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Abstract

The Nankai Trough subduction zone is a typical subduction system characterized by subduction of multiple
geological units of the Philippine Sea Plate (the Kyushu-Palau Ridge, the Shikoku Basin, the Kinan Seamount
Chain, and the Izu-Bonin Arc) beneath the Eurasian Plate in the southwest of Japan. This study presents a
geophysical and geochemical analysis of the Nankai Trough subduction zone in order to determine the features
and subduction effects of each geological unit. The results show that the Nankai Trough is characterized by low-
gravity anomalies (-20 mGal to -40 mGal) and high heat flow (60-200 mW/m?) in the middle part and low heat
flow (20-80 mW/m?) in the western and eastern parts. The crust of the subducting plate is 5-20 km thick. The
mantle composition of the subducting plate is progressively depleted from west to east. Subduction of aseismic
ridges (e.g., the Kyushu-Palau Ridge, the Kinan Seamount Chain, and the Zenisu Ridge) is a common process that
leads to a series of subduction effects at the Nankai Trough. Firstly, aseismic ridge or seamount chain subduction
may deform the overriding plate, resulting in irregular concave topography along the front edge of the accretionary
wedge. Secondly, it may have served as a seismic barrier inhibiting rupture propagation in the 1944 M, 8.1 and
1946 M,, 8.3 earthquakes. In addition, subduction of the Kyushu-Palau Ridge and hot and young Shikoku Basin
lithosphere may induce slab melting, resulting in adakitic magmatism and the provision of ore-forming metals for
the formation of porphyry copper and gold deposits in the overriding Japan Arc. Based on comparisons of their
geophysical and geochemical characteristics, we suggest that, although the Izu-Bonin Arc has already collided
with the Japan Arc, the Kyushu-Palau Ridge, which represents a remnant arc of the Izu-Bonin Arec, is still at the
subduction stage characterized by a single-vergence system and a topographic boundary with the Japan Arc.
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1 Introduction

Subduction zones are one of the most active and complex re-
gions in the world (e.g., Zang and Ning, 2002; Idini et al., 2017),
which evolve differently from collision zones (e.g., Pusok et al.,
2018). Several studies on the characteristics of subduction- and
collision-related zones (e.g., topography, lithospheric deforma-
tion, magmatism) have been conducted (e.g., Tang et al., 2011;
Wau et al., 2016), allowing scientists to divide the formation of a
subduction-collision phase into three stages: subduction, trans-
ition from subduction to collision, and continental (arc) collision
(e.g., Beaumont et al., 1996; Soh et al., 1998; Saito and Tani,

2017).

The Nankai Trough is a typical subduction system located at
the southwest of the Japan Arc. The Kyusyu-Palau Ridge (KPR)
and the Izu-Bonin Arc (IBA) separate the Nankai Trough from
other subduction zones. The Philippine Sea Plate (PSP) is sub-
ducting along the Nankai Trough at a rate of approximately
50 mm/a in the west to less than 30 mm/a in the east (Heki and
Miyazaki, 2001). Soh et al. (1998) proposed that subduction of the
PSP at the eastern end of the Nankai Trough resulted in collision
of the IBA with the Honshu Arc in central Japan, forming an Izu
collision zone. However, the current subduction stage of the KPR,
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aremnant arc of the proto-IBA, is still under debate. Yan and Shi
(2011) and Tang et al. (2011) suggested that the KPR at the west-
ern end of the Nankai Trough subducted beneath the Kyushu
Arc. Cao et al. (2014) mentioned that subduction in the south-
western part of Japan was characterized by collision between the
KPR and the Kyushu Arc. Furthermore, the formation of felsic
tonalite (Haraguchi et al., 2003) and a thick crust with a granitic
material layer (Li, 1997) in the northern KPR may be related to
continental crust accretion associated with collision (Haraguchi
etal., 2003).

In addition to the KPR and the IBA, several geological units
are also identified along the Nankai Trough. In the eastern part,
there is a basement high identified as the Zenisu Ridge, which is
subducting below the trough. Meanwhile, the Kinan Seamount
Chain (KSC) and the Shikoku Basin are subducting beneath the
middle part of the trough (e.g., Kobayashi et al., 1995). Previous
geophysical and geochemical studies have suggested that sub-
duction processes, especially those related to aseismic ridge
(seamount chain) subduction, are key factors controlling crustal
deformation (e.g., Park et al., 2009), large inter-plate earthquakes
(e.g., Kodaira et al., 2002, 2004; Liu and Zhao, 2014; Niu et al.,
2020), and magmatism (e.g., Cao et al., 2014; Morris, 1995;
Shibata et al., 2014). However, there have been few comprehens-
ive summaries of these studies. Therefore, this study integrates
previous geochemical and geophysical data to clarify the charac-
teristics of the Nankai Trough. Two key issues are discussed: (1)
the subduction stage of the KPR and (2) the effects of aseismic
ridge (seamount chain) subduction.

