
1. Introduction
East Asia has witnessed the birth and demise of oceanic plates at least, during the latest 500 million years. 
Subduction of numerous oceanic plates: Eurasian (Amur), Pacific, North America (Okhotsk), Indo-Austral-
ia, Caroline, and Philippine Sea plates formed a complex collage of ophiolites, volcanic arcs, orogenic belts, 
and continental fragments (i.e., terranes, blocks, and massifs) over East Asia (e.g., Hutchison, 1989; Isozaki 
et al., 2010; Maruyama & Seno, 1986; Metcalfe, 2011; Pastor-Galán et al., 2021; Seno & Maruyama, 1984; Wu 
et al., 2016). In addition to the onshore geological features, many different oceanic plates have been sub-
ducting since the Mesozoic until today, and left a mantle fingerprint that allows us to study and recognize 
several of these long-gone plates through mantle tomography (e.g., Li et al., 2008; Liu et al., 2020; Wu & 
Wu, 2019; Zahirovic et al., 2014). Altogether, East Asia represents one of the top places where we can inves-
tigate several of the long-standing problems of plate tectonics, including how plates reorganize, how a new 
super-oceanic plate develops, or how and when subduction initiates and terminates.

Ophiolites, fragments of the oceanic lithosphere on land, are the only providers of direct information about 
the subducted oceanic crust and are crucial to decipher the evolution of tectonic processes that occurred 
at seafloor spreading centers and subduction zones (e.g., Ishiwatari, 1994; Dilek, 2003; Furnes et al., 2020). 
The Mineoka Ophiolite Mélange (MOM) in the Boso Peninsula, Japan (Figure 1a) is an ophiolite mélange 
that tectonically emplaced in a unique tectonic setting where the Pacific, Philippine Sea Plate, Eurasia, and 
North American plates meet. This ophiolite mélange emplaced in the Japanese forearc together with the 
Cretaceous–Cenozoic Shimanto accretionary complex, by the Izu–Bonin collision zone, and also close to 
the trench–trench–trench type Boso triple junction in the NW Pacific (Hirano et al., 2003; Mori et al., 2011; 
Ogawa & Takahashi,  2004; Ogawa & Taniguchi,  1987; Takahashi et  al.,  2003). The ophiolite mélange 

Abstract The Mineoka Ophiolite Mélange is located at the intersection of the Pacific, Philippine Sea, 
Eurasian, and North American plates. The Mineoka ophiolite origin is disputed, and it has been ascribed 
to a fully subducted plate or part of the Pacific and Philippine Sea plates. In this paper, we present a 
kinematic reconstruction of the Mineoka Ophiolite Mélange and its relation with the Pacific Plate, based 
on new paleomagnetic data and bulk-rock 40Ar/39Ar ages of basaltic rocks. In addition to standard analyses 
for paleolatitudes, we performed a Net tectonic rotation analysis on sheeted dolerite dikes to infer the 
paleospreading direction that formed the ophiolite. The analysis shows that 85–80 Ma MOR pillow basalts 
erupted at a paleolatitude of N ∼16°, whereas ∼50 Ma basalts formed at N ∼34°. Net Tectonic Rotation 
analysis suggests that the spreading direction was NE 60°. Ar–Ar ages yielded 53–49 Ma for MORBs and 
41–35 Ma for island-arc basalts. The formation of this ophiolite occurred in the back-arc spreading of the 
Nemuro–Olyutorsky arcs of the NW Pacific. It infers that the final consumption of Izanagi below Japan 
instigated a subduction jump and flipped its polarity. Subduction initiated parallel to the ridge, and a piece 
of the original back-arc crust got trapped near the Japan trench during the northwards motion of the 
Philippine Sea Plate. The contrasting motion between the Pacific and the Philippine Sea plates generated 
a highly unstable setting followed by a subduction zone that left a small-sized and short-lived plate 
(“Mineoka”), surrounded by subduction zones.
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continues to the Miura Peninsula, the Kobotoke Mountains, and ends in the eastern Shizuoka City. It has 
been referred to as the “Circum-Izu Massif Serpentinite Belt” (Arai, 1994; Arai & Ishida, 1987) and currently 
as the Mineoka–Setogawa Ophiolitic Mélange (Ishiwatari et al., 2016). The origin and provenance of the 
MOM are controversial with different hypotheses, including (1) fragments of the abyssal peridotite beneath 
the Shikoku Basin in the Philippine Sea Plate and uplifted during the collision (Arai, 1991); (2) ophiolite ser-
pentinites are upwelled seamount serpentinites of IBM arcs by occurrence mode similarities with IBM sea-
mounts (Fujioka et al., 1995); (3) an independent “Mineoka Plate” due to the discrepancy of igneous rock 
ages and pelagic covers in the “Mineoka Belt” and the Pacific, and Philippine Sea Plate (Hirano et al., 2003; 
Mori et al., 2011; Ogawa & Takahashi, 2004; Ogawa & Taniguchi, 1988), which would be the origin of the 
MOM. These hypotheses are mainly based on their lithostratigraphic features, structures developed during 
accretion, geochronology of igneous and metamorphic rocks, and their geochemical signatures. To fully 
understand the origin and history of the MOM, spatial and kinematic constraints and its integrity with plate 
tectonic reconstructions are necessary.

In this paper, we present the new paleomagnetic data from pillow basalts and dolerite dikes from the MOM, 
and the subsequent kinematic evolution until its emplacement, and its link with the Japanese subduction 
system and the neighboring plates.
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Figure 1. (a) Tectonic map of oceanic plates in the East Asia and location of the Mineoka Ophiolite Mélange (modified from Harada et al., 2021; Ishiwatari 
et al., 2016; Tsujimori & Liou, 2005). AP- Amami Plateau; DR- Daito Ridge; ODR- Oki Daito Ridge; UR- Urdaneta Ridge; BR-Benham Rise; KPR- Kyushu-Palau 
Ridge. (b) Geotectonic subdivision of the Japanese Islands (modified after Pastor-Galán et al., 2021).
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2. Geological Setting
2.1. Overview of the Oceanic Plates of the Western Pacific

Oceanic crustal activity around Japan is controlled by the subduction, and interaction of the Pacific, Eur-
asian, North American, Philippine Sea, and smaller plates and blocks (Okhotsk, Amur, Kuril, etc.,), and 
other already vanished oceanic plates (e.g., Izanagi) (Figure 1a).

2.1.1. Pacific Plate

The Pacific Plate is a complete oceanic plate with Jurassic to present day oceanic crust and a large num-
ber of seamounts and oceanic islands, where many of them plume derived (e.g., Hirano et al., 2003; Ichi-
yama et  al.,  2008; Tatsumi et  al.,  2000). The plate was generated in the Early Jurassic (∼190  Ma), in a 
triple junction between the presently extinct Farallon, Izanagi, and Phoenix plates (e.g., Boschman & van 
Hinsbergen, 2016; Seton et al., 2012), where the growth accelerated during the Aptian (Cretaceous) (e.g., 
Engebretson et al., 1985; Wright et al., 2016). Spreading began along the E–W trending Kula–Pacific and 
NE–SW trending Kula–Farallon mid-ocean ridges (e.g., Whittaker et al., 2007; Woods & Davies, 1982) and 
the Kula–Pacific mid-ocean ridge continued until ∼40 Ma, then Kula Plate almost completely subducted be-
neath the North American Plate (Fuston & Wu, 2020; Lonsdale, 1988; Müller et al., 2016). The subduction of 
the Pacific–Farallon plates led to a complex system that included several Farallon heired microplates (e.g., 
Juan de Fuca, Vancouver, Cocos, Nazca), ridge jumping, propagating (Seton et al., 2012), and fragmental 
subduction of the dominant part beneath the North and South America continuing until the present day 
(e.g., Sigloch & Mihalynuk, 2013).

In the NW Pacific, at ∼85 Ma, an intra-oceanic arc (Nemuro–Olyutorsky) formed above a southeast dip-
ping subduction (Domeier et al., 2017; Vaes et al., 2019). Vaes et al. (2019) suggested that this subduction 
initiated along the detachment fault near and parallel to the Izanagi–Pacific spreading ridge following the 
model shown on Vardar Ophiolites of Greece and Serbia (Maffione & van Hinsbergen, 2018). Olyutorsky 
arcs migrated rapidly northwards with trench roll-back, until Izanagi–Pacific ridge subduction and arrived 
at a similar latitude with Kamchatka by the ∼50 Ma (Levashova et al., 2000) and resulted an arc-continent 
collision (Domeier et al., 2017; Solov’ev et al., 2011). After the collision, on the outboard side of the accreted 
Olyutorsky arcs, the Pacific Plate started to subduct below East Asia with a north-dipping polarity, in the 
back-arc lithosphere of former southward subduction, as it became easy to rupture by mantle advection of 
the previous subduction.

