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Abstract

The Unazuki Belt, Southwest Japan, is a part of the Hida Belt, which is characterized as a plutono-metamorphic complex with
a continental affinity formed between the late Paleozoic and early Mesozoic. The Unazuki Belt is known to be an important
tectonic unit for the tectonic correlation between the proto-Japan and East Asian continents as it records Permo-Triassic
tectono-thermal events, however, comprehensive chronology of the Unazuki Belt including the timing of the initiation of this
Belt is yet unclear. The present study reveals certain Carboniferous magmatic and sedimentation events from the Unazuki
Belt and their tectonic implications for the first time as follows. Zircon U-Pb age dating results and whole-rock geochemical
compositions show that the protoliths of metagranite and metatrachyandesite in the Unazuki Belt formed at 328.2 + 4.4 Ma
and 332.8 +2.2 Ma, respectively, in an arc tectonic setting. Most metasedimentary rocks of the Unazuki Belt have the young-
est detrital zircon grains of ~300 Ma with the Carboniferous single cluster at~340-300 Ma without any Pre-360 Ma detrital
zircon grains. However, one metasedimentary rock with Precambrian detrital zircons (~20%) has the youngest detrital zircon
age of ~252 Ma, and ~ 66% of detrital zircons show a Permian age. Most of the e;(t) values of zircon grains from all the stud-
ied Unazuki Belt samples, including the metasedimentary and metaigneous rocks with Carboniferous ages (~ 360-300 Ma) are
positive (+6—+ 18), whereas those of the zircon grains with Permian ages (~280-260 Ma) show wide variations between+ 16
and -23. The whole-rock geochemical compositions of the ~300 Ma metasedimentary rocks of the Unazuki Belt show an
island arc tectonic setting, whereas those of ~252 Ma metasedimentary rock have a continental arc affinity. These new data
suggest that (1) igneous and sedimentary rocks in the Unazuki Belt formed in the island arc tectonic setting separated from
the margin of continental crust during the Carboniferous but shifted to the continental arc tectonic setting during the latest
Permian, (2) the collision between the island arc and continental arc may have caused the intermediate-P/T metamorphism
during the Permian in the Unazuki Belt. The Carboniferous island arc tectonic setting in the Unazuki Belt indicates that the
Hida Belt, including the Unazuki Belt, formed not at the margin of the South China Craton where Carboniferous subduction
is absent but on the continuous subduction zone located along the eastern margin of the North China Craton, including the
eastern margin of the northern Korean Peninsula where Carboniferous subduction occurred.
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Introduction