2 Geological setting

The PSP is a narrow NS-trending rhombic-shaped plate, sur-
rounded by several convergent plate boundaries (Fig. 1). The
western and southwestern parts of the PSP are bound by the Izu-
Bonin Trench, the Nankai Trough, and the Philippine Trench. In
the eastern part, the Izu-Bonin Trench and Mariana Trench are
regarded as plate boundaries (Zhang et al., 2012; Chen et al.,
2014). The Yap Trench and the Palau Trench define the southern
boundary of the PSP. Along the Nankai Trough, the subducting
PSP is composed of several geological units, including the KPR,
the Shikoku Basin, the KSC, the Zenisu Ridge, and the IBA
(Kobayashi et al., 1995). The KPR is a discontinuous ridge (Tang
etal., 2011) located in the middle of the Philippine Sea. Gener-
ally, the ridge lies 2 000-3 000 m above the floor of the basin and
extends continuously over a distance of 2 600 km from off Ky-
ushu Island in the north toward Palau Island in the south (Ish-
izuka et al., 2011). The KPR is a remnant arc of the proto-IBA,
which was split during the period from 30 Ma to 15 Ma (Okino et
al., 1994). The northern end of the KPR is 100-150 km wide and
extends NNW (Ishizuka et al., 2011). According to 36Ar/4%Ar and
40Ar/39Ar dating of lavas collected from the Ocean Drilling Pro-
gram Hole 786 of the proto-IBA, their ages are 47-45 Ma (Cosca
et al., 1998). Combined K-Ar and 4°Ar/39Ar dating data indicate
that boninite-series magmatism in the Izu-Bonin forearc (and
remnant arc at Palau) continued until approximately 35 Ma
(Cosca et al., 1998). The Shikoku Basin was formed by back-arc
opening between the KPR and the IBA. From 26 Ma to 15 Ma,
NNW-SSE seafloor spreading first developed, then continued in a
NE-SW direction in the final stages (Okino et al., 1999). The KSC
is the product of post-spreading magmatism generated along the
fossil spreading ridge of the Shikoku Basin, with an age ranging
from 15.7 Ma to 9.6 Ma (Okino et al., 1999; Ishizuka et al., 2009).
The Zenisu Ridge is a conspicuous topographic high rising 2 000 m
from the bottom of the Nankai Trough (Nakanishi et al., 1998).

3 Data

3.1 Geological data

The free-air gravity anomaly data (S&S V24.1) used in this
study were obtained from the University of California, San Diego,
and the Scripps Institute of Oceanography, with a grid spacing of
1’ x 1’ (Sandwell and Smith, 2009; Sandwell et al., 2014). Magnet-
ic anomaly data were derived from the geomagnetic intensity an-
omaly database (EMAG2) (Maus et al., 2009), with a measured
height of 4 km and a grid spacing of 2’ x 2. Heat flow data were
derived from the International Heat Flow Committee database
(Lee, 1964).

We collected data from five seismic refraction/refection sur-
vey profiles along the Nankai Trough subduction zone (Fig. 1)
(Kodaira et al., 2002, 2004, 2005; Takahashi et al., 2002; Nakan-
ishi et al., 2002; Nishizawa et al., 2009), which cover all subduct-
ing geological units of the Nankai Trough, including the KPR, the
Shikoku Basin, the KSC, and the Zenisu Ridge. All seismic pro-
files were modeled based on global 1’ x 1’ gravity grid data
(Sandwell and Smith, 2009; Sandwell et al., 2014) in order to cla-
rify the density structures simultaneously. For the gravity model-
ing, we used a 2D algorithm by Talwani et al. (1959).

3.2 Geochemical data

Geochemical data used in this study were as follows: the ma-
jor elements of mafic, intermediate, and felsic volcanic rocks
from the PSP near the Nankai Trough; the rare earth element
(REE) contents of basalt from the northern part of the KPR, the
KSC, and the IBA; age data of plutonic rocks from the northern
KPR and volcanic rocks from the northern part of the KSC and
the IBA; and Pb isotopic data of volcanic rocks from the Japan Arc
and basalts from the northern part of the KPR, the KSC, and the
IBA. Data of volcanic rocks in the Japan Arc and plutonic rocks in
the northern KPR were derived from Shibata et al. (2014) and
Haraguchi et al. (2003), respectively. Other data were derived
from the PetDB database (http://www.earthchem.org/petdb).
Rock sample stations are shown in Fig. 1 and detailed rock data
source are presented in the captions of the geochemical figures.