The Pacific slab, that subducted after Izanagi–Pacific ridge, is visible on mantle tomography, as a 2,500 km 
long, west-dipping flat slab below Japan, located in the upper mantle, and is disconnected from deeper 
anomalies in the lower mantle (Seton et al., 2015; van der Meer et al., 2018). However, the plate kinematics 
of Izanagi–Pacific ridge subduction, exact timing, and orientation of the plate boundaries are under debate 
with several options including: (1) strongly oblique to the Japanese coast (e.g., Maruyama et al., 1997), (2) 
almost parallel to it (e.g., Liu et al., 2020; Seton et al., 2015; Whittaker et al., 2007; Wu & Wu, 2019), and (3) 
a marginal sea closure which would not include ridge subduction below Japan (Domeier et al., 2017). Ridge 
subduction would have caused a slab detachment that possibly triggered a plate-driven force change and a 
change into the mantle flow in the area of East Asia.

The former Izanagi-Pacific spreading ridge preserved in the forearc basin of the nascent subduction zone, 
restored and marks the Pacific–Olyutorsky plate boundary. To the south, the Pacific Plate has steadily con-
verged under the Philippine Sea Plate at least since 52 Ma (Figure 1a). It has formed Izu–Bonin–Mariana 
oceanic island arcs that extend from Honshu, Japan to Guam and a succession of magmatic episodes of sub-
duction initiation, normal arcs, several periods of seafloor rifting and spreading from 52 to 31 Ma (Ichiyama, 
Ito, Tamura, & Arai, 2020; Ishizuka et al., 2013). The Neogene tectonic events of the NW Pacific include the 
opening of the Japan Sea, Kuril, and Komandirovsky back-arc basins of Sakhalin (e.g., Vaes et al., 2019).

2.1.2. Okhotsk Plate (North American Plate)

The Okhotsk Plate is a putative minor plate that would cover the Okhotsk Sea, Far East Russia, and NE 
Japan (Maruyama et  al.,  1997; Rodnikov et  al.,  2013). The origin of the Okhotsk Plate is unclear. Seno 
et al. (1996) suggested that it is part of the North American Plate. A group of researchers suggested that it 
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is an independent microplate, based on its different kinematics from the North American Plate (e.g., Apel 
et al., 2006).

2.1.3. Philippine Sea Plate

The Philippine Sea Plate is an oceanic plate surrounded by the Pacific and Eurasia plates to the east and west 
and by the Sunda, Indo-Australian, and Caroline plates to the south (Figure 1a; Seno & Maruyama, 1984; 
Wu et al., 2016). The plate boundaries are all convergent: Along its western margin, the Philippine Sea Plate 
is subducting beneath the Eurasian Plate, at the Philippine, Manila, Ryukyu trenches, and the Nankai and 
Sagami trough to the north. On its eastern margin, it overrides the Pacific Plate at the Izu–Bonin–Mariana, 
Yap, and Palau trenches (e.g., Wang et al., 2008). Absolute plate motion of the present Philippine Sea Plate 
is ∼6–11 cm/yr, to the WNW, quicker than that of the Eurasia, and comparable to the abutting Pacific and 
Caroline Plate motions (9.5–11 cm/yr) (Argus et al., 2011; DeMets et al., 2010).

The inception of the Philippine Sea Plate is enigmatic. Ishizuka et al. (2013) and Wu et al. (2016) proposed 
that the plate originated above an active plume either Oki-Daito or Manus. The origin of “Oki-Daito plume” 
at 52–50 Ma and the prospective inception of the Philippine Sea Plate could be linked to the Izanagi–Pacific 
ridge subduction and detachment that produced a subsequent plate-reorganization with a regional mantle 
flow change (Lallemand, 2016; Seton et al., 2015; Wessel et al., 2015), with the subduction initiation of the 
dense Pacific lithosphere along the transform fault system.

The Philippine Sea Plate consists of three oceanic basins, with rises and plateaus, fracture zones, spreading 
ridges, and several oceanic arcs and arc-relics with ages ranging from Late Cretaceous to Neogene. The 
oceanic basins are younging eastward (e.g., Lallemand, 2016). The opening of the West Philippine Basin 
occurred between 55 and 26 Ma (Deschamps & Lallemand, 2002; Sasaki et al., 2014). After the spreading 
of the West Philippine Basin, the Shikoku and Parece-Vela basins rifted from ∼29 Ma as a “twin back-arc” 
opening, possibly triggered by slab rollback of the Pacific Plate accompanied by the rotation of the Phil-
ippine Sea Plate (Sdrolias et al., 2004). The N–S oriented, Kyushu–Palau Ridge separates these two basins 
(Figure 1a; Tokuyama, 1986). The Mariana Trough has spread as a back-arc basin with rates of 20 mm/yr in 
the north, to 40 mm/yr in the south from ∼8 Ma (Asada et al., 2007; Deschamps et al., 2005).

The plate also includes leftovers of previous island arcs and plume magmatism (Figure 1a). To the north of 
the Western Philippine Basin comprised Cretaceous arc remnants (Amami Plateau, Oki, and Daito Ridges) 
and now get trapped in the Philippine Sea Plate (Hickey-Vargas, 2005; Ishizuka & Yuasa, 2007). They are 
separated by oceanic basins and now subducting beneath the Ryukyu Ridge (Nishizawa et al., 2014; Tokuy-
ama,  2007). Plume-derived bathymetric highs to the south (Benham Rise, Urdaneta Plateau, Oki-Daito 
Rise), exhibit a systematic age progression from 51 to 36 Ma (Ishizuka et al., 2013; Nishizawa et al., 2014). 
During the Miocene (20–17 Ma), the Philippine Sea Plate collided with the Ryukyu continental margin, SW 
Japan (e.g., Seno & Maruyama, 1984).

Previous paleomagnetic studies of the Philippine Sea Plate generally show that it is traveled northward ∼20° 
(>2,000 km) (e.g., Hall, Ali, Anderson, et al., 1995; Haston & Fuller, 1991; Larson et al., 1975). The majority 
of northward movement occurred before 25 Ma, then stabilized after 15 Ma. According to the paleomag-
netic declinations (e.g., Hall, Ali, Anderson, Baker, et al., 1995; Haston & Fuller, 1991; Koyama, 1991), the 
plate has rotated up to ∼105°in a clockwise sense. Offshore paleomagnetic studies from the Ocean Drilling 
Program (ODP) in the West Philippine Basin and Benham Rise, also support a deceleration of Philippine 
Sea motions toward the north, since 20 Ma (Louden, 1977; Richter & Ali, 2015).

Paleomagnetic records suggest 90° clockwise rotation with a mean angular velocity of 2.57°/m.y. around 
the Euler pole at 23°N, 162° E before 25 Ma, which is compatible with the motion of the Japanese Islands 
(Yamazaki et al., 2010). The collision of the Izu–Bonin–Mariana arcs with the SW Japan arcs is estimated to 
have commenced at about 15 Ma, and there has been no significant location change since then (e.g., Ama-
no, 1991; Takahashi & Saito, 1997). Another model proposed that the Philippine Sea Plate rotated clockwise 
by 34° between 25 and 5 Ma, remained stable between 40 and 25 Ma (Hall, Ali, Anderson, et al., 1995; Hall, 
Ali, Anderson, Baker, et al., 1995), constraining from the paleomagnetic data from eastern Indonesia. Some 
studies argued that the rotation occurred on a local scale rather than an entire plate.
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2.1.4. Vanished East Asian Sea Plate(s)

In the continued history of the Pacific Ocean subduction, many plates have been completely consumed. 
Wu et al. (2016) reconstructed and mapped the slabs below East Asia, including the still existing Pacific, 
Indian, and Philippine Sea plates. Vertical tomographic cross-sections revealed a swath of anomalies from 
SW Japan to New Zealand that they inferred as slabs and called them “East Asian Sea” slabs. Following Wu 
et al. (2016), the Northern East Asian Sea was surrounded by the proto-South China Sea and the Ryukyu 
margin on its western and northern margins and probably had a similar motion to the Eurasian Plate. 
During the Late Cretaceous time (∼85 Ma), Southeast China experienced an arc magmatism gap (Li, 2000; 
Li et al., 2014), and the convergent margin transitioned to an extensional setting along the East Asia (Liu 
et al., 2014). A series of oceanic basins opened in, at least, two phases along east and south China (Des-
champs & Lallemand, 2002; Ren et al., 2002; Zahirovic et al., 2014). The formation of the East Asian Sea 
was possibly related with these rifts, either as a back-arc basin of the proto-South China Sea or as marginal 
seas, as it has abutted the proto-South China Sea. The origin of the East Asian Sea could have linked to the 
slab rollback, retreat, or jumping of the paleo-Pacific subduction zone beneath SE China (Zhou & Li, 2000). 
The East Asian Sea Plate probably subducted to the southeast beneath the northwest moving Philippine 
Sea Plate, to the north under the Pacific. In the literature we found several plate names referring to sec-
tions or the whole East Asian Sea slab: For example, proto-Philippine Sea Plate (Hall & Spakman, 2002; 
Lallemand, 2016), North New Guinea Plate (Seno, 1984), Heike Plate (Yamaji & Yoshida, 1998), and Mi-
neoka Plate (e.g., Hirano et al., 2003). A short-lived hypothetic Heike Plate detached from the Pacific at 
about 19 Ma followed by its slab roll back and have caused mantle upwelling that is responsible for the 
widespread 16–15 Ma magmatism in the SW Japan. The plate was completely demised by 15 Ma (Yamaji & 
Yoshida, 1998).

