the northwestern end of ECr6 to 16 km at the Miyako Rift. The estimated Pn velocity is 7.7–7.8 km/s.[image: A40623_2019_998_Fig9_HTML.png]
Fig. 9Example of forward modeling for ECr6. From top to bottom, observed record sections, synthetic seismograms, and travel time fitting with ray diagrams for OBS040 (left) and OBS053 (right), respectively. The colors of the calculated travel times on the record sections correspond to the ray paths in the ray diagrams. The ray paths are generated at equal distance. The positions of the OBS040 and OBS053 are indicated by blue inverse triangles in Fig. 2. DM Daiichi–Miyako Knoll, MS Miyako Seamount





ECr5 traverses the Yaeyama Rift, the deepest area in the OT (Fig. 2). The MCS profile beneath the ECS shelf shows a broad and deep sedimentary basin corresponding to the region with Vp ≤ 6 km/s, as observed in ECr6 (Figs. 4, 5). A smaller sedimentary basin exists below the transition area from the ECS shelf to the OT. There is a ~ 100-km-wide, ~ 5-km-thick, and almost symmetric sedimentary basin around the center of the OT. Figure 10 shows that the synthetic seismogram for OBS038 at ~ 10 km north of the Yaeyama Rift effectively explains the observed record section. The Yaeyama Knoll, about 200 m high in the Yaeyama Rift, shows a higher Vp than that of the surrounding sediments. The Moho depths are estimated to be 24–28 km for the ECS shelf and 12.5 km, the shallowest value detected in this study, below the Yaeyama Rift. Pn velocity is 7.9 km/s.[image: A40623_2019_998_Fig10_HTML.png]
Fig. 10Example of forward modeling for ECr5. a Observed record section of OBS038. Red arrows and blue arrows indicate PmP signals and refraction waves propagating through the Yaeyama Knoll, respectively. The position of the OBS038 is indicated by a red inverse triangle in Fig. 2. b Synthetic seismograms. c Calculated travel times on the synthetic seismograms. d Ray diagram. The ray paths are generated at equal distance





ECr4 is the westernmost profile in our survey and crosses the Yonaguni Rift at the center of the OT (Fig. 2). There is a deep sedimentary basin deepening southward from the ECS shelf toward the OT (Fig. 4). The basin corresponds to materials with Vp < 6 km/s in the Vp model in Fig. 5. The seafloor topography in the OT is rather rough compared with that of ECr5, which may be explained by several intrusions at depths of 2–3 s in the top sedimentary layer, as shown in Fig. 11a, b. As shown in the record sections in Fig. 11c, d, we could not detect signals at offset distances > ~ 20 km for OBS032 and < − 10 km for OBS041, indicating very strong attenuation at distances of 170–210 km and depths of 5–10 km in the Vp model. The high attenuation suggests a source region of the volcanic intrusions. The middle crustal layer with a top velocity of ~ 6 km/s prevails along the survey line. The Moho depth varies from ~ 27 km below the ECS shelf to ~ 15 km beneath the Yonaguni Rift. Since we could not observe clear Pn arrivals, we roughly estimated Pn velocities of 7.6–7.7 km/s using apparent velocities of reflection signals in the mantle. However, the reflectors in the upper mantle inferred using later arrivals on several OBS records might be the Moho discontinuity deviated from the seismic line due to three-dimensional structural heterogeneity (Additional file 1: Fig. A5).[image: A40623_2019_998_Fig11_HTML.png]
Fig. 11a MCS time-migrated profile along ECr4 and b its blowup around the Yonaguni Rift. Up-arrows show the volcanic intrusions. Examples of record sections of c OBS032 and d OBS041. These record sections indicate a strong attenuation zone to the south of the Yonaguni Rift






