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Seismic evidence for arc segmentation, 
active magmatic intrusions and syn‑rift fault 
system in the northern Ryukyu volcanic arc
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Abstract 

Tectonic and volcanic structures of the northern Ryukyu arc are investigated on the basis of multichannel seismic 
(MCS) reflection data. The study area forms an active volcanic front in parallel to the non-volcanic island chain in the 
eastern margin of the Eurasian plate and has been undergoing regional extension on its back-arc side. We carried out 
a MCS reflection experiment along two across-arc lines, and one of the profiles was laid out across the Tokara Channel, 
a linear bathymetric depression which demarcates the northern and central Ryukyu arcs. The reflection image reveals 
that beneath this topographic valley there exists a ~ 3-km-deep sedimentary basin atop the arc crust, suggesting that 
the arc segment boundary was formed by rapid and focused subsidence of the arc crust driven by the arc-parallel 
extension. Around the volcanic front, magmatic conduits represented by tubular transparent bodies in the reflection 
images are well developed within the shallow sediments and some of them are accompanied by small fragments 
of dipping seismic reflectors indicating intruded sills at their bottoms. The spatial distribution of the conduits may 
suggest that the arc volcanism has multiple active outlets on the seafloor which bifurcate at crustal depths and/or 
that the location of the volcanic front has been migrating trenchward over time. Further distant from the volcanic 
front toward the back-arc (> 30 km away), these volcanic features vanish, and alternatively wide rift basins become 
predominant where rapid transitions from normal-fault-dominant regions to strike-slip-fault-dominant regions occur. 
This spatial variation in faulting patterns indicates complex stress regimes associated with arc/back-arc rifting in the 
northern Okinawa Trough.

Keywords:  Continental rift, Volcanic arc, Back-arc basin, Seismic reflection, Magma intrusion, Fault development

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(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.

Open Access

*Correspondence:  ryuta@jamstec.go.jp 
1 Research and Development Center for Earthquake and Tsunami, Japan 
Agency for Marine-Earth Science and Technology, 3173‑25 Showa‑machi 
Kanazawa‑ku, Yokohama, Kanagawa 236‑0001, Japan
Full list of author information is available at the end of the article

Introduction
The northwestern Pacific region is bounded by several 
island arcs and provides an appropriate field for study-
ing evolution of continental lithospheres associated with 
oceanic plate subduction, arc volcanism and back-arc 
spreading/rifting. The Ryukyu arc in southwest Japan, 
which was originally located on the eastern flank of the 
Asian continent, now has formed an arc system associ-
ated with the subduction of the Philippine Sea plate at 
the Ryukyu Trench and the back-arc rifting along the 
Okinawa Trough (Fig. 1). Early and recent active-source 

seismic surveys confirmed that despite having been 
stretched through the rifting process, the Ryukyu arc 
exhibits structural characteristics of typical continental 
lithospheres, such as thick felsic upper crust with P wave 
velocities of ~ 6.0  km/s, ensuring that the Ryukyu arc 
still preserves original continental materials and is thus 
essentially characterized as a continental arc (Murauchi 
et al. 1968; Iwasaki et al. 1990; Arai et al. 2016, 2017a, b; 
Nishizawa et  al. 2017) (Fig.  1c). On the other hand, the 
Ryukyu arc also shows several unusual features differ-
ing from other ocean-continent convergent margins: 
For example, the Ryukyu arc has not experienced typical 
mountain building in its tectonic history and the most 
parts currently reside under water as a consequence of 
regional subsidence since the Miocene time (Letouzey 
and Kimura 1985). The unique tectonic setting of the 
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Ryukyu arc enables us to examine the variation in arc 
growth processes in these environments.

The Ryukyu arc is geographically subdivided into three 
segments (northern, central and southern) by two bathy-
metric depressions running in the arc-perpendicular 
direction known as the Tokara Channel and the Kerama 
Gap (Konishi 1965; Kobayashi 1985). Bathymetric data 
show that these tectonic boundaries form wide across-
arc valleys which are roughly 1 km deeper than the adja-
cent arc segments (Fig. 1). Although they are thought to 
be a key to characterize the architecture and the sub-
sidence history of the overall Ryukyu arc, structure and 
tectonic controls on the arc deformation there remains 
unclarified yet. Another subject of debate is that active 
volcanoes are unevenly distributed along this arc, and the 
highest density occurs in the northern part: The northern 
Ryukyu volcanic arc, including the Kikai caldera (which 
has caused one of the deadliest volcanic disasters in Japa-
nese history) and the Suwanose Island (which caused 
multiple eruptions in 2015), is one of the most active 
volcanic areas in Japan (Machida and Arai 1978; Yokose 
et al. 2010) (Fig. 1b). It is also intriguing that the volcanic 
front defined by a series of Quaternary volcanic centers 
is aligned parallel to but topographically separated from 
the non-volcanic part of the arc (Fig.  1b). Even though 
the potential volcanic hazards and resultant social rel-
evance are significant, these active volcanoes are located 
either at less-populated remote islands or below the sea 
level with sparse geophysical observation networks. The 
geographical disadvantage makes it difficult to document 
their geological background, and their natures are still 
poorly constrained. A full understanding of these mag-
matic systems requires large-scale close-in observations 
of subsurface structures.

