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Abstract

The Kyushu-Palau Ridge (KPR), a remnant arc on the Philippine Sea Plate (PSP), is subducting beneath the
Kyushu, southwest Japan. Influenced by the subducting KPR, the Kyushu subduction zone corresponding to the
KPR is significantly different from Shikoku subduction zone in terms of gravity anomalies, seismicity, the stress
state, and the subducting slab morphology. Significant negative free-air and Bouguer gravity anomalies are
observed in a prolonged area of KPR, southeast of the Miyazaki Plain, indicating that this is where KPR overlaps
the overriding plate. The gravity anomaly in this area is much lower than that in other areas where the inferred
KPR extends, suggesting that the subduction of the buoyant KPR may cause the lower mantle density to decrease.
More earthquakes have occurred in Hyuga-nada region where the KPR subducts than in Shikoku forearc and
other areas in the Kyushu forearc, indicating that the subduction of the KPR enhances the local coupling between
the subducting and overriding plates. The centroid moment tensor (CMT) mechanism of earthquakes shows that
stress is concentrated in the accumulated crust beneath the Kyushu forearc corresponding to the KPR, and the
shallow thrusting events in the obducting plate are caused by the KPR subduction. The buoyant KPR, with a large
volume of low-density sediments, was responsible for the differences of the subduction depth and dip angle of the
subducting Philippine Sea (PS) slab between northern Kyushu and Shikoku. The seismic gaps and the sudden
change of the dipping angle of the subducting PS slab indicate that slab tear may have occurred along the west
side of the KPR beneath southwest Kyushu. A two-tear model was proposed, and the subduction of the buoyant

KPR was believed to play an important role in the slab tear.
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1 Introduction

Bathymetric highs on subducting oceanic crust (such as
aseismic ridges and seamount chains) have significant effects on
the morphology of the subducting slab, and the geological and
geophysical characteristics of the subduction zone (Das and
Watts, 2009; Mason et al., 2010; Yan and Shi, 2014). The Kyushu-
Palau Ridge (KPR) is a north-south-oriented bathymetric high
situated atop the Philippine Sea Plate (PSP). Geomorphology
(Nakada et al., 2002), tomography (Tahara et al., 2008), and mul-
tichannel seismic reflection profile studies (Nishizawa et al.,
2009) illustrate that the KPR is being thrust beneath the southw-

est Japan in the Hyuga-nada region, that is, the western extent of
the Nankai Trough subduction zone. The subduction of the KPR
has resulted in strong deformation of the Kyushu forearc crust
and has caused significant crustal uplift in the Miyazaki Plain
(Nakada et al., 2002; Park et al., 2009). GPS measurement data of
horizontal displacements shows that the inter-plate coupling
along the Nankai Trough is strong in Shikoku and weak in Ky-
ushu (Nishimura et al., 1999). However, more earthquakes have
occurred in the Hyuga-nada region than Shikoku forearc since
the 1960s, especially in the Kyushu forearc corresponding to the
KPR.
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Adakites are usually formed by the direct melting of young
(<25 Ma) and hot subducting slabs (Defant and Drummond,
1990). In general, in the case of the formation of a slab window,
the edge of the slab is heated or melted by the mantle to produce
adakites, and the distribution of adakitic magmas can approxim-
ately indicate the geometric boundary of the subducting plate
(Yogodzinski et al., 2001). A large number of adakites have been
found in southwest Japan (Morris, 1995; Kakubuchi et al., 2000;
Sugimoto et al., 2006; Mahony et al., 2011). Geochemical evid-
ence shows that the adakites that have erupted in northeast Ky-
ushu and southwest Honshu are chemically similar to the com-
position of the PSP; hence, these adakites are believed to have
been formed by the melting of the PSP beneath southwest Japan
(Morris, 1995; Kimura et al., 2003). The heat required to melt the
oceanic crust may originate from a slab window, the formation of
which is related to slab separation or tearing of the slab. The col-
lision between a bathymetric high and a trench is an important
factor that leads to arcuate development of the trench and tear-
ing of the subducted slab (Bautista et al., 2001; Mason et al.,
2010). Slab tear also occurred in the Manila subduction zone
(Fan et al., 2015, 2016), the southern end of the Ogasawara sub-
duction zone (Castle and Creager, 1998, 1999; Miller et al., 2004;
Kong et al., 2017), and the North Andean margin (Gutscher et al.,
1999), which are considered to be affected by the subduction of
the ancient spreading ridge of the South China Sea, the Ogas-
awara plateau, and the Carnegie Ridge, respectively. Cao et al.
(2014) confirmed the observation by Zhao et al. (2012) that the P-
wave high-velocity anomaly is apparently interrupted by a low-
velocity anomaly beneath southwest Honshu and Kyushu. Huang
etal. (2013) and Cao et al. (2014) believed that the Philippine Sea
slab is tearing and forms a slab window that corresponds to the
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KPR due to the subduction of the buoyant KPR and the motion
change of the PSP.

