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Abstract 

We acquired 27 wide-angle seismic profiles to investigate variation in crustal structure along the Kyushu-Palau Ridge 
(KPR), a 2600-km-long remnant island arc in the center of the Philippine Sea plate; 26 lines were shot across the strike 
of the KPR at 13°–31°N, and one was shot along the northernmost KPR. The derived P-wave velocity (Vp) models show 
that the KPR has a crustal thickness of 8–23 km, which is thicker than the neighboring backarc basin oceanic crusts of 
the West Philippine Basin to the west and the Shikoku and Parece Vela Basins to the east. While the KPR crust consists 
mainly of lower crusts with a Vp of 6.8–7.2 km/s, the thicker crust contains a thick middle crust with Vp of 6.0–6.8 km/s. 
In general, the KPR crust is thicker in the north than in the south. The uppermost mantle velocities just below the KPR 
bathymetric highs are lower than 8.0 km/s and are commonly associated with a slightly high Vp of 7.2 km/s at the 
base of the crust. Large amplitude reflection signals are sometimes observed at far offsets on several lines suggesting 
the existence of several reflectors at depths of 23–40 km in the mantle beneath the KPR. The characteristics of these 
reflections are similar to these observed beneath the Izu–Ogasawara (Bonin) island arc, the tectonically conjugate arc 
of the KPR before backarc basin spreading. Very thin crust and high Pn velocities characterize the transition between 
the KPR and the eastern basins, which is probably a relic of the initial stage of the rifting. West of the KPR, the crust var-
ies in structure from north to south as a result of the different tectonic settings in which it evolved.
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Background
The Kyushu-Palau Ridge (KPR) is a 2600-km-long 
bathymetric high extending north–south at the center 
of the Philippine Sea plate in the northwestern Pacific 
(Fig. 1). The KPR is regarded as a remnant of the proto 
Izu–Ogasawara (Bonin)–Mariana (IBM) island arc that 
was separated by backarc spreading of the Shikoku and 
Parece Vela Basins in the late Eocene (e.g., Mrozowski 
and Hayes 1979; Seno and Maruyama 1984; Okino et al. 
1994). Topographic characteristics of the KPR are as fol-
lows: large height and width of the KPR in the north than 
in the south, with the volcanic edifice decreasing in size 
from north to south; a steep approximately linear slope 
on the eastern side of the ridge, which was formed by 

prior to the backarc spreading of the Shikoku and Parece 
Vela Basins (e.g., Tokuyama 2007); spar like structures 
extending westward from the central part of the ridge, 
which has similar orientations to the seamount chains to 
the west of the northern Izu–Ogasawara Ridge.

Figure 2 left shows the Bouguer gravity anomaly map. 
A low anomaly indicating thicker crust correlates with 
the KPR bathymetric highs. Ishihara and Koda (2007) 
deduced the crustal thickness of the KPR by three-
dimensional gravity modeling and showed that the KPR 
crust has a continuous crustal “root” along the ridge 
and that the crustal thickness exceeds 15  km in most 
of its northern part and 10  km in most of its southern 
part. They detected a belt of thin crust with thickness of 
approximately 5  km along the transition zone between 
the Shikoku Basin and KPR. The magnetic anomaly map 
(Fig. 2 right) shows many dipolar anomalies are distrib-
uted along the KPR, and their intensity is larger in the 
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north than in the south. Yamazaki and Yuasa (1998) 
identified three north–south rows of long-wavelength 
magnetic anomalies over the KPR, Izu–Ogasawara vol-
canic front, and Nishi-Shichito Ridge (rear arc of the 
Izu–Ogasawara arc). They interpreted that these mag-
netic anomalies reflected magnetization of the deeper 
crust along the arcs and that the similarity of the three 
rows of anomalies was due to their separation from a 
single paleo–Izu–Ogasawara island arc. Ishizuka et  al. 
(2011) investigated in detail the ages and geochemical 
characteristics of the volcanic rocks sampled from almost 
the entire length of the KPR. They showed that the KPR 
was active between 25 and 48 Ma, but most of the ages 

of the volcanic rocks from the KPR lie within the narrow 
range of 25–28  Ma, and no systematic variation in age 
can be recognized in along-arc and across-arc directions. 
However, Eocene ages have only been obtained from the 
northern half of the KPR, to the north of 23°N, and a lack 
of ages older than 32.5  Ma in the southern half could 
imply that the KPR was established on Cretaceous ter-
ranes in the northern region, but on the West Philippine 
Basin oceanic crust with an age of around 36–46 Ma in 
the south (Ishizuka et al. 2011; Sasaki et al. 2014).

 Many 2-D seismic refraction profiles using ocean bot-
tom seismographs (OBSs) as receivers have been carried 
out across the Izu–Ogasawara island arc and the KPR. 