Along-trough lines
ECr21 is a 563-km-long north–south trending line and traverses the northern half of the OT; the line starts from the continental shelf with a water depth of ~ 200 m at the northern end, passes through the Danjo Basin and several topographic highs in the northwestern OT, and intersects the volcanic front at the southern end (Fig. 1). The water depth in the OT varies gradually from 700 m in the north to 1200 m in the south. As the seafloor topography varies substantially along the survey line, the seismic structure shows significantly inhomogeneous features. As shown in Fig. 12, there are many sedimentary basins and normal faults with various scales along the MCS profile. Three blowups of the MCS records reveal sedimentary basins between small bathymetric highs with high Vp.[image: A40623_2019_998_Fig12_HTML.png]
Fig. 12MCS depth-converted profile (top left), Vp model (middle left), and checkerboard test result with ray coverage (bottom left) for ECr21. The time sections for the three sedimentary basins in the top-left depth section are enlarged and displayed on the right. The black lines in the time sections indicate steeply dipping normal faults





The Vp of the middle crust in the northern half of ECr21 is slightly slower than that in the southern half (Fig. 12). It is very difficult to divide the crust into upper and middle crusts in the northern part of the survey line. A thick middle crust with a low Vp of 6.0–6.1 km/s was modeled by interpreting observed later phases as reflections at the top of the lower crust. However, the Vp model could not explain all of the later arrivals and was not determined uniquely. The Moho depths are relatively uniform along ECr21, ranging from 21 to 26 km, and do not show systematic variation over the profile. The deeper Moho at the southern end of ECr21 corresponds to the Ryukyu Arc. The estimated Pn velocity is 7.8–7.9 km/s.
ECr21 intersects with six seismic lines. The difference in the depths of the upper/middle crust boundary between ECr21 and ECr10 is likely due to the three-dimensional heterogeneity of the local bathymetric high of Okigaja Bank (Fig. 12). The thickness of the middle crust largely varies along ECr21 and ~ 5 km thicker than that of ECr15 at the intersection. The Moho depth of 27 km inferred from PmP arrivals at the southern end of ECr21 is deeper than the depth of 23 km for ECr9. Both Moho depths were estimated at the ends of the survey lines with large topographic irregularities and are difficult to determine accurately. There are no other significant discrepancies between these Vp models.
ECr1 is the longest survey line with a length of 710 km in our survey and passes a relatively deepwater area along the OT. The water depth along ECr1 generally increases from north to south and reaches the deepest part around its southwestern end. There are several kinds of deformation patterns seen at shallow depths, including the significant undulation of the acoustic basement and normal faulting (Fig. 13). Despite that there are many normal faults in the sedimentary basins to the southwest of Okigaja Bank, little seafloor deformation is recorded in the MCS images and the seafloor topography is flat. A slightly rough seafloor topography around the Iheya Knolls corresponds to several intrusions. The upper crustal thickness varies along the profile. The Moho depth gradually decreases from north to south. The thinnest crust was detected beneath the Miyako Rift; the Moho depth is ~ 15 km, where Vp of the middle crust is lower, and the lower crust is thinner than that of the surroundings. The estimated Pn velocity is 7.5–7.8 km/s and lower northeast of Iheya Knolls, where the layer with Vp ≤ 6 km/s is slightly thicker than the surroundings.[image: A40623_2019_998_Fig13_HTML.png]
Fig. 13a Enlarged MCS time sections in the dashed frames in the MCS depth section b for ECr1. c Vp model. d Checkerboard test result with ray coverage. OB Okigaja Bank