The slab window beneath Kyushu and the western Honshu,
however, cannot explain why adakites are found in southwest Ky-
ushu. In addition, most of the adakites related to ridge subduc-
tion are closely related to the genesis of the porphyry Cu-Au de-
posits in the circum Pacific tectonic zone (Peacock et al., 1994;
Thiéblemont et al., 1997; Sajona and Maury, 1998; Defant et al.,
2001; Oyarzun et al., 2001; Mungall, 2002; Sun et al., 2011). The
genesis of the low-sulfidation epithermal gold deposits in Hishi-
kari (Izawa et al., 1990; Cooke and Simmons, 2000), high-sulfida-
tion gold deposits in Nansatsu (Hedenquist et al., 1994; Cooke
and Simmons, 2000), and porphyry deposits that may be present
but remain unexposed in southwest Kyushu still cannot be ex-
plained by the slab window under the northeast Kyushu. Cooke
et al. (2005) proposed that the gold deposits in southwest Ky-
ushu may be related to the low-angle subduction of the KPR.
However, the tectonic genesis of these gold deposits remain un-
clear.

In this paper, the gravity anomalies and seismicity of the Ky-
ushu and Shikoku, and the morphology of the subducting Philip-
pine Sea (PS) slab beneath Kyushu and Shikoku are described. By
comparing the geological and geophysical differences between
the Shikoku subduction zone and the Kyushu subduction zone
corresponding to the KPR, the tectonic significance of KPR sub-
duction under Kyushu is revealed.

2 Tectonic setting

The KPR, which extends north-south from the southeast Ky-
ushu to the Palau Islands (Fig. 1a), is a remnant island arc that
was separated from the proto-Izu-Bonin-Mariana (IBM) arc after
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Fig. 1. Overview of the plate tectonics of the southwestern Japan. The topography is from ETOPO1 (Amante and Eakins, 2009). The
red triangles represent active volcanoes. Intermediate-magnitude (6 <M,, <7.5) earthquakes that have occurred in the Hyuga-nada
region since the 1960s are marked with green stars. The yellow and blue dashed lines denote the active left-lateral shear zone and
tectonic line, respectively. The black dashed line demarcates the inferred subducted KPR, and the red dotted line shows the location of
the slab fracture (Park et al., 2009). The sawtooth curves represent the trenches. The solid and open circles denote uplifted marine
terraces formed during the late Pleistocene and middle Holocene, respectively (Nakada et al., 2002). The altitudes of these terraces
(m) are also shown. WPB: West Philippine Basin, SB: Shikoku Basin, PVB: Parece Vela Basin, KPR: Kyushu-Palau Ridge, OKTL: Oita-

Kumamoto Tectonic Line, and MTL: Median Tectonic Line.
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the spreading of the Shikoku Basin and the Parece Vela Basin
(Karig, 1972; Ishizuka et al., 2011; Lallemand, 2016). The overall
topography of the KPR, which is approximately 2 600 km long
and approximately 90 km wide, is steep to the east and gentle to
the west. The water depth at the peak of the ridge is between 2 000 m
and 4 000 m, while that at the base of the ridge reaches up to 5 000-
6 000 m. Radiometric ages of samples collected from the KPR
range in age between 43 Ma and 25 Ma, mostly between 27 Ma and
25 Ma (Expedition 351 Scientists, 2015), indicating that arc vol-
canism within the KPR ended during the late Oligocene. In addi-
tion, the petrology and geochemistry of rocks collected from the
KPR indicate that the ridge is composed mainly of intraoceanic
tholeiite (Ishizuka et al., 2011). The crustal thickness of the KPR
varies greatly, generally between 10 km and 20 km (Ishihara and
Koda, 2007; Nishizawa et al., 2007, 2009; Zhang et al., 2012), but
the absence of the middle crust from the middle segment of the
KPR indicates that it is an immature volcanic arc (Yan and Shi,
2011). The northern segments of the KPR form the western
boundary of a late Oligocene to Miocene basin and eastern
boundary of a complex array of Cretaceous to Eocene ridges and
basins (Fig. 1).

The proto-IBM arc began to form at 50-45 Ma (Cosca et al.,
1998; Deschamps and Lallemand, 2002; Hall et al., 2003; Gurnis
et al., 2004) and was completely formed by approximately 35 Ma
(Haraguchi et al., 2003). Due to the continuous subduction of the
Pacific Plate, the proto-IBM trench experienced rollback, and
thus, the proto-IBM arc began to rift. Subsequently, spreading
occurred within the Shikoku Basin and the Parece Vela Basin
between 30 Ma and 15 Ma (Seno and Maruyama, 1984; Okino
et al., 1994; Xia et al., 2017) and between 29 Ma and 12 Ma (Okino
etal., 1999; Sdrolias et al., 2004), respectively. As a result, the KPR
began to subduct with the PSP beneath the Eurasian Plate in the
late Miocene (Kimura, 1996). According to the velocity model of
DeMets et al. (2010) ((58.4+1.2) mm/a), this results in nearly 400
km of the KPR being lost by subduction at the Nankai Trough.