Fig. 1 Tectonic map and location of the seismic lines. The characteristic seafloor topography of the Philippine Sea plate on the left and position of 
the seismic lines across the Kyushu-Palau Ridge (KPR) on the right. An 8600 in.3 (132L) tuned airgun array was shot along red, black, and white lines, 
and a 6000 in.3 (98L) non-tuned airgun array was shot along pink lines. P-wave velocity models of the KPR for all the lines are shown in Figs. 3 and 4. 
Checkerboard test results and ray diagrams for black lines are also displayed in the following figures. KB Kikai Basin, ASB Amami-Sankaku Basin, KDB 
Kita-Daito Basin, MDB Minami-Daito Basin, MB Mangetsu Basin, NS Nansei-Shoto island arc, NT Nankai Trough, IBM Izu–Bonin (Ogasawara)–Mariana 
island arc, NSR Nishi-Shichito Ridge, VF volcanic front of the IBM arc
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The first good quality seismic experiment across the 
Izu–Ogasawara island arc was acquired at 32°15′ N in 
the northern part of the arc in 1995, and a P-wave veloc-
ity (Vp) model down to the Moho was obtained (Suye-
hiro et al. 1996). A Vp model of the arc at around 30°30′ 
N was also presented by Nishizawa et  al. (2006), show-
ing that there is no significant variation in the arc crustal 
models between 30°30′ and 32°15′ N, with both models 
characterized by a middle crust with a Vp of 6  km/s, a 
lower crust of 6.8–7.3  km/s, and a total thickness of 
around 20  km. However, extensive seismic refraction 
and reflection surveys conducted under Japanese Conti-
nental Shelf Survey (CSS) Project in 2004–2008 showed 
large variations in crustal models over large distances 
along the Izu–Ogasawara arc from north to south. For 
instance, Kodaira et  al. (2007b) presented a >1000-km-
long wide-angle seismic profile along the volcanic arc, 

revealing two scales of variation in arc crust beneath the 
volcanic front; at one scale the Izu arc north of 30°N is 
much thicker than the Ogasawara arc in the south; at the 
intervolcano scale of around 50 km, the crust is thicker 
below each volcano. A seismic study along the rear arc of 
the Izu arc (Kodaira et al. 2008) also shows marked vari-
ations in crustal thickness that are attributed mainly to 
thickness variations of the middle crustal layer with Vp 
of 6.0–6.8 km/s. Kodaira et al. (2008) proposed that the 
rear-arc crust is composed of a remnant-arc crust that 
was separated from the volcanic front, probably in the 
Oligocene, and that most of the rear-arc crust was cre-
ated before separation from the volcanic front.

Tonalitic rocks dredged from the Komahashi-
Daini Seamount (on line KPr4 in Fig.  5), the shallow-
est seamount in the northern KPR, which are dated 
at 37–38  Ma, were formed during early stage of the 

Fig. 2 Position of the seismic lines on gravity and magnetic anomaly maps. Left A Bouguer gravity anomaly map. The Bouguer anomaly data were 
compiled by Oikawa and Kaneda (2007). Blue shaded areas along transition between the KPR and the Shikoku Basin indicate thin crusts <5 km esti-
mated by Ishihara and Koda (2007). Right A magnetic anomaly map. The magnetic anomaly map is produced by combination of our original data, 
CCOP (http://www.ccop.or.th/), and EMAG2 (doi:10.7289/V5MW2F2P)

http://www.ccop.or.th/
http://dx.doi.org/10.7289/V5MW2F2P
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Izu–Ogasawara–Mariana (IBM) arc volcanism (Hara-
guchi et  al. 2003). The tonalite complex seems to cor-
respond to this middle crust of the intra-oceanic island 
arcs with Vp of around 6 km/s. Distribution of the middle 
crust along the ridge axis could provide a fundamental 
insight into an evolution of the proto-IBM arc.

As mentioned before, the Kyushu-Palau and Izu–
Ogasawara Ridges were originally a single intra-oceanic 
arc produced by subduction of the Pacific plate beneath 
the Philippine Sea plate. However, the crustal structure of 
the KPR appears to be different from that of Izu–Ogasa-
wara island arc, since the KPR was less affected by sub-
duction-related volcanism after initiation of the backarc 
spreading. Therefore, comparison of the crustal structure 
of the KPR and Izu–Ogasawara arc can help constrain 
the early evolution of the Izu–Ogasawara arc system.

Recently, the Daito Ridges, other significant bathym-
etric highs characterizing the Philippine Sea plate, were 
comprehensively investigated geologically and geophysi-
cally under the CSS Project in Japan (e.g., Ishizuka et al. 
2013; Nishizawa et  al. 2014). Three large bathymetric 
highs, the Amami Plateau, the Daito Ridge, and the Oki-
Daito Ridge, from north to south (Fig. 1) are also origi-
nated from paleo-island arcs. Nishizawa et  al. (2014) 
showed that these bathymetric highs usually have a mid-
dle crust with a Vp of 6.3–6.8  km/s, a lower crust with 
Vp = 6.8–7.2 km/s, a Pn velocity of 7.6–7.8 km/s, and a 
crustal thickness of 15–25 km. These structures are simi-
lar to those of the IBM island arc, which are immature 
paleo-island arcs.

