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Abstract: The Oeyama ophiolite unit is one of the oldest components of the subduction orogenic belts
in the Japanese Islands and is important for understanding the initiation of plate subduction in the
proto-Japan region. This study performed U–Pb and Lu–Hf isotopic and trace element analyses of
zircon in gabbroic rocks from the Oeyama mafic–ultramafic complex, the type locality of the Oeyama
ophiolite unit. This study obtained a weighted average zircon 206Pb/238U age of 544 ± 4 Ma, which
indicates an igneous age of the gabbroic rock. Trace element analysis of the zircons revealed that
the host rock was derived from the mantle depleted of incompatible elements such as the depleted
mid-oceanic ridge mantle. The present igneous age and geochemical features of the zircons are
consistent with previous work for other parts of the Oeyama ophiolitic unit. The isotopic signature
of Hf also indicated that the gabbroic rock was derived from the depleted mantle domain. The Hf
isotopic signature is more depleted than those represented by zircons in the jadeitite associated with
the Oeyama ophiolite unit. These results demonstrated that the older crustal material was involved
in the initial oceanic plate subduction along the proto-Japan arc.

Keywords: zircon; Hf isotope; trace element; ophiolite; subduction; Japan

1. Introduction

Ophiolites are fragments of oceanic lithosphere, including ultramafic rocks of the upper
mantle and oceanic crustal mafic rocks preserved in the subduction continental margins or
continental collision zones [1,2]. Although there are several types of ophiolite formation
mechanisms, intra-oceanic forearcs with mid-oceanic ridge (MOR)-like magmatism are espe-
cially important tectonic activity for initiation of subduction and subsequent orogenic crustal
evolution [3]. In southwest Japan, which has developed as a subduction orogenic belt since
the late Proterozoic [4–7], the oldest subduction-related component is the ca. 540 Ma Oeyama
ophiolite unit, which has a MOR-like geochemical signature [8]. The ophiolite has been
considered as a fragment of the oceanic crust of the Panthalassa Ocean, which formed after
ca. 800–700 Ma rifting of the Rodinia Supercontinent [9,10]. The oldest occurrences of high
P/T-type metamorphic rocks (jadeitite) and subduction-related continental igneous rocks
(granitoid) are ca. 530–500 Ma Cambrian [11–14], following the formation of the Oeyama
ophiolite unit. The jadeitites have been reported as blocks in serpentinite mélange structurally
under the Oeyama ophiolite unit. The jadeitite is monomineralic high P/T-type metasomatic
rock composed of jadeite, which occurred in the subduction channel and the mantle wedge
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during serpentinization [15]. Therefore, the Oeyama ophiolite unit is key to understanding
the initiation of plate subduction in the proto-Japan region.

The combination of U–Pb dating and Lu–Hf isotopic analysis for zircon is a powerful
method for revealing the history of the incorporation of ophiolites into continental crust.
Although the dating of ophiolite units has been relatively difficult because of the lack of datable
minerals in ultramafic rocks, U–Pb dating of zircon from associated gabbros, plagiogranites,
anorthosites, and albitites is recently available (e.g., [16–22]). Dating studies for zircon from
such rocks provides the determination of the magma crystallization to form the oceanic
crust. On the other hand, as many ophiolite units have suffered tectonic disruption, igneous
intrusion, and metamorphic events, it is often difficult to distinguish the origin of mafic rocks.
The zircon Lu–Hf isotopic and trace element analyses can identify how the source mantle
of the host rock is enriched or depleted in incompatible elements (e.g., [23–28]). In Japan,
although many studies of zircon U–Pb dating for the Paleozoic, Mesozoic, and even Cenozoic
ophiolitic units have been widely reported (e.g., [8,29–33]), Lu–Hf isotopic analysis has not
been done so far. In the Oeyama ophiolite unit, only U–Pb age has been reported from gabbroic
rocks of the oceanic crust [8], while both U–Pb dating and Hf isotopic analysis have been
performed for the associated jadeitite [34]. The jadeitite contains more zircon grains than the
gabbroic rocks, and both metasomatic and igneous zircons were recovered from them [35,36].
Although, based on U–Pb dating and Hf isotopic analyses, the protolith of the jadeitite has
been considered to be a mixture of continental crustal material and mafic–ultramafic material
with high Hf isotopic values [34], the entity of the protolith is still unclear. Moreover, polarity
of subduction initiation along the proto-Japan arc has been debated whether it was oceanward
or landward (e.g., [4,5,8,37]). Comparison of the newly obtained zircon U–Pb–Hf isotoic data
of the Oeyama ophiolite unit and those of the associated jadeitite can help in understanding
these discussions in the initiation of plate subduction along the proto-Japan arc.