ECr1 intersects with seven across-trough survey lines (Fig. 1). ECr1 crosses ECr10 at the foot of the bathymetric high of Okigaja Bank. Their Vp models show good consistency, despite inhomogeneity of the seafloor topography. The velocity in the middle crust for ECr1 is 0.2 km/s higher than that for ECr15. ECr1 has a consistent Vp structure with ECr9, except for the Pn velocity, 7.9 km/s for ECr1 and 7.6 km/s for ECr9. Similarly, a significant difference at the intersection with ECr8 is that the Pn velocity of ECr1 varies from 7.5 km/s in the northeast to 7.8 km/s in the southwest, while that for ECr8 is ~ 8 km/s. Although the depths of each crustal part and Moho are consistent with those of ECr7, the velocities differ by a maximum of 0.3 km/s. There is no significant difference between ECr1 and ECr16 at the intersection. The depths of the middle crustal layer and Moho for ECr1 differ from those for ECr6 by 1–2 km.
ECr2 passes around the center of the southern OT and traverses the Yonaguni Rift and the Yaeyama Rift in the southwestern part of the line (Fig. 2). The seismic line also goes through some nameless immature rifts, small-scale depressions shallower than the aforementioned two rifts by ~ 100–200 m, in the northeastern part. The seafloor in these rifts is deeper by several tens to hundreds of meters than the surrounding areas. Figure 14 provides the MCS profile and blowups of these rifts, showing many normal faults and intrusions in the sedimentary layer. The base of the sediments is lifted up by the intrusions. They may be volcanic intrusions associated with the crustal thinning under the backarc extension. The Vp distribution in the upper and middle crust between these rifts is not the same, and the materials with Vp = 6.3 km/s are shallower beneath the Yaeyama Rift. The crust is composed of an upper, middle, and lower crusts prevailing along the seismic line. The Moho depth along the ECr2 is slightly rugged as a result of better travel time fitting of PmP arrivals, as confirmed by a comparison with the two-dimensional synthetic seismograms calculated by E3D. However, this may reflect the three-dimensional irregularity of the Moho discontinuity. The Moho depth generally deepens from SW to NE and is shallow, ~ 17 km, below the Yonaguni Rift and the Yaeyama Rift. The Pn velocity is estimated to be 7.7 km/s along the line.[image: A40623_2019_998_Fig14_HTML.png]
Fig. 14MCS depth section (top left), Vp model (middle left), and checkerboard test result with ray coverage (bottom left) for ECr2. The ray paths correspond to manual readings on the observed record sections. The enlarged time sections are divided into two parts and displayed on the right. The black lines in the time sections indicate steeply dipping normal faults. YoR Yonaguni Rift, YaR Yaeyama Rift, MR Miyako Rift





ECr2 intersects with four across-trough survey lines (Figs. 1, 2). The crustal models for ECr2 and ECr5 are highly similar, despite a difference in the uppermost mantle velocity of ~ 0.2 km/s. Compared with ECr6, the Moho on ECr2 is 1 km deeper. The ECr16 crustal model shows good consistency with the ECr2 model. The Vp model for ECr2 is approximately consistent with the ECr1 and shows ~ 0.2 km/s lower velocities in the middle and lower crusts.

Along-rift or rift-parallel lines in the southern Okinawa Trough
Figure 15 summarizes the MCS profiles, Vp models, and checkerboard test results with ray coverage for the survey lines parallel to en echelon submarine rifts characterizing the seafloor topography in the southern OT (Fig. 2).[image: A40623_2019_998_Fig15_HTML.png]
Fig. 15MCS depth sections, Vp models, and checkerboard test results with ray coverage for ECr22, ECr13, ECr12, and ECr3. The ray paths correspond to manual readings on the observed record sections for each seismic line. Noticeable intrusions are shown by up-arrows in the MCS time section for ECr22. The strong attenuation zone beneath the Yaeyama Rift occurs at least within the upper and lower crusts beneath the double-headed arrow along ECr12