The putative Mineoka Plate would have formed in the Late Cretaceous and was totally consumed during 
the Oligocene and probably subducted beneath the northern margin of the Philippine Sea Plate, while 
Pacific Plate moved northwards. It could have bordered by subduction zone or transform fault with the 
Pacific Plate. When the Pacific changed its motion, subduction beneath the Mineoka possibly initiated, and 
the small plate could have been experienced arc volcanism (Mori et al., 2011) at least until 23 Ma based on 
bulk-rock Ar–Ar age (Hirano et al., 2003). In the early Miocene, seamount-like alkaline basalt could have 
erupted in the Mineoka Plate, after its spreading cessation.

2.2. Overview of the Japanese Islands

The present-day Japan Arc is a 3,000 km long chain of islands located at present on the junctions of four dif-
ferent plates: Eurasian (Amur), Pacific, North American (Okhotsk), and Philippine Sea plates (Figure 1a). 
The Pacific Plate is subducting beneath the NE Japan and the Philippine Sea Plate at a rate of 10 cm/yr, 
whereas the Philippine Sea Plate is subducting beneath the SW Japan along the Nankai Trough and the 
Ryukyu Trench of SW Japan from SE to NW with a 4 cm/yr rate (e.g., DeMets et al., 2010). The particular 
present-day tectonic setting of Japan is the result of a protracted history of subduction, obduction, and 
collision/subduction of minor arcs and seamounts since the late Ordovician (e.g., Maruyama et al., 1997; 
Maruyama & Seno, 1986; Isozaki, 1996; Isozaki et al., 2010). The geotectonic units of present-day Japan arc 
are divided into SW and NE Japan by the Tanakura Tectonic Line (TTL: Figure 1b). SW Japan is character-
ized by a series of orogen-parallel accretionary complexes; the Median Tectonic Line (MTL) further sepa-
rate the inner and outer zones. The overall structure is a pile of subhorizontal nappes, which older sheets 
usually occupy the upper structural positions. Voluminous calc-alkaline granitic batholiths intruded the 
nappe structure in Cretaceous time, gently folding them to form synform-antiform structures. Cretaceous 
batholith in SW Japan extends to NE Japan and further to Eastern Sikhote-Alin of Far East Russia (Greben-
nikov et al., 2016; Jahn et al., 2015). Accretion have been, apparently, episodic at Carboniferous (Nedamo 
Belt), Late Permian (Akiyoshi and Ultra-Tamba), Jurassic (Mino–Tamba, North Kitakami, Oshima), Late 
Cretaceous–Neogene (Shimanto, Idonnappu and Hidaka) (e.g., Isozaki et al., 2010). The Mineoka Ophiolite 
Mélange (MOM, a. k.a. Mineoka–Setogawa ophiolite) is located in the Shimanto Belt.

The Shimanto Belt is developed along the outer zones of SW Japan (Figure  1b). It includes autochtho-
nous turbidites, accreted cherts, and pillow basalts. Some accretionary complexes in Hokkaido, such as 
Idonnappu, and Hidaka belts, are contemporaneous to the Shimanto Belt, suggesting a coeval accretion 
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at along >2,000 km long, same convergent margin (e.g., Kimura et al., 2016). The Shimanto Belt has been 
subdivided into a northern and southern unit. The northern unit is an Early to Late Cretaceous in age, 
whereas the southern unit is an Eocene to early Miocene, and has abundant allochthonous chert and basalt 
relative to the older unit (Taira, 1988). The MOM occurs in the southern unit. The Shimanto Belt includes 
fragments of the Izanagi Plate (≥∼85 Ma), Kula Plate (85–65 Ma), Pacific Plate (65–20 Ma), and Phillippine 
Sea Plate since the Miocene. The first three plates were separated by extensional and ridge subduction may 
be involved during the different geological processes. It has been suggested that the Shimanto Belt recorded 
an Eocene (50–40 Ma) enhanced thermal event, interpreted as the consequence of ridge subduction (e.g., 
Hara & Kimura, 2008; Hasebe & Tagami, 2001). However, there is a lack of geological criteria to determine 
whether ridge subduction occurred, and if so, which pair of plates bounded such ridge.

2.3. Geology of the Mineoka Ophiolite Mélange (MOM)

The MOM is an E–W-trending, 5 km wide and fault bounded outcrop located in the Boso Peninsula in Chiba 
prefecture, Japan. The rocks crop out from Kamogawa Harbor east of Boso Peninsula to Hota Beach, to the 
west of the peninsula (Figure 1b; Ogawa & Taniguchi, 1988). The MOM continues to the Miura Peninsula, 
to the Kobotoke Mountains, and ends in eastern Shizuoka City, along the north of the Izu Peninsula (Fig-
ure 1b; e.g., Ichiyama et al., 2017). The MOM includes abundant serpentinite, gabbro, diorite, amphibolite, 
basaltic rocks, ultramafic rocks, and serpentinized harzburgite in association with serpentine sandstone 
and conglomerate (cf. Arai et al., 1991). The overall highly fragmental 'mélange'-like occurrence may be 
related to its emplacement mechanism at a trench–trench–trench triple junction (Mori & Ogawa, 2005). 
The fragments of oceanic lithosphere rock and metamorphic rocks crop out as tens to hundreds of meters 
sized blocks within a serpentinite distributed all over the MOM (Figure 2). Blocks show various shapes 
(oblate, prolate, and spherical) and are bounded by discrete fault zones (Ogawa & Takahashi, 2004). Serpen-
tinites occur not only as a matrix but also as discrete blocks and are composed mostly of lizardite, chrysotile 
(Ogawa et al., 2009). The fragments of oceanic crustal rock consist of pillow basalts, sheeted dolerite dikes, 
plutonic rocks, with minor pelagic to hemipelagic sedimentary rocks. Pelagic and hemipelagic sedimentary 
rocks show biostratigraphic ages are ranging from Late Albian radiolarian fossils in the Yo-oka Beach of 
Kamogawa Harbor (Ogawa & Sashida,  2005), and from Paleocene to Miocene elsewhere (Mohiuddin & 
Ogawa, 1998; Takahashi, 1994).

The most abundant rock in the MOM is basalt with different degrees of alteration, which occurs in blocks 
ranging from 100 m to 1 km in diameter, mainly tholeiitic in composition with minor alkaline basalts rarely 
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Figure 2. Simplified geological map of the Mineoka ophiolite. Sampling site names: Site I–BNT, Site II–HGR, Site III–QWS, Site IV–SNY, Site V–KM.
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intruded by dolerite dikes (Ogawa & Taniguchi, 1988). Tholeiitic basalts erupted between the Cretaceous 
and Eocene, whereas alkaline basalts erupted from Miocene times (Figure 3; Hirano et al., 2003). Chem-
ically, Cretaceous (85–80 Ma) pillow basalts show Mid-Ocean Ridge Basalt (MORB) and Back-Arc Basin 
Basalt affinities (BABB) (Figure 4) (Hirano et al.,  2003; Ogawa & Takahashi, 2004). Eocene (49–47 Ma) 
basalts and dolerites vary between Island Arc Tholeiite (IAT), MORB, and BABB (Figure 4) (Ogawa & Taka-
hashi,  2004; Ogawa et  al.,  2009). The youngest alkaline basalts (25–16  Ma) show typical characteristics 
of Within Plate Basalts (WPB) (Figure 4) (Hirano et al., 2003). Geochemical data by previous studies are 
available in Table S1.

Diorites and gabbros associated with the MOM yielded 41–24 Ma (Figure 3) and have been interpreted as 
island arc derived (Figure 4) (Hirano et al., 2003; Mori et al., 2011; Ogawa et al., 2009). These ages are con-
sistent with 28.6 Ma high-Mg andesite (Mori et al., 2011). The youngest ages reported from the MOM are 
19 Ma from andesite-tuff breccia and 5.8 Ma from pumice (Enomoto et al., 2018; Mori et al., 2011). Some 
sections of the MOM experienced greenschist to amphibolite facies and retrograde epidote-amphibolite 
facies of metamorphism, observed in four metamorphic blocks composed of metabasite and clastic schist 
with mineral assemblage: quartz, feldspar, muscovite, Mn-rich garnet, piemontite, aegirine-augite (Hiroi 
et al., 1992). This assemblage implies the accumulation of sediments such as chert a terrigenous sandstone, 
probably deposited near the trench, proximal to the continent (Hiroi et al., 1992; Mori et al., 2011). Green-
schist and amphibolite-facies metamorphic rocks undergo their metamorphism between 39.2 and 33.1 Ma 
(hornblende K–Ar age; Mori et al., 2011). Ultramafic masses in the MOM are characterized by the presence 
of chromian-spinel or plagioclase-bearing peridotite; harzburgite is predominant over dunite in the perid-
otitic blocks (Arai, 2018; Arai & Uchida, 1978). Formation of plagioclase-bearing peridotite is attributed to 
the melt infiltration of residual peridotite and melt mantle interaction at shallow depth as a product of the 
reaction between peridotite and melt flow (e.g., Dick, 1989; Saper & Liang, 2014).
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Figure 3. Summary of geochronological results of the current and previous study in the Mineoka and Shimanto Belts. References used for Mineoka Belt: 
Enomoto et al., 2018; Hirano & Okuzawa, 2002; Hirano et al., 2003; Ichiyama et al., 2017; Mori et al., 2011. References used for Shimanto Belt: Aoki et al., 2007; 
Aoki et al., 2011; Hara & Kimura, 2008; Hasebe & Tagami, 2001; Itaya et al., 2011; Raimbourg et al., 2017, Sakai, 1988.
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3. Sampling Sites and Lithological Variations
3.1. Sampling Sites

We drilled a total of 113 cores of basalts and dolerites with a petrol engine drill in five sites in Mt. Mine-
oka-Sengen–Kamogawa area (Figure 2; Table 1) for paleomagnetic analysis. We also have collected four 
samples (BM08SG2, BM25BT3, BM981107-03, and BM010422-07) from this sites for bulk-rock 40Ar/39Ar age 
dating (Figure 2 and Table 1). The geochemical signatures of these samples were referred in the previous 
studies (e.g., Hirano et al., 2003; Mori et al., 2011). For comparison, one additional sample (BM000513-06) 
were collected from a location ∼9 km west of the Mt. Mineoka-Sengen–Kamogawa area for age dating.

