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Abstract 

The Ryukyu (Nansei-Shoto) island arc-trench system, southwest of Japan, is formed by the subduction of the Philip-
pine Sea (PHS) plate. Among the subduction zones surrounding the Japan Islands, the Ryukyu arc-trench system is 
unique in that its backarc basin, the Okinawa Trough, is the area with current extensively active rifting. The length of 
the trench is around 1400 km, and the geological and geophysical characteristics vary significantly along the trench 
axis. We conducted multichannel seismic (MCS) reflection and wide-angle seismic surveys to elucidate the along-arc 
variation in seismic structures from the island arc to the trench regions, shooting seven seismic lines across the arc-
trench system and two along-arc lines in the island arc and the forearc areas. The obtained P-wave velocity models 
of the Ryukyu arc crust were found to be heterogeneous (depending on the seismic lines), but they basically consist 
of upper, middle, and lower crusts, indicating a typical island arc structure. Beneath the bathymetric depressions cut-
ting the island arc—for example, the Kerama Gap and the Miyako Saddle—the MCS record shows many across-arc 
normal faults, which indicates the presence of an extensional regime along the island arc. In the areas from the forearc 
to the trench, the subduction of the characteristic seafloor features on the PHS plate affects seismic structures; the 
subducted bathymetric high of the Amami Plateau is detected in the northern trench: the Luzon–Okinawa fracture 
zone beneath the middle and southern trenches. There are low-velocity (<~4.5 km/s) wedges along the forearc 
areas, except for off Miyako-jima Island. The characteristic high gravity anomaly at the forearc off Miyako-jima Island is 
caused not by a bathymetric high of a large-scale accretionary wedge but by shallower materials with a high P-wave 
velocity of ~4.5 km/s.
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(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
The Ryukyu (Nansei-Shoto) island arc exists at the south-
west of the Japan island arc and forms a typical arc-trench 
system. The Philippine Sea (PHS) plate is subducting 
along the Ryukyu Trench at a rate of around 98 mm/year 
northwestward (Sella et al. 2002). Since the strike of the 
trench axis varies at around 126°E, the plate subduction 
is perpendicular to the axis in the north and oblique in 
the south. The Ryukyu arc-trench system is unique in the 

subduction zones around Japan in terms of the existence 
of an active backarc basin, the Okinawa Trough (Fig. 1).

The Ryukyu arc-trench system is generally divided into 
three parts based on topography, geology, biology, and 
other characteristics. The most significant topographic 
boundaries are two large bathymetric depressions: the 
Tokara Valley between the Tokara Islands and the Amami 
Islands in the northern arc, and the Kerama Gap between 
Okinawa Island and Miyako-jima Island in the southern 
arc. Both depressions are offset by large-scale left-lateral 
strike–slip faults (Matsumoto et  al. 1996). Other than 
the two major gaps, there are several large topographic 
saddles across the southern island arc. In the backarc 
basin (the Okinawa Trough), the water depth generally 
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increases from north to south and the seafloor topogra-
phy in the trough also shows a north–south variation as a 
boundary at the northwestward extension of the Kerama 
Gap. Several conspicuous en echelon graben structures 
are characterized along the center of the southern trough, 
while similar features are unclear in the northern trough. 
At the transition from arc to trough, a volcanic front is 
recognizable in the northern region; however, one is not 
clear in the south. Along-arc variations in seafloor fea-
tures prevail in the whole of the Ryukyu arc-trench-back-
arc system.

The seafloor topography of the subducting PHS plate 
also varies along the trench axis. In the northern parts, 
there are several bathymetric highs such as the Amami 

Plateau and the Daito Ridge on the PHS plate subducting 
below the trench. Meanwhile, the Luzon–Okinawa frac-
ture zone (LOFZ) in the middle and southern regions and 
the Gagua Ridge in the southwest subduct beneath the 
trench and deform the forearc seafloor.

Figure 2 shows three geophysical maps illustrating free-
air gravity anomaly, seismic activity, and magnetic anom-
aly. The free-air gravity anomaly generally reflects the 
seafloor topography and shows lower gravity anomalies 
at the major bathymetric depressions cut the along-arc 
high gravity anomaly (Fig. 2a). Another characteristic in 
the gravity map is that there are two low gravity anom-
aly belts parallel to the trench. One of the low gravity 
belts is along the trench axis, and the other one is in the 