The Kyushu forearc where the KPR suducts displays a dis-
turbed seafloor topography compared with the forearc wedge off
the Shikoku. Strong deformation of the forearc sedimentary lay-
ers can be inferred from the crustal velocity models (Ichikawa,
1997). In addition, the eastern part of Kyushu, especially the
Miyazaki Plain, experienced significant uplift during the late
Pleistocene and Holocene (Fig. 1b), and accordingly, a large
number of marine terraces are developed at elevations of 30-
120 m (Nagaoka, 1986; Shimoyama et al., 1999). Moreover, the
counterclockwise rotation of southern Kyushu (up to 30°) is doc-
umented by paleomagnetic declinations over the past 2 Ma
(Kodama et al., 1995). The abovementioned geological phenom-
ena may be related to the subduction of the KPR.

The PSP rotated nearly 50° clockwise between 50 Ma and 40
Ma and 34° clockwise between 15 Ma and 5 Ma (Hall, 2002).
However, the PSP has rotated only 5.5° since 5 Ma (Hall et al.,
19954, b, c), and the current rotational speed of the PSP is ap-
proximately 1°/Ma (Sella et al., 2002). Hence, it is possible that
the slowing rotational speed of the PSP may be related to the ob-
struction of the KPR.

3 Gravity anomaly and seismicity

3.1 Data

The free-air gravity data used in this study were derived from
the latest, most influential and widely used satellite gravity data
with a resolution of 1 arcminute (Smith and Sandwell, 1997;
Sandwell et al., 2014) published by the Scripps Institute of Ocean-

ography, University of California, San Diego. The Bouguer grav-
ity anomaly was calculated using seafloor topography informa-
tion from the ETOPO1 global database (Amante and Eakins,
2009) and the free-air gravity anomaly derived from satellite alti-
metry. The Bouguer gravity correction was based on a three-di-
mensional terrain correction with an assumed crustal density of
2 670 kg/m? and a seawater density of 1 030 kg/m3.

For this study area, 1 278 events (magnitude M,,=3) from
January 1960 to January 2018 were obtained from the United
States Geological Survey (USGS) Earthquake Hazards Program.
In addition, centroid moment tensor (CMT) data were down-
loaded from the Harvard Global CMT (GCMT) catalog (Dziewon-
ski et al., 1981; Ekstrom et al., 2012).

3.2 Gravity anomaly

The free-air gravity anomalies in Kyushu and its vicinity range
between -150x10-> m/s? and 215x10-% m/s? (Fig. 2a). The main
islands of Kyushu and Shikoku show obvious positive anomalies.
The most prominent gravity anomaly over the entire region is the
maximum negative anomaly off the Miyazaki Plain, where the
anomaly drops below -150x10-5 m/s2. Moreover, while the free-
air gravity anomalies throughout the Shikoku forearc show posit-
ive values ranging from 0 m/s? to 50x10-5 m/s?, the negative grav-
ity anomalies along the western margin of the Nankai Trough
show little change with values ranging mainly from -50x10-% m/s?
to 0.

The Bouguer anomalies in the study area exhibit linearity
with a NE-SW orientation, and the anomaly contours roughly fol-
low the trench and forearc structures (Fig. 2b). The Bouguer an-
omalies of the Nankai Trough in the Shikoku segment are relat-
ively high. The gravity high along the outer edge of the Nankai
Trough appears as a NE-SW strip. The Kyushu forearc is charac-
terized by negative anomalies on a large scale, and a negative
Bouguer anomaly depression occurs at 31°54'N, 131°48'E in the
Hyuga-nada where the KPR subducts, which coincided with the
maximum negative free-air gravity anomaly.

3.3 Seismicity and subducting slab morphology

3.3.1 Seismicity

The regional distribution characteristics of earthquakes with
different depths can be obtained through a map of the epicenter
distribution (Fig. 3). Relatively few earthquakes are observed at
the junction between the KPR and Nankai Trough, but an in-
creasing trend in the direction of the island arc is noted.