To improve our understanding of the tectonic and vol-
canic systems in the northern Ryukyu arc, we carried 
out a multichannel seismic (MCS) reflection experiment 
along two across-arc profiles in 2015–2016 (Fig. 1). The 
first result from this experiment showed an anomalous 
subduction system at the northern Ryukyu trench caused 

by the buoyant oceanic lithosphere of the Amami Plateau 
(Arai et  al. 2017b). In this contribution, we use unpub-
lished MCS reflection data from the same experiment to 
focus on the detailed arc structure within the overriding 
plate. Based on several lines of evidence for subseafloor 
structures, we present new constraints on the history of 
arc segmentation and the ongoing rifting process in the 
back-arc. In addition, we show evidence for magmatic 
intrusions into shallow sediments in the proximity of the 
volcanic front. These results will help us understand how 
the arc volcanism has developed in the process of arc/
back-arc rifting.

Geological background
Associated with the northwestward subduction of the 
Philippine Sea plate, the Ryukyu subduction zone forms 
a ~ 1200-km-long arc/back-arc system along the east-
ern margin of the Eurasian plate. Interestingly, despite 
the active plate subduction along the entire Ryukyu 
Trench, arc volcanism has been poorly developed over 
the Ryukyu arc and thus it is essentially characterized as 
a “non-volcanic” arc. In the northern part of Ryukyu, a 
series of active volcanoes do occur, but they are situated 
over 20  km away from the easterly non-volcanic island 
chain and lie within the back-arc basin (Japan Meteoro-
logical Agency 2013; Fig. 1). As evidenced from bathym-
etric data of the northern Ryukyu, abundant subaerial/
submarine volcanic edifices with a cone-shaped geometry 
are widely distributed on the back-arc side of the volcanic 
front, but such volcanic ridges are scarcely observed on 
the forearc side (Yokose et  al. 2010; Fig.  2). The linear 
distribution of active volcanoes terminates at the central 
Ryukyu arc, and only one active volcano is recognized in 
the southern Ryukyu. The presence/absence of active vol-
canoes seems roughly correlated with the structural vari-
ation of the incoming Philippine Sea plate: The northern 
part of the plate consists of large-scale buoyant oceanic 
plateaus (Amami Plateau, Daito Ridge, and Oki-Daito 
Ridge) (Nishizawa et  al. 2014), which may increase the 
density of active volcanoes on the arc when subducted 

(See figure on next page.) 
Fig. 1  a Regional tectonic map of the Ryukyu arc. Black color corresponds to areas above the sea level. Dark gray-shaded areas and light gray-
shaded areas indicate seafloors shallower than 1000 and 4000 m, respectively. Note that the Ryukyu arc is topographically divided into three seg-
ments by two across-arc bathymetric depressions (Tokara Channel in the north and Kerama Gap in the south). The dashed box shows the location 
of (b). b Seafloor topography map and layout of the MCS profiles (black lines). Reflection images along the thick black lines are presented in Fig. 3. 
Background colors represent seafloor depths in meter with contours every 500 m. Active volcanoes (Japan Meteorological Agency 2013; red trian-
gles) are aligned on the back-arc side of the non-volcanic islands. Hydrothermal vent sites (red stars) are from Ishibashi et al. (2015). The magnitude 
and focal mechanism (black beach ball) of the 2015 earthquake are derived from the catalog by US Geological Survey (https://earthquake.usgs.
gov/earthquakes/search/). This event demonstrates strike-slip faulting in this area (see text for discussion). c P wave velocity model of the northern 
Ryukyu arc along the RK02 profile (Arai et al. 2017b). It is noted that beneath the Tokara Channel the upper crustal layer (yellow color region with P 
wave velocities of 5.0–6.0 km/s) becomes thinner than the adjacent arc/back-arc crust, indicating the arc crust has been extensionally stretched and 
thus led to the local subsidence at the location of the Tokara Channel (see text for discussion)
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(Bourdon et  al. 2003), whereas the Philippine Sea plate 
becomes more typical oceanic lithosphere to the south 
(Arai et al. 2016). The along-arc variation in subduction 
angle of the Philippine Sea slab may also play a role for 
generating this difference in volcanism (Nakamura et al. 
2003).