Here the present study reports newly obtained U–Pb, Lu–Hf, and trace element
analyses of zircon from garbbroic rocks from the Oeyama mafic–ultramafic complex, which
is the type locality of the Oeyama ophiolite unit. These new results provide insights into
the origin of the ophiolite and the earliest geotectonic evolution of the proto-Japan region.

2. Geological Background

The Oeyama ophiolite unit is a part of the Sangun Belt in the Inner Zone of Southwest
Japan (Figure 1) covering all other units as a nappe in the belt. The ophiolite unit is presently
distributed towards the WSW direction of the Oeyama mafic–ultramafic body, in the Izushi,
Sekinomiya, Wakasa, Osayama, Ochiai–Hokubo, Ashidachi, Tari–Misaka, and Saijo bodies.
The surrounding proper Sangun Belt is composed of high P/T metamorphic rocks. Tectonized
fragments of the Oeyama ophiolite unit are scattered along the northeast of the Oeyama
mafic–ultramafic complex to the Itoigawa–Omi area associated with the Range Belt [38].

According to a geological study by Kurokawa (1985) [39], the Oeyama ophiolite unit
is composed of three units: Unit I (82 vol%) is a tectonized ultramafic rock with the lowest
cumulate unit that consists of dunite, harzburgite, and podiform chromitite. Unit II (15 vol%)
is ultramafic to mafic metamorphic rocks that were cumulate rocks in origin and suffered
the epidote–amphibolite–facies metamorphism. Unit III (3 vol%) contains coarse-grained
metagabbro and diabase metamorphosed up to greenschist facies. The meta-cumulate of Unit
II is suggested to be the tectonic block and differs from the surrounding ultramafic rocks of
Unit I in origin [40]. The metamorphic grade of Unit III is lower than that of Unit II. The
dominant occurrence of the ultramafic rocks of Unit I of the Oeyama ophiolite body indicates
that the lower part of the typical ophiolitic sequence was preserved in the Oeyama ophiolite
unit. The Oeyama mafic–ultramafic complex is the type section of the Oeyama ophiolite unit
and the present study area [39]. The Oeyama mafic–ultramafic body is exposed as a nappe
for ca. 4–5 km in the N–S width and ca. 10–12 km in the E–W width between the Paleogene
Maizuru Granite and Permian accretionary complex of the Mino–Tanba Belt (Figure 1).

Kimura and Hayasaka (2019) [8] reported zircon U–Pb age of 545.4 ± 2.6 Ma and
532.4 ± 3.1 Ma for the metagabbro of Unit III in the Saijo body. Other previous dating studies
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reported K–Ar ages for hornblende from mafic or ultramafic rocks in the Oeyama ophiolite
unit. Tsujimori et al. (2000) [41] reported ages of ca. 403–443 Ma from the meta-cumulate rocks
of Unit II in the Oeyama body, and Nishimura and Shibata (1989) [42] reported ages of ca.
444–469 Ma from the Wakasa body. On the other hand, fine-grained hornblende gabbro from
the Ashidachi body yielded a K-Ar age of ca. 343 Ma [43]. The K-Ar ages are considered to
have been affected by secondary metamorphism after the accretion of the ophiolite unit [8].