Several seismic refraction experiments were previ-
ously carried out over the KPR (e.g., Murauchi et  al. 
1968; Shinohara et  al. 1999; Arisaka et  al. 2003). How-
ever, these velocity models are too sparsely distributed 
to understand all the characteristics of the KPR crust 
along the entire length. In 2004–2008, the CSS Project 
also designed a massive seismic survey of the KPR region. 
We conducted 27 seismic reflection and refraction lines 
across the KPR between 13° and 31°N and one line along 
the ridge in the northernmost part. Using these survey 
data, Nishizawa et  al. (2007) presented four Vp models 
for the KPR crusts at 15°–21°N and showed that thicker 
crust exists beneath the KPR than the adjacent back-
arc basin oceanic crusts of the West Philippine Basin 
and Parece Vela Basin. Kaneda et  al. (2015) presented 
an overview on most of the seismic refraction results 
obtained by Japan Coast Guard under the CSS Project. 
References including basic information of the surveys 
and data were provided in Kaneda et al. (2015) by citation 
of the open cruise reports. Thier scientific results from 
the KPR region, however, were only briefly summarized. 
The purpose of this paper is to compile all the KPR seis-
mic structural models including the above results and to 

characterize in detail the variation of the KPR Vp models 
along the ridge axis, which will provide key information 
for the construction of evolution model of the Philippine 
Sea plate involving the KPR.

Methods
The seismic survey consisted of 27 lines which were 
located to sample well the variations in seafloor topog-
raphy of the KPR from 13° to 31°N. Because the row of 
the KPR bathymetric highs is curved and the ridge width 
is thin compared with the Izu–Ogasawara arc, it is dif-
ficult to design an along-ridge seismic line. Therefore, 26 
of the 27 seismic lines cross the KPR strike almost per-
pendicularly and only one line was shot along the ridge at 
the northern end of the KPR. The line lengths range from 
105 km for KPr31 to 610 km for SPr10 (Fig. 1).

We deployed OBSs as a receiver at an average inter-
val of 5 km along each line. Each OBS is equipped with 
a three-component 4.5 Hz geophone and a hydrophone. 
A tuned airgun array of 36 airguns with a total volume of 
8040 cubic inches (132 L) or a non-tuned airgun array of 
4 airguns with a total volume of 6000 cubic inches (98 L) 
was shot at an interval of 200 m (90 s) for the wide-angle 
seismic profiles. Multichannel seismic (MCS) reflection 
data using a 480 ch. (6000 m long) or 240 ch. (3000 m) 
hydrophone streamer were also collected on the coinci-
dent lines. The airgun array was shot at a 50-m interval 
for each MCS line. Navigation was provided by the ship’s 
Global Positioning System, and each OBS instrument was 
relocated using the direct water wave arrivals (Oshida 
et al. 2008).

The procedures of the OBS data processing and veloc-
ity analysis are the same as presented by Nishizawa et al. 
(2014). That is, the OBS record sections from three-
component geophone and hydrophone outputs were 
produced through frequency filtering, deconvolution, 
and a slant stack to increase the signal-to-noise ratio. 
Travel times of the reflection and refraction signals were 
picked from these record sections and used to construct 
a P-wave velocity model. We introduced the thickness 
of the top most sedimentary layer constrained by MCS 
data into the initial velocity model for each line. Then, we 
obtained velocity models using the tomo2d tomographic 
inversion coded of Korenaga et al. (2000), forward mod-
eling with two-dimensional ray tracing (Fujie et al. 2000; 
Kubota et al. 2009) and comparison with synthetic seis-
mograms calculated by a finite difference method, E3D 
(Larsen and Schultz 1995). The horizontal grid size of the 
tomographic inversion is 0.5 km in all the velocity mod-
els, and the vertical grid size gradually increased with 
depth according to the relation  0.05  +  (0.01  ×  depth 
(km))1/2 km. Almost all velocity models have tomo-
graphic inversion misfits less than 50 ms. We examined 
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the resolving power of the results using conventional 
checkerboard resolution tests and checked ray cover-
age for each model. Although the forward modeling was 
time-consuming, the method was very useful to inter-
pret weak and distant refraction signals and intermittent 
reflection signals. We estimated the deeper structure at 
depths greater than 15 km mainly by forward modeling, 
since the ray coverage in the deeper part was usually very 
low.

