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Abstract

Reconstructing the history of Philippine Sea (PHS) plate motion is important for better understanding of the tecton-
ics of the surrounding plates. It is generally considered that the PHS plate migrated northward since Eocene, but its
rotation has not been constrained well; some reconstructions incorporated a large clockwise rotation but others did
not. This is mainly because the difficulty of collecting oriented rocks from the mostly submerged PHS plate hindered
establishing an apparent polar wander path. In this study, we conducted a paleomagnetic study of oriented cores
taken using an ROV-based coring apparatus from the Hyuga Seamount on the northern part of the Kyushu-Palau
Ridge, a remnant arc in the stable interior of the PHS plate. Stepwise thermal and alternating-field demagnetizations
were applied to specimens taken successively from two ~30 cm long limestone cores of middle to late Oligocene
age, and characteristic remanent magnetization directions could be isolated. Declination and inclination of D=51.5°
and /=39.8° respectively, were obtained as the mean of the two cores. The easterly-deflected declination means~ 50°
clockwise rotation of the PHS plate since middle to late Oligocene. In addition, ~ 5° latitudinal change of the site is
estimated from the mean inclination. The result implies that the Kyushu-Palau Ridge was located to the southwest of
the present position in middle to late Oligocene, and that PHS plate rotation as well as the Shikoku and Parece Vela
Basin spreading contributed to the eastward migration of the Izu-Ogasawara (Bonin) Arc to the current position.
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Introduction

The Philippine Sea (PHS) plate has interacted with the
surrounding plates since its birth, and thus reconstruct-
ing its development is important for better understand-
ing the related tectonics, for example, Pacific plate
subduction initiation in Eocene and subsequent backarc
spreadings (Ishizuka et al. 2011, 2018; Lallemand 2016),
and the development of the Southwest Japan arc (e.g.
Kimura et al. 2005,2014; Mahony et al. 2011). Studies on
PHS plate motion reconstruction have a long history for
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about 40 years since Seno and Maruyama (1984). Based
mainly on paleomagnetic inclination data of cores drilled
from the PHS plate seafloor by the Deep Sea Drilling Pro-
ject (DSDP) and Ocean Drilling Program (ODP) (Louden
1977; Kinoshita 1980; Keating and Herrero 1980; Keating
1980; Bleil 1982; Haston et al. 1992; Koyama et al. 1992;
Richter and Ali 2015), it is generally considered that the
PHS plate was located near the equator in Eocene, and
migrated northward since then with expanding its area by
backarc spreading of the West Philippine basin from ~ 50
to 35 Ma and Parece Vela and Shikoku basins from ~ 30 to
15 Ma (Hall et al. 1995; Deschamps and Lallemand 2002;
Yamazaki et al. 2010). However, its rotation has not been
constrained well. Some reconstructions incorporated
a large clockwise rotation (Hall et al. 1995; Deschamps
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and Lallemand 2002; Sdrolias et al. 2004), whereas oth-
ers did not (Xu et al. 2014; Zahirovic et al. 2014). A
recent study that took account of already subducted slabs
deduced from seismic tomography presented two alter-
native reconstructions with and without rotation (Wu
et al. 2016). If the Pacific plate has subducted under-
neath the PHS plate continuously since ~50 Ma, a large
clockwise rotation of the PHS plate requires a large roll
back of the Pacific plate, which is not consistent with
the amount of Pacific slab materials inferred from seis-
mic tomography (Zahirovic et al. 2014; Wu et al. 2016).
This is the main reason for that the model of Zahirovic
et al. (2014) and the model 2 of Wu et al. (2016) did not
adopt a large clockwise PHS plate rotation. The model 1
of Wu et al. (2016) (their preferred model), which incor-
porated a large clockwise PHS plate rotation, introduced
an already subducted plate between the PHS and Pacific
plates, which reconciles with the constraint from seismic
tomography.