Site-I: BNT (Benten) – The site is located at the Benten Island, and represents the easternmost outcrop of 
the Mineoka ophiolite (Figure 2). It consists of pillow basalts and dolerite sheeted dikes. Pillow basalts are 
varying: Black-colored IAT in the northeast and red-gray basalts in the north and west (Hirano et al., 2003; 
Ogawa & Takahashi, 2004). Dolerite dikes are coarse-grained with the general strike of N 60–80°W and 
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Figure 4. Tectono-magmatic discrimination diagrams for the mafic rocks of the Mineoka Ophiolite Mélange. (a) Pearce & Norry, 1979; (b) Pearce, 2003; (c) 
John & Schenk, 2003; (d) Wood, 1980 (e), (f) Vermeesch, 2006a, 2006b. N-MORB–normal mid-ocean ridge basalt; E-MORB–enriched mid-ocean ridge basalt; 
OIB–ocean island basalt; OIA–ocean island alkaline; WPB–within plate basalt; IAB–island arc basalt; CAB–calc-alkaline basalt. Data compiled from Hirano & 
Okuzawa, 2002; Hirano et al., 2003; Mori et al., 2011; Ogawa et al., 2009.

Sampling sites

Coordinate

Age, Ma Lithology

Mean azimuth

ReferenceLatitude, N Longitude, E Dip direction Dip

Site-I (BNT) 35°05′26″ 140°06′35″ ∼50 Sheeted dikes 220 15 Hirano et al. (2003), This study

Site-II (HGR) 35°06′14″ 139°55′50″ ∼16 Alkaline basalt 72.9 16.2 Hirano et al. (2003), This study

Site-III (QWS) 35°06′40″ 140°01′05″ ∼50 Tholeiitic basalt 357 19.3 This study

Site-IV (SNY) 35°05′16″ 140°05′52″ ∼85 Tholeiitic basalt 86.2 57.6 Mori et al. (2011)

Site-V (KM) 35°05′10″ 140°05′57″ ∼85 Tholeiitic basalt Mori et al. (2011)

Table 1 
Paleomagnetic Sampling Sites From the Mineoka Ophiolite Mélange
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steep dip to the south were intruded by fine-grained dolerite dikes and dike swarms with chilled margins. 
Together they are faulted along with the steep dip, dike-parallel oblique faults, and cut by hydrothermal 
veins with various orientations. Tholeiitic pillow basalts erupted at 49 ± 13 Ma (bulk-rock 40Ar/39Ar plateau 
age) (Figure 3; Hirano et al., 2003) and show MORB-like geochemical signature. We collected 29 cores from 
the sheeted dikes for net tectonic analysis from two different areas with slightly different strike and dip, and 
one sample (BM25T3) for Ar–Ar analysis.

Site-II: HGR (Heguri-naka)– It is located to the west of Mt. Mineoka-Sengen (Figure 2), along the distinct 
fault zone bounded serpentinite bodies. It consists of alkali-basalts with olivine and pyroxene phenocrysts. 
It occurs as sheet flows and vesicular pillow basalt and sections of basaltic clastic sandstone, conglom-
erate, glauconitic shale, micritic limestone, and siliceous shale overlie it. It extruded at 19.62 ± 0.90 Ma 
[MSWD = 0.93] (bulk-rock 40Ar/39Ar plateau age; Hirano & Okuzawa, 2002) and characterized by WPB ge-
ochemistry. We collected 34 core samples from a small size river outcrop with two distinct lithologies: Gray 
basalts and red basalts and one sample (BM010422-07) from red basalts for age dating.

Site-III: QWS (Quarry Western Sengen) – Outcrop of 100 m long pillow basalt block is located 500 m to the 
northwest from Mt. Mineoka-Sengen, along the Heguri River (Figure 2). Pillow basalts are surrounded by 
a serpentinite matrix with shearing and brecciation zones between both basalt and serpentinite (Ogawa 
et al., 2009). We sampled 10 cores from individual pillows at different stratigraphic levels and one sample 
(BM08SG2) from basalt and one andesitic sample (BM981107-03) from the nearest outcrop for age dating.

Site-IV: SNY (Shinyashiki) – A 300 m wide, large tholeiitic pillow basalt outcrop is located to the south of 
Benten Island (Figure 2). They are yielded a plateau age of 85.0 ± 3.9 Ma [MSWD = 1.4] and 80.6 ± 1.7 Ma 
[MSWD = 1.1] (Mori et al., 2011), and exhibit MORB and BABB geochemical pattern. In the middle of the 
stratigraphic sequence, pillow basalts are intercalated with massive flows and are cut by several sheeted 
dolerite dikes. The sequence has a moderate to steep dip to the SE. Pillows are mainly several tens of centim-
eters and rarely up to 1 m in size. Fault, mineral precipitation, and veining in this area are subdivided into 
three phases (Takahashi et al., 2003). 40 cores have been collected from basaltic outcrops.

Site-V: KM (Kamogawa) – Pillow basalt outcrops in the Kamogawa Harbor. Although, they referred as part 
of the Site-IV, they occurred as an independent outcrop (Figure 2). 10 core samples have been collected 
from the site.

3.2. Lithological Variations

The investigated samples in the Mt. Mineoka-Sengen–Kamogawa are lithologically grouped in tholeiitic 
basalts, alkaline basalts and dolerite dikes. In this study, petrographical observations were performed on 
four age-dated samples from the Mt. Mineoka-Sengen–Kamogawa. Although these samples were affected 
partially by secondary alteration, primary igneous textures of these rocks are well preserved.

3.2.1. Tholeiitic Basalts

Pillow basalts from the Site-I and Site-V are tholeiitic. They display commonly a variolitic texture (Fig-
ures  5a–5c), characterized by the random orientation of plagioclase and some of them exhibit aphyric, 
hypocrystalline, amygdaloidal textures. Their groundmasses consist mainly of plagioclase laths (∼0.5–
1 mm in length) with clinopyroxene (0.2–0.5 mm in size) and olivine (0.2–0.5 mm in size), where they 
build up ∼90% of all phases. Plagioclases are partially sericitized. Magnetite occurs as an accessory mineral 
(Figure 5a). The secondary minerals are chlorite, calcite, and rare pumpellyite (Figures 5b and 5c). Partially 
altered olivine is more abundant phenocryst in pillow basalts from the Site-III. Some samples from the 
Site-I, contains calcite vein (Figure 5d), and clinopyroxene grains are replaced by a chlorite.

3.2.2. Alkaline Basalts

Alkaline basalt (Figure  5e) from the Site-II contains mainly phenocrystic clinopyroxene, olivine (pseu-
domorph), and plagioclase. Clinopyroxene occurs as prismatic phenocrysts (0.5–3 mm in size), with a clear 
cleavage. Olivine is completely altered to chlorite. Minor secondary epidote occurs as fillings of amygdales. 
Groundmass (∼80%) consists of plagioclase, volcanic glasses, and secondary minerals.
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3.2.3. Dolerite

The sheeted dikes from the Site-I consists mainly of calcic plagioclase, clinopyroxene, and show sub-ophitic 
texture. Plagioclase grains (typically ∼ 0.5–2 mm in size) are euhedral to subhedral (Figure 5f). Colorless 
clinopyroxene crystals occur in the form of euhedral to subhedral. Accessory minerals are magnetite and 
apatite. Mafic minerals mostly have altered to chlorite. Magnetite crystals are ranging from 0.1 to 0.3 mm in 
size and randomly distributed.