The focal depths of the earthquakes in Kyushu are basically
within 200 km, where shallow earthquakes account for 81% of all
events, as deep earthquakes are missing. Earthquakes with focal
depths of 0-30 km are distributed mainly in the subduction zone
and in central and southern Kyushu. The seismic belt traversing
the central part of Kyushu extends NE-SW. It is worth noting that
this seismic belt is located within the region of extension corres-
ponding to the central tectonic belt in Kyushu, which may indic-
ate that the earthquakes occurring here are related to the right-
lateral shear of this tectonic belt. In contrast, the earthquakes in
the southern Kyushu are distributed in nearly east-west, corres-
ponding to the left-lateral shear zone spreading east-west in
southern Kyushu. In addition, earthquakes with focal depths of
30-80 km are concentrated mainly in the Kyushu forearc. Finally,
earthquakes with focal depths of 80-160 km occur along a linear
trend oriented NE-SW through central Kyushu, while earth-
quakes with a focal depth greater than 160 km occur only be-
neath the central and southern Kyushu.
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Fig. 2. Free-air gravity anomaly map of the study area (a), and Bouguer anomaly map of the study area (b). The contours represent
intervals of 25x10- m/s?. The red ellipses mark the maximum negative gravity anomalies off the Miyazaki Plain. Lines with capital

letters (e.g., P1-P1’) are the positions of the geophysical sections shown in Fig. 7. MP: Miyazaki Plain.
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There is an earthquake cluster in Hyuga-nada region, espe-
cially above the KPR (Fig. 3a). According to the seismic data col-
lected by the USGS, 50% of the earthquakes with a magnitude
greater than 6 that occurred in Hyuga-nada since the 1960s were
concentrated in the area overlying the inferred area of the sub-
ducting KPR; this is especially true for earthquakes of magnitude
7 or higher, all of which occurred in this area (Fig. 3).

3.3.2 Focal mechanism

A total of 131 fault plane solutions for the study area were ac-
quired from the GCMT catalog (Dziewonski et al., 1981; Ekstrom
et al., 2012) for the period from January 1976 to January 2018. A
representative subset comprising 42 of these events is listed in
Table 1 and shown in Fig. 4. In general, the mechanisms are con-

sistent with the plate tectonic model of the study area. Several
principal types of focal mechanisms can be distinguished: (1)
shallow dextral strike-slip events occurring along the Oita-Kum-
amoto Tectonic Line (Events 1-5); (2) shallow left-lateral strike-
slip events in the active left-lateral shear zone (6-9); (3) shallow
normal faulting events in the subduction zone (10-27); (4) shal-
low thrusting events in the obducting plate due to the subduc-
tion of the KPR (28-35); and (5) deep underthrusting-induced
events in the downgoing slab (36-42).

3.3.3 Morphology of the subducting PS slab

The Wadati-Benioff zone constitutes an important basis for
studying the morphological characteristics of any subduction
zone (Zang and Ning, 1996). By extracting the earthquakes along

Table 1. List of the events and fault plane solutions obtained from the GCMT catalog

Fault plane 1 strike/ Fault plane 2 strike/

EventNo. Date(d/m/y) Time(GMT) Nlat/(°) Elon/(°) Depth/km M,y Mb Ms dip/slip /(°) dip/slip /(%)
1 14/4/2016 15:03 32.71 130.69 12.0 6.0 0.0 6.0 30/77/180 120/90/13
2 18/4/2016 11:42 33.00 131.12 13.2 5.5 0.0 5.5 44/79/-175 313/85/-11
3 19/4/2016 08:52 32.55 130.54 13.3 5.3 0.0 5.3 36/73/-177 305/87/-17
4 19/4/2016 11:47 32.62 130.56 16.1 4.9 0.0 4.8 21/77/179 112/89/13
5 5/5/2016 01:40 33.02 130.92 24.4 4.9 0.0 4.6 49/60/-179 318/89/-30
6 12/2/1994 17:07 32.03 130.33 15.0 5.4 4.7 5.3 179/89/-179 89/89/-1
7 26/3/1997 08:31 32.04 130.09 29.8 6.1 5.6 5.9 8/89/179 98/89/1
8 2/4/1997 19:33 31.82 130.17 15.0 5.4 5.1 5.0 2/70/166 97/77/20
9 13/5/1997 05:38 32.00 130.26 16.2 6.0 5.6 5.8 280/75/-14 14/77/-164
10 5/12/1983 01:53 32.29 131.64 31.5 5.4 5.0 5.5 340/9/-151 221/86/-82
11 6/8/1984 19.06 32.34 131.94 28.5 6.9 6.2 6.8 337/7/-136 203/85/-85
12 12/5/1985 10:41 32.83 132.52 38.9 5.5 5.7 5.2 0/33/-103 195/58/-82
13 18/3/1987 03:36 31.94 131.77 38.0 6.0 6.5 6.6 348/27/-103 182/64/-84
14 27/3/2006 02:50 32.70 132.02 22.2 5.5 5.3 5.7 315/5/-164 09/89/-85
15 5/8/2009 03:51 32.56 131.97 33.4 5.0 5.1 0.0 360/25/-90 180/65/-90
16 2/3/2017 14:53 32.69 131.82 48.7 5.2 0.0 5.3 334/25/-129 196/71/-74
17 30/6/1984 20:27 30.07 131.47 23.8 5.4 5.3 0.0 348/38/-107 189/54/-78
18 2/3/1985 08:45 30.54 132.15 17.9 5.3 5.3 5.1 6/32/-100 197/59/-84
19 27/9/1993 04:43 30.81 132.21 27.0 5.6 5.5 5.2 36/26/-55 177/69/-105
20 14/11/1995 17:08 31.48 133.10 28.8 5.0 5.1 4.2 199/45/-81 6/45/-99
21 16/7/2002 11:57 30.87 132.35 15.0 5.4 5.4 4.8 21/45/-70 173/48/-109
22 9/4/2011 12:57 30.04 131.84 12.2 6.0 6.1 6.0 358/36/-107 199/56/-78
23 13/2/2013 03:57 30.30 131.58 12.0 5.4 5.5 5.4 343/26/-134 211/72/-71
24 29/42 017 12:32 30.82 131.43 25.9 5.8 0.0 5.7 355/30/-133 201/62/-77
25 18/12/2017 23.:28 30.78 131.76 12.0 5.1 0.0 5.2 39/14/-63 191/77/-97
26 20/12/2017 13:40 30.77 132.14 12.0 5.5 0.0 5.5 352/42/-119 209/54/-66
27 21/12/2017 03:40 30.85 131.90 12.0 5.0 0.0 5.1 17/20/-98 205/70/-87
28 19/10/1996 08:31 31.82 131.89 38.8 5.5 5.4 5.0 94/22/67 38/69/99
29 2/12/1996 22:18 31.76 131.72 33.4 6.7 6.0 6.6 206/19/80 37/71/94