4 Characteristics of the Nankai Trough
4.1 Geophysical characteristics

4.1.1 Gravity anomaly, magnetic anomaly, and heat flow of the
Nankai Trough

Positive anomalies are observed over the KPR, the Shikoku
Basin, the KSC, and the IBA (Fig. 2a). In terms of the amplitude,
the values of the gravity anomaly vary significantly in the trans-
ition zone from the PSP to the Nankai Trough, revealing a low-
gravity anomaly zone. Gravity anomalies of the Nankai Trough
and the forearc basin (excluding the forearc area in Kyushu Is-
land) are relatively low, with values concentrated in the range of
-20 mGal to -40 mGal. The free-air gravity anomalies measured
in the forearc area on Kyushu Island are lower than those of oth-
er forearc areas, and gravity anomaly values are concentrated in
the range of -40 mGal to 130 mGal. Variations in the free-air
gravity anomalies may reflect different densities resulting from
the subducting material (Chen et al., 2014). The density of the
upper crust is generally light, which corresponds to a low-air
gravity anomaly. We propose that negative gravity anomalies in
the Kyushu region of the western Nankai Trough may be related
to the thick sediments and upper crust above the subduction
zone.
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Fig. 1. Bathymetric map of the Philippine Sea Plate (GEBCO Compilation Group, 2020). Red (blue) and green lines show the ocean-
bottom seismometer (OBS) (Kodaira et al., 2002, 2004, 2005; Takahashi et al., 2002; Nakanishi et al., 2002; Nishizawa et al., 2009) and
multiple channel seismic lines (Park et al., 2002, 2009), respectively. Red, yellow, and pink circles represent mafic rock, basalt, and
felsic rock stations, respectively. Green stars denote intermediate rock stations. Black triangles indicate volcanos with adakite
eruptions and the volcanos labelled as D (Daisen), S (Sambe), and A (Aonoyama) correspond to the leading edge of the subducted
Shikoku Basin (Morris, 1995; Shibata et al., 2014). Blue polygons denote low-sulfidation epithermal gold deposits (Hishikari) and high-
sulfidation gold deposits (Nansatsu) (Cooke et al., 2005). Orange and blue shaded areas show the rupture zones of the 1968 Hyuga
earthquake (red polygon, M,=7.5) (Park et al., 2009; Yagi et al., 1998), the 1944 earthquake (red polygon, M, =8.1), and the 1946
earthquake (red polygon, M,=8.3) (Sagiya and Thatcher, 1999), respectively. The black solid line with triangles indicates the
subduction zone. The black dotted line marks the inferred Kyushu-Palau Ridge beneath the toe of the forearc accretionary wedge
(Park et al., 2009). Gray lines outline the depth contours of the upper surface of the PSP (Zhao et al., 2012). White shaded areas
indicate the Kinan Seamount Chain. The white dashed-line boxes outline the boundaries of Fig. 9. KPR: Kyushu-Palau Ridge, ZR:
Zenisu Ridge, IBA: Izu-Bonin Arc. Rock data are derived from the PetDB database (http://www.earthchem.org/petdb).

A series of magnetic lineations are observed at the Philippine
Sea Basin near the Nankai Trough, which is indicative of a typic-
al oceanic basin (Fig. 2b). However, these magnetic lineations are
untraceable at the Nankai Trough, resulting in different magnet-
ic anomaly characteristics between the Japan Arc and the ocean-
ic basin. The magnetic anomalies at the Nankai Trough have
amplitudes of -80 nT to 160 nT. The most striking feature of the
magnetic anomaly map is the existence of dipolar anomalies as-
sociated with basement highs on the PSP, such as the KPR (Nish-
izawa et al., 2017).

Figure 2c shows that the heat flow in the middle part of the
trough is relatively high (60-200 mW/m?), and lower in the west-
ern and eastern parts (20-80 mW/m?). The high heat flow values

in the middle part of the trough may be related to subduction of
the oceanic crust of the young Shikoku Basin, whereas the low
heat flow may be due to subduction of the relatively older KPR
and Zenisu Ridge (Xu et al., 2003; Chen et al., 2014). With respect
to the island arc area, the highest heat flow values were meas-
ured in the Kyushu Island, especially for the southwestern part of
the island, with values of 1 000-4 000 mW/m?, whereas low heat
flow values of 30-100 mW/m? were measured in the Shikoku
Peninsula, Kii Peninsula, and Honshu Island.

4.1.2 Structural characteristics of the Nankai Trough subduction
zone
Figure 3 shows the velocity structures of the shallow crust
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across the Nankai Trough subduction zone. For this research, all ~ structures of the Nankai Trough subduction zone. Profiles
five seismic profiles were modeled based on free-air gravity an-  Ky9903 and T6, shown in Fig. 3, consist of sections recorded by
omaly data (Fig. 4) in order to simultaneously clarify the density =~ both ocean-bottom seismometers (OBSs) and land stations. We
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Fig. 2. Maps of the study area. a. Free-air gravity anomaly map of the study area. S&S V24.1 data (Sandwell and Smith, 2009; Sandwell
et al., 2014) are derived from the University of California, San Diego and the Scripps Institute of Oceanography, with a grid spacing of
1'x1". b. Magnetic anomaly map of the study area. Data are derived from the total geomagnetic intensity anomaly database EMAG2
(Maus et al., 2009). The measured height is 4 km and the grid spacing is 2'x2". c. Heat flow map of the study area. Data are derived from
the International Heat Flow Committee database (Lee, 1964). The grey curves outline the coastline and all other annotations are the
same as those in Fig. 1.
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Fig. 3. Velocity characteristics of the Nankai Trough subduction zone (modified after Kodaira et al., 2002, 2005; Takahashi et al., 2002;
Nakanishi et al., 2002; Nishizawa et al., 2009). The location of the profiles is shown in Fig. 1. The green dashed line marks the boundary
between the sedimentary wedge and the upper crust of the island arc. The blue dashed line indicates the presumed plate boundary,
whereas the solid part represents the width of the oceanic crust and the sedimentary wedge contact zone. The deformation front (DF)
along T1, Kr9704, Ky9903, and Kr9806 is plotted based on multiple studies (Park et al., 2002; Nakanishi et al., 2002; Kodaira et al., 2000,
2002). The co-seismic rupture zone of the 1944 event (blue bar) (Sagiya and Thatcher, 1999) is shown above the crustal model of
Kr9704 and KY9903. Co-seismic rupture zones of the 1946 (blue bar) (Sagiya and Thatcher, 1999) and 1968 events (orange bar) (Yagi et
al., 1998) are shown above the crustal models of Kr9806 and T1, respectively. Red numbers with units of degrees denote the

subduction angle of the crust. KPR: Kyushu-Palau Ridge, IBA: Izu-Bonin Arc.