During the last few decades, the volcanic system in 
the northern Ryukyu arc has been studied mainly using 
geological and geochemical methods: For example, vol-
canic rocks sampled from the active volcanoes in this 
region indicate the arc lavas are characterized as com-
plex volcanic suites including basalt, andesite, dacite and 
rhyolite (Yokose et al. 2010). Another geochemical study 
shows that the current volcanic front has been active 
since approximately 2  Ma and that the magma produc-
tion there is enhanced by fluids dehydrated from the sub-
ducting slab (Shinjo et al. 2000). On the contrary to these 
advances, internal architectures of the volcanic arc based 
on geophysical approaches are poorly documented: Mul-
tiple seismic surveys have been carried out in the study 
area (Nash 1979; Iwasaki et  al. 1990; Nakahigashi et  al. 
2004; Gungor et  al. 2012; Nishizawa et  al. 2017), but 
unfortunately none of them have discussed the volcanic 
structure in detail.

The Okinawa Trough is a depositional basin covered 
by thick sediments primarily provided from the west-
erly continental shelf (Narita et al. 1990). Paleomagnetic 
and geochronological studies suggest that the Ryukyu 
arc started to separate from the continent to form the 
back-arc basin at the late Miocene: The southern Ryukyu 
arc experienced a clockwise rotation since 10  Ma while 
parallel rifting occurred for the central Ryukyu arc dur-
ing this period (Miki 1995), which may have been fol-
lowed by a counter-clockwise rotation of the northern 
Ryukyu arc since 1–2 Ma (Kodama et al. 1995). Seismic 
studies suggest that the Okinawa Trough is still at a stage 
of continental rifting prior to leading to seafloor spread-
ing (Sibuet et al. 1998; Nakahigashi et al. 2004; Arai et al. 
2017a). The global model of present-day plate motions 
predicts that the back-arc rifting along the northern 
Okinawa Trough occurs in the roughly east–west direc-
tion with a relatively slow rate of 22 mm/year (Argus et al. 
2011), but former studies based on seismic fault map-
ping and shallow earthquakes suggest that the stress field 
there is more heterogeneous in space: Seismic reflection 
data reveal that the syn-rift normal fault system in the 
Okinawa Trough exhibits left-stepping en echelon struc-
ture, which probably reflects the along-trough variation 
in rifting rate and/or the oblique rifting direction with 
respect to the regional strikes of the arc and back-arc 
(Letouzey and Kimura 1985; Sibuet et al. 1998). The seis-
mic studies also suggest that a well-developed axial rift 
zone as seen in the southern Okinawa Tough is missing 

in the northern Okinawa Trough and instead extensional 
deformation has occurred extensively, resulting in wide 
rift basins dominated by graben/half-graben structures 
(Nash 1979; Letouzey and Kimura 1985; Gungor et  al. 
2012). The focal mechanisms of local earthquakes also 
indicate complex tectonic stress regimes in the study 
area and suggest that the extensional stress field occurs 
not only in the arc-perpendicular direction but also in 
the arc-parallel direction, which can be explained by the 
outward migration of the arc (Kubo and Fukuyama 2003).

Although the Tokara Channel is a major topographic 
feature demarcating the Ryukyu arc, its formation pro-
cess and relation to the arc/back-arc evolution are not 
fully understood: Previous studies suggest that the 
regional extension caused by the southward retreat of 
the Ryukyu Trench is the primary control on forming 
the across-arc topographic depression (Matsumoto et al. 
1996). Based on the detailed bathymetric data, Kimura 
et al. (1993) and Matsumoto et al. (1996) also point out 
that the left-lateral strike-slip faulting has been occur-
ring along the Tokara Channel, which may indicate that 
the Tokara Channel is responsible for accommodating 
across-arc displacements caused by the arc rotation asso-
ciated with the back-arc rifting. On the other hand, the 
Tokara Channel does not correspond to the position with 
the maximum arc curvature and thus the relationship 
between the arc migration and the across-arc depressions 
is still unclear. Interestingly, the active uplifting of the arc 
crust has been happening at the Kikaijima Island located 
just south of the Tokara Channel (Ota et al. 1978), result-
ing in a contrasting tectonic movement in a small area 
(Fig. 1). Constraining the subsurface structure, there will 
be an important step for understanding how such com-
plex tectonic processes work.