ECr22 is located along the center of the Miyako Rift with water depths of ~ 2200 m. The MCS profile in Fig. 15 shows several intrusions in the sedimentary basin. The shallowest Moho depth is ~ 15 km at the transition from the rift to Daisan–Miyako Knoll. The estimated Pn velocity below the rift is 7.7–7.8 km/s. The crust beneath the rift is also composed of upper, middle, and lower crusts, indicating an island arc structure. Although ECr22 is only 213 km long and shorter than other lines, it crosses four lines. Vp models for ECr22 and ECr1 are consistent at the intersection. The Moho depth for ECr22 is ~ 2 km deeper, and the Vp at the base of the lower crust is ~ 0.2 km/s higher than that of ECr6. The Vp at the lower crust for ECr22 is ~ 0.2 km/s higher than that for ECr2. ECr22 intersects with ECr16 in the Miyako Rift, and their Vp models are consistent.
ECr13 is parallel to the Yaeyama Rift on the north side. The horizontal distance from the center of the rift is ~ 15 km, the water depth is ~ 2000 m, and it is mostly flat. The bathymetric high in the east belongs to a foot of the Daiichi–Miyako Knoll (Fig. 2). The MCS profile in Fig. 15 reveals several volcanic intrusions cutting and lifting up acoustic basements in the sedimentary layer. The relatively clear signals reflected at the upper–middle crust boundary were observed in several OBS record sections (e.g., Additional file 1: Fig. A6). The Moho depth is 13–17 km, except for > 20 km at the eastern end of the line near the Ryukyu Arc. Pn velocity is 7.6–7.7 km/s.
ECr13 intersects with ECr2 and ECr5 on the almost same point to the north of the Yaeyama Rift (Fig. 2). The difference among the Vp models is that ECr5 has higher velocities at the base of the crust and the uppermost mantle by 0.2 km/s. ECr13 also crosses with ECr1, ECr6, and ECr16 on Daiichi–Miyako Knoll. The Vp models are approximately consistent except that the base of the middle crust for ECr13 is deeper than that of ECr6 by ~ 3 km.
ECr12 is located along the center of the Yaeyama Rift. The seafloor is nearly flat, and water depths are generally 2200–2300 m. Many volcanic intrusions were detected in the MCS profile, and they have higher Vp in the sedimentary layers than those of the surrounding areas (Fig. 15). An attenuation zone with a width of ~ 25 km in the upper and middle crust, shown by a double arrow in Fig. 15, was inferred from invisible refraction signals in the OBS record section (Additional file 1: Fig. A7). Same as ECr4 in Fig. 11, the attenuation may relate to the source region of the volcanic intrusions observed in the MCS record. Although reflections from the middle and lower crust boundary were detected at the center of ECr12, Vp for the lower crust was not determined due to a lack of rays of refracted waves, as shown in the ray diagram in Fig. 15. The shallowest Moho is expected below the center of the line, with the deepest water of ~ 2300 m, but it is found at the western end of the line where there is no layer with a Vp indicating an arc lower crust. ECr12 traverses ECr2 obliquely in the Yaeyama Rift (Fig. 2), and its crustal Vp shows slower than that of the ECr2 model. The Vp model for ECr12 is significantly different from the ECr5 model in the deeper part with Vp > 3.0 km/s due to irregularities related to the Yaeyama Knoll.
ECr3 is designed to be parallel to the Yaeyama Rift on the south side where the water depth is 2000–2100 m, excluding the western part. Although the seafloor is flat, the distribution of sedimentary basins varies along the MCS profile (Fig. 15). The number of intrusions is larger than that of ECr13. Tarama Knoll is one of the intrusions which is known to host a hydrothermal vent (Yamanaka et al., 2015). There is not distinct variation in the Vp model around the Tarama Knoll, except for a slightly shallower velocity contour of 4 km/s where several intrusions are observed in the MCS profile. The upper crust with a thickness of ~ 5 km prevails along the survey line. The Moho deepens from 13 km in the west to 19 km toward the Ryukyu Arc in the east. The thickness of the crust is 10–15 km, excluding the upper sedimentary layer. A Pn velocity of 7.8–8.0 km/s is obtained. The Vp model for ECr3, as a whole, consists of upper, middle, and lower crusts.
ECr3 intersects with three seismic lines (Fig. 2). The crustal Vp models for ECr3 and ECr4 at the intersection are not significantly different. The Moho for ECr3 is shallower than that for ECr5 by a 3 km, indicating substantial heterogeneity in deeper crust around the intersection area. The Vp values in the middle and lower crust for ECr3 are ~ 0.2 km/s higher than those of ECr2; the values for ECr2 are lower, potentially because ECr2 passes the Yaeyama Rift and Yonaguni Rift near the intersection where crustal thinning and fracturing go on.