30 16/12/1998 00:18 31.17 131.54 27.0 6.0 5.5 5.6 198/13/63 46/78/96
31 31/5/2005 02:04 31.35 131.69 38.0 5.7 5.5 5.3 188/32/67 34/61/103
32 5/4/2009 09:36 31.78 132.06 33.5 5.8 5.8 5.8 209/24/89 31/66/91
33 11/3/2013 09:34 31.57 131.92 28.7 5.4 5.2 0.0 186/29/70 29/63/101
34 18/7/2015 17:13 31.16 131.64 34.7 4.8 0.0 4.7 187/35/67 34/58/05
35 16/5/2016 08:50 31.69 132.08 35.9 4.9 0.0 4.8 220/32/97 32/58/86
36 5/7/1982 08:57 30.77 130.47 119.0 5.5 5.7 0.0 304/10/173 41/89/80
37 23/9/1992 13:38 31.14 130.16 168.5 5.7 5.8 0.0 261/24/160 9/82/68
38 21/11/2005 15:36 30.97 130.31 155.0 6.2 5.9 0.0 253/17/159 4/84/75
39 3/9/2009 13:26 31.08 130.19 168.4 6.2 5.9 6.2 241/23/131 18/73/74
40 25/7/2012 17:20 31.05 130.37 137.6 5.0 5.0 0.0 247/38/168 347/82/52
41 16/10/2012 13:39 31.27 130.29 182.1 5.2 5.3 0.0 212/18/116 5/74/82
42 11/3/2013 05:35 31.21 130.40 175.7 5.0 4.7 0.0 245/14/148 6/83/78
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cross-sections perpendicular to the strike of the subduction zone,
the two-dimensional distributions of the earthquakes in different
areas of the subduction zone with respect to the profile distance
and depth can be obtained. Many of the slab earthquakes in SW
Japan are interpreted as having occurred within the subducted
oceanic crust (Wang et al., 2004). Thus, the distributions of seis-
micity can reflect the morphological characteristics of the sub-
ducting PS slab.

To better reveal the characteristics of the subducting PS slab
in different regions of southwest Japan, eight cross-sections are
constructed perpendicular to the strike of the subduction zone,
and two cross-sections are constructed parallel to the strike of the
subduction zone. The locations of the cross-sections and the dis-
tributions of the earthquakes are shown in Figs 3 and 5. Further-
more, the upper boundary of the subducting slab beneath south-
west Japan is delineated in the image on the basis of the slab
model (Slab 1.0), which is a three-dimensional compilation of
global subduction geometries based on a probabilistic non-lin-
ear fit to several data catalogs such as CMT solutions, historic
earthquakes, active seismic profiles, bathymetry and sediment
thickness (Hayes et al., 2012).