Fig. 1  Tectonic maps and locations of seismic lines. The characteristic seafloor topography of the Philippine Sea plate on the left and the position of 
the seismic lines (red and green lines) across and along the Ryukyu (Nansei-Shoto) arc on the right. The rough position of the volcanic front is shown 
in red dotted line. Three thin violet lines are previous seismic lines across the northernmost Ryukyu Trench (Nishizawa et al. 2009). A non-tuned airgun 
array with a capacity of 6000 (1500 × 4) cubic inch (98.3 L) was shot for the refraction survey and a 1050 (350 × 3) cubic inch (17.2 L) airgun cluster 
was used for the multichannel reflection survey. Broken lines indicate iso-depth contours of the plate interface with an interval of 10 km (Hayes et al. 
2012). MJ Miyako-jima, IJ Ishigaki-jima, BMFZ Botan-Miyako fracture zone, OH Oki-Hateruma Basin
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forearc region, especially between off Miyako-jima Island 
and Okinawa Island. Similar features are observed along 
the forearc of the Nankai Trough, the seismogenic zone 
of large earthquakes (e.g., Wells et  al. 2003). Figure  2b 
shows shallow seismicity at depth ≤60 km in the Ryukyu 
region. The distribution of subduction-related earth-
quakes varies along the arc, and the seismicity is slightly 
low in the forearc high gravity anomaly area between off 
Miyako-jima Island and off Okinawa Island. The most 
distinctive feature of the magnetic anomaly (Fig.  2c) is 
that many dipolar anomalies related to the bathymetric 
highs on the PHS plate—such as the Kyushu-Palau Ridge, 
the Amami Plateau, and the Daito Ridge—are subducting 
beneath the trench. The anomalies can be traced to the 
forearc area.

Several seismic explorations have been conducted in 
the Ryukyu region, and they have yielded P-wave velocity 

(Vp) models of PHS plate subduction-related structures 
and backarc rifting-related structures (e.g., Hirata et  al. 
1991; Iwasaki et  al. 1990; Kodaira et  al. 1996; Nakahi-
gashi et al. 2004; Klingelhoefer et al. 2012). However, the 
number of seismic surveys conducted in this area is very 
small compared to those made in the Nankai Trough and 
the Japan Trench, which are seismogenic plate subduc-
tion zones around Japan. This is because the interplate 
coupling in the Ryukyu subduction zone is considered to 
be weak, based on the fact that there are few records of 
large earthquakes in the region, although the 1771 Meiwa 
Tsunami (Yaeyama Earthquake: M~8) and 1911 Kikai-
jima Earthquake (M8) both occurred around the Ryukyu 
Trench. However, Goto (2013) proposed that the great 
Kikai-jima Earthquake is the interplate event and Ando 
et  al. (2012) suggested that there are coupled regions 
within the accretionary prism or at the plate interface, 

Fig. 2  Geophysical maps of the survey area. a Free-air gravity anomaly. b Shallow seismic activity. Black dots show epicenters with depths shallower 
than 60 km as determined by the Japan Metrological Agency (1923–2017 Feb. 20). Focal mechanisms are from GCMT Catalog by Global Centroid-
Moment-Tensor Project (depth ≤ 60 km, 1976–2017 May 31). c Magnetic anomaly on bathymetry. The magnetic anomaly map is produced by a 
combination of our original data, CCOP (http://www.ccop.or.th/), and EMAG2 (doi:10.7289/V5MW2F2P)

http://www.ccop.or.th/
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based on the locations and the mechanisms of very low 
frequency earthquakes. Moreover, the double low grav-
ity belts in the forearc region may reflect strong inter-
plate coupling as suggested by Song and Simons (2003) 
and Tan et al. (2012). After the disastrous 2004 Sumatra-
Andaman earthquake (Mw 9.3), several studies (e.g., Hsu 
and Sibuet 2005; Lin et al. 2014) pointed out that the tec-
tonic backgrounds between the source area of the Suma-
tra-Andaman earthquake and the Ryukyu Trench are 
very similar. Besides, the 2011 Tohoku-oki earthquake 
(Mw 9.0) taught us the importance of there being very 
few geological records of giant earthquakes with a very 
long recurrence interval. Therefore, the seismic structure 
related to the PHS plate subduction is very important in 
estimating the potential for massive devastating earth-
quakes in the Ryukyu Trench region.

Recently, several extensive seismic surveys have been 
conducted to investigate the relationship between seis-
mic structure and seismic activity in the Ryukyu Trench 
subduction zone. For instance, Hsu et al. (2013) discussed 
the mega-splay fault system detected by an MCS survey 
and tsunamigenic faults such as the 1771 Meiwa Tsu-
nami, while Arai et al. (2016) investigated the fault struc-
ture and seismic activity on the basis of passive and active 
observations in the southern Ryukyu Trench. However, it 
is difficult to conduct such extensive seismic surveys over 
the entire Ryukyu Trench region since the trench is very 
long, about 1400 km, and is far from Honshu, the main 
island of Japan. The Japan Coast Guard has been collect-
ing basic geological and geophysical data in and around 
the Ryukyu island arc area since 2008. Here, we will sum-
marize the results obtained to date from seven seismic 
refraction lines across the Ryukyu Trench and two lines 
along the arc and forearc, and characterize variations of 
the Vp structure from the trench to the transition to the 
Okinawa Trough. Okamura et al. (2017) discuss the sub-
sidence of the forearc wedge of the Ryukyu Arc based on 
the results of this paper. We will report Vp models for the 
Okinawa Trough in a future paper.

Data acquisition and analyses
We conducted nine lines of seismic refraction/reflection 
survey in the Ryukyu Trench subduction zone (Fig.  1): 
Seven of them cross the Ryukyu island arc, two in the 
north and five in the south, and the remaining two lines 
were shot along the island arc and the forearc area in the 
southern Ryukyu arc.