Figure 1. Geological map of studied area with sample locality. (A) Geotectonic map of SW Japan
modified after [7]. (B) Distribution of major bodies of the Oeyama ophiolite unit. (C) Geological map
of the Ooeyama mafic–ultramafic complex modified after Kurokawa (1985) [39].
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Jadeitite blocks have been reported from the serpentinite mélange between the Oeyama
ophiolite unit and the Sangun metamorphic belt in the Sekinomiya, Wakasa, and Osayama
areas, which indicate subduction-related high P/T-type metamorphism, which occurred
along the proto-Japan arc [42,44–46]. These jadeitites contain relatively large grains of
zircon up to several millimeters in size and are dated at ca. 530–500 Ma [36,47]. Kimura
and Hayasaka (2019) [8] suggested that the protolith of the jadeitite was the oceanic crust
equivalent of the Oeyama ophiolite unit based on the similarity of their age and geochemical
signature. Additionally, in the Itoigawa area, jadeitites occur in the serpentinite mélange of
the Range Belt, and zircons from them have been dated at ca. 520–500 Ma [14,47,48].

3. Materials and Methods
3.1. Sample

The analyzed sample was collected from an outcrop located in the southern part of
the Oeyama mafic–ultramafic unit (Figure 1C). The collected gabbroic rock sample was
composed of the main gabbro part (sample number: OER-01) and vein of the anorthositic
part (sample number: OER-02). The main part of the gabbro was mainly composed of
plagioclase and clinopyroxene (Figure 2). Clinopyroxene showed well-developed cleavage.
Relatively fresh plagioclase showed lamellar twinning, and the other grains were saussuri-
tized. The vein part was composed mainly of coarse grains of saussuritized plagioclase
up to 2 cm in size. Heavy mineral grains were separated from each sample at JAMSTEC
(Yokosuka, Japan). Very few zircon samples were recovered from the main gabbro part
(OER-01) through heavy mineral separation. On the other hand, over 100 grains of zircon
were recovered from 300 g of the OER-02 sample through heavy mineral separation. Rep-
resentative CL images of the analyzed zircon grains in the form of subhedral or anhedral
shapes and faint oscillatory or sector zoning structures are shown in Figure 2D.

3.2. U–Pb Dating

Zircon U–Pb dating was carried out by a Nu Plasma II (Nu instruments, Wrexham,
UK) multiple-collector ICP-MS coupled to multiple-spot femtosecond laser ablation system
(Jupiter Solid Nebulizer, ST Japan, Tokyo, Japan) installed at the Geochemical Research
Center, The University of Tokyo (Tokyo, Japan). The wavelength of the laser is 257 nm
(CARBIDE, Light Conversion, Lithuania). Laser ablation was conducted by a laser pit
size of 8 µm in diameter with a repetition rate of 1 kHz and fluence of 4 J/cm2. In this
study, a square shaped ablation area (20 µm × 20 µm) was ablated for ca. 5 s using
a high-speed laser scanning achieved by the galvanometric scanner [49,50]. For carrier
gas, 0.6 L/min of He gas and 0.8 L/min Ar make-up gas were combined outside the
ablation cell. The mass spectrometer was equipped with six ion counters for the simulta-
neous measurement of 202Hg, 204Hg + 204Pb, 206Pb, 207Pb, 208Pb, and 235U, as described
in Obayashi et al. (2017) [51], Hattori et al. (2017) [52], and Sawaki et al. (2020) [53]. The
sample-standard bracketing technique was adopted to evaluate the instrumental drift and
analytical uncertainty. As primary standards, NIST SRM612 and GJ-1 gem-quality zircon
were used [54,55]. All analytical sessions were bracketed by three spot analyses of NIST
SRM 612 and GJ-1 zircon, respectively, and included in total 15 spot analyses of unknown
samples and secondary standards. Analytical uncertainties were combined with counting
statistics of signal intensities, and the reproducibility of the standard analyses was added
in quadrature. During the analytical sessions, we measured the 206Pb/238U age of the OD-3
zircon to evaluate the reliability of the resulting age data [56]. The analyses of the secondary
standards exhibited weighted mean 206Pb/238U age of 32.7 ± 0.2 Ma (n = 28), which is
coincident with previously reported values within the analytical error.
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Figure 2. Sample photos. (A) Photo of the cut section of the rock sample. The right side is the main gabbro
part (sample number OER-01), and the left side is the vein of the anorthositic part (OER-02). (B) Thin
sectional view of the OER-01, which is mainly composed of diallage CPX and plagioclase. (C) Thin sectional
view of the OER-02 mainly consists of saussuritized plagioclase and prehnite. (D) Cathodoluminescence
images of zircon grains from the sample OER-02. Pink squares show analytical spots of U–Pb dating,
whereas green circles show those of Lu–Hf isotopic analysis and orange squares show trace element
analysis. pl = plagioclase, cpx = clinopyroxene, prh = prehnite, Zrn = zircon.