An established method for a plate motion reconstruc-
tion is to construct an apparent polar wander path based
on paleomagnetism. However, it was difficult to obtain
oriented samples for paleomagnetic measurements from
the stable interior of the PHS plate, because it is a mostly
submerged oceanic plate. Some paleomagnetic studies
showed easterly deflected declinations using rocks from
the margins of the plate, Izu—Ogasawara (Bonin) and
Mariana forearc (Kodama et al. 1983; Haston and Fuller
1991) and Indonesia (Hall et al. 1995), but they were not
conclusive, because the studied areas are tectonically
active and the paleomagnetic directions obtained may
have been influenced by local block rotations. An analy-
sis of marine magnetic anomaly skewness also suggested
a clockwise rotation (Shih 1980). However, an increased
amount of data since then resulted in revisions of anom-
aly chron identification and seafloor spreading directions
(Deschamps and Lallemand 2002; Taylor and Good-
liffe 2004; Sasaki et al. 2014). Because skewness analyses
strongly depend on seafloor spreading directions, the
result of Shih (1980) is rather outdated now.

In this paper, we present a paleomagnetic direction of
Oligocene age from the Kyushu-Palau ridge in the PHS
plate (Fig. 1), and discuss its rotation. The Kyushu-Palau
ridge is a remnant arc, which was active from~48 to
25 Ma before the opening of the Shikoku and Parece-
Vela basins (Ishizuka et al. 2011). This is the first paleo-
magnetic direction data based on fully oriented cores
collected from the stable interior of the PHS plate. We
utilized an ROV-based coring apparatus introduced
below for taking oriented cores. Collecting oriented
rocks from the seafloor was attempted before by measur-
ing strikes and dips (Hurst et al. 1994), but the technique
was not used widely.
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Apparatus for obtaining oriented cores

from the seafloor

An ROV-based coring apparatus recently developed by
KOKEN BORING MACHINE CO. LED. was used for
taking oriented cores from the seafloor (Fig. 2a). The
maximum penetration length is 37 cm, which enables to
drill target rocks covered with relatively thick manganese
(Mn) crust. The core diameter is 3 cm. The drilling rod
consists of an inner pipe and an outer pipe with a drill bit
(Fig. 2b). The inner pipe does not rotate, which enables
coring of soft rocks such as limestone. The inside of the
inner pipe is not straight but slightly inclined at a certain
point of the pipe to snap off a core from bedrock. The
inner pipe has a hard chip at its entrance to mark an ori-
entation line to a core (Fig. 2d). The direction and incli-
nation of the orientation line are measured with a sensor
unit (a magnetic compass and inclinometer) placed on
the frame of the corer. Using this technique, we can
obtain fully oriented cores such as those used for onshore
paleomagnetic research. Refer Tajima et al. (2020) for
more information of the coring apparatus.

Samples
Dive 2092 of the ROV Hyper-dolphin, owned and oper-
ated by Japan Agency for Marine-Earth Science and
Technology, was conducted during the KS-19-8 cruise
of R/V Shinsei-maru in 2019. Five cores with orienta-
tion lines were drilled on the northern flank (1929 m
in water depth) of the Hyuga seamount in the northern
part of the Kyushu-Palau ridge at 27°59.36'N, 134°45.13'E
(Figs. 1 and 2c). The drilling site is covered with Mn crust
(Fig. 2a). The distance between Cores 1 and 2 are a few
meters or less, and the locations of Cores 3 and 4 are
several meters apart from Cores 1 and 2. The lengths of
Cores 1 and 2 are 28.5 and 31.5 cm, respectively, exclud-
ing surface Mn crust of a few centimeters. Cores 3 and
4 are 15 and 12 cm long, respectively, and have thicker
Mn crust of ~10 cm. These cores consist of silty or sandy
limestone. Only Mn crust was recovered for Core 5. The
age of the recovered limestone is estimated to be middle
to late Oligocene from calcareous nannofossil: NP23-25
(32.0-24.4 Ma according to the timescale of Expedition
320/321 Scientists 2010) for Core 2 at~25 cm in depth
and NP25 (26.8-24.4 Ma) for Core 3 at~12 cm (Addi-
tional file 1: Table S1). These ages are close to the timing
of the final phase volcanism on the Kyushu-Palau ridge
and an “Ar/*Ar age (29.25+0.22 Ma) of a volcanic rock
from the Hyuga seamount (Ishizuka et al. 2011). This
indicates that the deposition of the limestone occurred
soon after the formation of the seamount.

