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Abstract

As an interoceanic arc, the Kyushu-Palau Ridge (KPR) is an exceptional place to study the subduction process and
related magmatism through its interior velocity structure. However, the crustal structure and its nature of the KPR,
especially the southern part with limited seismic data, are still in mystery. In order to unveil the crustal structure
of the southern part of the KPR, this study uses deep reflection/refraction seismic data recorded by 24 ocean
bottom seismometers to reconstruct a detailed P-wave velocity model along the ridge. Results show strong along-
ridge variations either on the crustal velocity or the thickness of the KPR. P-wave velocity model is featured with
(1) a crustal thickness between 6–12 km, with velocity increases from 4.0 km/s to 7.0 km/s from top to bottom;
(2) high gradient (~1 s−1) in the upper crust but low one (<0.2 s−1) in the lower crust; (3) a slow mantle velocity
between 7.2 km/s and 7.6 km/s in the uppermost mantle; and (4) inhomogenous velocity anomalies in the lower
crust beneath seamounts. By comparing with the mature arc in the Izu-Bonin-Mariana arc in the east, this study
suggests the southern part of KPR is a thicken oceanic crust rather than a typical arc crust. The origin of low
velocities in the lower crust and upper mantle may be related with crustal differentiation, which implies advanced
crustal evolution from normal oceanic crust to partly thicken oceanic crust. High velocities in the lower crust are
related to the difference in magmatism.
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1  Introduction
As a typical case of convergent plate margin, the Izu-Bonin-

Maria (IBM) subduction system is an ideal place to study the sub-
duction factory due to the intensive lithospheric deformation and
magmatism, arc splitting and back-arc spreading, and classic
arc-trench-basin system (Cosca et al., 1998; Takahashi et al.,
2008; Ishizuka et al., 2011). The Kyushu-Palau Ridge (KPR), ini-
tially formed with the subduction of the proto-Pacific plate be-
neath the West Philippine Sea plate, connected with the present
IBM arc before the splitting of the proto-IBM arc and following
back-arc spreading occurred in the Shikoku and Parece Vela
Basins (Okino et al., 1998; Ishizuka et al., 2011, 2018). As a rem-
nant oceanic arc, studies on the KPR could improve the under-
standing of the tectono-magmatic process during subduction, as
well as the crustal evolution.

Wide-angle seismic experiment with ocean bottom seismo-
meters (OBSs) is a useful method to map crustal structures and
clarify the possible magmatic features of the basement (Koren-

aga et al., 2000; Kodaira et al., 2007b; Takahashi et al., 2009; Wei
et al., 2021). Based on four wide-angle seismic profiles crossing
the KPR between 15°N and 21°N, Nishizawa et al. (2007) presen-
ted an 8–20 km thick crust, which is generally thicker than the
normal oceanic crust. Nishizawa et al. (2016) exhibited more de-
tailed crustal structures with 27 OBS profiles crossing the KPR
between 13°N and 35°N. They argued that the middle crust is
much thicker compared with the IBM arc with a P-wave velocity
between 6.0 km/s and 6.8 km/s, and the P-wave velocity in the
lower crust is much higher (6.8–7.2 km/s). The crustal thickness
is between 8 km and 23 km decreasing southward. However, the
previous wide-angle seismic profiles are generally short (~180 km)
and perpendicular to the KPR, and most of them distributed in
the middle-northern part, which will hinder the understanding of
the crustal structure and magmatic activities of the whole KPR, as
well as the along-ridge variation and dynamic mechanism.

This study presents the along-ridge crustal structure of the
southern part of the KPR derived from a 300 km long wide-angle  
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seismic profile, named KPR2020-3 (Fig. 1). This study applied
joint reflection and refraction seismic travel time inversion to
construct P-wave velocity structure of the KPR. By characterizing
the crustal architecture and velocity anomalies, this study used
these results to constrain the Cenozoic crustal evolution of the
southern KPR. Attempts were also applied for the crustal nature
of the KPR by comparing the crustal structure with that of the
mature arc crust (e.g., IBM arc) and normal oceanic crust.