MCS reflection data
We acquired the MCS reflection data in 2015–2016 
using R/V Kairei of Japan Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC). Two seismic tran-
sects with lengths of approximately 410 km (RK01) and 
290 km (RK02) are extended from the Amami Plateau on 
the incoming Philippine Sea plate to the eastern part of 
back-arc basins in the northern Okinawa Trough (Fig. 1). 
The both lines cross the Ryukyu trench, the forearc 
slope and the active volcanic front. In the central part of 
the study area, the southern line of RK02 traverses the 
Tokara Channel while the northern line of RK01 runs 
through the non-volcanic island chain. Along these pro-
files, the shooting was conducted using Kairei’s tuned 
air gun arrays with the maximum volume of 7800 cubic 
inch. The shooting interval was 50 m. To record acoustic 
waves from the air gun shots, the 6-km-long hydrophone 
streamer with 444 channels was towed at 10  m depth 
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below the sea level. The positions of sources and receiv-
ers were determined using the global positioning system. 
The sampling rate for the recording was 2 ms. Additional 
details concerning the data acquisition are provided in 
Arai et al. (2017b).

For analyzing the data, we followed the same procedure 
as Arai et al. (2017b): The obtained reflection data were 
processed using a standard scheme which includes trace 
editing, band-pass filtering, datum correction, ampli-
tude compensation for geometrical spreading, predictive 
deconvolution, velocity analysis, normal moveout correc-
tion, mute, common midpoint stacking (6.25-m interval) 
and time migration.

Results
The seismic reflection data reveal structural details of the 
northern Ryukyu arc and the northern Okinawa Trough. 
The overall images are presented in Fig.  3, which high-
light the large-scale undulation of the acoustic basement. 
Since we find a variety of structural features reflect-
ing complex tectonic and magmatic events, we divide 

the study area into three domains and describe them 
separately in the following sections, namely the Tokara 
Channel (“Tokara Channel” and “Arc segmentation” sec-
tions, and Fig.  4), the volcanic front (“Volcanic front” 
and “Active magmatic intrusions around the volcanic 
front” sections, and Figs. 5 and 6) and the back-arc basins 
(“Back-arc basins” and “Fault development and rifting 
style in the northern Okinawa Trough” sections, and 
Figs. 7 and 8).

Tokara Channel
One of the most important findings from our reflection 
data is the deep sedimentary basin beneath the Tokara 
Channel (Fig. 4): The acoustic basement marked by high-
amplitude reflections forms a ~ 30-km-wide bowl-shaped 
basin with the maximum depth of ~ 2  s two-way travel 
time (~ 3 km deep below the seafloor) relative to the adja-
cent arc segment. It should be noted that since the seis-
mic profile is oblique to the strike of the Tokara Channel, 
the actual width of the basin in the along-arc direction 
is much smaller. The basin is filled with subhorizontal 
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reflectors, and the velocity model supports that they 
represent low-velocity sedimentary units deposited on 
the arc crust (Fig. 1c). Although the deformation pattern 
within the basin is not obvious, the sedimentary layers 
clearly show a downward convex geometry and step-like 
features across the layers at some locations (Fig. 4). Cor-
respondingly, the acoustic basement also exhibits mul-
tiple steps in the southeastern part of the basin, but the 
basement itself becomes ambiguous in the northwestern 
part (Fig. 4).

Volcanic front
In the reflection images around the volcanic front, we 
find numerous transparent bodies within the shallow 
sediments and the crust (Figs. 5 and 6): They are charac-
terized by a narrow, vertically elongated pipe-like shape 
with low amplitudes of seismic reflections. These bod-
ies are typically ~ 1 km wide and tend to become slighter 

wider with increasing depth. Based on these features and 
the proximity to active volcanoes, we interpret them to 
be volcanic intrusions caused by magmatic upwelling. 
The tubular shapes are commonly imaged as a transpar-
ent region compared to the surrounding sedimentary lay-
ers or crust. The transparency suggests that they consist 
of materials with high scattering, such as sheeted dikes, 
and represent a conduit from a deep magma reservoir. In 
the reflection image of the RK02 profile, intrusive bod-
ies penetrate the shallow lithosphere and reach the sea-
floor to form volcanic mounds (Fig. 6). Correspondingly, 
the seafloor bathymetric data show that these ridges are 
densely distributed around active volcanoes (Fig.  2). In 
addition to the obvious intrusions forming the volcanic 
ridges, we detect several more “blind” intrusions bur-
ied within the sedimentary layers where the seafloor is 
paved by rapid sedimentation and their existence cannot 
be confirmed only by the bathymetric data (RK01 profile 
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in Fig. 5). Another interesting feature is that some of the 
intrusive bodies are capped by a convex reflector, indicat-
ing a sedimentary layer pushed up by the upwelling flow 
(blue arrows in Fig. 5). It is also worth noting that dipping 

reflective patches are often observed at the roots of the 
transparent tubes (Fig. 6).