The cores were sliced at about 2 cm intervals with a
diamond saw, and two rectangular specimens for paleo-
magnetic measurements were cut from each slice; the
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Fig. 1 Shaded relief map of the Philippine Sea plate and the location of the sampling site (red square). Around the Hyuga seamount is enlarged in
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(b)

QOuter rod

Inner rod

< Drill bit

Marker

Fig. 2 Coring apparatus and drilled cores. a The coring apparatus drilling the seafloor covered with manganese crust and a core rack installed on
the ROV Hyper-dolphin, b cross section of the drilling rod, ¢ photo of the cores collected during the Dive 2092 of the ROV Hyper-dolphin, and d

size of each specimen is approximately 2 cm in length,
1 ¢cm in width, and 2 c¢cm in height. One specimen from
each horizon was devoted to thermal demagnetization
and the other to alternating-field (AF) demagnetization.
An exception is at 4 cm in depth of Core 1, where only
one specimen was cut and only AF demagnetization was
applied.

Paleomagnetic measurements and results

Paleomagnetic measurements were conducted at the
Center for Advanced Marine Core Research, Kochi Uni-
versity, using a cryogenic magnetometer (2G Enterprises
model 755), a thermal demagnetization oven (Natsuhara-
Giken TDS-1), and an AF demagnetizer (Natsuhara-
Giken DEM-95). Stepwise thermal demagnetization was
carried out at 30° to 35 °C intervals up to 600 °C, and AF

demagnetization was carried out at an interval of 5 mT
from 5 to 40 mT then an interval of 10 mT up to 80 mT.
For Cores 1 and 2, characteristic remanent magnetization
(ChRM) was resolved in both AF and thermal demag-
netizations after removal of a soft secondary component
in the first few demagnetization steps (Fig. 3). ChRM
directions were determined using principal component
analysis (Kirschvink 1980). Maximum angular dispersion
(MAD) ranges from 5° to 22° (Fig. 4). For Cores 3 and
4, stepwise thermal and AF demagnetizations showed
unstable magnetization, and ChRM was not resolved
(Additional file 1: Fig. S1). Cores 3 and 4 are less stiff and
more fragile compared with Cores 1 and 2. This suggests
that Cores 3 and 4 may have suffered from weathering,
which might be a cause of the unstable magnetization.

(See figure on next page.)

Fig. 3 Examples of stepwise thermal (left) and alternating-field (AF) (right) demagnetizations of samples from HD2092 Cores 1 and 2. Open (solid)
circles are projection of vector endpoints on the vertical (horizontal) plane. Data points of temperature or AF steps adopted for calculation of
characteristic remanent magnetization direction are colored, and those not used are in gray. Numbers attached to the data points are the peak

temperature (°C) or peak AF (mT)
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The ChRM declinations and inclinations obtained from
thermal and AF demagnetizations agree with each other
within the uncertainties represented by MAD (Fig. 4a and
b). Easterly deflected declinations were observed com-
monly in the both cores. No depth-dependent directional
variations are recognized except for a declination jump of
about 180° at 23 cm in depth of Core 2. The ~180° decli-
nation jump appears only for two specimens from a single
horizon and does not accompany any inclination change.
A geomagnetic polarity reversal or excursion recorded in
sediments usually accompany a remanent magnetization
intensity decrease, which is caused by the filtering effect
inherent to depositional remanent magnetization acqui-
sition (e.g. Lovlie 1976; Hyodo 1984) in addition to an
actual geomagnetic intensity decrease during a reversal.
However, no remanent intensity drop occurs at or near
the declination jump (Fig. 4a and b). Hence we consider
that this is likely caused by miss-orientation of the speci-
mens at cutting rather than a geomagnetic reversal or
excursion. We excluded these two specimens from the
calculation of the average paleomagnetic direction.

The mean declination and inclination of Core 1 are
56.4° and 40.6°, respectively, with the 95% confidence
angle (og;) of 12.6°. Those of Core 2 are 46.8° and 38.8°
with ags of 12.5°. The paleomagnetic directions of Cores 1
and 2 coincide within the uncertainties (Fig. 4c). D=51.5°
and /=39.8° were obtained as the mean of Cores 1 and 2.
The inclination corresponds to the paleolatitude of 22.6°.

Discussion

We have successfully obtained oriented cores of lime-
stone from the seafloor using the ROV-based coring
apparatus. Oriented cores are crucial for research on
paleomagnetism, and also demanded for studies on
structural geology. The coring apparatus can be used
widely for such studies on the seafloor. This is also useful
for obtaining rocks underneath a thick Mn crust cover,
which is often the case for rocks of older ages.