3.3. Lu–Hf Isotopic Analysis

Zircon Lu–Hf isotopic analysis was performed on a Neptune-plus multiple collector
(MC)-ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Photon Ma-
chines Analyte G2 excimer laser system installed at JAEA (Gifu, Japan). The data were
acquired from ablation pits of 50 µm diameter with a laser repetition rate of 15 Hz, 20 s
ablation time, and fluence of 8.00 J/cm2. To increase the signal intensity, 4.0 mL/min of
N2 gas was mixed with Ar gas as the carrier gas (e.g., [57,58]). Isotopes of 171Yb, 173Yb,
175Lu, 176(Hf + Yb + Lu), 177Hf, 178Hf, and 179Hf were monitored using seven Faraday
cups. The contribution of the isobaric interferences on 176Hf by 176Yb and 176Lu was cor-
rected based on the signal intensities of 173Yb and 175Lu by normalizing the 76Yb/173Yb
and 176Lu/175Lu ratios of 0.78696 [59] and 0.026549 [60], respectively. After the correc-
tion of the isobaric interferences, the mass discrimination effect on Hf isotopes was cor-
rected by the measured 176Hf/177Hf ratio using the exponential law [61]. The mass bias
factor for Yb was calculated by normalizing the measured 173Yb/171Yb to 1.12346 [59],
whereas those for Hf and Lu were calculated by normalizing the measured 179Hf/177Hf
to 0.7325 [62]. Mud Tank zircon (178Hf/177Hf = 1.467168 and 176Hf/177Hf = 0.282523 [63])
were used to correct for mass bias. During the sample analysis, zircon standard materials
of 91500 [64] and TEMORA2 [65] were analyzed for isotope quality control. The reference
values for the 176Hf/177Hf isotopes of the 91500 and TEMORA2 were 0.282306 ± 0.00008
and 0.282686 ± 0.00008, respectively [66]. The obtained means 176Hf/177Hf of 91500 and
TEMORA2 were 0.282317 ± 0.000005 (2SD, n = 8) and 0.282685 ± 0.000014 (2SD, n = 8),
respectively. These results are consistent with the above reference values.
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3.4. Zircon Trace Element Analysis

Zircon trace element analysis was performed by using an iCAP TQ tandem quadrupole
ICPMS (Thermo Fisher Scientific, USA) combined with the multiple-spot laser ablation system
used for the U–Pb dating described above. Analytical spots of trace elements geochemistry
were selected to be next to those of U–Pb age dating and Lu–Hf isotope analysis. A spot size of
42 µm × 42 µm square area was ablated for each analysis by scanning laser beam of ca. 10 µm in
diameter with repetition rate of 400 Hz and fluence of 2.0–2.5 J/cm2. Fluence of carrier gas was
the same as that of the U–Pb dating. To remove interference from polyatomic ions (e.g., 29Si16O+

to 45Sc+), 0.25 mL/min of O2 gas was flowed into a collision/reaction cell between the tandem
quadrupole mass spectrometer. In this study, signal intensities of total 22 isotopes or oxide
ions, 28Si16O, 45Sc16O, 89Y16O, 93Nb16O, 139La16O, 140Ce16O, 141Pr16O, 146Nd16O, 147Sm16O,
153Eu, 157Gd16O, 159Tb16O, 163Dy16O, 165Ho16O, 166Er16O, 169Tm16O, 172Yb, 175Lu16O, 178Hf16O,
181Ta16O2, 232Th16O, and 238U16O, were monitored.