Seafloor magnetic data are often used as supporting 
information on magmatic intrusions. We checked the 
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magnetic data recorded during the seismic experiments 
by using the shipboard magnetometer. However, no posi-
tive signals corresponding to the intrusions were found. 
This is probably because the magnetic data can be con-
taminated by the ship’s magnetization effect. In addition, 
the magmatic intrusions we imaged by the reflection 
data are too small (< 1 km wide and < 100 m tall; Fig. 6) 
to be detected and thus more close-in observations 

using deep-towed magnetometers or submersibles are 
necessary.

In the reflection image of RK02, a distinct deep reflec-
tor is imaged at the two-way travel time of ~ 5  s, which 
is equivalent to ~ 9 km depth below the seafloor (Fig. 6). 
Since its horizontal location corresponds to the volcanic 
front and the appearance is similar to a melt lens reflec-
tor observed in volcanic regions (Arai et  al. 2017a), the 
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reflector appears to represent a magmatic feature. How-
ever, caution is needed when interpreting its depth: The 
estimated depth is significantly greater than that found 
in the southern Okinawa Trough (i.e., 4 km depth below 
the seafloor) (Arai et al. 2017a). In addition, the P wave 
velocity model does not show any low-velocity anomaly 
indicative of a magmatic body at this location (Fig.  1c). 
Hence, this reflection phase may not come from the 
structure just below the seismic line but be a sideswipe 
from an out-of-line volcano: The seismic profile of RK02 
runs through between the obvious volcanic ridges and 

the horizontal distances to the volcanic ridges nearby are 
6–10 km (Fig. 2). If the seismic reflections we observed 
were derived from one of these volcanoes, the reflector is 
likely to be located at a more typical depth for a magma 
chamber.

Back‑arc basins
In the back-arc basins > 30  km away from the volcanic 
front, the aforementioned magmatic structures dis-
appear, and alternatively rifting-related fault system 
becomes more obvious (Figs.  7 and 8). Here the rift 
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basins are characterized by deep sediments in which 
high-angle faults are developed very densely. On the 
northern profile of RK01, the sedimentary layers are 
crosscut by multiple faults dipping to the east and the 
west, but vertical displacement at the seafloor and along 
the faults is not significant (Fig. 7). These are typical fea-
tures of a so-called flower structure caused by strike-slip 
faulting (Woodcock and Fischer 1986). On the other 
hand, despite the short distance from the RK01 profile, 

the reflection image of the RK02 profile is remarkably dif-
ferent from that of the RK01 profile, which is dominated 
by a series of eastward dipping normal faults forming 
the half-graben structures on the rotated blocks (Fig. 8). 
Such a rapid transition in faulting style shows that each 
fault is highly segmented, probably owing to the back-arc 
extension occurring obliquely to the regional trend of the 
Okinawa Trough. It is also noted that most of the normal 
faults tectonize the thick sedimentary layers and reach 
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the seafloor, suggesting that these faults are young or still 
active (Fig. 8).

Discussion
Arc segmentation
The Tokara Channel is a major segment boundary across 
the Ryukyu arc, but its deep structure and role in arc evo-
lution have not been examined in detail. Although our 
seismic line of RK02 profile crosses the westernmost part 
of the valley, the seismic image reveals the deep basin 
structure (up to 3 km deep) there (Fig. 4). Based on the 
bathymetric data, Matsumoto et  al. (1996) suggest that 
left-lateral strike-slip faulting predominantly occurs 
along this valley. Generally, such a deep basin can be pro-
duced by strike-slip faulting (i.e., pull-apart basin). How-
ever, the strike-slip faulting alone is unlikely to produce 
the structure of the Tokara Channel: The P wave velocity 
model shows that beneath the Tokara Channel the upper 
crustal layer beneath the sedimentary units (yellow color 
region with P wave velocities of 5.0–6.0 km/s in Fig. 1c; 
Arai et al. 2017b) becomes significantly thinner than the 
surrounding arc/back-arc crust. This thinned upper crust 
implies that the arc crust itself has been extensionally 
stretched at the location of the Tokara Channel.