The heterogeneity of the earthquake revealed the difference
in the geometry of the subduction slab below Kyushu and
Shikoku. The depth of the upper boundary of the subducting PS
slab below southwest Japan gradually becomes shallower from
west to east and gradually changes from 430 km west of Kyushu

to 190 km in the Japan Sea (Figs 5 and 6a). The subducting PS
slab shows a sudden change in its subduction depth from 20-
50 km under Shikoku to 50-300 km under northern Kyushu. The
dip angle of the PS slab also changes from 10°-25° under Shikoku
to 25°-65° under northern Kyushu (Fig. 6b).

It is worth noting that on both sides of the inferred KPR, the
subduction depth and subduction angle have changed signific-
antly, especially on the northeastern flank (Fig. 6). Moreover, it
can be observed that the subduction angle of the Philippine slab
is obviously slowed at the Hyuganada region where the KPR sub-
ducts, which may be related to the thick and buoyant KPR. Seis-
mic gaps were observed at depths of 200 km and 100 km west of
the prolonged area of KPR along cross-sections I-I' and J-J' paral-
lel to the strike of the subduction zone, respectively. Seismic gaps
are also reflected in Sections A-A’, B-B’, and C-C' at a depth of 80—
100 km (Fig. 5).

4 Discussion

4.1 Response of gravity anomaly and seismicity to KPR subduc-

tion

The Shikoku Basin subducted beneath the northern Kyushu
and Shikoku along the Nankai Trough. However, the northern
part of the Kyushu subduction zone and Shikoku subduction
zone show significant geological and geophysical differences, es-
pecially in terms of gravity and seismicity.

The free-air anomaly reflects the differences in the shape and
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mass distribution between the actual Earth and Earth ellipsoid,
thereby reflecting the change trend of the bathymetry. However,
the bathymetry in the study area is not strongly related to the
free-air anomaly; in particular, the free-air anomaly is much
lower in the Kyushu forearc where the KPR subducts (which is re-
latively shallow) than that in the Nankai Trough (Fig. 2a). Fur-
thermore, the Shikoku forearc shows positive gravity anomalies,
while the Kyushu forearc corresponding to the KPR is character-
ized by significant negative gravity anomalies, and a negative an-
omaly depression appears off the Miyazaki Plain. Moreover, the
gravity anomaly variations in the Shikoku forearc are relatively
flat, whereas the gravity anomaly contours in the Kyushu forearc
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are relatively dense and vary considerably, especially in the Ky-
ushu forearc where the KPR subducts. These obvious differences
in the free-air anomaly indicate that the Kyushu forearc is under
the control of the mass distribution of deep structure. Chen et al.
(2014) suggested that the negative anomalies in the Kyushu fore-
arc may be related to the relatively thick accumulation of upper
crustal material above the subduction zone. Site 296 of the Deep
Sea Drilling Project and multi-channel seismic profiles reveal
that the sedimentary thickness above northern KPR is nearly 1
km (Karig and Ingle, 1975; Nishizawa et al., 2009). Thus, we be-
lieve that the young, buoyant KPR carrying a large volume of low-
density sediments is responsible for the low free-air anomalies.
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Fig. 6. Morphology of the upper boundary of the subducting PS slab beneath southwest Japan. a. Depth of the upper boundary of the
subducting PS slab. The green lines denote the upper boundary of the subducting PS slab estimated from the teleseismic tomography
(Zhao et al., 2012). b. Subduction angles of the subducting PS slab. The light pink ellipse shows a sudden change in the subduction

angle that may be related to the subduction of the KPR.
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Fig. 7. Comprehensive geophysical (Bouguer anomaly, free-air anomaly, and topography) sections perpendicular to the inferred KPR
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The geophysical cross-sections perpendicular to the exten-
sion of the inferred KPR suggest that the prolonged area of buoy-
ant KPR shows lower free-air anomalies and Bouguer anomalies
compared to the Shikoku forearc (Fig. 7). Furthermore, a negat-
ive Bouguer anomaly depression is observed in a prolonged area
of KPR, southeast of the Miyazaki Plain, corresponding to the
negative free-air anomaly depression. The Bouguer gravity an-
omaly includes the influence of various geological bodies and
structures that deviate from the normal density distribution in
the crust, and also includes the effect of loss or surplus relative to
the mass of the mantle due to the fluctuations in Moho depth.
The minimum negative Bouguer anomaly depression off the
Miyazaki Plain may indicate that this area represents the deep
Moho, which is confirmed by the Moho topography (Oda and
Ushio, 2007).

However, the gravity anomaly in the area marked with an el-
lipse in Fig. 2 is much lower than that in other prolonged areas of
KPR. Thus, in addition to the influence of the depth variation of
the Moho, the Bouguer anomaly must be affected by other
factors. The buoyant KPR composed of light volcanic rocks is
subducting beneath the eastern Kyushu, and the upper mantle of
the region must become low density (Oda and Ushio, 2007). Re-
cent studies have shown that the subduction of the KPR has im-
portant influences on the deformation and serpentinization in
the forearc mantle wedge within the Kyushu subduction zone

(Ichikawa, 1997; Xia et al., 2008; Abe et al., 2011; Xia et al., 2015).
The water content in the forearc mantle wedge is relatively high,
and the wedge has been subjected to different degrees of ser-
pentinization, which may also contribute to the lower Bouguer
anomaly in this area.