Results
Figures  3 and 4 show all the P-wave velocity models 
across the KPR and demonstrate the variation along the 
ridge axis from north to south. We split the KPR into five 
regions shown in Fig. 1 and describe in detail representa-
tive profiles for each region. We loosely divide our crustal 
models into three parts (upper, middle, and lower crust) 
based on their P-wave velocities, velocity gradients, 
and thickness proportions following Calvert (2011) and 
Nishizawa et al. (2014) and will describe their character-
istics below.

Region 1
We show the Vp model for KPr4 (Fig. 5), which is repre-
sentative of the northernmost region of the KPR where 
the bathymetric highs are very shallow and wide. The 
shallowest portion along KPr4 corresponds to Koma-
hashi-Daini Seamount.

Tomographic inversion misfit is less than 50  ms, and 
the checkerboard test result and ray diagram (Fig.  5 
bottom) show the model shallower than 15  km is reli-
able. The Vp model of Komahashi-Daini Seamount has a 
thick middle crust with a thickness of around 7 km and 
Vp of 6–6.5  km/s. Since the region below 15  km depth 
is less resolvable, and the crustal thickness beneath the 
seamount is 18 km, the Vp at the bottom of lower crust 
of 7.1  km/s and Pn velocity of 7.6  km/s were estimated 
by two-dimensional ray tracing. The transition region 
between the Shikoku Basin and the KPR is characterized 
by thin crust less than 5 km thick excluding the topmost 
sediment layer and a high Pn (uppermost mantle) veloc-
ity of 8.1–8.2  km/s (Fig.  5). On the other hand, a small 
bathymetric high exists to the west of Komahashi-Daini 
Seamount at a distance of 200  km, and it has a slightly 
thicker curst with no thick middle crust layer. A thick 
sediment layer with Vp smaller than 3.5  km/s and with 
a maximum thickness of around 3  km exists between 
Komahashi-Daini Seamount and the small bathymetric 
high. Deeper Moho at the southwestern end of the Vp 
model indicates a subducting bathymetric high beneath 
the forearc of the Nansei-Shoto island arc.

The total thicknesses of the KPR crusts are appreciably 
greater than those of the Shikoku Basin for all the lines of 

KPr4, SPr10, KPr6, KPr8, and SPr7 in Region 1 (Fig. 3). 
Particularly thick middle crust was found also for SPr10 
and KPr6, and slightly thin middle crusts are estimated 
for KPr8 and SPr7 where the widths of the ridge topogra-
phy are narrower than those of the northern lines.

It is notable that thin crust occurs at the boundary of 
the KPR and Shikoku Basin on all lines and is less than 
3 km thick on line KPr8 (Fig. 3). Pn velocities in this area 
are higher than 8.0  km/s, which are significantly higher 
than those of the Shikoku Basin. To the west of the KPR, 
the upper sedimentary layer is relatively thick.

Region 2
Four lines DAr4, KPr11, KPr12, and KPr31 were located 
to cross the region where the KPR lies close to several 
seamounts and areas of shallow seafloor the west of the 
KPR.

We show the result for KPr11 in Fig. 6 as a representa-
tive in this region. KPr11 was positioned around 10 km 
south of DAr4 which connects to the Daito Ridge to the 
west. The Vp model beneath the KPR for KPr11 shows a 
total crustal thickness of around 13  km, a middle crust 
thickness of about 5 km, Vp at the bottom of lower crust 
of 7.2  km/s, and Pn velocity of 7.6  km/s. Slightly shal-
low Moho at a distance of 140 km is required to explain 
observed PmP arrivals. The eastern transition zone from 
the KPR to the Shikoku Basin is characterized by abrupt 
crustal thinning to less than 5 km. At the western tran-
sition, around 20-km-thick KPR crust thins to 10  km 
beneath the Minami-Daito Basin. We detected a very fast 
Pn velocity of 8.3 km/s at this transition.

Similar Vp models were obtained for DAr4, KPr12, and 
KPr31 (Fig. 3). The boundary between the KPR and the 
Shikoku Basin is again characterized by very thin crust 
of 3 to 5 km and Pn velocities of 8.0–8.1 km, which are 
different from values found generally in the Shikoku 
Basin. On the other hand, the Minami-Daito Basin has 
thick crust of around 10 km and high Pn velocity of 8.1–
8.3  km/s, which is notably different from a typical oce-
anic crust. The crustal thickness in the western transition 
to the Minami-Daito Basin is not thinner than that of the 
Minami-Daito Basin, in general.

Region 3
Region 3 corresponds the area where the eastern edge of 
the KPR bounds the deepest part of the Shikoku Basin 
and the KPR topography is slightly deeper and narrower 
than in other regions. We shot five lines including KPr13, 
SPr11, KPr14, KPr32, and KPr15 in this region and com-
piled each Vp model in Fig. 3.