4. Paleomagnetism
4.1. Rock Magnetism

We investigated the magnetic remanence of the samples and characterized some of their rock magnetic 
properties. Magnetic remanence of the samples was probed through thermal and alternating field (AF) 
demagnetization. AF demagnetization was carried out using a robotic 2G-SQUID magnetometer at Utrecht 
University, through variable field increments (3–10 mT) up to 100 mT. Stepwise thermal demagnetization 
was carried through 20°C –100°C increments until it reached the complete demagnetization. Principal com-
ponent analysis (Kirschvink, 1980) was used to calculate magnetic component directions from “Zijderveld” 
vector end-point demagnetization diagrams using the free online suite Paleomagnetism.org (Koymans 
et al., 2016, 2020).
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Figure 5. Photomicrographs of representative constituents from the Mineoka Ophiolite Mélange. a, c–f were taken 
in crossed polarized light, and b was taken in plane polarized light (a), (b) Tholeiitic basalt from Site V, and (c) Site 
III, (d) Site (i) (e) Alkaline basalt from Site II. (f) Sheeted dike from Site (i) Cpx–clinopyroxene, Chl–chlorite, Pmp–
pumpellyite, Pl–plagioclase, Cal–calcite, Mag–magnetite.

http://Paleomagnetism.org
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Mean directions (Table 2) were assessed using Fisher statistics of Virtual Geomagnetic Poles (VGPs) com-
patible with the isolated directions (ChRM). Here, the N-dependent A95 envelope of Deenen et al. (2011) 
was used to evaluate the ChRM distribution quality and reliability. These criteria evaluate whether (1) 
the scatter of VGP can be straightforwardly explained by paleosecular variation (PSV) of the geomagnetic 
field, (2) an alternate source of scattering is present except PSV (e.g., structural problems, rotations), or 
(3) the scatter do not represent the PSV, which may imply that the sampled rocks represent a too short 
period time to average the PSV. We applied a fixed 45° cut-off to the VGP distributions of each site. Many 
samples showed a viscous magnetic component that is removed at low temperatures and low coercivities 
(100°C–180°C; 0–12 mT).

Four high-field thermomagnetic runs were analyzed in the air with an in-house-built horizontal transla-
tion-type Curie balance, that had a sensitivity of about 5 × 10−9 Am2 (Mullender et al., 1993). Approximately 
50–80 mg of powdered samples were placed into quartz glass sample holders and fixed with quartz wool. 
The samples were heated and cooled at rates of 6 and 10°C/min, respectively. Stepwise thermomagnetic 
runs were carried out with intermittent cooling between consecutive heating steps. With consecutive heat-
ing and cooling segments are being 150, 100, 250, 200, 400, 350, 520, 450, 620, 550, 700, and finally back to 
25°C, respectively. Heating and cooling rates were 6 and 10 °C/min, respectively. One hysteresis loop was 
measured at room temperature with an alternating gradient force magnetometer (MicroMag Model 2,900 
with 2 T magnet, Princeton Measurements Corporation, noise level 2 × 10−9 Am2, P1 phenolic probe). The 
maximum applied field was 1 T, field increment 10 mT, and the averaging time for each measurement was 
0.15 s. The saturation magnetization (Ms), remanent saturation magnetization (Mrs), and coercive force 
(Bc) were determined from the hysteresis loops. These parameters were determined after correction for the 
paramagnetic contribution from fields.

Paleomagnetic results from each sites are described below.

Site I–Petrography, demagnetization diagrams (Figure 6), and thermomagnetic curves (Figure 7) show that 
the main magnetic carrier is magnetite. This site has areas with different strike and dip, which showed a 
slightly different paleomagnetic direction and both of them with single polarity and modest inclinations. 
One of the groups points roughly northwards (Dec./Inc. = 7.35°/22.4°, k = 34.36, a95 = 5.98, K = 48.85, 
A95 = 5) and the other with a northeastward declination (Dec./Inc. = 51.94°/30°, k = 40.67, a95 = 6.89, 
K = 54.26, A95 = 5.95). Shapes of the VGP and clustering are consistent with a proper averaging of the PSV 
(Figure 8; Table 2).

Site II–Demagnetization diagrams show variable amounts of hematite (Figure  6). However, the bulk of 
magnetization is carried by magnetite even in the oxidized reddish samples (e.g., HGR-32) (Figure  7). 
Samples of this site yield a reverse single-polarity ChRM component heading to the northwest with very 
shallow inclinations. The shape of the VGP is elongated (Figure 8; Dec./Inc. = 293.18°/–31.79°, k = 22.54, 
a95 = 4.93, K = 23.37, A95 = 4.84).
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Site N N45 Dec. dDec. Inc. dInc. k a95 K A95 A95min A95max

Site-I −1 (BNT) 14 12 51.94 6.19 30.09 9.65 40.67 6.89 54.26 5.95 4.44 17.14

Site-I −2 (BNT) 18 18 7.35 5.1 22.39 8.9 34.36 5.98 48.85 5 3.78 13.27

Site-II (HGR) 42 39 293.18 5.07 −31.79 7.67 22.54 4.93 23.37 4.84 2.77 8.16

Site-III (QWS) 8 7 329.48 14.53 48.69 14.53 17.8 14.7 23.92 12.6 5.51 24.07

Site-IV (SNY) 40 30 69.53 9.64 29.35 15.21 6.5 11.19 9.01 9.28 3.08 9.62

Site-V (KM) 9 9 22.79 13.25 29.61 20.81 14.29 14.1 17.3 12.74 4.98 20.54

Note. N =  total number of analyzed samples; N45 = number of samples used for the calculation of the mean values after filtering with a 45° cutoff. Dec., 
dDec. = site mean declination and associated error; Inc., dInc = site mean inclination and associated error; k and α95 = precision parameter and semiangle of 
the 95% cone of confidence around the computed site mean direction; K and A95 = precision parameter and semiangle of the 95% cone of confidence around 
the mean virtual geomagnetic pole; A95max and A95min = maximum and minimum value of A95 expected from paleosecular variation of the geomagnetic field 
after applying Deenen et al. (2011) criteria.

Table 2 
Paleomagnetic Results From the Mineoka Ophiolite Mélange
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Site III–Demagnetization diagrams and the thermomagnetic curve suggest magnetite as the main carrier 
(Figures 6 and 7). Samples are manifested component that cluster directed to the northwest and have higher 
inclination (Dec./Inc. = 329.48°/48.69°, k = 17.8, a95 = 14.70, K = 23.92, A95 = 12.60). Although a limited 
number of core samples, shape and clustering suggest an adequate average of the PSV (Figure 8; Table 2).

Site IV–In this site we identified comparably scattered components with inclinations about 30° and decli-
nations to the northeast (Dec./Inc. = 69.53°/29.35°, k = 6.50, a95 = 11.19, K = 9.01, A95 = 9.28) (Figure 8; 
Table 2).

Site V–show northwards declinations and very shallow inclinations in geographic coordinates (Dec./
Inc. = 22.7°/29.6°, k = 14.29, a95 = 14.10, K = 17.30, A95 = 12.74). Once restored the pillow basalts to the 
paleohorizontal the inclinations fit perfectly with the Site-IV samples (Figure 8).

4.2. Net Rotation Analysis

With the net tectonic rotation analysis, we aim to determine the geometry of the seafloor spreading systems 
at which the oceanic crustal rocks in the MOM formed, acknowledging how limited the preserved outcrops 
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Figure 6. Orthogonal vector plots by Zijderveld, 1967 of representative samples demagnetized using thermal (TH) and 
alternating field (AF) treatment. Filled dots represent projections on the horizontal and open dots represent vertical 
planes. Demagnetization step values are expressed in °C or in mT.
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are. From the original orientation of the spreading ridge, we will try to infer the configuration and location 
of the piece of the crust where the rocks of MOM belonged within the eastern Pacific Ocean mosaic of 
plates. The net tectonic rotation, developed by Allerton and Vine (1987), does not decompose the deforma-
tion into tilt and vertical-axis components. Instead, it calculates a single rotation that restores the sampled 
rock unit to its original position, and simultaneously the measured in situ remanence to its initial predefor-
mation direction. In turn, this method requires a reference direction for the magnetic vector, which would 
become an assumption if we lack any paleolatitudinal constraint. The reference direction or “reference 
magnetization vector” is the expected paleomagnetic direction from a stable plate at a given time. In this 
study, we analyze the rotation relative to the geographic north assuming a geocentric axial dipole (GAD) 
hypothesis (i.e., the time-averaged declination of the magnetic field points toward the geographic north 
pole) and therefore Declination is 0°. The inclination (paleolatitude) of the reference direction has been 
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Figure 7. Thermal variation of the low-field magnetic susceptibility of representative samples from each site (red/blue represent heating/cooling); Hysteresis 
loop of samples from Site II.
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calculated with the results from three pillow basalt sites in this study and 
their comparison to the Pacific APWP extracted from paleomagnetism.
org (Koymans et al., 2016). The tilt corrected mean inclination calculated 
from this data set, representing the inclination of the reference direction, 
is 52° (Figure  9). The net tectonic rotation solution set is expressed as 
(1) rotation axis azimuth and plunge (2) rotation magnitude and sense, 
and (3) initial strike of the unit. The net tectonic approach produces two 
possible solutions (four if we do not know the magnetic polarity at the 
time of acquisition) for originally vertical units like dikes. From the set of 
solutions, only one can be correct and it is necessary to choose. Classical 
selection criteria include: (1) the determined rotation must restore the 
units to their current position (e.g., a solution showing large rotations 
to produce minor movements should be rejected); (2) The rotation sense 
and magnitude have to be consistent with the known regional and/or lo-
cal deformation pattern; (3) various sites within a relatively small region 
would reveal the consistent net tectonic rotation parameters (assuming 
local rotations are minor). If the solution is instead a single solution it 
means that dikes cannot be restored to a vertical position (e.g., because 
they did not intrude vertically). Unique solutions have no geological 
meaning and should be dismissed, as both the original dike orientation 
and the rotation parameters will only depend on the orientation of the 
reference direction (e.g., the initial dike orientation will always strike per-
pendicular to the reference direction, hence will always be E–W). Once 
we choose a preferred solution, we perform an iterative net tectonic ro-
tation analysis (Koymans et al., 2016; Morris et al., 1998) to model the 
unreliability of the reference direction (only its inclination), the mean 
direction of the site, and the orientation of the dike. The webpage www.
paleomagnetism.org includes a net tectonic rotation analysis package 
which produces at each site 75 permissible solutions per set of solutions 
(a total of 150 when dikes are restored to vertical).