modeled the sections recorded by OBSs only; hence, the length of
profiles Ky9903 and T6 were shortened in the gravity modeling
(Fig. 4). Nakanishi et al. (2002) suggested that the Nankai Trough
subduction zone consists of a sedimentary wedge, subducted

plate, and island arc crust. All profiles recorded portions of these
three features, except for the Kpr1 profile, which did not record
the upper crust of the island arc due to the loci (Fig. 1).

As shown in Figs 3 and 4 and Table 1, a sedimentary wedge



86 Zhang Jie et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 10, P. 81-95

occurs beneath the slope, with velocities (Vp) of less than 5 km/s
and densities (p) ranging from 2.2 cm/g3 to 2.6 cm/g?, which is in-
terpreted as a Neogene-Quaternary accretionary prism (Kodaira

etal., 2004, 2005). This sedimentary wedge is characterized by
significant thickening to the north. At the region where the sedi-
mentary wedge meets the edge of the subducted plate, the young
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Fig. 4. Density characteristics of the Nankai Trough subduction zone. a. Observed and calculated gravity values for Profiles Kpr1, T1,
Ky9903, Kr9806, and T6. Dotted lines represent the observed free-air gravity anomalies and solid lines are the gravity anomalies
calculated using the density model. b. Preferred gravity models. The location of the profile is shown in Fig. 1. The green dashed line
marks the boundary between the sedimentary wedge and the upper crust of the island arc, and the blue dashed line indicates the
presumed plate boundary. The final RMS values are 3.2 mGal, 3.4 mGal, 7.7 mGal, 8.7 mGal, and 4.8 mGal for Profiles Kpr1, T1,
Ky9903, Kr9806, and T6, respectively. KPR: Kyushu-Palau Ridge, IBA: Izu-Bonin Arc.

Table 1. Structural characteristics of the Nankai Trough subduction zone

Profile Kprl T1 Kr9806 Ky9903 T6
Seismic velocity of the subducted plate/km-s-! Kyushu-Palau Ridge Shikoku Basin Shikoku Basin Kinan Seamount  Zenisu Ridge
(KPR) Chain
~4.0-7.0 ~5-7.0 4.5-6.9 4.6-7.0 ~5.2-7.4
Density of the Upper crust 2.7-2.8 2.75 2.75 2.83 2.8
subducted plate/g-cm-3
Lower crust 2.9 2.87 2.90 2.93 2.9
Thickness of the subducted plate/km ~10 ~5 ~5 ~6-14 ~20
Velocity of upper crust of island arc/km-s-! unknown >5 >5 >5 >5
Density of the upper crust of island arc/g-cm™3 unknown 2.72-2.83 2.73-2.88 2.72-2.85 2.75
Velocity of the accretionary wedge/km-s-! 3.2-33 3.4-4.0 1.6-4.7 2.0-4.2 2-5
Density of the accretionary wedge/g-cm-3 2.2-2.55 2.2-2.6 2.42-2.6 2.3-2.55 2.25-2.5
Reference Nishizawa etal. Takahashietal. Nakanishietal. Kodaira etal. Kodaira et al.

(2009) (2002) (2002) (2002) (2004, 2005)
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oceanic crust of the Shikoku Basin is ~5 km thick with V|, being
5-7 km/s and p being 2.75-2.90 g/cm3. The crust of the KPR is up
to 10 km thick with V, being 4.0-7.0 km/s and p being ~2.7 g/cm?.
The crust of the KSC reaches a maximum thickness of 14 km and
is characterized by velocities in the range of 4.6-7.0 km/s and
densities in the range of 2.83-2.93 g/cm3. The Zenisu Ridge, loc-
ated on the western edge of the IBA, is up to 20 km thick (~150 km
at Profile T6) with V,, being 5.4-7.4 kim/s and p being 2.8-2.9 g/cm?.
These results demonstrate the diversity of velocity and density
characteristics among the different geologic units, especially
between the seamount chain (i.e., the ridge) and the normal
oceanic crust.