We show the Vp model for KPr13 in Fig. 7. The crustal 
thickness beneath the KPR is about 10 km with a middle 
crust of 2  km. Vp at the bottom of the lower crust and 



Page 6 of 18Nishizawa et al. Earth, Planets and Space  (2016) 68:30 

Fig. 3 P-wave velocity models in the northern part of the KPR. All the models are shown in the same scale. TA trench axis, SB Shikoku Basin, ASB 
Amami-Sankaku Basin, KB Kikai Basin, MDB Minami-Daito Basin
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Fig. 4 P-wave velocity models in the central and southern parts of the KPR. All the models are shown in the same scale. PVB Parece Vela Basin, WPB 
West Pacific Basin
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the Pn velocity are 7.2 and 8.2  km/s, respectively. The 
Pn velocity beneath the KPR is very high, over 8.2 km/s, 
much different from other lines. Since this line has a thin 
crust of less than 10 km as a whole, the checkerboard test 
result in Fig.  7 bottom shows good recovery. We could 
confirm the high Pn velocity and thin crust not only by 
the tomographic inversion but also by 2-D forward ray-
tracing method.

Common characteristics among the five lines are fol-
lows: Crustal thickness below the KPR is more than 
10  km, but less than 5  km beneath the eastern transi-
tion into the Shikoku Basin. To the west of the KPR, the 
crustal thicknesses of the Minami-Daito Basin on lines 
KPr13, SPr11, and KPr14 and of the Mangetsu Basin on 
lines KPr32 and KPr15 are larger than in the Shikoku 
Basin. The crust of the Minami-Daito Basin is slightly 
thinner in Region 3 than in Region 2. Uppermost mantle 
velocities for the lines other than KPr13 beneath the KPR 

were estimated to be 7.6–7.8  km/s, while Pn velocities 
beneath the Minami-Daito and Mangetsu Basins are 8.2 
and 8.0 km/s, respectively.

Region 4
Region 4 corresponds to be the central part of the KPR 
where the KPR is basically bounded by the Parece Vela 
Basin (PVB) to the east and by the West Philippine Basin 
to the west. There are 11 seismic lines across the KPR 
from 22°N to 15°N, and the Vp models are shown in 
Fig. 4. Since the previous paper by Nishizawa et al. (2007) 
has already reported velocity models for KPr19, Kpr20, 
Spr5, and KPr26 (white lines in Fig. 1 right), we will high-
light the result for KPr24 in Region 4 (Fig.  8). The sea-
floor topography to the west of the KPR is flat, 5000  m 
deep, but a rather rugged seafloor fabric with N-S strike 
characterizes PVB to the east of the KPR. As shown in 
the checkerboard test result (Fig. 8 bottom), it is difficult 

Fig. 5 P-wave velocity model for line KPr4. The double-headed arrow beneath the KPR indicates an area of middle crust with Vp of 6.0–6.8 km/s. A 
blue dashed line shows the area of the MCS record in Fig. 12. Checkerboard test result and ray coverage for the model are shown below the velocity 
model



Page 9 of 18Nishizawa et al. Earth, Planets and Space  (2016) 68:30 

to determine deeper structure beneath the KPR from the 
tomographic inversion. Thus, we inferred velocities in the 
lower crust and uppermost mantle by trial-and-error fit-
ting of observed distant travel times using the forward 
modeling. Vp model for KPr24 has a middle crust with 
thickness of 4.5 km and a total crustal thickness of 14 km. 
The P-wave velocities at the base of the crust and in the 
uppermost mantle are estimated to be 7.2 and 7.7 km/s, 
respectively.

We observed large amplitude reflection signals at far 
offsets in several OBS records on KPr24. Figure 9 shows 
an example of the record section obtained at OBS 43 
in the PVB. The signals in red ellipses in Fig.  9a were 
mapped to a black curve with white arrows at depth of 
25 km in Fig. 9c using the travel time mapping method by 
Fujie et al. (2006). The other black curves correspond to 
the mapping results from reflection signals recorded by 

other OBSs. Although similar signals with large ampli-
tudes at far offsets were also observed on lines KPr21 and 
KPr22, their appearances, that is, their travel times and 
offsets from the KPR are different. Furthermore, such sig-
nals were not observed on line KPr25.

KPr17 is located from the southeastward extension of 
the Oki-Daito Ridge to the PVB in the east (Fig. 1). The 
Vp model (Fig.  10) is distinctive compared with other 
KPR models; that is, the total crustal thickness beneath 
the KPR is only around 8  km including the thick top 
sedimentary layer with Vp less than 4  km/s and with a 
thickness of about 3 km. The thin total crustal thickness 
is due to an anomalously thin lower curst. However, the 
KPR Pn velocity of 7.8 km/s is well constrained as shown 
in the checkerboard result (Fig.  10 bottom), which is 
similar to other KPR models. Large amplitude reflec-
tion signals were recorded on many record sections over 

Fig. 6 Same as Fig. 5 but for KPr11
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offsets of around 80  km along KPr17. Assuming a Vp 
below the Moho of roughly 8.0 km/s, the travel times of 
these signals can be explained by reflectors at 10–14 km 
below the Moho under the Oki-Daito Ridge and KPR 
at distances of 40–160  km and of 200–250  km. These 
reflectors are much deeper compared with those below 
KPr24.