The reference magnetization vector used in our analysis has a declination 
(D) of 0°. Its inclination (I) was chosen based on the expected paleolati-
tude of the ophiolite at the formation time of the dikes (∼49 Ma). We used 
the pillow basalts results as a priori assumption on the paleolatitude of 
the studied ophiolite. Considering that the sampled pillow basalts’ pale-
olatitudes from our paleomagnetic analysis perfectly match the Global 
Apparent Polar Wander Path (GAPWaP) adapted to the Pacific Plate (Fig-
ure 10; Koymans et al., 2016; Torsvik et al., 2012), we used the paleolati-
tude inferred from the GAPWaP for the sheeted dikes age (∼49 Ma). The 
calculated inclination and associated error of the magnetic field, predict-
ed for this latitudinal range is predicted to be I = 52° ± 3°. In our analysis, 
we use a reference magnetization vector of (D/I  = 000°/52. Two sets of 
net tectonic rotation solutions were obtained at the two different strike/
dip sheeted dikes (Figure 9). The first net tectonic rotation solution is: (a) 
for the dikes with pole 211°/25° indicate a 50° CW rotation about shallow 
southwestern plunging (182°/9.8°) axis; and (b) 60°/32° with a CW rota-
tion of 120° for the dikes with pole 235°/10°. The calculated initial dike 
strike is consistently ESE (Table 3; Figure 9a). The second solution shows 
a steep northeastern plunging (86°/67°) axis with CW 67.2° rotation mag-
nitude for dikes with poles to the dike 211°/25° and a shallower northeast-
ern plunge (18°/32°) with CCW rotation of 103.8° for 235°/10° dikes. The 
initial dike orientation is ENE (∼60°) (Table 3; Figure 9b). Although the 
net tectonic rotation analysis measures the rotation around the inclined 
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Figure 8. Equal-area projection of coercivity components from five sites 
of the Mineoka Ophiolite Mélange in tectonic coordinates. VGP-Virtual 
Geomagnetic Pole.
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axis, it is often possible to assume the relative magnitude of the tilt and 
vertical axis rotation component, constraining from the plunge of the 
rotation pole. Tilt or vertical-axis rotation components are larger when 
the rotation pole is shallower or more steeply plunging, respectively. The 
resulting tilt and vertical-axis components magnitude were used in this 
study to choose the preferred net tectonic rotation solutions, complying 
with the criteria presented in the method section (Table 3).

5. 40Ar/39Ar Ages
Five samples (BM08SG2, BM000513-06, BM25BT3, BM981107-03, 
BM010422-07) were crushed to 100–300 μm grain size and subsequently 
leached with HNO3 (1 mol/L) for one hour to remove clays and other al-
tered minerals. All samples were finally washed in ultrasonic pure water 
and acetone. The samples were wrapped in aluminum foil with K2SO4, 
CaF2, and flux monitors of JG-1 biotite. The samples were irradiated for 
24 h in the Japan Material Testing Reactor (JMTR), Tohoku University. 
During the irradiation, samples were shielded by Cd foil in order to re-
duce neutron-induced 40Ar from 40K. The argon extraction and isotopic 
analyses were carried out at the Radioisotope Center of the Universi-
ty of Tokyo. The analytical methods are the same as those by Ebisawa 
et al. (2004). During incremental heating, the gases were extracted in 8 to 
11 steps between 500°C and 1,500°C. Note that the sample BM08SG2 was 
conducted only by six steps (Table 4).

Each result of 40Ar/39Ar datings provides plateau ages except for the 
sample BM08SG2 conducted by six steps. The samples of BM000513-
06, BM25BT3, BM981107-03, and BM010422-07, yield the plateau 
ages of 49.9 ± 4.6 Ma [MSWD = 0.37], 41.8 ± 1.1 Ma [MSWD = 1.9], 
35.01 ± 0.63 Ma [MSWD = 1.8], and 16.3 ± 1.1 Ma [MSWD = 0.20], re-
spectively. Although the sample of BM08SG2 does not show a plateau 
age, the weighted average, 53.7 ± 1.2 Ma, during the two steps could be 
accepted as a result because of their concordant ages with the 39Ar-re-
leased more than 84% (Table 4 and Figure 11). Detailed data are available 
in Table S2.

6. Discussion
6.1. Paleogeographic Constraints

Rocks in accretionary complexes and dismembered ophiolites may have 
undergone complex tectonic disruptions and vertical axis rotations that 
prevent to restore due to the lack of continuity of the outcrops.

However, if the magnetizations are primary (i.e., acquired at the time of 
the rock formation), rocks having a palaeohorizontal position still inform 
about the paleolatitude they formed.

The dismembered character and scarcity of outcrops in the MOM hindered the possibility of outcrop scale 
field test (e.g., fold tests, tilt tests, reversal tests). The inclination of both Cretaceous sites (Site IV and V) 
fits well only after tilt correction, which indicates a pre-tilting origin for the magnetization of those sites 
(Table 2). Our pillow basalts and sheeted dolerite dike samples show Fisher precision parameter values (in 
directions and poles, k & K respectively) below 50; their VGP distributions are rounded (Figure 7) (Table 2); 
and all pass the Deenen et al. (2011) criteria. All these facts support a primary origin for the magnetization 
and an adequate average of paleosecular variation. The Site II basalts would be an exception (Figure 8). 
They show a visibly elongated VGP, although it passes the Deenen criteria. Pillow basalts were <7 (between 
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Figure 9. Rose diagram and probability histogram showing the preferred 
initial orientations (strike) of the sheeted dikes from the Site II (BNT) 
obtained after modeling of the uncertainties in the two solutions of 
net tectonic rotation analysis (Allerton & Vine, 1987). (a) Solution one 
suggests ESE (∼120°) initial dike strike; and (b) solution two suggests ENE 
(∼60°) initial dike strike.
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2 and 4) and the result was a deficient average of the PSV resulting in a non-usable result for paleomagnetic 
directions (Table 2). Sheeted dolerite dikes show two groups that correspond with the different fault bound-
ed blocks sampled. Net tectonic rotation analyses for both blocks show the same pair of directions, which 
supports a pre-deformation magnetization.

The paleolatitudes obtained from paleomagnetic inclinations in pillow basalts provide the first constraint 
to evaluate the Mineoka ophiolite motion history and plate origin since the Late Cretaceous. Results from 
the Site IV and Site V (∼85 Ma) show a paleolatitude of N ∼16° (Inc. = 30˚ ± 13°) after tilt correction (Fig-
ure 10). Pillow basalts from the Site III are yielded a paleolatitude of N ∼34° (Inc. = 54° ± 14˚°) at ∼50 Ma. 
Those results suggest an 18˚ paleolatitude shift between 85 Ma to 50 Ma. We interpret that the oceanic 
crustal rocks in the MOM rocks magnetized in the northern hemisphere due to 4 reasons: (1) The Eocene 
paleolatitude is the only possible being the northern hemisphere. Otherwise, it would mean Mineoka rocks 
moved first at least 18° to the south from 85 Ma to 50 Ma (assuming a southern latitude for the Cretaceous 
pillows) only to flip its motion and move ∼70° to the north (∼8,000 km) from 50 Ma to present-day; (2) a 
Cretaceous paleolatitude of 16° to the south would imply ∼50° of northwards movement between 85 and 
50 Ma. This would require ∼5,500 km of northwards convergence at an average speed of 16 cm/yr. So far has 
not been identified such quick movement in the system, nor a ∼E–W slab of that size in the tomography; (3) 
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Figure 10. Predicted paleolatitude paths for a reference point (35°N, 150°E) on the Mineoka ophiolite using the Global Apparent Polar Wander Path of Torsvik 
et al. (2012), in the case that the reference point was attached to the Eurasia, Pacific and Philippine Sea plates, respectively. Dots with uncertainty show the 
paleomagnetic data by this study for the Mineoka Ophiolite Mélange.

Solution 1 Solution 2

In situ orientation Ref.dir.

Rotation Axis Rotation Initial Dike Rotation Axis Rotation Initial Dike

Azimuth Plunge Magnitude Sense Strike Dip Azimuth Plunge Magnitude Sense Strike Dip

211/25 N 182 9.8 50 CW 122 90 86.6 66.9 67.2 CW 57.9 90

235/10 N 60 32.4 39.4 CW 120.5 90 18.8 32.2 103.8 CW 59.5 90

Solution 2 is preferred.