Discussion
Northern Okinawa Trough
The seismic structure in the northern OT obtained from across-trough lines, ECr11, ECr10, and ECr15, and along-trough lines, ECr21 and ECr1, shows large inhomogeneity in both directions. However, the crustal models generally show thinned continental/arc crusts of the ECS shelf and the Ryukyu Island Arc, which consists of upper (Vp < 6 km/s), middle (6.0–6.5 km/s), and lower crusts (> 6.5 km/s). Higher velocity materials than the surroundings in the shallow crust are ascending below the bathymetric highs near the volcanic front (Fig. 5). However, such feature is not observed beneath Okigaja Bank and Yokogan Sone, indicating their possible origin of fragments as the Ryukyu Arc.
The Vp models in the northern OT were previously presented by Iwasaki et al. (1990) and Nakahigashi et al. (2004). The positions of their seismic lines are plotted in Fig. 1. They classified the crust into two parts, upper and lower crusts. They indicated that the layer with Vp = 5.7–6.2 km/s in the upper crust, corresponding to our upper and middle crust, becomes thin from north to south, despite a lower crust with a constant thickness along the northern OT. They suggested that this is the characteristic incipient stage of backarc rifting in this region. Despite the close position of ECr21 to the seismic line of Nakahigashi et al. (2004), the Vp and thickness of the middle crust within the Vp range of 6.0–6.5 km/s largely vary along ECr21 and the thickness of the lower crust with Vp = 6.5–6.9 km/s also varies. Since our results were derived from a larger number of OBSs and MCS channels, we could obtain a more detailed seismic image of the crust along ECr21. However, the positions of the two lines are not the same, and there are more bathymetric highs on ECr21 compared with the rather flat sea bottom along the line of Nakahigashi et al. (2004), which may explain the differences between the Vp models. Along ECr1, the southwestward extension of ECr21, the crustal thickness gradually decreases toward the southwest, and the lower crust, but not the upper/middle crusts, seems to be thinning (Fig. 13). Therefore, it is not easy to conclude that the crustal thinning due to the rifting of the northern OT is concentrated in the upper/middle crust.
The shallowest Moho along ECr11 was estimated beneath the northwestern margin of the OT. Although large earthquakes with M ≥ 7 were not recorded in the OT, except for the 1938 M7.2 earthquake in the southern OT, the Satsuma-hanto Seiho-oki Earthquake with a magnitude of 7.1 struck at the western margin of the OT on November 14, 2015 and caused a tsunami with a height of 30 cm at Nakanoshima on Tokara Islands (Fig. 16). According to the report by the Japan Metrological Agency (JMA), the earthquake had a strike-slip mechanism with an extension axis in the northwest–southeast direction and occurred in the continental crust. Aftershock epicenters of the Satsuma-hanto Seiho-oki Earthquake were distributed along the transition zone between the ECS shelf and the OT (Fig. 16). Although the mechanisms of these aftershocks are two types, strike-slip and normal fault type, both of them have extension axes with the northwest–southeast direction. The extension axis of the main shock is also northwest–southeast direction. The MCS profile shows many normal faults in the aftershock area, and P wave velocity model reveals that the shallow part of the middle crust has a slightly lower velocity. These characteristics indicate deformation of the crustal structure under the present rifting tectonics.[image: A40623_2019_998_Fig16_HTML.png]
Fig. 16(Top left) Epicenter distribution before the Satsuma-hanto Seiho-oki Earthquake (M7.1) on November 14, 2015. Black dots show epicenters with depths shallower than 30 km as determined by the Japan Metrological Agency (1923–2015, November 14). Focal mechanisms are from the F-net CMT Catalog by the National Research Institute for Earth Science and Disaster Resilience (depth ≤ 30 km, 1997–2015, November 14). The locations of the OBSs on ECr11 in the northernmost OT are indicated by green squares. The MCS profile (depth-converted section) and Vp model along ECr11 are shown on the center and bottom left. The Vp of the middle crust between two broken lines is slightly slower than both sides. (Top right) Epicenter distribution of the M7.1 earthquake and their aftershocks (depth ≤ 30 km, 2015, November 14–2017, May 2). CMT mechanisms, yellow, M ≥ 6; pink, M ≥ 5. A tsunami with a height of 30 cm caused by the M7.1 earthquake was observed at Nakanoshima island shown by N in the map. The MCS time section across the aftershock area is enlarged on the bottom right