The KPR Vp models in Region 4 (Fig.  4) differ from 
line to line, but there are some common features: thicker 
crust and especially middle crust than in the adjacent 
basins, Pn velocities less than 8.0  km/s, thin crust and 
high Pn velocities over 8.0 km/s at the eastern boundary 
with the PVB.

Region 5
Lines KPr40 and KPr41 are situated to the south of the 
intersection between the CBF Rise and KPR, and the 
southernmost profiles in this study. On line KPr40, the 
Vp model beneath KPR reveals that the middle crust is 
about 5 km thick and the Vp at the bottom of the lower 
crust is 7.2  km/s. The total crustal thickness is 15  km, 
and Pn velocity is 7.8 km/s (Fig. 11). The model for KPr41 

shows slightly thinner crust and slower Vp at the bottom 
of the crust compared with the KPr40 (Figs. 4, 11).

Discussion
P‑wave velocity structure of the KPR
Although the velocity variation is large, we can derive 
some common characteristics of the KPR by comparing 
the Vp models along the KPR. The Vp models show the 
KPR has thicker curst with thicknesses of 8 km (KPr 17 
and KPr20) to 23  km (KPr19), compared with standard 
oceanic crusts of 7.1  km + −0.8  km (e.g., White et  al. 
1992), and also lower Pn velocities less than 8.0  km/s. 
When we compare the KPR models with the neighbor-
ing backarc basin oceanic crust of the West Philippine 
Basin (Arisaka et al. 2003) to the west and of the Shikoku 
and Parece Vela Basins to the east (e.g., Nishizawa et al. 
2007, 2011), the KPR crust is always thicker (Figs. 3, 4). 
The thick KPR crust is mainly composed of lower crust 
with Vp of 6.8–7.2  km/s (Figs.  3, 4). Crust thicker than 
18 km also has over 5 km of middle crust with Vp of 6.0 
to 6.8 km/s. For example, the middle crust beneath KPr4, 
SPr10, and KPr19 is thicker than 6  km. Pn velocities 

Fig. 7 Same as Fig. 5 but for KPr13
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just below the KPR are less than 8.0 km/s for almost all 
seismic lines, often accompanying a slightly high Vp of 
7.2 km/s at the base of the crust. The lower Pn and higher 
crust bottom velocities were also found beneath the 
paleo-island arcs at the Daito Ridge region (Nishizawa 
et  al. 2014) and Izu–Ogasawara intra-oceanic arc (e.g., 
Suyehiro et al. 1996).

An exception to the thicker KPR crust is found on line 
KPr17 as shown in Fig. 10. Usually, we can estimate crus-
tal thicknesses from Bouguer gravity anomaly distribu-
tion. Smaller values of Bouguer gravity anomaly along 
the KPR in Fig. 2 left roughly coincide the regions with 
thick crusts. However, the low gravity anomaly below the 
KPR along KPr17 is mainly caused by thick low velocity 
materials with Vp < 4 km/s and thickness of around 3 km. 
Although the origin of the thick materials is unknown, 
the lower Pn velocity of 7.8 km/s beneath the ridge seems 
to be similar to the KPR in general.

When we could record S-wave signals occasionally 
converted from P-wave at the base of the top sedimen-
tary layer, we tried 2-D forward modeling to estimate 

preliminary values of Vp/Vs. The results show that Vp/
Vs for the uppermost mantle beneath the KPR is around 
1.73, and not larger than 1.8. Therefore, we infer that the 
mantle serpentinization is probably not responsible for 
the low uppermost mantle velocities.

The crustal structure of the Izu–Ogasawara intra-
oceanic arc, the tectonically conjugate island arc of the 
KPR, was well investigated also by the CSS project of 
Japan (e.g., Kodaira et  al. 2007b, 2008). In the rear arc 
(Nishi-Shichito Ridge) area of the Izu–Ogasawara arc, 
Kodaira et al. (2008) showed that the thick middle crust 
contributes to the total crustal thicknesses. Kodaira et al. 
(2007a) also focused on the distribution of the middle 
crust in the Vp model along the volcanic front in the 
Izu arc, where is characterized by bimodal volcanism. 
They found that basaltic volcanoes have thick middle 
crust and rhyolitic volcanoes thinner middle crust and 
deduced that continental crust grows predominantly 
below the basaltic volcanoes in the Izu arc. Further-
more, they revealed that the thicker middle crust below 
the volcanic front and rear arc correspond to the high 