Table 3 
Results of the Net Tectonic Rotation Analysis Displaying the Two Solutions Obtained at the Site I, Using Normal (N) Polarity Reference Direction
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Cretaceous pillow basalts show downward inclination, and expected in the northern hemisphere during the 
Cretaceous superchron. (4) Considering a northern hemisphere for all paleolatitudes, they are consistent 
with the GAPWaP (Torsvik et al., 2012) rotated to the Pacific Plate following Paleomagnetism.org (Koy-
mans et al., 2016) (Figure 10). Our results suggest that the oceanic crustal rocks in the MOM Cretaceous 
and Eocene rocks moved following the Pacific plate motion. In contrast, none of the Cretaceous to Eocene 
ophiolitic rocks in the Boso Peninsula could form part of the Philippine Sea Plate, whose paleolatitude at 
its formation time (∼60 Ma) was equatorial (Figure 10). The Miocene alkaline basalt (Site II) exhibits a low 
paleolatitude of ∼16˚, inconsistent with both the Pacific Plate and the Philippine Sea Plate at 16 Ma (Fig-
ure 10). In addition, the most recent emplacement of Mineoka rocks (19 ± 0.9 Ma) is very close to the time 
of eruption of the Site II samples (e.g., Mori et al., 2011). The Site II sample results are perhaps the result of 
a poor average of the PSV leading to a biased shallow inclination. Another possibility is that perhaps these 
pillow basalts formed with a strong primary tilt following a steep slope of a volcano, which we could not 
retrieve nor correct.

Sheeted dike complexes in ophiolites form as vertical multiple intrusions subparallel to a spreading ridge 
that forms them (e.g., MacLeod & Rothery, 1992; Pozzi et al., 1984). During the obduction and emplacement 
of ophiolites, the effect of regional and local deformation changes the original orientation of the dikes hin-
dering the determination of their initial orientation. Back-tilting dikes to evaluate paleolatitudes usually 
does not work since a paleohorizontal control is typically not available. Back-tilting sheeted dikes to the ver-
tical may introduce spurious rotations that affect both declination and inclination due to the infinite vertical 
options around a horizontal axis. The net tectonic rotation analysis on ophiolitic sheeted dikes has been a 
successful approach to reconstruct the original orientation of dikes in the absence of local paleohorizontal 
controls (e.g., Morris et al., 1998; Morris & Anderson, 2002; Morris & Maffione, 2016). The net tectonic 
rotation analyses on the sheeted dikes provided two potential paleo-spreading directions for the Mineoka 
mid-oceanic ridge. The first solution (Table 3) indicates a minor clockwise rotation but an important tilt of 
the outcrop. In contrast, the second solution implies a larger clockwise rotation but moderate tilts (Table 3). 
The Boso Peninsula rotated ∼30° clockwise first during the opening of the Japan Sea (e.g., Otofuji & Mat-
suda, 1983), and later about 50° clockwise after the Izu arc collision forming the Kanto syntaxis (e.g., Hoshi 
et al., 2013). The pillow basalts’ tilt around the sheeted dikes is not steep, which suggests a moderate tilting 
of the sheeted dikes. The second solution is in agreement with the local structure and it is the one we prefer. 
This solution indicates an original orientation of the ridge of about ENE 60°.

6.2. Eruption Time and Tectonic Setting

The age spectrum of sample BM010422-07 shows excess argon (40Ar) or partial loss of minor amounts of 
radiogenic argon component in the first step. This sample yields a spectrum that shows high apparent ages 
in the initial step (∼30 Ma), and the last contiguous steps forming an age plateau. Other samples exhibited 
a distinct increase or remained stable in dates across an age spectrum from low-temperature to high-tem-
perature extraction steps and show a well-developed plateau spanning more than 50% of the gas released 
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Sample information

Total 
steps

Plateau age Inverse isochron

Sample name

Coordinate

Lithology Ma ±2σ

39Ar

MSWD

Steps Age

MSWD

40Ar/36Ar 
intercept Steps

Latitude Longitude N % n Ma ±2σ Ma ±2σ n

BM000513-06 35.1095 139.8507 aphyric tholeiite 8 49.9 4.6 84 0.37 7 48 12 0.40 315 72 4

BM08SG2 35.1087 140.0228 aphyric tholeiite 6 53.7a 1.2 84 - 2 no isochron

BM25BT3 35.0909 140.1103 cpx-phyric tholeiite 10 41.8 1.1 71 1.9 3 43 4 21 289.0 14.0 10

BM981107-03 35.0906 139.9765 andesite, seriate 11 35 0.6 43 1.8 4 34.7 1.5 3.0 296 3.0 6

BM010422-07 35.1321 139.9341 alkali-basalt 10 16.3 1.1 46 0.20 3 13.9 30 25 318 24 10
aNo plateau, weighted mean of two fractions.

Table 4 
Ar–Ar Age Dating Results From the Mineoka Ophiolite Mélange

http://Paleomagnetism.org
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and including 3–10 heating steps (Figure 11). These ages are likely to represent the original cooling ages of 
the volcanic rocks from the Mineoka ophiolite. 40Ar/39Ar plateau ages from MORB-like tholeiites yielded 
53.7 ± 1.2 Ma and 49.9 ± 4.6 Ma. IAT and andesite are exhibited 41.8 ± 1.1 Ma and 35.1 ± 0.63 Ma. All ages 
are in agreement with previously reported ages (Hirano et al., 2003). In contrast, alkaline basalt erupted at 
about 16 ± 1.1 Ma, closer to the timing of the Japan Sea opening.

Supra-subduction ophiolites record subduction initiation, subsequent slab roll-back and extension, and 
back-arc spreading and leading to the generation of basalt with a MORB-like composition in the former 
arcs and/or back-arc basins (e.g., Dilek & Furnes, 2011; Shervais et al., 2011). During the back-arc spread-
ing, the basaltic magma is significantly influenced by slab-fluid-induced partial melting of the metasom-
atized mantle wedge, and various magma mixing (e.g., Dilek & Furnes, 2011). Therefore, their chemistry 
shows a wide range in composition: N-MORB, IAT, BABB (e.g., Pearce, 2003, 2008). Cretaceous basalts in 
the MOM show a N-MORB and IAT affinities (Figures 4a–4d). Modern discrimination schemes by Ver-
meesch (2006a, 2006b) also suggest a N-MORB and IAB geochemical characteristic (Figures 4e and 4f). 
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Figure 11. Ar–Ar plateau ages of basaltic and andesitic rocks from Mineoka ophiolite.
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The presence of plagioclase-bearing peridotites suggest a back-arc setting 
(e.g., Kimura et al., 2020; Ozawa et al., 2015). In general, the plagioclase 
peridotites are uncommon among the global abyssal peridotite suites, 
and have been reported from slow-spreading ridges (e.g., Dick,  1989; 
Warren, 2016). They have resulted from refertilization of residual perid-
otite with melt-mantle interaction, as a product of the reaction between 
peridotite and a melt flow in the lithospheric mantle as shown on some 
plagioclase peridotites from the Parece Vela back-arc spreading of the 
Philippine Sea (Ohara et al., 2003). Mineralogical and geochemical fea-
tures of the Cretaceous basalts in the MOM support an evolution from 
subduction initiation to a slow spreading back-arc.

Eocene pillow basalts (53–49 Ma) together with 49 Ma dolerite sheeted 
dikes (Hirano et al., 2003) give evidence that the basaltic magma was ex-
truded in an oceanic spreading ridge. Moreover, their geochemical fea-
tures (Figure 4) are comparable with the Cretaceous basalts that might 
have formed in a back-arc spreading. The ∼35 Ma gabbros contain some 
orthopyroxene and show strong island arc affinity (Figure 4). The oceanic 
arc setting is also supported by the coeval occurrence of granitic rocks 
(Figure 3). In the MOM, mafic and felsic igneous rocks with typical island 
arc signature are younger than 41 Ma and older than ∼20 Ma, suggesting 
that the Mineoka was the overriding plate in a convergent margin at least 
during this time span.

The MOM underwent the tectonic disruptions and hydrothermal alter-
ation before ∼15  Ma, because the MOM was overlain by 5–15  Ma un-
deformed tuffaceous andesites (Ogawa & Takahashi,  2004). Therefore, 
ocean crust rocks of the MOM including Cretaceous basalts, Eocene arc 
volcanics, and Miocene alkaline basalts were completely accreted and 
emplaced before ∼15 Ma. As shown by the presence of chlorite, albite, 
and pumpellyite, these ocean crust rocks underwent a hydrothermal al-
teration and low-grade metamorphism, perhaps during the accretion. The 
fault-bounded ∼16 Ma alkaline basalts (Figure 2) show very different ge-
ochemical features (Figure 4). If the low found paleolatitude was correct, 
they should have been quite far traveled. However, this hypothesis is not 
consistent with our present-day knowledge of the area and the regional 
tectonics. If those volcanic rocks were emplaced tectonically over Japan, 
they did it shortly after their eruption in a post-spreading setting, concur-
rent with the Kinan Seamount of the Shikoku Basin (Sato et al., 2002). 
Nevertheless, those rocks may have erupted directly over Japan.

6.3. Tectonic Model

We propose a preliminary plate reconstruction model in four-time steps 
as a first attempt to explain the potential plate kinematics of the ocean-
ic crustal rocks of MOM and emplacement into Japan. Our reconstruc-
tion is grounded on the previous work by Domeier et al. (2017) and Vaes 
et al. (2019) for the northern Pacific Plate, and Wu et al. (2016) for the 
Philippine Sea and East Asian Sea Plates.