Middle Okinawa Trough
A distinctive characteristic of the Vp models in the Middle OT is a broad and deep area with Vp ≤ 6 km/s distributed beneath from the ECS shelf to the OT. The distribution of the materials with Vp lower than that of a typical middle crust seems to correspond to the lower free-air gravity anomalies in Fig. 3a. The very thin or lack of a typical middle crustal layer indicates that the Vp of the middle crust decreases to ~ 6.0 km/s for various potential reasons, such as deformation, fracturing, and volcanic intrusions. The shallowest Moho for ECr9 is obtained beneath the slope at the northwestern margin of the OT, similar to that for ECr11, suggesting that there are active crustal deformations in the rifting process in this area.
Nagumo et al. (1986) conducted a seismic refraction experiment named DELP 1984 using explosives as a controlled seismic source in the region between ECr8 and ECr7 (blue lines with D in Fig. 1), and they showed the crust has a 6.0 km/s layer at depths of 5–10 km and lower crustal layer with a Vp of 6.8 km/s and significant attenuation. The position of their survey lines is approximately 200–350 km from the southwestern end of ECr1 (Fig. 13c). Our crustal Vp in this area is significantly different from that reported by Nagumo et al. (1986), and this difference may be explained by a more precise estimation of the shallower structure with low velocities in our model.
The Moho depths below the OT for the across-trough lines of ECr9 and ECr8 are 20–23 km and are thinner than those of the northern OT. The Vp model for ECr1 (Fig. 13c) shows that the Moho depth along the middle OT roughly decreases from 23 to 18 km southwestward. These results indicate the crustal thinning is more progressed in the middle OT.

Southern Okinawa Trough
The crustal thinning due to rifting is progressing clearly in the southern OT. We designed ten seismic lines in this region to obtain seismic images beneath the rifts with the thinnest crust over the OT. The Vp models of the across-trough lines are almost symmetric about the trough axis (Fig. 5). The shallowest Moho for each across-trough line is located beneath the rifts around the center of the OT with the deepest water, unlike the northern and the middle OT.
The shallowest Moho in our study is 12.5 km from the sea surface in ECr5 (Fig. 17), where the crustal thickness is ~ 10 km including the top sedimentary layer (or ~ 7 km without sediment). Although Hirata et al. (1991) estimated that the Moho depth is 18 km and the crustal thickness is 16 km along almost the same seismic line as ECr5, their model should be revised according to our ECr5 model determined using a large amount of data with more OBSs and longer survey lines. We could not determine whether the Vp model of the Yaeyama Knoll in the Yaeyama Rift is typical oceanic crust due to the small scale of the knoll. The higher Vp in the shallower part indicates a young (less than 1 Ma) volcanic ridge, as estimated by Ishikawa et al. (1991).[image: A40623_2019_998_Fig17_HTML.png]
Fig. 17Comparison of the MCS profiles (depth section) perpendicular and parallel to the Yaeyama Rift. Left: Across-rift line ECr5. Vp model around the rift is also shown. Right: MCS depth profiles for rift-parallel lines of ECr13, ECr12, and ECr3. Noticeable volcanic intrusions are shown by up-arrows. Smaller arrows indicate small-scale intrusions. More and larger intrusions were detected along ECr13 compared with ECr3, indicating an asymmetric seismic structure across the rift axis