The paleomagnetic directions of the two cores from
the Hyuga seamount showed easterly deflected decli-
nations, the mean of 51.5°. This is the first paleomag-
netic direction data based on fully oriented cores from
the seafloor in the stable interior of the PHS plate. The
declination indicates that the PHS plate rotated ~50°
clockwise since middle to late Oligocene. This generally
agrees with the estimation from previous declination
data obtained from the PHS plate margins (Fig. 5b),
which suggests that the influence of local tectonics on
the paleomagnetic data from the plate margins may
be small. This supports the PHS plate reconstructions
incorporating a large clockwise rotation (Hall et al.
1995; Deschamps and Lallemand 2002; Sdrolias et al.
2004). There are two different views regarding the
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timing of the rotation and the paleopositions of the
Kyushu-Palau ridge and Izu—Ogasawara (Bonin) arc.
In one view, the rotation of the PHS plate had almost
been completed by the initiation of the Shikoku and
Parece Vela basin rifting at~30 Ma, and the Kyushu-
Palau ridge (proto-Izu—Ogasawara arc) was located
near the present position south of Kyushu island
(Maruyama et al. 1997; Kimura et al. 2005). According
to this model, the Izu—Ogasawara (Bonin) arc moved
eastward with the spreading of the Shikoku and Parece
Vela basins, and reached in the vicinity of the current
position at the completion of the spreading at~ 15 Ma.
This model is concordant with the idea that the bending
of the Median Tectonic Line in the eastern part of the
Southwest Japan arc, called the Kanto syntax, started
around 15 Ma by a collision with the Izu—Ogasawara
(Bonin) arc associated with the opening of the Japan
Sea (Takahashi and Saito 1997; Otofuji et al. 1999).
Alternatively, the Kyushu-Palau ridge was located to
the southwest of the current position at the onset of the
Shikoku and Parece Vela basin spreading (Fig. 5¢), and
the PHS plate rotation and eastward movement of the
Kyushu-Palau ridge continued successively (Hall et al.
1995; Sdrolias et al. 2004; Mahony et al. 2011; Kimura
et al. 2014). This model is consistent with the result of a
sediment provenance study that middle Miocene sedi-
ments of the Nankai Trough were partly derived from
the North China Craton (Clift et al. 2013). According
to this model, the eastward motion of the Izu—-Ogasa-
wara (Bonin) arc may have continued even after the
cessation of the Shikoku and Parece Vela basin spread-
ing. Our paleomagnetic result supports the latter
reconstruction.

The paleolatitude of 22.6° obtained from the two
cores is consistent with the previous estimation (19.9°)
from a nearby core on the Hyuga Seamount (Yamazaki
et al. 2010). Compared with the present latitude of the
coring site (~28°N),~5° latitudinal shift since middle
to late Oligocene is estimated. Our estimation over-
laps with the previously reported latitudinal changes
(Fig. 4a), but it is near the smallest end of the data dis-
tribution. In some previous PHS plate reconstructions
(Hall 2002; Sdrolias et al. 2004), the present northern
part of the Kyushu-Palau ridge was estimated to be
located at~15°N at that time. The paleolatitudes of
the Hyuga seamount in this study and Yamazaki et al.
(2010) suggest that the paleoposition of the northern
part of the Kyushu-Palau ridge in the previous recon-
structions may be too far south.
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Fig. 4 Results of paleomagnetic measurements. From left to right, declination, inclination, maximum angular dispersion (MAD), intensity of natural
remanent magnetization before demagnetization, and magnetic susceptibility (MS) with depth of Core 1 (a) and Core 2 (b) collected during the
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Conclusions

We successfully obtained oriented cores from the Hyuga
seamount on the Kyushu-Palau ridge in the stable inte-
rior of the PHS plate using an ROV-based coring appa-
ratus. Paleomagnetic declinations from two limestone
cores showed that the PHS plate rotated ~50° clockwise
since middle to late Oligocene. Inclinations suggest~5°
latitudinal change of the Hyuga seamount. It is estimated
that the Kyushu-Palau ridge was located to the south-
west of the present position in middle to late Oligocene,
and moved eastward subsequently to the present posi-
tion with the PHS plate rotation. It is estimated that the
PHS plate rotation as well as the Shikoku and Parece Vela
basin spreading contributed to the eastward shift of the
Izu—Ogasawara (Bonin) arc to the present position.

Abbreviations
AF: Alternating field; MAD: Maximum angular dispersion; PHS: Philippine Sea;
ROV: Remotely operated vehicle.
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