4.2 Geochemical characteristics

In the vicinity of the Nankai Trough (130°-139°E) (Fig. 1), few
basement rocks are exposed at the trench axis, where the KPR
and the IBA intersect with the trough (Haraguchi et al., 2012;
Kimura et al., 2010). The samples are predominantly mafic ig-
neous rocks and a few intermediate rocks such as andesite
(Fukuda et al., 2008; Ishizuka et al., 2009; Haraguchi et al., 2012).
In the PSP, mafic rocks are widely exposed across the different
geological units, including oceanic ridges, seamounts, and is-
land arcs. Due to sediment coverage, basement rocks are rarely
sampled in the deep basin. Intermediate volcanic rocks are
mainly distributed across the IBA and the KPR (Haraguchi et al.,
2012). Felsic rocks are largely absent from the Nankai Trough, the
KSC, and the Shikoku Basin, with some plutonic tonalites in the
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northern tip of KPR (Haraguchi et al., 2003). Other felsic volcanic
rocks are distributed along the IBA and in the back-arc seamount
chains (Ishizuka et al., 1998; Hochstaedter et al., 2000, 2001). This
representative distribution of rock types indicates that the litho-
logy of the Nankai Trough is linked to the different geological
units, which infers that the rock geochemistry can be used to re-
veal the subduction effects of different units.

The geochemical composition of rocks near the Nankai
Trough shows that they are dominated by sub-alkaline series
(Fig. 5a). The KPR rocks are dominated by basalt and basaltic an-
desite, indicating a typical oceanic basement (Fig. 5a). The KSC
rocks are dominated by basalt and include a small amount of al-
kaline trachybasalt (Fig. 5a). The rock type of the IBA is complex,
including a series of mafic-felsic volcanic rocks such as basalt,
basaltic andesite, andesite, dacite, and rhyolite (Fig. 5a). In the
FeO’/MgO versus SiO, diagram (FeO" represents total iron) (Fig. 5b),
most of the volcanic rocks of this study belong to the tholeiitic
series (TH), i.e., enriched in Fe compared with the calc-alkaline
series (CA). The proportion of CA and TH can reflect depletion of
the upper mantle, as magma produced by a depleted mantle has
lower FeO’/MgO so tends to exhibit calc-alkaline characteristic
(Miyashiro, 1974). Additional, in subduction-related environ-
ments, melting of a depleted mantle occurs under hydrous and
oxidizing condition, which can promote magnetite crystalliza-
tion and suppress plagioclase crystallization during magmatic
evolution, leading to calc-alkaline magma with low FeO"/MgO
(Danyushevsky, 2001; Berndt et al., 2005). The studied rocks
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Fig. 5. SiO, vs. Na,0+K,0 diagram (a) and SiO, vs. FeO’/MgO diagram (b) of rocks collected near the Nankai Trough (130°-139°E).
FeO’ represents the total iron. Rock data are derived from Ishizuka et al. (2003, 2009), Fukuda et al. (2008), Haraguchi et al. (2012), and

the PetDB database (http://www.earthchem.org/petdb).
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show an increasing proportion of CA for KPR, KSC, and IBA,
which may indicate a progressively depleted mantle composi-
tion from west to east along the Nankai Trough.

The CI-normalized REE patterns of basalt are shown in Fig. 6.
All basalts from the KPR have LREE-enriched patterns and the
LREE contents are higher in basalts from the KPR and KSC than
in basalts from the IBA. In addition, the proportions of LREE-en-
riched basalts in the KSC and IBA are significantly less than those
of the KPR (Fig. 6). Although the REE pattern may be affected by
mantle metasomatism events, the enrichment or depletion trend
of REE is consistent with variations in the proportion of calc-al-
kaline lava. Therefore, the composition of lava may partly reflect
the level of enrichment or depletion of the mantle source. The
volcanic rocks from the northern part of the KPR are thought to
have originated from an enriched mantle source (Haraguchi et
al., 2012), whereas the basalts from the KSC are proposed to have
been generated from a mantle source mixed by MORB-type and
OIB-type mantle materials (Sato et al., 2002). These characterist-
ics indicate that the composition of mantle underlying the differ-
ent geological units may vary significantly; indeed, the mantle
composition shows a gradually depleting trend from west to east
along the Nankai Trough. The subduction effect of the composi-
tional variation is discussed in Section 5.

Age-dating results indicate that most of the magmatic activity
in the northern part of the IBA occurred from 0 Ma to 15 Ma and
that the arc is still active nowadays (Fig. 7a). Tonalitic plutonic
rocks dredged from the Komahashi-Daini Seamount in the
northern KPR have K-Ar ages of ~38 Ma (Haraguchi et al., 2003).
These tonalitic rocks record magmatic activity before the separa-
tion of the KPR from the proto-IBA arc due to opening of the
Shikoku Basin (15-26 Ma). Volcanic rocks of the KSC are young-
er than 22 Ma and most have 4°Ar/3%Ar ages ranging from 15.7 Ma
to 9.6 Ma (Ishizuka et al., 2009), whereas the age of the Shikoku
Basin is 26-15 Ma (Okino et al., 1994, 1999). This indicates that
volcanism was active after spreading of the Shikoku Basin (Fig. 7a).
Post-spreading magmatism is consistent with the occurrence of
the low-velocity mantle in the Shikoku Basin (Nakamura and
Shibutani, 1998). The presence of high-temperature or partially
melted asthenosphere would have increased volcanic activity in
the Shikoku Basin after the spreading ceased, which is very com-
mon for marginal basins of the West Pacific (Sato et al., 2002).
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Young volcanic activity in the Shikoku Basin led to a hot subduc-
tion slab beneath the Nankai Trough, the subduction effect of
which is discussed in Section 5.