In the reflection surveys, we used a 3000-m-long, 
240-channel hydrophone streamer as a receiver for the 
across-trench lines, and a 3000-m-long, 480-channel 
streamer was operated for the ECr25 and ECr31 along-
trench lines. An airgun cluster with a total volume of 
17.1  L (1050 cubic inches) was shot at 50-m intervals 

as a controlled seismic source. We processed the MCS 
data using standard techniques and obtained a depth-
converted profile for each line. In the refraction survey, 
we deployed ocean bottom seismographs (OBS) at 5-km 
intervals and shot a non-tuned airgun array with a total 
volume of 98.4 L (6000 cubic inches) at 200-m intervals 
(around 90  s). Navigation was provided by the ship’s 
global positioning system, and each OBS instrument was 
relocated using direct water wave arrivals (Oshida et al. 
2008).

Each OBS was equipped with a three-component 4.5-
Hz geophone and a hydrophone, and we mainly used 
vertical and hydrophone outputs. Since the maximum 
water depth limit for the hydrophone sensor is 6000  m, 
we deployed the OBSs without hydrophones at positions 
deeper than 6000  m. The procedures for the OBS data 
analysis are the same as those summarized by Nishizawa 
et  al. (2014). Constructing Vp models, we used informa-
tion about the shallow sedimentary structures and depths 
of the subducting PHS plate interface deduced from MCS 
survey. As there were ample ray paths in Vp models shal-
lower then 10 km, we obtained upper crust Vp models by 
means of a tomo2d tomographic inversion (Korenaga et al. 
2000) for the observed travel times of first arrivals. Mis-
fits of the tomographic inversion were less than 50 ms for 
nearly all Vp models. We examined the resolution of the 
results using conventional checkerboard tests and ray cov-
erage. However, we estimated deeper structures at depths 
greater than 10 km by forward modeling with two-dimen-
sional ray tracing (Fujie et  al. 2000; Kubota et  al. 2009) 
using intermittent reflection signals and weak and distant 
refraction signals. The forward modeling based on several 
critical reflection signals was very effective in identify-
ing velocity discontinuities in the crust. Furthermore, we 
confirmed the Vp models by comparing observed record 
sections with synthetic seismograms calculated by a finite 
difference method, E3D (Larsen and Schultz 1995).

Results
Depth-converted MCS profiles and Vp models for seven 
seismic lines perpendicular to the trench axis are shown 
in Figs.  3 and 4, respectively, while the checkerboard 
test result and the ray diagram for each line are shown 
in Fig. 5. Ray diagrams for ECr6 and ECr4 in Fig. 5 show 
ray paths from several reflectors in the upper mantle of 
the island arc and the PHS plate. These reflectors were 
inferred to explain the travel times of later phases with 
large amplitude observed at several OBSs. However, since 
the positions of the reflectors were not so accurate due to 
uncertain mantle velocities, we did not show them in the 
Vp models in Fig. 4. Below we describe the characteristics 
of the models from north to south, and from the island 
arc to the trench area.
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Fig. 3  Multichannel seismic profiles (depth-converted section) for the across-trench survey lines. The vertical blue line shows the positions of the 
trench axis. The triangles and dashed ellipses indicate the estimated positions of the subducting Philippine Sea plate interface and the fracture zone, 
respectively. The arrows in ECr5 indicate a possible splay fault
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Fig. 4  P-wave velocity models for the survey lines perpendicular to the trench axis. The contour interval is 2.5 km/s. The vertical blue line shows the 
position of the trench axis. The triangles and dashed ellipses indicate the estimated positions of the subducting PHS plate interface and the fracture 
zone, respectively
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Northern Ryukyu (ECr11 and ECr10)
ECr11 and ECr10 were shot across the northern Ryukyu 
arc-trench system. Both seismic lines intersect with the 
volcanic front associated with the PHS plate subduc-
tion below the Ryukyu arc. ECr10 is positioned along 
the Tokara Valley area, a left-lateral strike–slip fault and 
the boundary between the north and the middle Ryukyu 
arc (e.g., Matsumoto et al. 1996). We show some exam-
ples of the OBS record sections and forward modeling 
results for ECr11 in Fig.  6. Although the characteristics 
of each record section differ depending on its position 
on the seismic line, many reflection signals from inside 
the arc crust and base of the crust (Moho) were identi-
fied among the record sections. We carefully picked the 
first arrivals, the reflection signals from the upper/middle 
crust boundary, middle/lower crust boundary, the Moho 
discontinuity, and other distinctive signals. Then we con-
ducted the tomographic inversion and forward modeling 
using these travel-time data. In particular, we tried to 
construct Vp models with a layered structure by means 

of forward modeling in consideration of the appearance 
of the reflection signals. Vp models and ray diagrams for 
ECr11 and ECr10 are shown in Figs. 4 and 5, respectively.