2  Tectonic setting
The KPR is a bathymetric high, extending continuously in the

N-S direction over a distance of ~2 600 km from off the Kyushu in
the north to the Palau in the south. It separated the Philippine
Sea Plate into two tectonic domains. The west domain is the West
Philippine Basin, and the east is the IBM subduction system, in-
cluding the Shikoku and Parece Vela Basins, Mariana Trough,
western Mariana Ridge, Izu-Ogasawara-Mariana island arc, and
Izu-Ogasawara-Mariana Trench (Fig. 1). The West Philippine
Basin was originally a back-arc basin developed in the south of
the equator, and the initial seafloor spreading of the West Philip-
pine Sea occurred in the early Cenozoic with estimated ages of 58 Ma
(Hilde and Lee, 1984), 55 Ma (Deschamps and Lallemand, 2002;
Hall, 2002), or 52–51 Ma (Ishizuka et al., 2011). Then it experi-
enced NW-ward movement and anticlockwise rotation (Hall,
2002). Since ~50 Ma BP, the paleo-Pacific began its subduction
under the West Philippine Basin along a transform fault resulted
from gravitational instability of oceanic lithosphere (Cosca et al.,
1998; Ishizuka et al., 2011; Arculus et al., 2015; Stern and Gerya,
2018), or relic arcs (Leng and Gurnis, 2015). The IBM subduction
system began its development with fore-arc spreading first
(Stern, 2004; Stern and Gerya, 2018), the splitting of the IBM arc
(Ishizuka et al., 2018), and the back-arc spreading of the Shikoku

and Parece Vela Basins, and the Mariana Trough with continu-
ous eastward retreatment of the paleo-Pacific subduction (Watts
and Weissel, 1975; Okino et al., 1994; Yamazaki et al., 2003; Sdro-
lias and Müller, 2006).

The KPR is considered to be a remnant arc separated from the
proto-IBM since back-arc spreading began in the Shikoku Basin
and Parece Vela Basin (30–15 Ma BP, Okino et al., 1994) and the
Parece Vela Basin (29–12 Ma BP, Okino et al., 1998). While the
eastern part of the proto-IBM arc moves eastwards continuously
with the roll-back of the Pacific subduction, and experiences
episodic subduction-related magmatism before finally reaching
the present position. Nowadays, the KPR moves northward to the
Nankai Trough along with the NNW movement of the Philippine
Sea Plate, and subducts beneath the Ryukyu Trench.

3  Seismic data acquisition and processing
The wide-angle seismic profile KPR2020-3 was acquired in

January 2020, which is 300 km long along the southern part of the
KPR. Twenty-six 4-component OBSs (three components and one
hydrophone) were deployed at an interval of 10 km. The source
for seismic data acquisition was an air gun array towed at ~10 m
depth to produce a low-frequency source of 3–15 Hz. The active
array was composed of four air guns with total volume of 8 000
cubic inches, and the shot interval was 250 m. 1 521 shots were
fired along with the profile with 24 instruments recording read-
able data.

OBS data were corrected assuming a linear drift of the intern-
al clock during the data-collected period, and the internal clock
offsets were checked before and after deployments. The position
of the instrument on seafloor was constrained by fitting the dir-
ect water-wave phases using the least-square method. After this
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Fig. 1.   Morphological features and major tectonic units in the study area. a. Bathymetric features of the KPR and adjacent area.
b. Location of the wide-angle seismic profile KPR2020-3 in the KPR. Gray solid lines represent the previous OBS profiles acquired by
Japan (Nishizawa et al., 2007, 2016); red dotted lines with triangles denote subduction zone around the study area; red solid lines
represent OBS profiles acquired in 2020; red circles mark the OBSs used in this paper, while the black circles mark the invalid OBSs.
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processing, the recorded OBS data were converted into the
standard SEG-Y format and stored in the common received set.
Further processing consisted of applying a Butterworth filter with
a low cut of 3 Hz, a high cut of 15 Hz to enhance the signal-to-
noise (S/N) ratios of some weak seismic phases, and a gain as a
function of offset to optimize the picking at different offset
ranges. The P-wave model was calculated from the hydrophone
components of all the OBSs. By picking a series of phases, each
single-receiver record was plotted with a reduced velocity of
8.0 km/s (Figs 2b and f).