The Pb isotope results of basalts (Fig. 7b) indicate that the IBA
basalts have higher radioactive Pb isotopes than the KSC basalts,
which is consistent with the origin of KPR from a proto-IBA that
might have been affected by the addition of subduction compon-
ents (dehydration fluids and sediment melt) to the mantle source
of the arc basalts (e.g., Hochstaedter et al., 2001). In general, the
basalts of the IBA, KSC, and KPR have higher 208Pb/204Pb ratios
than those of Pacific basalts and are more likely to resemble the
characteristics of Indian Ocean mantle (Fig. 7b). This is consist-
ent with the composition of lavas from the PSP, which shows the
typical characteristics of Indian Ocean-type MORB (Hickey-Var-
gas, 1991, 1998). Volcanic rocks from the overriding Japan Arc
have higher 2°8Pb/204Pb ratios than rocks from the subduction
PSP (Shibata et al., 2014), which may be related to the addition of
highly radioactive Pb materials to the magma source due to melt-
ing of the subduction slab.

5 Discussion

5.1 Current subduction stage of the KPR

There are two notable differences between the subduction
and collision models, i.e., the boundary and the vergence system
(Tang et al., 2011; Beaumont et al., 1996). Firstly, a distinct
boundary is observed between the subducting plate and the arc,
whereas the boundary of the collision model (transition from
subduction to collision) is not clear (Fig. 8). A low-gravity anom-
aly zone is observed at the transition zone from the PSP to the
Nankai Trough (Fig. 2a). Tang et al. (2011) indicated that this fea-
ture was a boundary effect and proposed that the Nankai Trough
acted as the boundary between the subducted PSP and the Japan
Arc. Furthermore, the Nankai Trough is also easily identified in
the bathymetric map, which exhibits a lower water depth than
the surrounding areas (Figs 1 and 8). The existence of the clear
boundary is consistent with the characteristics of the subduction
model proposed by Beaumont et al. (1996). Secondly, the sub-
duction model has primarily single vergence, whereas the colli-
sion (transition from subduction to collision) model exhibits
double vergence (Fig. 8). Figure 8 shows that the subduction of
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Fig. 7. Age of volcanic rock near the Nankai Trough (a) and Pb isotopes of volcanic rock from the Japan Arc (Shibata et al., 2014) and
basalt near the Nankai Trough (130°-139°E) (b). Age data for tonalites are derived from Haraguchi et al. (2003). The Pb isotopes fields
are derived from Yan and Shi (2011) and other data are derived from Ishizuka et al. (1998, 2009), Hochstaedter et al. (2001), and the

PetDB database (http://www.earthchem.org/petdb).
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KPR exhibits a single-vergence system, which differs from that of
the IBA (double vergence characterized by inward-dipping thrust
faults on both sides). All of these features indicate that the sub-
ducting KPR is in a subduction stage with no collision character-
istics.

The geochemical characteristics also suggest that the KPR is
still in the subducting stage and not an arc-arc collision stage.
Collision between the IBA and the Honshu Arc resulted in the
formation of granitoid plutons in the Izu collision zone of central
Japan. These plutonic rocks represent continental crust material
related to lateral accretion of Honshu Arc (Saito et al., 2007, 2012;
Saito and Tani, 2017). Arc-arc collision resulted in transition from
subduction of the IBA to accretion of IBA crust onto continental
crust (Soh et al., 1998). The formation of felsic tonalite (Haragu-
chi et al.,, 2003) and a thick crust with a granitic material layer (Li
et al., 1997) in the northern KPR may be related to continental
crust accretion (Haraguchi et al., 2003). However, the tonalite
have radiometric ages of ~38 Ma (Fig. 7a), indicating that felsic
plutonic activity occurred during the early stages of arc volcan-
ism before rifting of the IBA (Haraguchi et al., 2003). Therefore,
the felsic tonalite and granitic crust layer may be related to vertic-
al accretion of the continental crust instead of the arc-continent
lateral accretion that occurs in the Izu collision zone (Saito et al.,
2012; Saito and Tani, 2017). These results indicate that, instead of
being attached to the Kyushu Arc, the KPR is being subducted
underneath the Kyushu Arc at the Nankai Trough.

5.2 Effect of aseismic ridge (seamount chain) subduction
5.2.1 Forearc deformation and angle of subduction

A series of irregular concave topography is observed along the
Nankai Trough subduction zone, which corresponds to the direc-

tion of the subducting KPR, KSC, and Zenisu Ridge (Figs 1 and 9).
Figure 9 shows that the topographic features of the subducting
KSC and Zenisu Ridge are consistent with the simulation results
of seamount subduction (e.g., Dominguez et al., 2010). However,
there is a spatial dislocation between the concave topography
and the subducting KPR (Fig. 9). The KPR is considered to be a
complex of closely spaced isolated seamounts (e.g., Tang et al.,
2011) that subducts obliquely at the Nankai Trough (Tabei et al.,
2003). Therefore, this displacement of topography is possibly
caused by the oblique subduction of multiple seamounts. There-
fore, we propose that the irregular concave topography of the
Nankai Trough is due to aseismic ridge (seamount chain) sub-
duction, and that closely spaced seamounts might explain the
observed displacement of the concave shape.