We divided the arc crust into three parts, mainly on 
the basis of the P-wave velocity for each crustal part and 
the velocity gaps among the parts. Figure 6 shows exam-
ples of reflection signals from several velocity disconti-
nuities for ECr11. The arc crust below ECr11 consists of 
thin uppermost sediments: an upper crust with a Vp of 
4–5.7 km/s, a middle crust with a Vp of 5.9–6.1 km/s, and 
a lower crust with a Vp of 6.7–6.8  km/s. The Vp model 
for the arc beneath ECr10 has an upper crust with a Vp 
that is less than 5.8  km/s, a middle crust with a Vp of 
6.0–6.3 km/s, and a lower crust with a Vp 6.6–7.0 km/s. 
There are no positive evidences for the existence of the 
Moho transition layer. However, we should consider that 
the refracted waves propagating through the arc lower 
crust are concentrated at the top of the layer, as shown in 
the ray diagram in Fig. 5, due to its rather constant veloc-
ity. In addition, because of few PmP signals from the arc 

Fig. 5  Resolution of each P-wave velocity model. The top left shows the checkerboard test initial pattern of the tomographic inversion for ECr11. 
Ray coverage is also plotted from the forward modeling, including reflection waves
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Fig. 6  Example of forward modeling for ECr11. a OBS063, b OBS075, c OBS090, d OBS115. Vertical record sections with calculated travel times and 
ray diagram are shown for each OBS. The OBS data were processed through predictive deconvolution and band-pass filtered (4–20 Hz). A gain 
factor proportional to distance has been used to enhance the distant seismograms. The color of the calculated travel times corresponds to the ray 
path in the ray diagram
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Moho, we could not constrain the velocity at the bottom 
of the crust using the PmP amplitude data.

The Moho depth of the Ryukyu island arc for ECr11 
is estimated to be around 33 km, based on the PmP sig-
nals recorded by OBS090, as shown in Fig. 6c. The depth, 
however, may be slightly shallower if ~0.2 s smaller travel 
times that match the very weak signals recorded by some 
of the other OBSs are taken into consideration. We could 
not determine the depth of the arc Moho below ECr10 
because clear Moho reflections were not observed. For 
ECr11, we tried to determine the Vp of the uppermost 
mantle beneath the arc by using Moho reflections of 
the subducting PHS plate (e.g., Fig.  6c), but the fitting 
between the observed and the calculated travel times 
sometimes shows errors of around 0.5  s. Therefore, the 
mantle wedge structure could not be well resolved either.

In the forearc area, a sedimentary wedge with 
Vp ≤  5  km/s and a maximum thickness of 10  km exist 
along ECr11 and ECr10. Only a few weak signals from the 
middle and lower arc crusts below ECr10 were observed, 
which was apparently due to the attenuation of seismic 
energy in the Tokara Valley area.

Clear reflections from the top of the subducting PHS 
plate, with a slightly irregular topography related to the 
Amami Plateau in the MCS records, were detected down 
to a depth of 13 km for ECr11 (Fig. 3). However, reflec-
tion events from the plate interface deeper than 8  km 
could barely be traced for the MCS record for ECr10, 
perhaps due to the larger seafloor irregularities caused by 
the Amami Plateau.

Southern Ryukyu (ECr7, ECr6, ECr16, ECr5, and ECr4)
Five lines, ECr7, ECr6, ECr16, ECr5, and ECr4, from 
north to south, were located approximately perpendicu-
lar to the strike of the southern Ryukyu Trench. ECr7, 
ECr6, and ECr5 cross into the trench axis, but ECr16 and 
ECr4 do not extend to the axis. All the lines traversed 
the slightly depressed areas of the island arc so that the 
survey vessel could continue to shot the airgun along the 
lines.

ECr7 was designed along the bathymetric depression 
(the Kerama Gap) in the island arc and forearc area. 
Materials with Vp < 5 km/s are present at the top of the 
whole island arc and forearc area, with a maximum thick-
ness of 9 km beneath the forearc (Fig. 4). We interpreted 
the layers with a Vp ≤ 6.0 km/s and a Vp = 6.0–6.3 km/s 
as the upper curst and a middle crust, respectively. Since 
we could not determine the Moho depth below the arc 
crust in ECr7, we placed the Moho depth at 30 km based 
on the results from ECr6 and ECr31. On the basis of this 
setting, we tried to adjust the Vp model to explain dis-
tant signals with offsets greater than ~80 km that propa-
gated through the mantle wedge. Below the trench, we 

could obtain clear images of the subducting LOFZ with 
bumped topographies from both the MCS profile (Fig. 3) 
and the Vp model (Fig.  4). The reflection signals from 
the top of the plate boundary could be traced to around 
10 km from the sea bottom in the MCS records (Fig. 3).

ECr6 is located along the Miyako Saddle, a slightly 
smaller seafloor depression than the Kerama Gap. Mate-
rials with Vp < 5 km/s prevail from the island arc to the 
forearc area; however, the distribution of the low-Vp 
materials at the front of the forearc is narrower than 
those of ECr11, ECr10, and ECr7. Since it is difficult to 
determine the boundary between the upper crust and 
lower crust, we interpreted the areas with a Vp of 6.1–
6.5  km/s as the middle crust below the island arc and 
forearc based on their velocities. The arc Moho depth 
of about 29 km is estimated from PmP arrivals (see the 
checkerboard test result in Fig. 5). The Vp model beneath 
the forearc differs significantly from that of ECr7, where 
materials with a fast Vp of around 5 km/s exist at shallow 
depths within 2–3  km from the seafloor. In the trench 
region, the LOFZ, a rough topography with a width of 
about 50  km, is subducting at the eastern end of ECr6 
(Fig. 1). The MCS record of ECr6 shows a blurred image 
of the LOFZ below the seafloor (Fig. 3). In contrast, we 
could obtain clear reflection signals from the subducting 
plate interface down to a depth greater than 20 km in the 
MCS record.