4  Velocity modeling

4.1  Identification of seismic phases
All OBS data of KPR2020-3 are high quality and arrivals from

the crust and upper mantle were identified in the vertical com-
ponents. As the height varies greatly along the ridge, the seismic
phases in the profile KPR2020-3 are affected severely by the ba-
thymetry (Figs 2a and e). In order to identify and pick the phases
precisely, a seafloor correction was carried out, i.e., the effects of
the water column were deducted for the travel time of each shot
of the OBS sections. During this calculation, this study assumed
that the depth of each air gun propagating in water approxim-
ately corresponds to the vertical depth. After the seafloor correc-
tion, the seismic phases were relatively easy to identify by com-
paring the theoretical curves (Figs 2c and g). This study identi-

fied four types of seismic phases from the OBS profiles, named as
Pw, Pg, PmP, and Pn, respectively. Pw and PmP are reflection
phases, which represent the reflected waves from the seafloor
and Moho, respectively. Pg and Pn are refraction phases, which
denote the refracted waves from the crust and upper mantle, re-
spectively. Figure 2 shows two examples of seismic records and
phase identification, displaying clear reflected and refracted
phases. Pg phases are clearly observable on all the OBSs sections
and the offset is about 10–50 km with lateral variations resulted
from the bathymetric features. PmP phases have a near-offset ap-
parent velocity of 8.0 km/s, with the offset of 30–60 km is evident
in most OBS records and easily recognized, which are used to
constrain the Moho depth. Pn phases are identified on all the
OBSs sections with the maximum offset of 100 km.

According to the kinematic and dynamic characteristics, a
total of 8 356 arrivals including 746 PmP phases were picked.
Based on S/N ratio using the empirical parameterization of Zelt
and Forsyth (1994) and data qualities, the picking uncertainties
were assigned from 30 ms to 100 ms. Generally, refracted phases
at near offset were assigned low picking errors ranging in
30–60 ms, whereas phases from far offsets or disturbed by rever-
beration were assigned high values in 60–100 ms.

4.2  Tomographic inversion
P-wave velocity of profile KPR2020-3 was obtained using joint

refraction and reflection travel time inversion code of Tomo2D
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Fig. 2.   Record sections and seismic phases identification of OBS4 (left) and OBS21 (right). a and e represent seafloor bathymetry and
OBS positions; b and f represent the vertical component of the OBS4 and OBS21, respectively; c and g represent the seismic record
section after  a  static  shift  corrected by the seafloor  depth;  d  and h represent  the seismic record sections with seismic phases
identification. T-D represents vertical component data of OBS. In these diagrams, the reduction velocity is 8.0 km/s.
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(Korenaga et al., 2000). The Tomo2D code allows simultaneous
and independent inversion of the travel times from refracted and
reflected phases, obtaining a velocity model and the geometry of
the floating reflectors (Korenaga et al., 2000). The velocity model
is parameterized as a sheared mesh hanging beneath the sea-
floor. It is then interpolated to form a continuous velocity field.
The sheared mesh representation allows accurate travel time cal-
culation by ray-bending and graph methods, while the velocity
field is estimated based on the travel time residuals. Smoothing
constraints for predefined correlation lengths and optimized
damping for model parameters were used to regularize the iterat-
ive linearized inversion (Korenaga et al., 2000).

Although the initial model can be freely chosen in Tomo2D,
this study conducted the one-dimensional (1D) initial velocity
according to the precious velocity structure in this area. The ini-
tial velocity model below the seabed uniformly varied from
2.2 km/s to 8.2 km/s in the lower crust (Fig. 3a). The initial Moho
reflector is set at a constant depth of 20 km. This study used Pg
phases first to invert velocity of the upper crust, and then PmP
and Pn phases were included for complete crust based on the
previous inversions.

During the Tomo2D inversion, the model was parameterized
with grid cells and a node spacing of 0.5 km×0.25 km, and the
Moho was defined with a uniform of 1 km spacing. The final
model used horizontal correlation lengths of 2 km and 8 km at
the top and bottom, respectively. The vertical correlation length
increased from 0.4 km to 5 km. This study applied a correlation
length of 4 km for Moho reflectors. After nine iterations, the root

mean square misfit of the crustal model had a convergence at 95 ms,
and the final χ2 value was 1.37; thus, the corresponding final velo-
city model was obtained (Fig. 3b).

4.3  Model uncertainty
This study conducted checkerboard tests to validate the reli-

ability of the Tomo2D velocity models. This study imposed
checkerboard patterns with a width of 10 km, a height of 8 km,
and a velocity perturbation of ±5%. Based on these perturbed
models, synthetic travel times were calculated using the same
source-receiver geometry. After adding a random noise of 100 ms,
the synthetic travel times were inverted for the output models
(Fig. 4), based on the corresponding starting models that this
study used in the inversion procedure. Checkerboard recovery is
best in the sediments and crust (0–10 km); below the Moho, the
resolution is better in the vertical than the horizontal direction.
Resolution is poor at model edges where there is limited ray cov-
erage. This study also computed the derivative weight sum
(Fig. 3c), which was the column-sum vector of the Frechet velo-
city kernel and served as a measure of the linear sensitivity of the
inversion. The derivative weight sum shows better coverage in
the upper crust than the lower one.