Aseismic ridge (seamount chain) subduction along the sub-
duction zone may also cause deformation of the overriding plate
(Fig. 10) (e.g., Pautot and Rangin, 1989; Dominguez et al., 2000)
and may be a mechanism for abrasion and erosion of the base of
the overriding plate (Bangs et al., 2006). Park et al. (2009) ana-
lyzed a multi-channel seismic profile (KR0114-8) parallel to the
Nankai Trough (near the KPR) and found an oceanic basement
high on the subducting PSP between shot points 2400 and 3850
(Fig. 10). Three irregular peaks around shot points 2450, 3050,
and 3650 were observed at the oceanic basement high, which ap-
proximately correspond to the topographic highs. Profile Ms104
(Fig. 10) also recorded the subducting KSC, which is 1.5 km high-
er than the oceanic crust (~28 km at Profile Ms104) (Park et al.,
2009) and concordant with a basement high. These features in-
dicate that aseismic ridge (seamount chain) subduction uplifts
the overriding plate.

The subduction angle is primarily controlled by the age of the
subducting slab (Peacock et al., 1994; Gutscher et al., 2000). To
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Fig. 9. Topographic map of the local area in the Nankai Trough. The black dotted line represents the deformation front. The positions
of a, b, and c are shown in the white dotted box of Fig. 1. KPR: Kyushu-Palau Ridge, ZR: Zenisu Ridge.
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Fig. 10. Tectonic interpretation diagram of the multi-channel seismic profiles across or near the Nankai Trough (modified after Park
et al. (2002, 2009)). KPR: Kyushu-Palau Ridge, SP: shot point, CDP: common depth point.

the west of the KPR, the older, colder, and denser West Philip-
pine Basin lithosphere subducted steeply (Lallemand et al.,
2005). To the east of the KPR, subduction of the younger, hotter,
and lighter Shikoku Basin exhibited a gentler slab dip angle (Cao
et al., 2014). This difference can be inferred by the depth con-
tours of the upper surface of the subducted PSP in Fig. 1 (Na-
kajima and Hasegawa, 2007; Zhao et al., 2012), which suggests a
relatively flat slab corresponding to subduction of the Shikoku
Basin (Gutscher et al., 2000). The geochemical characteristics of
this study indicate that the mantle composition beneath the KSC
and IBA is more depleted than that of the KPR (Figs 5 and 6). Due
to the loss of Fe and Al, the density of the depleted mantle is re-
duced (Niu et al., 2003), which may reduce the subduction angle
of the slab. This is consistent with the gentler slab dip angle to the
east of the KPR (Fig. 1). However, the subduction angle of the
slab beneath the IBA is very steep, which is inconsistent with the
depleted mantle composition. This may be because the oldest
age of the IBA basement can be up to 49 Ma (Ishizuka et al.,
2018); thus, the subduction angle is predominantly controlled by
the old and cold nature of the subducting plate.

5.2.2 Seismotectonics
In addition to its importance to forearc deformation, aseis-

mic ridge (seamount chain) subduction appears to be related to
seismotectonics. The discussion here is predominantly based on
three recent mega-earthquakes (the 1968 M,, 7.5 earthquake, the
1944 M,, 8.1 earthquake, and the 1946 M,, 8.3 earthquake) (Fig. 1)
(Yagi et al., 1998; Kodaira et al., 2002; Park et al., 2009; Yamamoto
etal., 2013). Liu and Zhao (2014) proposed that these mega-
earthquakes occurred in or around strongly coupled areas, some
of which might be produced by the KPR (the 1968 M,, 7.5 earth-
quake) and plutons intruded into the Kii Peninsula (the 1944 M,
8.1 earthquake and the 1946 M,, 8.3 earthquake). Park et al.
(2009) interpreted that a lack of mega-earthquakes at the west-
ern Kyushu section was due to the subducting KPR. As men-
tioned above, the flank regions of the subducting KPR are more
likely to tear and result in slab fracturing, forming slab windows
that may have acted as a barrier to rupture propagation of the
Hyuga earthquake in 1968 (Park et al., 2009; Mason et al., 2010).
In addition to slab fracturing, tectonic erosion of the base of the
accretionary wedge caused by ridge (seamount chain) subduc-
tion may temporarily inhibit earthquake rupture by enhancing
the fault-zone fluid content and reducing the fault-zone effective
stress (Bangs et al., 2006). Kodaira et al. (2005) suggested that the
strong coupling of the subducting paleo-Zenisu Ridge hindered
the westward (Tokai offshore) extension of the Tonankai earth-
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quake in 1944. The above characteristics are reflected in the rup-
ture distributions of the 1969 and 1944 earthquakes (Figs 1 and
3). Kodaira et al. (2002) proposed that the subducting KSC also
served as a barrier for the earthquake in 1946, which resulted in a
short rupture that only extended to the locked zone in the east of
the subducting seamount (Fig. 1). Moreover, the co-seismic rup-
ture zone of the earthquake in 1946 was narrower the closer it
was to the Kinan Seamount (Figs 1 and 3). In summary, the sub-
ducted aseismic ridge (seamount chain) along the Nankai
Trough in recent mega-earthquakes (M,,> 8) might have served
predominantly as a seismic barrier inhibiting rupture propaga-
tion.