Comparative studies demonstrate that more earthquakes oc-
cur in the Kyushu subduction zone corresponding to the KPR
than in the Shikoku subduction zone. In addition, all earth-
quakes with a magnitude greater than 7 that have occurred in the
Kyushu forearc since the 1960s were concentrated in the area
overlying the inferred area of the subducting KPR (Fig. 3). The re-
latively high water content and high degree of serpentinization in
the Kyushu forearc (Abe et al., 2011, 2013; Xia et al., 2015) corres-
ponding to the KPR should have provided a ductile environment
for weak seismicity, but this is inconsistent with current seismic
coupling. The spatial distribution of the earthquakes is closely re-
lated to the seafloor relief (Shi, 1998; Kong et al., 2018). Bathy-
metry highs entering the subduction zone, such as seamounts
and aseismic ridges, can affect the magnitude, frequency and
spatial distribution of the earthquakes by adjusting the coupling
between the subduction plate and the overlying plate (Kelleher
and McCann, 1976; Scholz and Small, 1997; Watts et al., 2010;
Yamamoto et al., 2014). Thus, the relatively high number of
earthquakes near the KPR indicates that the subduction of the
KPR has a significant impact on the formation of earthquakes in
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this region. The concentration of thrust-type intermediate-mag-
nitude earthquakes in the Kyushu forearc suggests the potential
for locally large tectonic stresses along the contact zone between
the subducting ridge and the base of the overriding plate, which
is often conducive to a high moment release (Park et al., 2009).

The inhomogeneity of the earthquake distribution reveals
geometrical differences of the subducting slab beneath the Ky-
ushu and Shikoku. The PS slab shows a sudden change in its sub-
duction depth from 20-50 km under Shikoku to 50-300 km un-
der northern Kyushu. The dip angle of the PS slab changes from
10°-25° under Shikoku to 25°-65° under northern Kyushu (Fig. 6).
The different ages of the oceanic crust between the West Philip-
pine Basin and the Shikoku Basin can be responsible for the
changes in subduction depth and dip angle of the subducting PS
slab to a certain extent, but this disparity cannot explain the dif-
ference in the subduction depth and dip angle of the subducting
slab beneath northern Kyushu and Shikoku, because the diving
Shikoku Basin is below both. Thus, we consider it more likely that
the buoyant KPR, with a large volume of low-density sediments,
was responsible for the differences of the subduction depth and
dip angle of the subducting PS slab between northern Kyushu
and Shikoku.

4.2 Slab tear: Related to subduction of the KPR?

Special tectonic settings, such as young subducting slabs,
gentle dip angles, high geothermal gradients, and slab windows,
can lead to the dehydration and melting of hydrous minerals
(Defant and Drummond, 1990; Gutscher et al., 2000; Yogodzinski
etal., 2001; Chen et al., 2012). Adakites or adakite-like lavas have
been discovered in the Philippines (Sajona, 1993), the northern
part of the Tonga Trench (Falloon et al., 2008), the Central Amer-
ican arc (Bourdon et al., 2002; Defant et al., 1992; Reagan and
Gill, 1989), and the Kamchatka Peninsula (Kepezhinskas et al.,
1996, 1997). Each region mentioned above displays a slab win-
dow, and all of these cases exhibit similar tectonic settings (a ba-
thymetric high subducts with the slab) to that of southwest Japan.
The collision of bathymetric highs atop the seafloor with the
trench has been linked to tearing of the subducting slab (Bautista
et al., 2001; Mason et al., 2010). Thus, the adakites in northeast
Kyushu and southwest Honshu were attributable to the melting
of the subducted PSP. Furthermore, high-resolution seismic
tomography confirms that the high P-wave velocity anomaly is
interrupted by a low-velocity anomaly zone beneath Kyushu and
western Honshu (Fig. 8), and it is considered that this was the
result of the formation of the slab window which is related to the
subduction of the buoyant KPR and the motion change of the
PSP (Zhao et al., 2012; Huang et al., 2013; Cao et al., 2014).