Fig. 8 Same as Fig. 5 but for KPr24
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Fig. 9 Vertical record section, ray diagram, and estimated positions of velocity discontinuities. a Vertical geophone record section for OBS 43, line 
KPr24. The 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 reduction velocity is 8.0 km/s. Calculated travel times of first arrivals and Moho reflections (PmP) 
are shown on the record section. b Ray diagram. Iso-velocity contour interval is 0.25 km/s. c Estimated positions of several velocity discontinuities 
beneath the KPR. The reflectors with white arrows correspond the large amplitude signals in the red ellipses in (a)
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magnetic anomalies as suggested by Yamazaki and Yuasa 
(1998). Similar high magnetic anomalies are also dis-
tributed along the northern KPR (Yamazaki and Yuasa 
1998), and KPr4 and SPr10 lines cross these anomalies 
which match the distinctive dipolar magnetic anoma-
lies in Fig. 2 right. Our Vp models show that thick mid-
dle crust exists below both of the lines. A clear dipolar 
anomaly on the KPr19 (Fig. 2) also indicates thicker mid-
dle crust beneath Okinotori-shima Island.

Along‑ridge variation in Vp models of the KPR
Figures  3 and 4 show that the KPR crust is roughly 
thicker than approximately 20 km in the north (Regions 
1 and 2) with exceptions of KPr8, KPr7, and KPr31, than 
in the south (Regions 3, 4, and 5), although the maxi-
mum crustal thickness beneath the KPR varies with 
each profile. The crustal structure of the Izu–Ogasawara 
arc revealed a similar but clearer variation from north 
to south along the volcanic front (Kodaira et al. 2007b). 

They showed large changes in the crustal thickness from 
26 to 35 km beneath northern Izu arc to 9–22 km in the 
Ogasawara arc, assuming the Moho corresponds to the 
7.6 km/s velocity contour.

Only line KPr1 was acquired parallel to the ridge 
axis at the western part of the north KPR (Fig.  1). The 
Vp model (Fig.  3 top right) shows several bathymet-
ric highs with thicker crust, distributed at an interval 
of 50–100  km, which are subducting beneath the land-
ward plate as reported by Nishizawa et  al. (2009). Both 
the forward modeling and tomographic inversion sup-
port a large variation in Pn velocity along KPr1. Higher 
Pn velocities are obtained below the Kikai Basin and 
Amami-Sankaku Basin. The higher Pn velocities below 
the Amami-Sankaku Basin are also detected at KPr6 and 
KPr8 in Fig. 3. While the Pn velocities at the Kikai Basin 
varies from 7.7 km/s at KPr4 to 8.1 km/s at SPr10, such 
inhomogeneity may be related to the unknown tectonic 
evolution of these basins.

Fig. 10 Same as Fig. 5 but for KPr17
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Transition between the KPR and the backarc basins on the 
east
The seafloor topography at the boundary between the 
KPR and the Shikoku or Parece Vela backarc basins is 
characterized by sharp and steep scarps supposed to be 
formed by the initial rifting, breakup, and early separa-
tion of the proto-arc. The sediment ponds identified by 
the multi-channel seismic profiles (e.g., KRr4 and KPr11 
in Fig.  12) are also related to the rifting. The Vp mod-
els below the transition area are characterized by thin-
ner crust with a thickness less than 4 km (Figs. 3, 4) and 
often slightly higher Pn velocity of >8.0 km/s compared 
with those of the Shikoku and Parece Vela Basins. This 
thinner crust and higher Pn velocity are considered as 
a result from the initial extension of the paleo-arc crust 
and upward migration of deeper mantle materials with 
higher Vp, respectively.

Although serpentinized mantle is sometimes formed 
near the base of the rifted crust along non-volcanic pas-
sive margins in the North Atlantic (e.g., Whitmarsh et al. 

1996; Reid 1994), the Pn velocity of >8.0  km/s in our 
result does not indicate existence of serpentinized mate-
rials. Moreover, our preliminary analysis of S-wave travel 
times showed Vp/Vs in the crust and uppermost mantle 
in the transition area was around 1.73, significantly less 
than 1.8, which is different from Vp/Vs of serpentinized 
rocks. On the other hand, similar thin crust and high Pn 
velocities at the arc-basin transition are also found along 
western edge of the Izu–Ogasawara arc (Takahashi et al. 
2009) and Mariana arc (Takahashi et al. 2007), the conju-
gate to the KPR before the separation of the proto-island 
arc. These features indicate that there was not water sup-
ply into the uppermost mantle at the rifting stage.