We produced a kinematic reconstruction based on the paleomagnetic, geochronological, and geochemical 
signature of ocean crust rocks of the MOM and tested it against the seismic tomography (Figures 12 and 13). 
Our tectonic model contains some extinct subduction zones, which were compared with the mantle tomog-
raphy images from Atlas of the Underworld (van der Meer et al., 2018) of the upper and lower mantle (cf. 
Domeier et al., 2017; Vaes et al., 2019).
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Figure 12. Horizontal depth slices of the present-day mantle tomography 
images from Atlas of the Underworld (van der Meer et al., 2018), through 
the UU-P07 Utrecht model (Amaru, 2007). (a) Depths of 1,210 km, and 
approximately corresponds to Figure 14a; (b) 810 km, to Figure 14b, 
and (c) 430 km, to Figure 14d of our reconstruction, respectively. 
Reconstructed positions of the subduction of Pacific, Philippine Sea, and 
East Asian Sea plates. Question mark reflects the tentative location of the 
subduction below the north East Asian (Sikhote-Alin) margin.
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Paleomagnetic poles show that the 85–80 Ma pillow basalts were formed at the paleolatitude of N ∼16°, 
which is consistent with the paleolatitude of newly formed oceanic crust in the NW Pacific Plate at that time 
(Figure 14a; Torsvik et al., 2012). We located the eruption of these pillow basalts in the back-arc spreading 
of the intra-oceanic Nemuro–Olyutorsky arc (Figures 14a and 15a), whose inception and arc development 
occurred about the same time and same paleolatitude (e.g., Vaes et al., 2019 and references therein). We 
have fitted the subduction responsible for the formation of this arc with a low-velocity anomaly in the seis-
mic tomography that extends from NW to SE (Figure 13a; Amaru, 2007; Ritsema et al., 2011; van der Meer 
et al., 2018). We think the shape and extension of such anomaly is possibly controlled by relatively quick 
roll-back of the slab.

53–49 Ma sheeted dikes and associated pillow basalts, show that the Nemuro–Olyutorsky back-arc ocean 
was an active divergent margin at least until the Eocene, in a back-arc setting. Paleolatitude extracted 
from the Eocene pillows indicates that at that time, before the Pacific Plate reorganization (e.g., Domeier 
et al., 2017) the arc reached ∼N 34°, approximately the present-day latitude (Figures 14b and 15b). Net tec-
tonic rotation analyses suggest a paleo-spreading direction of the ridge of 60° at this time. We interpret the 
obtained paleo-spreading direction as the general ridge orientation. Back-arc ridges are generally sub-par-
allel to the associated subduction zones, and therefore we tentatively reconstructed the arc and trench with 
that orientation during the Eocene (Figures 12 and 14a). In our reconstruction, the final collision of the 
Nemuro–Olyutorsky arc with Japan would trigger a subduction jump and with a flip in its polarity. Subduc-
tion possibly initiated parallel to the ridge following, perhaps, an oceanic detachment which is common in 
slow-spreading systems (see Maffione et al., 2015). After some time of this new subduction scenario, the 
Mineoka ridge subducted possibly forming a slab window, which in turn facilitated local asthenospheric 
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Figure 13. Vertical tomographic cross sections through the (a) East Asia to the Kamchatka; (b) Korea to the Bonin 
trench. S40RTS is the S-wave model of Ritsema et al., 2011 and UU-P07 is the P-wave model from Utrecht University 
(Amaru, 2007). The tomographic sections were obtained with SubMachine (Hosseini et al., 2018).
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upwelling. The mysterious enhanced thermal gradient formed in the Shimanto Belt during the Late Eocene 
(Hara & Kimura, 2008; Hasebe & Tagami, 2001) further supports the subduction of ridge during this time. 
The Mineoka back-arc ridge would have been responsible for such thermal event.

The continuous northward movement accompanied by clockwise rotations of the Philippine Sea Plate (Wu 
et al., 2016) left a somewhat isolated piece of the Pacific Plate subducting below Japan, a relic of the Mi-
neoka back-arc (Figure 14b). This oceanic crustal piece got trapped in an unstable situation between the 
E–W motion of the Pacific Plate and the N–S of the Philippine Sea Plate. Under these circumstances, a new 
subduction zone was initiated within the Pacific Plate following the trend of the Mariana trench and leaving 
a small triangular sub-plate (so-called Mineoka Plate in Hirano et al., 2003, Figure 14c). Surrounded by con-
vergent boundaries, the fate of the Mineoka sub-plate was a quick consumption below Japan to finally form 
the Boso triple junction (Figure 1). Subduction below the Mineoka sub-plate (Figures 14c and 15c) can ex-
plain the occurrence of 41–20 Ma plutonic rocks and volcanism at this time. A low-velocity anomaly in the 
shallow depth of seismic tomography possibly indicates the duplication of the pacific subduction during the 
formation of the Mineoka sub-plate (Figure 13b). Although similar to the putative Heike Plate of SW Japan 
(Yamaji & Yoshida, 1998), the Mineoka sub-plate life was longer (since ∼85 Ma) and surrounded by conver-
gent boundaries between ∼41 and ∼20 Ma. The final consumption of the Mineoka sub-plate coincides with 
the opening of the Japan Sea, when the SW Japan together with the accreted remnants of Mineoka sub-plate 
rotated clockwise, whereas NE Japan did it counterclockwise (Figures 14d and 15d).
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Figure 14. Snapshots of the proposed plate-kinematic reconstruction of the Mineoka ophiolite at NW Pacific region at ca. (a) ∼85 Ma, (b) ∼50 Ma, (c) 
∼30 Ma, and (d) ∼15 Ma. The red lines represent the reconstructed location of the subduction and triangles are subducting directions. Green lines indicate the 
Olyutorsky–Pacific plate boundary and its putative isochron, which has originated as a back-arc after the subduction initiation at ∼85 Ma. The blue line marks 
the mid-ocean ridge between Izanagi and Pacific plates. Pink polygons show Nemuro–Olyutorsky arc, light blue polygons outline newly formed oceanic basins, 
and solid blue polygon marks Olyutorsky plate. The reconstruction follows the mantle reference frame of Doubrovine et al. (2012).
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7. Conclusion
Paleomagnetic analyses in the Mineoka ophiolite showed that the Late Cretaceous pillow basalts ex-
truded at a latitude of N ∼16° (Inc. = 30° ± 13°). The Middle Eocene pillow basalts erupted at N ∼34° 
(Inc.  =  54°  ±  14°). The net tectonic rotation analyses on Eocene sheeted dikes from the Benten Island 
revealed a paleospreading direction of the mid-ocean ridge with a strike of ENE 60°. Basalts and andesites 
are yielded Ar–Ar plateau ages of 49.9 ± 4.6 Ma, 41.8 ± 1.1 Ma, 35.01 ± 0.63 Ma, and 16.3 ± 1.1 Ma and 
confirmed the previous ages.

Based on our new data, combining together with existing geological, geochemical, and geochronological 
evidences, we propose a reconstruction of the following steps of tectonic events:

 (1)  The Mineoka ophiolite formed as a back-arc spreading ridge of intra-oceanic Nemuro–Olyutorsky arcs 
during the Late Cretaceous at a paleolatitude of N ∼16° in the NW Pacific.

 (2)  This divergent margin was active until ∼49 Ma and spread out to the north at a paleolatitude of N ∼34°, 
consistent with the Pacific Plate motion. The oceanic spreading ridge direction was ENE 60° during the 
Eocene.
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Figure 15. Schematic cross-sections of the proposed plate-kinematic reconstruction of the Mineoka Ophiolite Mélange at NW Pacific region. Locations are 
shown in Figure 14. (a) ∼85 Ma, the birth of the Mineoka ophiolite in the back-arc spreading ridge of Nemuro–Olyutorsky arcs (b) ∼50 Ma, continuously 
forming Mineoka spreading ridge and demise of the Izanagi Plate under the East Asia (c) ∼30 Ma, ridge subduction of the Mineoka ridge thermally enhanced 
the northern Shimanto Belt and the Pacific Plate is subducting under the Mineoka (d) ∼15 Ma, Japan Sea opening and fragments from the Mineoka, together 
with the Shimanto Belt accreted to Japan.
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 (3)  A small triangular Mineoka sub-plate left in the gap between the northward moving Philippine Sea 
Plate with clockwise rotations and the Pacific Plate subducting below Japan. A new subduction zone 
was initiated within the Pacific Plate under the Mineoka forming 41–20 Ma arc magmatism.

 (4)  Surrounding by several active subductions, the newly formed Mineoka sub-plate quickly demised. The 
final consumption of the Mineoka sub-plate occurred with the opening of the Japan Sea.

Data Availability Statement
All paleomagnetic datasets are available in the online portal paleomagnetism.org. PID: 65ae7d9e-
750f72a8279ecc8ae4cb224b1c021975ac1b42c26f7ad52efdb9c75a (https://paleomagnetism.org/publication/
index.html?65ae7d9e750f72a8279ecc8ae4cb224b1c021975ac1b42c26f7ad52efdb9c75a). Ar–Ar geochronol-
ogy results have been archived in the EarthChem Library (https://doi.org/10.26022/IEDA/111767.).
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