However, the slab window beneath northeast Kyushu and
southwest Honshu cannot explain the adakites and high-magne-
sian andesites found in southwestern Kyushu. Seismic gaps were
found at depths of 200 km and 100 km west of the prolonged area
of KPR along cross-sections I-I' and J-J' parallel to the strike of
the subduction zone, respectively. Seismic gaps are also reflec-
ted in sections A-A’, B-B’, and C-C' at a depth of 80-100 km (Fig. 5).
These are similar to the seismic gaps observed beneath the North
Andean margin and the Savu Sea, and are thought to be related
to the subduction of the Carnegie Ridge and Scott Plateau
(Gutscher et al., 1999; Ely and Sandiford, 2010), respectively. The
subduction angle change dramatically beneath southern Kyushu.
Low velocity anomalies were observed west of Kyushu Island
based on the seismic tomography (Sadeghi et al., 2000; Zhao et
al., 2000), and it is considered that this was related to the up-

welling of hot mantle. Low-sulfidation epithermal gold deposits
and high-sulfidation gold deposits were discovered in southwest
Kyushu, and Cooke et al. (2005) believed that the porphyry de-
posits may have formed in southwest Kyushu but that the degree
of uplift and exhumation was not sufficient to expose the por-
phyry system in this area. The adakite magmas formed by partial
melting of the oceanic crust have high copper and gold contents,
which are conducive to the formation of porphyry copper and
gold deposits (Cooke et al., 2005; Sun et al., 2010). Therefore, the
gold deposits in southwest Kyushu may be the result of the par-
tial melting of the subducting PSP related to KPR subduction. In
summary, the seismic gaps, subducted slab morphology, low ve-
locity anomalies, and distribution of adakites and gold deposits
in southwest Kyushu indicate that slab tear may have occurred
beneath southwest Kyushu along the west side of the KPR.

The young (<30 Ma), warm Shikoku Basin to the east of the
KPR is subducting beneath northern Kyushu, while the old (>45 Ma),
cold and dense West Philippine Basin to the west of the KPR is
subducting beneath southern Kyushu (Fig. 1). Differences in the
lithosphere density produce different slab pull forces, which can
be responsible for slab tear. However, if the difference in the
lithosphere density between the Shikoku Basin and the West
Philippine Basin is the only factor causing slab tear, then theoret-
ically, there will be only one tear or slab window under Kyushu.
However, the large-scale slab window that exists under Kyushu
cannot be supported by current geophysical and geochemical
data. Therefore, we believe that the KPR plays an important role
in the slab tear, which favors a two-tear model (Fig. 9).

As a bathymetric high lies on the PSP, the KPR with excess
mass may be relatively buoyant, while the cooled subducting slab
segments on either side boast a higher density and a larger slab
pull than those of the ridge (Fig. 9). The buoyancy difference
between the KPR and the slab segments on both sides gradually
increases with depth, leading us to speculate that tears occur
along the flanks of the KPR. Then, hot mantle material surges
through these cracks, and the slab edges are heated and melted
to form adakitic magmas (Yogodzinski et al., 2001). These adakit-
ic magmas then interact with the peridotite of the overlying
mantle wedge to form high-magnesian andesites, which explains
the coexistence of high-magnesian andesites and adakites.

5 Conclusions

In this paper, the gravity anomalies and seismicity of the Ky-
ushu and Shikoku areas of southwest Japan are described in de-
tail. By comparing the geological and geophysical differences
between Shikoku subduction zone and Kyushu subduction zone
where the KPR subducts, the tectonic significance of KPR sub-
duction under Kyushu is discussed. The principal conclusions
are as follows.

(1) Significant negative free-air and Bouguer gravity anom-
alies are observed in a prolonged area of KPR, southeast of the
Miyazaki Plain, indicating that this is where the KPR overlaps the
overriding plate. The gravity anomaly in this area is much lower
than that in other areas where the inferred KPR extends, suggest-
ing the subduction of the buoyant KPR may cause the lower
mantle density to decrease.

(2) The CMT mechanism of earthquakes shows that the stress
is concentrated in the accumulated crust beneath the Kyushu
forearc where the KPR subducts, and the shallow thrusting
events in the obducting plate are caused by the KPR subduction.
More earthquakes have occurred in the Hyuga-nada where the
KPR subducts than in Shikoku forearc and other areas in the Ky-
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ushu forearc, indicating that the subduction of the KPR en-  depth and dip angle of the subducting PS slab between northern
hances the local coupling between the subducting and overrid-  Kyushu and Shikoku. The seismic gaps and the sudden change of
ing plates. the dipping angle of the subducting PS slab indicate that slab tear

(3) The buoyant KPR, with a large volume of low-density sedi-  may have occurred along the west side of the KPR beneath south-
ments, was responsible for the differences of the subduction = west Kyushu, which provides a reasonable explanation for the
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Fig. 9. 3-D view of the two-tear model for the subducting KPR.
See Fig. 1 for abbreviations.

low velocity anomalies, and the distribution of adakites and gold
deposits in southwest Kyushu. A two-tear model was proposed,
and the subduction of the buoyant KPR was believed to play an
important role in the slab tear.
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