4.4  Modeling results
The reflection and refraction seismic data in profile KPR2020-3

are crucial to reveal the crustal structure of the southern part of
the KPR. The final velocity model indicates that major changes in
crustal structure are accommodated by strong lateral variations
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Fig. 3.   Initial (a) and final (b) inversion-velocity model of profile KPR2020-3, and derivative weight sum for the final velocity model
(c). In b, orange solid line is Moho, and the yellow lines are constrained by PmP phases.
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in crustal thickness and Moho depth along the profile (Fig. 3b).
Along the profile, the thickness of the sedimentary layer is relat-
ively thin, or even missing above the seamounts, with velocity in-
creasing rapidly from 2.0 km/s to 4.0 km/s. Beneath the sedi-
mentary layer, the top of the crust has a velocity of 4.0 km/s, and
increases to 7.0 km/s in the bottom, with a crustal thickness of
6–12 km. The upper and lower crusts are defined based on the
significant change in velocity gradient at the boundary, which is
consist to the isovelocity contour of 6.4 km/s. The upper crust has
a high velocity gradient (~1 s−1) and the thickness is between 2
km and 4 km, while the lower crust has a lower-velocity gradient
(<0.2 s−1), and is characterized by a substantial lateral variation
both in crustal thickness and velocity. High (~7.2 km/s) and low
(~6.7 km/s) velocity anomalies are revealed in the lower crust be-
low seamounts.

Vp

The Moho is located at a depth between 11 km and 16 km
along the profile. It is constrained by the PmP phases in part of
our final velocity model, while other parts are consistent with the
7.0 km/s isovelocity contour (Fig. 3b). Velocities in upper mantle
are about 7.2–7.6 km/s and markedly less than normal upper
mantle P-wave velocity ( ) of 8.0 km/s. The low velocity in up-
per mantle beneath the arc is also reported in IBM arc, and the
slow mantle velocities beneath the arc indicate the existence of
the transformation of the crustal materials, which is accompan-
ied with the crustal growth (Takahashi et al., 2008, 2009).

5  Discussion

5.1  Crust nature of the southern part of the KPR
Crustal structure is crucial to understand the nature of the

KPR. Based on 27 OBS profiles across the KPR, Nishizawa et al.
(2007) discussed the crustal variations of the KPR between 15°N
and 21°N, and compared it with crustal structure of the conjug-
ate IBM arc. They suggested that KPR had a crust thickness of

8–23 km, with a 5-km middle crust (velocity of 6.0–6.8 km/s) and
low velocity anomaly in the upper mantle. Therefore, the KPR is
considered to be a mature island arc as IBM arc. However, other
studies based on joint gravity-magmatic-seismic conversion ar-
gued that the KPR is lack of middle crust and the crustal thick-
ness is relatively thinner than the IBM arc (Zhang et al., 2012,
2018). Comparison of the 1D velocity among the KPR, IBM and
mature island arc also showed that KRP had a thinner thickness
and higher velocity than that of the IBM and mature island arc
(Calvert, 2011). The crustal nature of the KPR is still in debated.

Typical oceanic crust can be divided into Layer 2 (upper
crust) and Layer 3 (lower crust) (White, 1984; White et al., 1984).
Layer 2 is usually 2–3 km thick and shows a high velocity gradi-
ent with depth, ranging from about 4.0 km/s to 6.4 km/s, while
the Layer 3 is about 5 km thick with a low velocity gradient of 0.1–
0.2 s−1 or less (White, 1984; White et al., 1984).

While for mature island arc, it is generally characterized by
(1) a crustal thickness of ~20 km; (2) a 3–13 km thick middle crust
with velocity of 6.4–6.8 km/s; (3) a deep reflector with velocity
lower than 8.0 km/s in the upper mantle; and (4) high and low
velocity anomalies in the lower crust (Nishizawa et al., 2007;
Takahashi et al., 2008, 2009; Kodaira et al., 2007a, b).