The primary calibration standard and internal standard element, NIST SRM612 and 28Si16O,
were used, respectively. The preferred average of the measured elements in NIST SRM612
by [67] was used for the calculation of the abundance values. The concentration of the internal
standard element in the analyzed zircon grains was assumed to be the same as that of the
91,500 zircon standard (i.e., 15.28 wt%, [64]). The mean and standard deviation of the measured
ratios among each of the six primary standard data bracketing unknown sample groups were
applied to calculate trace element concentrations. The results of 91,500 standard zircon analyses
as a secondary standard are summarized in Supplementary Table S1, which showed good
agreement with the literature values [64].

4. Results

The results of the zircon analyses are summarized in Supplementary Table S2. Zircon grains
from OER-01 exhibited slightly discordant U–Pb ages with 206Pb/238U ages of 540–590 Ma,
which was possibly affected by common Pb contamination. Thirty-six zircon grains out of the
analyzed 50 grains separated from sample OER-02 were plotted on the concordia line (Figure 3A).
No clear relationship between the U and Pb dating results and internal crystal structures was
observed. The weighted mean 206Pb/238U age of concordant data was 544 ± 4 Ma (2-sigma
level, MSWD = 1.77; Figure 3B), and the weighted mean 207Pb/235U age was 540 ± 3 Ma
(2-sigma level, MSWD = 1.46). These zircons exhibited relatively high Hf content (>20,000 ppm),
low U/Yb and Nb/Yb ratios, medium Y concentrations, and Sc/Yb ratios (Figure 4A–E). The
chondrite-normalized rare earth element (REE) patterns of the zircon grains showed enrichment
of heavy REE (HREE), positive Ce anomalies, and negative Eu anomalies (Figure 4F). The Lu–Hf
isotopic analysis showed an initial 176Hf/177Hf ratio between 0.282834 and 0.282913 and initial
εHf values between 13.4 and 16.5. These values were slightly higher than those of the depleted
mantle (DM) curve (Figure 5). However, no clear relationship between the Hf isotopic ratio and
trace element concentration or ratio was observed (Figure 6).

Figure 3. Results of U–Pb dating. (A) Concordia diagram of analytical results of zircon from the
sample OER-02. (B) Weighted mean of 238U–206Pb ages selected data which are plotted on the
concordia line in A. All plots were generated by using IsoplotR [68].
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Figure 4. Trace element analysis of zircon from the sample OER-02. (A) Hf concentration vs. U/Yb
ratio, (B) Y concentration vs. U/Yb ratio [27], (C) Nb/Yb ratio vs. U/Yb ratio, (D) Nb/Yb ratio vs.
Sc/Yb ratio, (E) Sc/Yb ratio vs. U/Yb ratio [26], (F) chondrite-normalized rare earth element pattern.
Gray-filled areas indicate the composition of typical zircons from oceanic crustal rocks [27].
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Figure 5. Zircon U–Pb age versus initial Hf isotopic ratio diagram for the present results of Lu–Hf
isotope analysis of the Oeyama mafic–ultramafic complex and previously reported data for zircons
in jadeitite from the Osayama area by [34]. Depleted mantle domain shown in green and CHUR
(Chondritic uniform reservoir) curve of a black curve were defined by [69,70].

Figure 6. Plots of initial 176Hf/177Hf isotopic ratio versus trace element concentration or trace
element ratio of zircons in sample OER–02 (anorthositic vein in gabbroic rock) from the Oeyama
mafic–ultramafic complex.