Although the formation mechanism of the across-
arc topographic depression is not fully understood, the 
aforementioned structural constraints may require an 
extensional process acting on the arc itself. The Ryukyu 
arc has a curved geometry along the subduction trench, 
and thus, the outward arc migration associated with the 
back-arc rifting increases the circumference of the arc, 
giving rise to an arc-parallel extensional stress field in 
the forearc region (ten Veen and Kleinspehn 2002). As 
evidence for this, studies using local seismicity demon-
strate the arc-parallel extensional stress regime in the 
forearc region of the northern Ryukyu arc (Kubo and 
Fukuyama 2003; Otsubo et al. 2008). It is therefore sug-
gested that although strike-slip motion may have been 
ongoing along the Tokara Channel to accommodate 
across-arc lateral displacements, the arc-parallel stretch-
ing derived from the seaward arc migration is a primary 
control on the tectonic process on the Tokara Channel. 
If the arc-parallel extensional stress is currently domi-
nant along the Tokara Channel, normal faulting may be 
expected to develop within the basin. Correspondingly, 
the acoustic basement exhibits multiple steps indicative 
of an extensional process. Although the infill sediments 
look less deformed, the sedimentary layers show a down-
ward convex geometry and step-like features across the 
layers at some locations, same as the shape of the basin 
(Fig.  4). We suggest that the lack of clear normal faults 
in the reflection image is precisely because our seismic 
profile is oriented almost orthogonal to the arc strike 

(i.e., extensional direction) and is thus sub-parallel to the 
strike of normal faults. Another potential cause for the 
lack is that there may have been a time difference in for-
mation of the basin and sediments infilling. Matsumoto 
et  al. (2009) report an across-arc active normal fault in 
the southern Ryukyu arc, which may have been caused by 
such arc-parallel stretching.

One may argue that other factors may contribute to 
forming such a local subsidence in the arc/forearc region. 
A well-known mechanism for a forearc subsidence is 
subduction erosion (e.g., von Huene and Scholl 1991). 
Okamura et al. (2017) show that while most parts of the 
Ryukyu forearc have experienced a significant subsidence 
caused by an erosional process of the subducting ridges, 
the northern Ryukyu arc exhibits landward dipping 
sedimentary units bounded by numerous thrust faults 
indicating the presence of an actively growing accretion-
ary prism. Along the RK02 profile, the frontal wedge of 
the overriding plate seems to have been deformed by 
the subduction of the thick oceanic plateau (Arai et  al. 
2017b). However, the subduction of these buoyant ridges 
is unlikely responsible for forming the Tokara Chan-
nel because the plateau is several times wider than the 
across-arc valley. Furthermore, the subduction of the 
buoyant plateau is currently enhancing the rapid uplift of 
the overriding forearc crust as exemplified at the Kikai-
jima Island rather than causing a subsidence (Kato 1997).

Fault development and rifting style in the northern 
Okinawa Trough
The northern Okinawa Trough is thought to have expe-
rienced different episodes of back-arc extension from 
the southern part (Miki 1995), which, together with the 
southwestward increase in rifting rate (Argus et al. 2011), 
produced a clear along-trough variation in seafloor 
topography and rifting style: As demonstrated by seis-
mic studies of Arai et al. (2017a) and their predecessors, 
the southern Okinawa Trough hosts a relatively narrow 
and deep rift basin in which normal faults are densely 
developed in a symmetric manner across the rift axis. 
Although our seismic reflection data sampled only the 
eastern part of the northern Okinawa Trough, it is likely 
that the rifting-derived faults are being actively devel-
oped at multiple locations and thus that the northern 
Okinawa Trough is characterized as a diffuse rift basin 
where the crustal deformation is not localized to the rift 
axis but widely distributed across the entire basin (Figs. 7 
and 8).