The 10-km interval profile KPR2020-3 gives an opportunity to
unveil the detailed crustal structure of the southern KPR, as well
as the crustal nature. The crustal thickness along profile
KPR2020-3 is about 6–12 km with the upper and lower crust velo-
cities of 4.0–6.4 km/s and 6.4–7.0 km/s, respectively. It is slightly
thicker than normal oceanic crust, but is much thinner than ma-
ture island crust such as the IBM arc. Neither middle crust nor
deep reflector in the upper mantle was identified in the southern
part of the KPR. Although crustal thickness is slightly thicker than
that of the typical oceanic crust, either velocity structure or gradi-
ent in this study indicates that at least the southern part of the
KPR is of oceanic crust nature.

b

−5 0 5
Velocity perturbation/%

Velocity perturbation/%
−5 0 5

25

0

5

10

15

20

25

D
ep

th
/k

m

Moho

10 km×8 km

10 km×8 km

Distance/km

0

5

10

15

20

D
ep

th
/k

m Moho

a

0 50 100 150 200 250 300

 

Fig. 4.   Checkerboard resolution test results of the profile KPR2020-3 (a), and input velocity perturbation of 5% with the cell of 10 km×
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This study also applied 1D velocity model for different posi-
tion of KPR2020-3. All velocity curves show a sharp increase to
~6.4 km/s. With comparison with typical oceanic crust, contin-
ental crust, and island arc crust (e.g., IBM arc, Calvert, 2011), the
southern part of KPR has much higher velocity gradient above
Moho than the mature arc or continental crust, but is similar to
that of oceanic crust. Comparison of the 1D velocity among the
KPR, IBM arc crust and continental crust showed that the KRP
had a thinner thickness and higher velocity than those of the IBM
arc, or mature island arc (Fig. 5). These imply that the crust struc-
ture of the south KPR is quite different from the north. Therefore,
this study suggests that the southern part of the KPR is a thicken
oceanic crust rather than an island arc one. The velocity anom-
alies in the lower crust and upper mantle imply a transition stage
from oceanic crust to island arc one.

5.2  Velocity anomaly and crust evolution
Our velocity model suggests that the seamount edifices con-

tain high and low velocity anomaly in the lower crust. The velo-
city anomalies in the lower crust below the seamount are also
discovered in the fossil spreading center, such as the South China
Sea (Zhang et al., 2020), which was interpreted as episodic mag-
matic intrusion; or subduction-related arcs, such as the IBM
(Suyehiro et al., 1996; Takahashi et al., 2009) and Aleutian arc
(Holbrook et al., 1999), which was related to partial melting due
to crustal extension or remains of arc magmatism (high velocity
anomaly), and crustal differentiation promoted by back-arc
opening (low velocity anomaly) (Takahashi et al., 2008, 2009).

Velocity anomaly is considered to be a key to understand the
crustal growth, as the low velocity (LV) in the lower crust and up-
per mantle beneath the arc regions probably indicate the exist-
ence of the transformation of the crustal materials (Takahashi et al.,
2009). LV in the lower crust might originate from melting (Dunn

Vp

et al., 2005; Canales et al., 2007; Zhao et al., 2012) and crustal dif-
ferentiation (Jull and Kelemen, 2001; Takahashi et al., 2008;
Kodaira et al., 2007b). Magma chamber or melting caused by ro-
bust magma supply in the lower crust could produce LV.
However, prolonged magma cooling could consolidate the melt-
ing, which is manifested as high velocity in the lower crust. Previ-
ous studies on numerical modeling showed that the cooling time
of magma has an important relationship with the volume of
magma intrusion, and the melts with a radius of 3–6 km and a
height of 3.7–9.2 km needs 10 Ma to completely cooling and con-
solidation (Tang et al., 2013). 40Ar/39Ar dating ages of rock
samples from the seamounts of the KPR are mainly at 30–25 Ma,
but some are as young as 22 Ma (Ishizuka et al. 2011). This rep-
resents the final stage of the KPR volcanism. Therefore, the 12 km
×8 km low velocity anomalies of this study could not be origin-
ated from the magma melts. Differentiated basaltic magma in the
lower crust is related to mafic to ultramafic crustal component
transformation to upper mantle, which lead to inhomogenous
velocity anomalies and crust evolution (Tatsumi et al., 2008;
Takahashi et al., 2008, 2009). Jull and Kelemen (2001) indicated
that the lower crustal materials might sink into the mantle be-
cause these have higher density than mantle olivine, which might
be a part of the transformation and crustal growth. Downward
transfer of dense crustal materials into mantle can lead to slow
upper mantle  and LV in the lower crust (Takahashi et al.,
2009). The similar velocity anomalies detected in this study might
also indicate a crustal differentiation process (Fig. 6), suggesting
advanced crustal differentiation and evolution.