The thinnest crust of ~ 7 km for ECr5 is slightly thicker or comparable with 4–7 km of the Shikoku Basin and the West Philippine Basin, inactive backarc basins east of the OT (Nishizawa et al. 2011, 2014) and 5–6 km of the active Mariana Basin, south of Japan (Takahashi et al. 2008). Although these backarc basins do not have middle crust same as a typical oceanic crust, the thinned crusts of the OT are composed of the upper, lower, and middle crust from the ECS shelf, through the OT, to the Ryukyu Island Arc.
Arai et al. (2017) conducted a high-spec seismic exploration across the Yaeyama Rift near ECr5 (line A in Fig. 1) and revealed the thinnest crust (12 km thick) including top sediments below the rift axis. They suggested that the southern OT is still in a transitional stage from continental rifting to seafloor spreading based on the crustal model as well as magnetic and petrological data. Our results are comparable with these previous results and further show the continuity of the continental/island arc crust from the ECS shelf to the Ryukyu Arc. Because of a very thin crust with a similar thickness to a typical oceanic crust in the Xihu Depression, a kind of paleo-backarc basin (Li et al. 2009) currently buried with thick sediments, we cannot predict the future oceanic spreading in the OT.
A nearly symmetric image of the Yaeyama Rift in the MCS profile was obtained by Arai et al. (2017). They showed that the rift structure includes a narrow (2–7 km wide) on-axis intrusion resulting from a passive upwelling of magma and detected a low-velocity magmatic body at a depth of 4 km from the seafloor to the east of the intrusion by tomographic inversion. We similarly obtained seismic images of the Yaeyama Rift along ECr5, as shown in Fig. 17. Moreover, three MCS profiles that intersect with ECr5 and are parallel to the Yaeyama Rift are shown to evaluate the symmetric property of the rift structure. The MCS profile for ECr12 in the rift reveals many complex intrusions, and there are more intrusions in ECr3 to the south of the rift than in ECr13 to the north. Therefore, the rift structure is not necessarily symmetric based on a detailed analysis of the seismic data. The MCS records in the northern Ryukyu Arc showed numerous volcanic conduits within the sedimentary basins and shallow crust around the volcanic front (Arai et al., 2018). Therefore, more abundant intrusions to the south of the rift suggest the existence of a magmatic body related to the invisible volcanic front in the southern OT.
Figure 18 shows the shallow seismicity with a hypocentral depth of ≤ 30 km with the fine bathymetric map. The accuracy of hypocenter locations is poorer than that in land areas in Japan due to the sparse NIED (National Research Institute for Earth Science and Disaster Resilience) seismic stations around the OT, and there is a significant difference in the distribution of CMT mechanisms obtained by NIED and that of Global CMT, especially around Miyako Seamount. However, it is interesting to compare the epicenter distribution with the seismic structure. The epicenter distribution is spatially inhomogeneous and shows several clusters. The detailed bathymetric map demonstrates that active seismic areas correspond to characteristic seafloor features. For instance, three small epicenter clusters in the east of the Yaeyama Rift coincide with the position of volcanic intrusions on the seafloor and are also detected in the MCS profile for ECr12 (Fig. 18), although they are not separated clearly. Also, the seismically active area at the southwestern end of the OT shows a southwest–northeast strike and has slightly deeper water than the surroundings, connecting the two rifts of the Yonaguni Rift and the Yaeyama Rift. The strike of the active seismicity is same as the direction connecting the eastern end of the Yaeyama Rift and Miyako Seamount, where the seafloor is also slightly deeper and epicenters determined by JMA are concentrated. The 1938 Miyako-jima–Hokusei-oki Earthquake with M = 7.2, the largest shallow earthquake recorded in the OT, occurred in this area, and a tsunami with a height of 1.5 m was observed at Miyako-jima. Despite the uncertainty of the epicentral location, high seismicity and several faults cutting the seafloor around Miyako Seamount suggest that the source region is positioned around this area.[image: A40623_2019_998_Fig18_HTML.png]
Fig. 18(Top) Fine seafloor topography around Yaeyama Rift. Blue squares and a red asterisk in the topographic maps are positions of the OBSs and the epicenter of the 1938 M7.2 Miyako-jima–Hokusei-oki Earthquake, respectively. YoR Yonaguni Rift, YaR Yaeyama Rift, MR Miyako Rift, MS Miyako Seamount. (bottom right) Shallow (focal depths ≤ 30 km) seismic activity on the bathymetric map. Black dots show epicenters determined by the JMA (1923–2018, February). Pink focal mechanisms are from the F-net CMT Catalog by NIED (1997–2018, February), and blue are from the GCMT Catalog by Global Centroid-Moment-Tensor Project (1976–2018, February). Three seismic clusters of a, b, and c on the bathymetric maps are projected on the MCS profile (time section) for ECr12 on the bottom left