ECr16 also passes along the Miyako Saddle and crosses 
ECr6 in the island arc area. Since ECr16 is near ECr6, 
their crustal models are similar to the depth of the upper 
crustal layer. A middle crust with a Vp of 6.1–6.6 km/s is 
estimated beneath the island arc and forearc area. The 
depth of the arc Moho was inferred from reflection sig-
nals. Refection signals from the subducting PHS plate 
were observed in the MCS record, while they were not as 
clear as those for ECr6 (Fig. 3).

ECr5 passes through a seafloor depression of the Ishi-
gaki Saddle, which is rather smaller compared to the 
Kerama Gap and the Miyako Saddle. The Vp structure 
below the island arc is very different from that of ECr6 
and ECr16. There is no thick, low-velocity sediment in 
the shallow island arc area, and materials with a Vp of 
around 5 km/s ascend to a shallower depth. Thick upper 
and middle crusts characterize the arc crust in this line. 
A middle crust with a Vp of 6.0–6.3 km/s is widely dis-
tributed to a depth of 20  km from the sea surface. The 
thickness of the lower crust and the Moho depth were 
not well determined, because there were very few reflec-
tion signals from the Moho, indicating no distinctive 
Moho discontinuity.

In spite of the flat seafloor in the trench axis area along 
ECr5, a large undulation of the subducting plate inter-
face, shown in the ellipse in Fig. 3, can be identified below 



Page 10 of 17Nishizawa et al. Earth, Planets and Space  (2017) 69:86 

the landward slope of the trench. This irregularity is also 
detected in the Vp model, where the low-Vp upper oce-
anic crust extends to the lower crust (Fig. 4). This might 
be related to a northern extension of the Botan-Miyako 
fracture zone, a slightly smaller fracture zone almost 
parallel to the LOFZ (Fig.  1). The MCS records show 
there are several reflection signals with large ampli-
tudes beneath the forearc basin (Fig.  3). Although the 
southernmost reflector appears to be the subducting 
plate interface shown by triangles, the reflector, having 
depth >10 km, is irregular and broken.

Estimation of the mantle wedge structure was very dif-
ficult. Although we examined several models using for-
ward modeling, we could not find an optimal model. In 
the Vp model shown in Fig.  4, we interpreted the large 
amplitude signals that occurred with a velocity discon-
tinuity at a depth of  ~18  km as being island arc Moho 
reflections. However, these signals might be reflections 
from the inner lower crust or from the top of the sub-
ducting PHS plate. Further examinations are necessary to 
constrain the mantle wedge structure.

ECr4 is the southwesternmost line in our survey and 
traverses the Oki-Hateruma Basin at the southern end. 
The thicknesses of materials with Vp < 5 km/s below the 
arc area of ECr4 are thicker than those of ECr5, and the 
upper crustal structure for ECr4 is different from that 
for ECr5. However, the thickness of low-Vp materials for 
ECr4 is much thinner compared to ECr16 and ECr6. A 
middle crust with a Vp of 6.1–6.5  km/s and a thickness 
of about 10  km is underlain by a lower crust with a Vp 
of 6.8–6.9 km/s and a thickness of about 5 km. A small 
velocity gap, between 6.2 and 6.3  km/s, in the middle 
crust is modeled based on the reflection signals observed 
in several OBSs. The MCS profile (Fig. 3) shows a thick 
sedimentary layer with the maximum thickness of 3 km 
and a Vp of less than 3.5  km/s beneath the Oki-Hater-
uma Basin. Although the image of the subducting PHS 
plate was not determined in the Vp model, clear reflec-
tion signals at a depth of ~20 km under the forearc basin, 
inferred as reflections from the plate interface, were 
detected in the MCS profile (Fig. 3).

Island arc (ECr31) and forearc (ECr25)
We shot ECr31 and ECr25 along the island arc and 
forearc, respectively (Fig.  1). The MCS records and Vp 
models for these seismic lines are shown in Fig.  7. The 
checkerboard test results and ray diagrams are presented 
in Fig. 5.

ECr31, with a length of 228  km, crosses the Miyako 
Saddle at the southwestern end and the Kerama Gap at 
the northeastern end. This line crosses ECr7, ECr6, and 
ECr16 from southwest to northeast, and the shallower 
parts of their Vp models at the intersections are consistent 

with each other. The MCS record for ECr31 shows many 
normal faults beneath the Miyako Saddle and the Kerama 
Gap. Two distinctive reflectors at depths of 1–2 and 
3–4 km were observed beneath the Miyako Saddle, and 
they are cut by many normal faults. The deeper reflec-
tor at a depth of 3–4  km corresponds to the top of the 
upper crust based on its Vp model (Fig.  7). In contrast, 
the reflectors beneath the Kerama Gap are significantly 
discontinuous due to the large offsets of the normal faults 
indicating larger deformation in this region.