High velocity (HV) in the lower crust is usually originated
from serpentinized peridotites (Whitmarsh et al., 1993, 2001; Re-
ston, 2009; Franke, 2013), magmatic underplating (Yan et al.,
2001; Wang et al., 2006; Wei et al., 2011; Wan et al., 2017), or rem-
nant arcs magmatism (Suyehiro et al., 1996; Takahashi et al.,
2008, 2009; Calvert, 2011; Holbrook et al., 1999; Wan et al., 2017).
Serpentinization usually occurs at the extremely stretched mar-
gins or mid-ocean ridge, and is generally interpreted as the res-
ult of the interaction of mantle peridotites with seawater through
faults linking the shallow upper mantle with the seafloor (Whit-
marsh et al., 2001; Reston, 2009). In our models, velocity anom-
alies are only distributed in the lower crust but not the whole
crust, implying no crust-scale normal faulting occurs here to
bring seawater into mantle. Furthermore, Louden and Chian
(1999) proposed that although serpentinization of the upper
mantle could cause HV in the lower crust, no PmP phases can be
generated since the Moho is more like a velocity transition zone
than an interface. This study observed clear PmP reflections from
the bottom of HV lower crust beneath the KRP. Thus, a serpent-
inized mantle origin may be excluded.

Another possible origin of the HV in the lower crust is mag-
matic activities. Zhang et al. (2020) compiled the seamounts
structures and then gave models of seamount formation and
magmatism duration. They proposed that numbers of seamounts
and the crustal thickness are related to episodic magmatism with
different origin. The ages of OIB-type basaltic samples of KPR are
between 48 Ma and 25 Ma (Ishizuka et al., 2011). The former is in
consistent with the initial subduction of the Pacific plate beneath
the West Philippine Basin, and the latter is fit with seafloor
spreading in the Shikoku Basin and Parece Vela Basin. Thus, the
HV in our models might be both influenced by the early-stage
subduction-related arc magmatism and the later-stage seafloor
spreading magmatism. The velocity structure shows that
seamounts above HV1 (~120 km, Fig. 6) are characterized by the
existence of two summits with thick crust, indicating multi-stage
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Fig. 5.     1D velocity-depth profiles extracted from the velocity
model.  The oceanic  crust  velocities  are  obtained from White
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Christensen and Mooney (1995). The island arc crust is obtained
from Calvert (2011) and Takahashi et al. (2008, 2009). X repres-
ents the positions (distance axis) in the Fig. 3
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magmatism. While the seamount above HV2 (~280 km, Fig.6) has
only one summit at the igneous basement, and the crust thick-
ness is much thinner (~7 km), implying a stable volcanic source.
The age of the rock samples from the seamount above HV2 is
about 32 Ma (Ishizuka et al., 2011), which is earlier than the back-
arc spreading in Parece Vela Basin. The formation might be re-
lated with the subduction-related magmatism. In summary, the
HV1 is a product of a combination of subduction-related arc
magmatism and spreading-related one. In contrast, HV2 was af-
fected by subduction-related arc magmatism (Fig. 6).

6  Conclusion
Crustal structure imaged from wide-angle seismic OBS data

along the profile KRP2020-3 in the southern part of the KPR is
presented and compared the velocity characteristics with those
of the typical oceanic crust and mature arc crust. This study finds
that the crustal thickness of KPR2020-3 is 6–12 km with velocity of
4.0 km/s to 7.0 km/s, and the velocity gradients in the upper and
lower crusts are similar to that of the typical oceanic crust, imply-
ing the southern part of the KPR is a thicken oceanic crust rather
than mature arc crust. LVs in the lower crust and upper mantle
reveled by KPR2020-3 are explained by crustal differentiation,
which implies advanced crustal evolution from normal oceanic
crust to partly thicken oceanic crust. According to dating ages of
rock samples from the seamounts of the KPR and seamount
formation models, the HV1 in the lower crust is a product of a
combination of magmatism related to subduction and spreading,
while the HV2 is originated from the magmatism related to sub-
duction.
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