5. Discussion
5.1. Igneous Age of Mafic Rocks in the Oeyama Ophiolite

The analyzed zircons from sample OER-02 exhibiting concordant U–Pb ages showed
Th/U ratios higher than 0.1, a common chemical feature of typical igneous zircons (e.g., [71,72]).
In addition, the obtained REE pattern with positive Ce anomalies, negative Eu anomalies,
and HREE enrichment is also typical for igneous zircons [72]. Although the analyzed
zircons do not show any clear internal zoning structure, zircons exhibiting such charac-
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teristics are often found in gabbroic rocks (e.g., [27]). Therefore, the weighted mean of
the present zircon U–Pb ages indicates the igneous age of the host mafic rocks. In the
following discussion, a weighted mean 206Pb/238U age of 544 Ma is adopted as the igneous
age. This igneous age is consistent with those previously reported in the Saijo unit [8]. This
result confirms that the mafic rocks of the Oeyama ophiolite unit (i.e., Unit II according
to Kurokawa (1985) [39]) was formed and accreted almost simultaneously along the plate
subduction zone of the proto-Japan arc.

5.2. Source Mantle of the Oeyama Ophiolite Unit

In the discrimination diagrams of Grimes et al. (2009; 2015) [26,27], the present data
of trace element analyses are plotted on the oceanic crust domain or MOR-type domain
(Figure 4). This result is consistent with previously reported trace element data for mafic
rocks of the Saijo area by Kimura and Hayasaka (2019) [8]. These data confirm the east-west
continuity of the Oeyama ophiolite unit, which had been formed from the depleted mantle
source, such as mid-oceanic ridges.

The present result of the Lu–Hf isotopic analysis shows that the initial 176Hf/177Hf
ratio is slightly higher than that of the depleted mantle at that time, indicating that the
mafic rocks of the Oeyama ophiolite unit were derived from a strongly depleted mantle
domain. This is consistent with the trace element analysis of the zircons described above.
This Hf isotopic result is also consistent with whole-rock Nd isotopic analysis by Kimura
and Hayasaka (2019) [8], who showed that the initial Nd ratio for the five samples ranged
between 0.512169 and 0.512382, namely initial εNd between 7 and 8. Furthermore, the
present 176Hf/177Hf ratio is still slightly higher than the depleted mantle at the U–Pb age,
even after considering the diversity of the current mid-oceanic ridge basalt (MORB) source
mantle and the initiation of the differentiation of the DM. Examples with Hf isotope ratios
slightly higher than the DM range exist in various parts of the world, and their tectonic
settings are also diverse. Examples of similar ages include ophiolites with the oceanic crustal
origin [20], intra-plate magmatism [73], and subduction orogenic components [74–76].
Local isotopic variations may differ from global mantle differentiation. It has been remarked
that the presence of garnet in the residual material during partial melting can increase the
Hf isotopic ratio [77]. In the present study, however, the trace element signature and Hf
isotopic ratio do not show any relationship, and we do not have any evidence of garnet in
the restites of the Oeyama ophiolite unit. Another possible explanation for the data is that
the Hf isotopic values were inherited from an ultra-depleted mantle domain which had
formed through extremely active igneous activity in the Archean or Hadean. Several studies
have reported Hf isotopic values higher than the normal depleted mantle domain through
zircon in-site analysis and whole rock analysis of from early Archean rocks [78–81]. Such
highly depleted mantle domains may have existed in the Rodinia continent as cratonic
keels and participated in the partial melting during the formation of the oceanic crust
of the Oeyama ophiolite unit. Even though the reason why the present zircons show
slightly higher than the depleted mantle domain is still not conclusive, that may reflect the
formation environment of the Oeyama ophiolite unit.

5.3. Comparison with Associated Jadeitite and Implication for Paleogeographic Reconstruction

The jadeitite associated with the Oeyama ophiolite unit yielded zircon U–Pb ages of ca.
530–500 Ma [36,47]. Fu et al. (2010) [34] further reported two texturally contrasting groups
of zircons from jadeitite in the Osayama area by cathodoluminescence observation, that
is, igneous and hydrothermal types, and carried out Lu–Hf and oxygen isotope analyses.
The igneous type zircons with faint oscillatory or patchy zoning show δ18O = 5.0 ± 0.4%
(2SD, Vienna Standard Mean Ocean Water (VSMOW)), whereas hydrothermal-type zircons
with featureless or weak zoning show δ18O = 3.8 ± 0.6%, which supports the typing based
on the CL images. Both types of zircons show Hf isotopic ratios between CHUR and
depleted mantle, and those of the igneous type zircons are lower than the hydrothermal
type. They regarded that igneous-type zircons were inherited from protolith of pre-existing
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igneous rocks or subducted sediments, and the hydrothermal-type ones are precipitate
from metasomatic fluid. They further interpreted that the high Hf isotopic values of the
hydrothermal-type zircons are derived from rocks generated from depleted mantle sources.