We obtained a horizontally varying arc Vp model that 
has a middle crust with Vp of 6.1–6.5  km/s and a lower 
crust with Vp of 6.8–7.0 km/s. Since the velocity gradient 
in the lower crust is small, we could use only the signals 
that propagated within the top of the lower crust. There-
fore, the Vp of the base of the lower curst and the arc 
Moho depth of around 30  km were inferred using PmP 
arrivals. At the southwestern end of the line where the 
Moho depth could not be constrained, the Moho depth is 
deeper by 2–3 km than the depths estimated at the inter-
sections with ECr6 and ECr16. Some reflection signals 
from deeper than the Moho depth were also observed, 
and they may have reflected at the top of the subduct-
ing Philippine Sea plate or at its slab Moho. Travel-time 
mapping (Fujie et al. 2006) of these signals results in many 
scattered reflectors at depths of 40–60 km, and it is diffi-
cult to determine the depths of deeper reflectors precisely.

ECr25 has a length of 415 km from the trench axis at 
the southwestern end, through the southeastern exten-
sion of the Miyako Saddle, to the Kerama Gap at the 
northeastern end. This line intersects with ECr7, ECr6, 
ECr16, and ECr5, and confirms the Vp models estimated 
from these crossed lines. The MCS profile (Fig. 7) reveals 
a few normal faults in the depressed shallow sedimentary 
layer below the Kerama Gap, with some faults reaching 
to the seafloor, although their numbers and their mag-
nitudes are much smaller than those along ECr31. These 
features suggest the extensional deformation prevails in 
the areas from the island arc to the forearc, and is in pro-
gress at the present time.

The Vp model largely varies along the line, and an 
arc lower crust is not found (Fig. 7). The layer of which 
top Vp = 4–5 km/s is much shallower below and to the 
southwest of the Miyako Saddle. The MCS record shows 
clear reflection signals from the top of the subducting 
PHS plate. The depth of the plate interface was estimated 
to be around 15 km below the forearc region from both 
the MCS and Vp results. When we assumed the bottom 
of the arc crust having a Vp of 6.2  km/s and the top of 
the oceanic crust having a Vp of 3–4  km/s at the plate 
boundary, we had good agreement of the reflection signal 
amplitudes between the observed and synthetic seismo-
grams (Fig. 8).
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Fig. 7  Depth-converted multichannel seismic section and P-wave velocity model for along-forearc lines. a ECr31, b ECr25. Enlarged seismic reflec-
tion images with interpretation for the Kerama Gap and the Miyako Saddle are also shown. The black lines in the interpretation indicate steeply 
dipping normal faults
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Fig. 8  Observed and synthetic record section for OBS026 on ECr25. a Observed vertical record section, b observed section with calculated travel 
times, c ray diagram, and d synthetic seismogram calculated by E3D code (Larsen and Schultz 1995). The reduction velocity is 8.0 km/s. An asterisk 
in the index map on the bottom left shows the position of OBS026
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Discussion
Ryukyu island arc
As shown in Fig.  4, the Vp distribution beneath the 
Ryukyu arc crust varies in the survey lines. However, 
the arc crust generally consists of three layers: the upper 
crust (Vp  <  6.0  km/s), the middle crust (6.0–6.5  km/s), 
and the lower crust (6.6–7.0  km/s). Although the Vp of 
the bottom of each layer could not be well determined, 
there is a velocity gap between the layers in many cases. 
The Vp model of ECr31, along the arc line, reveals a typi-
cal island structure, the same as the Japan arc compiled 
by Iwasaki and Sato (2009). A high Vp of around 7.2 km/s 
at the bottom of the lower crust beneath intra-oceanic 
island arcs, such as the Izu-Ogasawara island arc and the 
Kyushu-Palau Ridge (e.g., Nishizawa et  al. 2006, 2016), 
was not found in the Ryukyu arc. None of the arc crusts 
of the Japan Islands have such a high Vp at the bottom of 
the lower crust, which might indicate differences in the 
evolution tectonics between the intra-oceanic island arcs 
and the Japan island arcs. We deduced a very thin arc 
lower crust below ECr16 and ECr4 from interpretation 
of reflected waves at the middle/lower crust boundary 
and Moho discontinuity, which might relate to the rifting 
structure of along-arc extension. However, more data are 
necessary to confirm the deeper part of these models.

Deformations with many normal faults reaching the 
seafloor at the Kerama Gap and Miyako Saddle are clearly 
identified in the MCS record of ECr31, which suggests an 
along-arc extension is ongoing at the present time. The 
P-wave velocities of the upper crust with Vp < 6 km/s and 
middle crust with Vp of 6.1–6.5 km/s vary along ECr31. 
Their thicknesses also change along the line. The thick-
ness and Vp of the upper crust beneath the Miyako Sad-
dle are thinner and slower compared with those of the 
surrounding area. In contrast, the upper crust below the 
Kerama Gap is thick and the Vp is higher than that below 
the Miyako Saddle. Therefore, there are no common 
characteristics in the Vp models between the two bathy-
metric depressions, and the topographic deformation 
may not extend to the depth of the upper crust beneath 
the Kerama Gap.