5.2.3 Magmatic activity

Cao et al. (2014) imaged the 3D velocity structure beneath
southwestern Japan using P-wave arrivals from local earth-
quakes and teleseismic events, and found that a high-velocity an-
omaly beneath the Abu volcano might be related to the subduc-
ted PSP; however, the anomaly was not continuous and instead
interpreted as a low-velocity anomaly zone. This low-velocity an-
omaly was proposed to have been caused by the slab window.
Previous studies show that the subduction direction of the PSP
changed from NNW to NW at 2 Ma (Matsuda, 1980; Nakamura et
al., 1984; Okamura, 1988), which led to variations in rollback
rates and slab dip angles on both sides of the KPR. Therefore,
some segments on the flank of the KPR could be fragile enough to
spread laterally and split along the subducting ridge into the
deep mantle (Mason et al., 2010). When the slab window exten-
ded into the deep mantle with the subducting KPR, hot mantle
material rose through the slab window, leading to partial melting
of the lower layers of the overriding plate (Mason et al., 2010) and
the edge of the torn subducting plate (Yogodzinski et al., 2001).
These processes resulted in adakitic and dacitic activity beneath
the Abu volcano in southwestern Japan (Kakubuchi et al., 2000).
Hence, we suggest that the subducting KPR may result in mag-
matism near the Nankai Trough.

In addition, partial melting of the oceanic crust resulting from
subduction of the KPR may produce magma that contributes to
the formation of porphyry copper deposits in the Kyushu Arc
(Cooke et al., 2005). As Cu and Au are moderately incompatible
elements, their contents in the oceanic crust are much higher
than in the mantle and the continental crust. Therefore, magma
formed by partial melting of the oceanic crust has higher Cu and
Au contents, which is favorable for the formation of porphyry
copper and gold deposits (Sun et al., 2004; 2011). Low-sulfida-
tion epithermal gold deposits (Hishikari, 1.25-0.66 Ma) and high-
sulfidation gold deposits (Nansatsu, 5.0-3.5 Ma) in the Kyushu
arc overlap spatially with the subducted KPR (Fig. 1) (Cooke et
al., 2005; Sun et al., 2010), which may be related to subduction of
the KPR, leading to partial melting of the oceanic crust and en-
richment of Cu and Au in the magma.

The ages of the volcanic rocks suggest that the subduction
PSP is characterized by young volcanic activity (Fig. 7a). Subduc-
tion of the hot and young Shikoku Basin may lead to melting of
the leading edge of the slab, which provided magma for Quatern-
ary volcanoes (Daisen, Sambe, and Aonoyama) in Southwest Ja-
pan (Fig. 1) (Morris, 1995; Shibata et al., 2014). The andesite and
dacite erupted in these volcanoes are chemically similar to
adakites, which is consistent with their derivation by partial melt-
ing of the subducted slab (Morris, 1995; Shibata et al., 2014).
These adakitic lavas have high radioactive Pb isotopes, which are
related to melting of the subduction crust with an Indian Ocean-
type MORB isotopic signature (Fig. 7b) (Hickey-Vargas, 1991,

1998). Therefore, both subduction of the KPR and the young
Shikoku Basin play an important role in controlling the magmat-
ic activity of the overriding plate.

6 Conclusions

The following conclusions can be drawn from this study:

(1) Gravity anomalies at the Nankai Trough vary significantly
from the Philippine Sea Plate to the Japan Arc, with values con-
centrated in the range of -20 mGal to -40 mGal. Heat flow is high
(60-200 mW/m?) in the middle part of the Nankai Trough and
low (20-80 mW/m?2) in western and eastern parts. The mantle
composition is progressively depleted from west to east along the
Nankai Trough. Four primary geological units identified as the
Kyusyu-Palau Ridge, the Shikoku Basin, the Kinan Seamount
Chain, and the Zenisu Ridge are subducting at the Nankai
Trough, but with different velocity and density characteristics.

(2) The existence of the Nankai Trough indicates a distinct
natural boundary between the subducting KPR and the Kyushu
Arc. A single-vergence system was identified from the velocity
structure for the subducting KPR, exhibiting different character-
istics from that of the IBA (double-vergence system). Plutonic
tonalites from the northern KPR may represent continental crust
material but their radiometric age of ~38 Ma suggests that they
are related to volcanism prior to rifting of the IBA instead of arc-
continent accretion processes. All of these features indicate that
the subducting KPR is still at the subduction stage, with no colli-
sion characteristics.

(3) Subduction of aseismic ridges (seamount chains) is a
common process that occurs in a variety of tectonic settings,
which may affect topography, structure, dynamics, and magmat-
ism at or near the subduction zone. The overriding plate may
have been deformed during subduction of the aseismic ridge
(seamount chain), leading to an irregular concave topography
along the front edge of the accretionary wedge. Aseismic ridge
(seamount chain) subduction may have provided a seismic barri-
er inhibiting rupture propagation during the 1944 M, 8.1 and
1946 M,, 8.3 earthquakes. Subduction of the KPR and hot, young
Shikoku Basin lithosphere may have induced slab melting that
resulted in adakitic magmatism and provided ore-forming metals
for the formation of porphyry copper and gold deposits in the
overriding Japan Arc.
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