There is another active seismic region to the north of Miyako Seamount interpreted as a remnant fragment of the continent on the basis of rock samples (e.g., Katsura et al. 1986). The crustal thickness below Miyako Seamount of over 15 km (Fig. 5) supports the continental/arc crust origin. An enlarged MCS profile for ECr6 across the seamount is shown in Fig. 19, revealing that several normal faults cutting the basement of Miyako Seamount and the fault throws in the northwest of the seamount are more significant than those in the southeast. The MCS profile along the Miyako Rift in ECr22 shows that normal faulting is more active in the region with high seismicity. However, the global CMT solutions were more frequently located in the south of the seamount, and more precise information regarding the hypocenter locations is necessary to determine the relationship with the seismic structure. [image: A40623_2019_998_Fig19_HTML.png]
Fig. 19MCS profiles (time sections) for ECr6 and ECr22 near the active seismic area around Miyako Seamount. Black dots show epicenters with focal depths ≤ 30 km determined by the JMA (1923–2018, February) in the bathymetric map. Pink focal mechanisms are from the F-net CMT Catalog by NIED (1997–2018, February), and blue are from the GCMT Catalog (1976–2018, February). Black squares and a red asterisk in the topographic maps (center) are positions of the OBSs and the epicenter of the 1938 M7.2 Miyako-jima–Hokusei-oki Earthquake, respectively






Conclusions
We acquired 17 seismic lines to study the fine seismic structure related to the active backarc rifting in the OT. Based on our results, the following main conclusions can be drawn.	1.Variation in the crustal thinning in the OT was inferred mainly from the Moho depth distribution based on Moho reflection (PmP) travel times. The across-trough seismic profiles show that the crust of the OT is thinner than below the ECS shelf and Ryukyu Island Arc. Along-trough variation in the Moho depths around the center of the trough decreases from over 25 km in the north to ~ 13 km in the south, indicating a spatial difference in the degree of crustal thinning.


 

	2.The position of the shallowest Moho along the across-trough lines in the northern and middle OT does not necessarily correspond to the center of the trough, defined as the deepest seafloor, but it corresponds to the northwestern margin of the OT, the transition area between the ECS shelf and the OT. The M7.1 Satsuma-hanto Seiho-oki Earthquake occurred at the transition area on November 14, 2015, and intense aftershock activity was observed along the transition. This seismic activity demonstrated that the area is undergoing rifting tectonics at present.


 

	3.In the southern OT, the thinnest crust of ~ 7 km excluding top sediments was observed below the Yaeyama Rift, the deepest area at the center of the trough. Despite its thin thickness, the crust is continuous between the ECS shelf and Ryukyu Island Arc and consists of the upper, middle, and lower crusts of the continental/island arc.


 

	4.The seismic structure across the rifts, which are the characteristic seafloor topography in the southern OT, is nearly symmetric; however, more intrusions are detected in the MCS records on the southeastern side of the trough. Several slightly larger intrusions occasionally correspond to ascending higher Vp materials in the top sedimentary layers. These features suggest the possible existence of the volcanic front in the southern OT.


 

	5.Active seismic regions in the southern OT where the crustal thinning is mostly progressing correspond to the areas with significant deformation in seafloor topography and seismic structures.
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