The present zircon Hf isotopic analysis of the Oeyama ophiolite unit exhibited higher
values than both types of zircons in the jadeitite. This result indicates that the igneous-type
zircons in the jadeitite have a different origin from the mafic rocks of the Oeyama ophiolite
unit. On the contrary, the Hf isotopic values of the hydrothermal-type zircon can be well
explained by mixing of the igneous-type zircons in the jadeitite and the present ones in
the Oeyama ophiolite unit. The mafic rocks in the oceanic crust or related mantle material
probably contributed to produce the metasomatic-type zircons in the jadeitite. We note that
the igneous-type zircons in Fu et al. (2010) may indicate a younger age than the original
igneous age due to Pb-loss during the metasomatism, even though their Hf and O isotopic
values are less affected by the metasomatism. The present result requires another source
for the jadeitite, which had U–Pb ages older than ca. 530 Ma and a Hf isotopic signature
lower than 0.2826. There are two possible explanations for this jadeitite source. First,
the subduction initiation involved some older crustal material in the Rodinia continent
with Hf isotopic ratio lower than those of zircons in the jadeitite (Figure 7A). In this case,
we need to assume that the igneous-type zircons were originally older than 530 Ma and
secondarily lost the U–Pb ages during the metasomatism. The other is the subduction
involved arc crusts which had Hf isotopic composition lower than 0.2826 (Figure 7B). This
model requires that the subduction initiation along the proto-Japan region was older than
530 Ma previously envisaged, probably 600 Ma or older, enough to produce arc crust with
such low Hf isotopic values. If we follow the model of oceanward subduction initiation
described by Kumira and Hayasaka (2019) [8], the latter model is more probable and
that suggests subduction initiation along the proto-Japan arc much older than 530 Ma.
Nonetheless, we still do not have evidence to determine which model is correct at the time,
and the relationship between ophiolite and jadeitite is probably the key to further revealing
the details of subduction initiation.

Figure 7. Two possible model to explain the present zircon Hf isotopic analysis for a gabbroic rock
from the Oeyama ophiolite unit and that of the jadeitite associated with the ophiolite unit. (A) The
initial subduction was landward and the jadeitite was formed from the Precambrian continental crust
(CC) in the Rodinia fragments and the oceanic crust coeval to the Oeyama ophiolite unit. (B) The
initial subduction was oceanward and started at > ca. 600 Ma. The source of the jadeitite was a
mixture of the oceanic crust coeval to the Oeyama ophiolite unit and the arc crust formed through
the subduction.

6. Conclusions

The gabbroic rocks of the Oeyama mafic–ultramafic complex in southwest Japan were
a fragment of ca. 544 Ma oceanic crust. Trace element analysis of the zircons revealed
that the host rock was derived from the mantle depleted of incompatible elements such as
MORB. The present igneous age and geochemical features of the zircons are consistent with
previous work for other parts of the Oeyama ophiolitic unit. Zircon Lu–Hf isotopic analysis
also indicates that the gabbroic rock was derived from a depleted mantle domain like the
MORB. The Hf isotopic signature is more depleted than those of the zircons in the jadeitite
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associated with the Oeyama ophiolite unit. This result may suggest that the subduction
initiation along the proto-Japan arc was older than 530 Ma as previously thought.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min12010107/s1. Supplementary Table S1: Analytical results of trace element content
of 91500 standard zircon. Supplementary Table S2: Results of zircon U–Pb, Lu-Hf, and trace
element analyses.
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