Ryukyu forearc
There are few significant systematic variations in the 
forearc seismic structures between the northern and 
southern Ryukyu Trench except that the low-velocity 
frontal wedge is much wider in the north and it becomes 
smaller as it goes to the south. However, there is a char-
acteristic feature of thick, low-velocity wedges with 
Vp  <~4.5  km/s below the forearc regions except for the 
lines of ECr6 and ECr16. Vp models in the forearc areas 
for ECr6 and ECr16 reveal that the top of the  ~5  km/s 
layer is much shallower, which is confirmed by the 

results of ECr25 of an arc-parallel line. The higher free-
air gravity anomaly shown in Fig. 2a corresponds to the 
shallow  ~5  km/s materials in this area. The region also 
corresponds to a lower seismicity compared with other 
forearc regions, as shown in Fig.  2b. Comparisons of 
the gravity profiles between ECr11 and ECr6 are shown 
in Fig.  9. The peak of the high free-air gravity anomaly 
at the forearc of ECr6 corresponds to high Vp > 5 km/s 
materials. Although we do not distinguish the origin of 
the materials from our data, Okamura et al. (2017) inter-
pret that the top of the Vp > 5 km/s layer corresponds to 
the basement in this region and that the basement does 
not subside other than the northern and western forearc 
regions where the basal erosion by subducting bathymet-
ric highs could be enhanced.

There are across-arc normal faults in the MCS records 
of ECr25 below the Kerama Gap and Miyako Saddle, 
although they are much smaller in scale than those of 
ECr31, which indicates the along-arc extension regime 
continues in the forearc region. The across-arc depres-
sions with a number of normal faults seem to be formed 
by extension due to backarc extensional rifting of the 
Okinawa Trough and the trench retreating as suggested 
by Eguchi (2017). However, recognizable variations in 
Vp distribution related to these topographic depressions 
were not observed, similarly to ECr31, indicating that the 
extensional regime has not influenced the deeper crust.

Another characteristic forearc structure is the influ-
ence of specific topographies on the subducting PHS 
plate. For instance, subduction of the Amami Plateau can 
be imaged by both the MCS and the Vp model beneath 
ECr10. Similarly, inhomogeneity due to LOFZ can be 
detected in the middle part of the Ryukyu Trench.

Subduction of the Philippine Sea plate
The Vp structure of the subducting PHS plate naturally 
reflects its seafloor topography. The slightly low Vp of 
7.6  km/s in the uppermost mantle along the southeast-
ern end of ECr11 is same as the upper mantle veloc-
ity beneath the Amami Plateau obtained by Nishizawa 
et  al. (2014). The Pn velocity at northern end of DAr5, 
to the east of ECr11, is slightly higher Vp of 7.8–8.0 km/s 
(Nishizawa et al. 2014), which indicates less influence of 
the Amami Plateau. In the southern seismic lines of the 
Ryukyu Trench, Pn velocities in the southeastern end of 
the ECr7 and ECr6 are 7.7–7.9 and 7.8 km/s, respectively, 
which are slightly smaller than ~8.0 km/s obtained in the 
Shikoku Basin, the backarc basin on the PHS plate to the 
east (Nishizawa et  al. 2011). These slower Pn velocities 
in the region might be related to the LOFZ on the PHS 
plate.

The MCS depth images were more useful in estimating 
the continuity of the subducting PHS plate interface than 
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the results of the refraction survey. We compared our esti-
mated interface depths with the iso-depth contours of the 
plate interface of the Slab 1.0 model by Hayes et al. (2012) 
in Fig. 10. The 20-km contour almost coincides with our 
results. However, the depth of 10 km on our seismic lines 
to the northeast of ECr11 moves toward the trench axis. 
Previous results for lines KPr1, DAr5, and DAr2 in the 
northernmost trench area (Nishizawa et  al. 2009) also 
support trenchward positions of the 10-km contour.

Reflections at the subducting plate interface are inter-
mittent in the MCS profile of ECr5 (Fig. 3), and the depth 

of the interface was not determined in the Vp model in 
Fig.  4. In contrast, clear slant reflectors can be traced 
to a depth of  ~25  km, as shown by arrows in the MCS 
record, and these reflection signals have a negative polar-
ity, indicating an abrupt decrease in velocity at the reflec-
tor. Arai et  al. (2016) observed similar reflection signals 
in the vicinity of ECr5, and they suggested the reflector 
is a possible tsunamigenic fault of the 1771 Meiwa Tsu-
nami (Yaeyama Earthquake: M~8). However, there is no 
significant deformation at the seafloor. Although several 
more reflectors are detected beneath the forearc basin, 

Fig. 9  Vp model and free-air gravity anomaly. Two low gravity peaks are shown by triangles on each gravity profile. a ECr11 and b ECr6
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they do not deform the upper layering structure. There-
fore, these faults seem to be inactive lately and they may 
not be related to the faulting of the 1771 Meiwa Tsunami.