Our seismic data confirm that, unlike the south-
ern Okinawa Trough, the faulting style in the northern 
Okinawa Trough is significantly asymmetric (e.g., east-
ward dipping normal faults shown in Fig. 8). It is generally 
known that such deformation style and faulting pattern 
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in a rift basin vary depending on several parameters, such 
as the strength and thermal structure of the plate and the 
extension rate (e.g., Ruppel 1995). Gungor et  al. (2012) 
argue that the subduction of the thick Amami Plateau at 
the northern Ryukyu Trench plays a primary role for the 
diffuse rifting in the northern Okinawa Trough by pro-
ducing a local disturbance in speed of the trench rollback 
and the resultant back-arc rifting rate. As another effect, 
we here point out that the lithosphere consisting of the 
northern Ryukyu arc and the northern Okinawa Trough 
is probably hotter and weaker than typical continental 
lithospheres due to the active upwelling of magma from 
the subducting slab (Wang et al. 2008). Within such a hot 
and weak plate, extensional strain tends to be delocal-
ized and a broad deformation zone is formed more eas-
ily (Buck et  al. 1999). We also note that the rifting rate 
decreases as it goes northeastward along the Okinawa 
Trough and the current extension is thought to occur at 
a slow rate of 22 mm/year around the study area (Argus 
et al. 2011). If this slow rate has been persistent over the 
rifting history, it also contributes to forming a diffuse 
basin (Huismans and Beaumont 2003).

Another important structural feature in the northern 
Okinawa Trough is spatial variation in faulting pattern: 
Previous studies of fault mapping report no strike-slip 
faults in this area (The Headquarters for Earthquake 
Research Promotion 2016), but our reflection images 
clearly show flower structures indicative of the strike-
slip faults at several locations (Fig.  8). The existence of 
strike-slip faults is also supported by focal mechanisms 
of local seismicity (Otsubo et  al. 2008). Terakawa and 
Matsu’ura (2010) indicate a complicated pattern of tec-
tonic stress in the northern Okinawa Trough including 
rapid changes from normal faulting to strike-slip fault-
ing at crustal depths. As more definitive evidence, a large 
right-lateral strike-slip earthquake (Mw6.7) occurred 
in 2015 northwest of our seismic profiles (Fig. 1b). This 
earthquake was a shallow crustal event and led to gen-
erating a small tsunami. Generally, large-scale strike-slip 
faulting is a common phenomenon in extensional rift 
zones, such as the Dead Sea Rift (ten Brink et al. 1993), 
and is thought to play an essential role in accommodat-
ing the obliquity between the rifting direction and the rift 
axes. In the case of northern Ryukyu, the rifting rate var-
ies in the along-trough direction (Argus et al. 2011) and 
the rifting direction is oblique to the regional strikes of 
the arc and back-arc (Letouzey and Kimura 1985; Sibuet 
et al. 1998). In addition, the arc rotation is probably hap-
pening around the site where the buoyant Amami Pla-
teau is colliding with the overriding plate at the trench 
since the trench rollback is locally impeded by the col-
lision (Wallace et  al. 2005). These tectonic factors may 
be responsible for producing an extremely complicated 

stress field and resulting in complex faulting styles as we 
observed. Unfortunately, strike-slip faults are usually dif-
ficult to know the orientation and spatial continuity from 
seafloor bathymetry alone since they do not necessarily 
produce a vertical displacement at the seafloor. The high 
sedimentation rate in the northern Ryukyu region also 
makes it difficult to trace. In order to fully understand the 
fault distribution, more extensive investigations incorpo-
rating seismic imaging and seismicity observation will be 
necessary.

Active magmatic intrusions around the volcanic front
Another prominent finding in this study is seismically 
transparent bodies around the volcanic front indicating 
volcanic conduits (Figs. 5 and 6). Since some of the intru-
sions are completely overlain by thick sediments (RK01 
profile in Fig. 5), the number of volcanic intrusions must 
be significantly greater than that estimated from their 
bathymetric expression. Interestingly, the volcanic con-
duits are widely distributed from the volcanic front to 
20–30 km west of the volcanic front, whereas such fea-
tures are not observed in the easterly non-volcanic arc 
and the forearc region (Fig. 2). The implication from this 
observation is that magmatic intrusions are enhanced by 
back-arc rifting: At some locations, steeply dipping nor-
mal faults are imaged in the proximity to these volcanic 
conduits (Fig. 6c). They have been developed in the pro-
cess of arc/back-arc rifting and may facilitate magmatic 
upwelling by providing its pathways at crustal depths. 
The widespread magmatic conduits may suggest that 
the arc volcanism has several off-axis outlets discharg-
ing volcanic products: In this case, some portions of the 
upwelling magma need to bifurcate at crustal levels and 
migrate laterally toward the back-arc side. Such horizon-
tal transportation of magma may be possible where the 
regional stress field is favorable for forming extensive fis-
sure system as reported in similar arc volcanic regions 
(Ishizuka et  al. 2014). Another possible scenario to 
explain the widespread volcanic conduits is that the arc 
volcanoes themselves have been migrating trenchward 
over time. The location of the volcanic front is known 
to be fluctuated on a geological time scale (e.g., Yamaji 
2003), and indeed the volcanic front along the Ryukyu 
arc is thought to have migrated eastward in accordance 
with the eastward retreat of the Ryukyu Trench during 
2–4 Ma (Shinjo et al. 2000).