The seismic structure at the northern end of the east-
ern KPR transition is very important for locating the 
western limit of the future Nankai megathrust earth-
quake with a magnitude of around 9 (Cabinet Office of 
Japan 2012). There is an intrinsic difference in lithosphere 
thicknesses between the Shikoku Basin with an age less 
than 30 Ma (e.g., Okino et al. 1999) and the Daito Ridges 

Fig. 11 Same as Fig. 5 but for KPr40
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Fig. 12 Examples of the MCS records representative for each region. The areas in the red squares are enlarged in the dotted red squares for KPr4 and 
KPr11
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of Cretaceous to Eocene age (Ishizuka and Yuasa 2007). 
Moreover, this study revealed the large discontinuity in 
crustal thicknesses between the thick crusts below the 
KPR and significantly thin crusts beneath the transition 
on the subducting Philippine Sea plate, which suggests 
the northernmost KPR transition could be a possible seg-
ment boundary in a future large earthquake at the Nan-
kai Trough.

Transition between the KPR and the western backarc 
basins or other structures
Sedimentary aprons with thicknesses of around 1–2 km 
are commonly observed along the western slope of the 
KPR (Fig. 12), which indicates the sediments were depos-
ited after KPR formation. However, in the deeper part, 
the crustal models of west of the KPR show large varia-
tions among the seismic lines as shown in Figs. 3 and 4. 
This is because the tectonic settings of the western side 
vary from north to south along the KPR, such as the 
Kikai and Amami-Sankaku Basins in Region 1, the Daito 
Ridge as a paleo-island arc and Minami-Daito Basins as 
intra-arc basins in Region 2, the Minami-Daito Basins 
and Mangetsu Basin in Region 3, the Oki-Daito Ridge as 
an island arc, the West Philippine Basin (WPB) as a back-
arc basin and the CBF Rift as the spreading center of the 
WPB in Region 4, and WPB in Region 5. Vp models for 
the Daito Ridges were already compiled by Nishizawa 
et al. (2014), and those for the several other basins will be 
published in another paper.

Deep reflectors below the KPR
We sometimes observed large amplitude reflection sig-
nals at far offsets in OBS record sections as shown in 
Fig.  9. These reflection signals are mapped to several 
reflectors at depths of 22–40 km below the seafloor of the 
KPR. The appearance of these reflection signals varies on 
each line, and it is very difficult to constrain the spatial 
distribution or continuity of these deep reflectors. These 
deep reflectors might be distributed discontinuously 
across the region.

Similar several deep reflectors are found below the 
southern Izu–Ogasawara arc at depths of around 
25–35  km (Takahashi et  al. 2009). Moreover, Takahashi 
et  al. (2008) also observed upper mantle reflections at 
depths of 20 and 30 km beneath the western side of the 
West Mariana Ridge and from 30 to 35  km below the 
Mariana arc. In a petrological model for arc crust evo-
lution of the IBM arc proposed by Tatsumi et al. (2008, 
2015), a middle crust was produced from the basaltic ini-
tial arc crust, and then the restite with more mafic com-
position transfers to the mantle. Therefore, the origin of 
the upper mantle reflectors might be related to the trans-
formation of the mafic/dense crustal materials due to 

repeated crustal growth, which is consistent with slower 
mantle Vp below the arc. Sato et  al. (2009) inferred the 
distribution of a seismic reflector at depths of 20–40 km 
in the upper mantle below the volcanic front along the 
northern Izu–Ogasawara arc defines the base of the low 
Vp uppermost mantle composed of the restite and olivine 
cumulates.

Conclusions
We acquired 27 seismic lines to determine the P-wave 
velocity structure along the KPR. Our results show the 
following:

1. Although the crustal thickness below the KPR bathy-
metric high varies along the ridge axis, the north-
ern KPR is generally thicker than the southern KPR. 
The KPR crust is significantly thicker than the adja-
cent backarc basin oceanic crusts to both the east 
and west. The thick crust is mainly due to a thick-
ened lower crust, but especially thick crust > 20 km 
also has a thick middle crust. The uppermost man-
tle velocities beneath the KPR bathymetric high are 
less than 8.0 km/s and sometimes accompanied by a 
slightly higher Vp of around 7.2 km/s at the base of 
the crust. Deeper reflectors beneath the KPR Moho 
were often observed and might be distributed dis-
continuously and regionally. These above character-
istics are also found in the Izu–Ogasawara intra-oce-
anic island arc, the conjugate arc to the KPR.

2. The eastern side of the KPR corresponds to the tran-
sition to the Shikoku and Parece Vela Basins. The Vp 
models show that the transition zone is characterized 
by a slightly higher Pn velocity and thinner crust else-
where in the backarc basins, which may be a feature 
produced during the initial rifting stage of the proto-
IBM arc.

3. Thick sedimentary aprons are usually observed at 
the shallower part of the western slope of the KPR. 
The Vp models to the west of the KPR, however, vary 
depending on their regional tectonics.

In this paper, we have presented many seismic pro-
files using the large amount of the seismic data obtained 
from the Japanese CSS Project. However, some aspects 
of these data have not yet been analyzed, such as other 
reflections from crust and uppermost mantle, S-wave sig-
nals, etc. Further study including other geophysical and 
geological investigation is still required to construct and 
revise the Philippine Sea plate tectonic evolution models.
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