Although the airgun capacity of our MCS survey was 
only 17.1  L (1050 cubic inches), which is very small for 
the exploration of deeper structures, we could observe 
clear reflection signals from the subducting PHS plate 
interface to maximum depths of more than 25 km. This 
indicates high pore pressure at the subduction interface 
in the deeper part and weak interplate coupling in the 
Ryukyu Trench subduction zone, as Arai et  al. (2016) 
suggested. In contrast, Goto (2013) suggested strong 
plate coupling caused the 1911 Kikai-jima Earthquake in 
the northern Ryukyu Trench. The clear reflection signals 
from the PHS plate interface were not observed deeper 
than 15  km in the MCS profiles of ECr11 and ECr10, 
which might correspond to strong coupling at deeper 
region. Recently, Arai et al. (2017) re-analyzed the ECr10 
OBS data together with another MCS profile using a 
larger airgun array. They interpreted the 1995 Amami-
Oshima-Kinkai Earthquake (M7.1) as a near-vertical nor-
mal faulting in the subducted part of the Amami Plateau 
based on the seismic structure and the aftershock distri-
bution inferred from the previous OBS survey (Yamada 
et  al. 1997). Then, they implied the 1911 Earthquake 
might occur with the similar mechanism of the 1995 
event. We need more information about this region to 
discuss this issue.

Arai et al. (2016) pointed out the relationship between 
the Vp structure and short-term slow slip events (SSE) 
estimated by Nishimura (2014). However, we cannot 
discuss such a relationship through the Ryukyu subduc-
tion zone because the positions of our survey lines did 
not correspond to the SSE source area except for ECr10 
(Fig. 10). Nishimura (2014) already pointed out that the 
SSE area near ECr10 relates to the subduction of the 
bathymetric high of the Amami Plateau. Seismic lines 
and seafloor geodetic observations in the area between 
off Miyako-jima Island and off Okinawa Island are nec-
essary to estimate the interplate coupling in the middle 
Ryukyu Trench area.

Wells et al. (2003) showed that 70% of coseismic large 
slip areas of the large earthquakes in the Nankai Trough, 
northeast of the Ryukyu Trench, occurred beneath 
forearc basins with a low gravity anomaly. Song and 
Simons (2003) and Tan et al. (2012) suggested that along-
forearc low gravity anomalies parallel to along-trench low 
gravity zones, that is, double low gravity belts, are related 
to the occurrence of large earthquakes. This is because 
the high gravity anomaly area between two low gravity 
anomaly belts is caused by a large accretionary prism as 
a result of strong interplate coupling (Tan et  al. 2012). 
Therefore, such gravity anomaly distribution indicates 
the possibility of large earthquakes in the Ryukyu Trench. 
Our Vp models of ECr6 and ECr16 in the southern trench 
show that the distinctive high gravity anomaly between 

Fig. 10  Depth of the Philippine Sea plate interface (asterisks) obtained in this study. Small asterisks indicate lower accuracy. Broken lines present 
iso-depth contours of the plate interface with an interval of 10 km (Hayes et al. 2012). Blue circles and black rectangles show several clusters of short-
term slow slip events and the area of poor resolution, respectively (Nishimura 2014)
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low gravity belts does not reflect a large accretionary 
prism but a shallower basement with high Vp velocities 
(Okamura et  al. 2017). This result indicates that strong 
coupling at the plate boundary is not necessary in this 
region. Distinct reflection signals from the plate bound-
ary recorded by MCS and OBSs suggest a large velocity 
gap at the interface beneath ECr25, also indicating a weak 
interplate coupling.

Muller and Landgrebe (2012) investigated the occur-
rence of great (M ≥ 8) subduction earthquakes and found 
them to be strongly biased toward regions associated 
with intersections of oceanic fracture zones and subduc-
tion zones. How the LOFZ semi-parallel subduction to 
the trench affects earthquake occurrences is an issue to 
be addressed in the future.

Conclusions
We shot nine MCS reflection and refraction seismic lines 
to estimate along-trench variations in the P-wave veloc-
ity structure of the Ryukyu island arc-trench system. Our 
results showed the following features:

1.	 The Vp models below the Ryukyu islands arc crust are 
heterogeneous, depending on seismic lines, but they 
generally consist of upper, lower, and middle crusts 
indicating a typical arc structure.

2.	 Both the OBS and MCS records revealed the subduc-
tion of the Amami Plateau on the PHS plate char-
acterizes the forearc structures below the northern 
Ryukyu Trench, while there is subduction of the 
fracture zones beneath the middle and southern 
trenches.

3.	 The MCS record showed many normal faults 
beneath the bathymetric depressions of the Miyako 
Saddle and Kerama Gap, which indicates an exten-
sional regime along the island arc at present. The 
Vp models indicate that the deformation below the 
gaps, however, may not extend to the depth of the 
middle crust.

4.	 Several clear reflectors above the subducting plate 
interface are detected beneath one of the candidate 
source areas of 1771 Meiwa Tsunami in forearc basin, 
but they do not deform the upper layering structure. 
Therefore, these faults seem to be inactive of late and 
they may not be related to the faulting of the 1771 
Meiwa Tsunami.

5.	 The characteristic high, free-air gravity anomaly 
at the forearc off Miyako-jima Island is not formed 
by a large accretionary prism as a result of a strong 
interplate coupling, but by a shallower basement. The 
observed clear reflection signals from the plate inter-
face in this area indicate a lower coupling.
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