Magmatic intrusions observed as transparent bodies in 
the reflection images seem to be a common phenomenon 
in continental rift zones as similar structures are reported 
in Gulf of California (Lizarralde et al. 2011), south of Aus-
tralia (Jackson et al. 2013) and off Norway (Planke et al. 
2005; Iyer et  al. 2017). Intrusive bodies are also found 
in the southern Okinawa Trough (Arai et  al. 2017a). 
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However, the detail architectures are slightly different 
from each other. For example, in the southern Okinawa 
Trough a magmatic intrusion occurs just beneath the 
rift axis and the basin-fill sedimentary layers dip toward 
the rift axis on the both sides of the axis, suggesting that 
the on-axis intrusion was caused by “passive” upwelling 
of magma (Arai et  al. 2017a). It is also suggested in the 
southern Okinawa Trough that the intrusion is linearly 
continuous along the rift axis and thus forms a thin “wall” 
consisting of plutonic materials. On the other hand, 
intrusive structures in the northern Ryukyu arc have a 
circular cone shape and do not show inward-dipping 
sedimentary layers. It is therefore indicated that they 
were produced by “active” upwelling (Fig.  6c). This lati-
tudinal variation is consistent with the density of active 
volcanoes. We suggest that the magmatic intrusions in 
the southern Okinawa Trough are a direct consequence 
of the back-arc rifting while the volcanism to the north 
is robustly supported by abundant magmatic supply from 
the subducting slab (Shinjo et al. 2000).

Another important feature we found is dipping reflec-
tive patches at the bottoms of the volcanic conduits, 
which are obviously isolated from reflections indicat-
ing the sediments and basement. Although there seems 
to be no definitive criteria for their interpretations, 
these features are often regarded as magmatic sills that 
may be able to provide sufficient heat for hydrothermal 
venting on the seafloor (Iyer et  al. 2017; Canales et  al. 
2017). Another possibility is that the dipping reflec-
tors represent channels for hydrothermal fluid flows 
(Tsuji et  al. 2012). Hydrothermal vents have not been 
reported around the northern Ryukyu volcanic arc to 
date despite many having been found in the central and 
southern Okinawa Trough. Our seismic data suggest that 
although many of the magmatic intrusions are buried 
and thus cooled by thick sedimentary materials, other 
intrusions breaching the seafloor may have a potential 
to host hydrothermal vents on the seafloor. In order for 
hydrothermal vents to be active, normal faults need to be 
developed nearby to facilitate seawater infiltration down 
to a subsurface heat source at depth (Tsuji et  al. 2012). 
In the case of the northern Ryukyu, syn-rift normal faults 
in the proximity of volcanic intrusions may contribute to 
this process (Fig. 6c).

Conclusions
Based on the MCS reflection images, we present struc-
tural constraints on the arc segments boundary, mag-
matic intrusions and faulting patterns in the northern 
Ryukyu arc. The major findings are summarized as 
follows:

1.	 Beneath the across-arc bathymetric depression of the 
Tokara Channel, there exists a ~ 3-km-deep sedimen-
tary basin atop the arc crust, which, together with the 
thinned upper crust, suggests that the arc-parallel 
extension derived from the outward migration of the 
Ryukyu arc has produced this valley.

2.	 Numerous volcanic conduits are observed within the 
sedimentary basins and shallow crust around the vol-
canic front. They are characterized as a ~ 1-km-wide 
tube-like shape, and their abundance shows that vol-
canic intrusions are a ubiquitous feature in the north-
ern Ryukyu arc. The spatial distribution of the con-
duits may suggest that the arc volcanism has multiple 
active outlets for discharging volcanic products and/
or that the location of the volcanic front has been 
migrating trenchward over time. We also find some 
of the conduits are accompanied by intruded sills at 
their bottoms, implying the existence of a potential 
heat source driving hydrothermal circulations.

3.	 The northern Okinawa Trough forms diffuse basins 
on which thick sedimentary units pile up. Within the 
basins, numerous high-angle faults are densely devel-
oped in an asymmetric manner. The faulting pat-
terns rapidly change from normal faults to strike-slip 
faults, suggesting complex stress regimes associated 
with arc/back-arc rifting.
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