The Japanese Islands are considered to have been located
on the eastern margin of the Asian continent, next to the
Korean Peninsula, before the Miocene (e.g., Otofuji and
Matsuda 1984; Maruyama et al. 1989; Otofuji 1996).
Therefore, a correlative study of pre-Paleogene basement
rocks between the Korean Peninsula and the Japanese
Islands is important to understand the tectonic evolution of
the eastern margin of East Asia (Matcalfe 2006; Oh 2006;
Osanai et al. 2006; Oh and Kusky 2007; Dunkley et al.
2008). The tectonic correlation between the Korean Pen-
insula and Japanese Islands before the Miocene has been
discussed in many studies (e.g., [shiwatari and Tsujimori
2003; Oh 2006; Kawaguchi et al. 2023a, b), and differ-
ent tectonic models have been proposed. In particular, the
geological correlation before the Jurassic is quite uncertain
due to the limited correlatable evidence.
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The pre-Jurassic tectonic units in the Japanese Islands are
widely exposed in the Inner Zone of Southwest Japan, which
includes the Hida Belt, located on the most continental side
of the Japanese Islands (Fig. 1). The rocks of the Hida Belt
have a continental margin affinity, including the plutono-
metamorphic complex that formed during the late Paleozoic
to Mesozoic (e.g., Hiroi et al. 1978; Hiroi 1981, 1983; Kano
1990; Arakawa et al. 2000; Horie et al. 2010, 2013, 2018;
Takahashi et al. 2010, 2018; Cho et al. 2021). The Hida Belt
is further subdivided into the Unazuki Belt, Hida Metamor-
phic Belt, and Hida Granites, which intruded into both the
Unazuki and Hida Metamorphic Belts (Fig. 2). An under-
standing of the pre-Jurassic tectono-thermal history and
crustal evolution of the Hida Belt is important for the tec-
tonic correlation between the East Asian continental margin,
including the Korean Peninsula, and the Japanese Islands.
The Hida Belt has long been believed to be part of the North
China Craton (NCC) (Kobayashi 1941; Takahashi et al.
2018; Horie et al. 2010, 2018; Cho et al. 2021). However,
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Fig. 1 Tectonic map of East Asia, including the Hida Belt, Southwest Japan
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Fig.2 Geological map of the Hida Belt including the Unazuki Belt area after Kano (1990). The mapped area is shown in Fig. 1
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it was also suggested to be a part of the Jiamusi Massif,
based on the similar age of igneous activities (Zhao et al.
2013) and the collision zone between the NCC and South
China Craton (SCC), based mainly on the occurrences of the
intermediate-pressure/temperature (P/T)-type metamorphic
rocks (e.g., Sohma et al. 1990; Sohma and Kunugiza 1993).
Some studies considered it to be a microcontinent that col-
lided with the eastern edge of the NCC in the late Paleozoic
(e.g., Mizutani and Hattori 1983; Ernst et al. 1988). This
contrasting idea is mainly attributed to the limitation of the
direct correlatable evidence between the Hida Belt and East
Asian continental margins. Precambrian detrital/inherited
zircon, including Archean ages, have been reported from the
Hida Belt (Horie et al. 2010, 2018; Takahashi et al. 2018).
However, based on previous studies thus far, the Hida Belt
has been confirmed to consist of late Paleozoic to Jurassic
rock units, and certain Precambrian rocks, which are major
constituents of the NCC and SCC, have not been reported
(e.g., Suzuki and Adachi 1991, 1994).

The origin and tectonic evolution of the Hida Belt are
still uncertain, and particularly, the tectono-thermal events
before ~260 Ma have not been well studied due to the lim-
ited lines of evidence (Fig. 3). The igneous ages older than
300 Ma were reported from the Hida Belt in previous studies,
such as whole-rock Rb—Sr isochron ages of 415 + 144 Ma
(metagabbro) and 332 +74 Ma (metatonalite) (Arakawa

1984), whole-rock Rb—Sr model ages of ~ 1100 Ma (coarse-
grained granite) and ~700 Ma (medium-grained grano-
diorite) (Shibata and Nozawa 1986), and Nd model ages
of ~1500-1300 Ma (Shibata et al. 1989). However, the
age dating methods used to obtain those ages have large
uncertainties, and new chemical ages (~250-230 Ma) have
been reported from the same body studied by Shibata and
Nozawa (1986) using chemical Th—U-total Pb isochron
method (CHIME) zircon and monazite dating (Suzuki and
Adachi 1991). Moreover, Takeuchi et al. (2019) reported
LA-ICP-MS zircon U-Pb ages of 241-229 Ma from the
same outcrop studied by Shibata and Nozawa (1986). These
contrasting results suggest that certain Precambrian rocks
have not been reported thus far from the Hida Belt. A recent
study revealed the important 302.2 +2.1 Ma magmatism
from the orthogneiss in the Hida Metamorphic Belt based on
the SHRIMP zircon U-Pb method (Fig. 3, Cho et al. 2021);
however, its occurrence is very limited, and the comprehen-
sive tectonic interpretation is still uncertain. Instead, almost
all pre-300 Ma ages, including the Precambrian age in the
Hida Belt, were obtained mainly from detrital/inherited zir-
con, and those data imply some pre-300 Ma tectono-thermal
events in the Hida Belt (e.g., Takahashi et al. 2018). In par-
ticular, the Archean inherited zircon grains up to~3.8 Ga
were obtained from the ~256 Ma granites intruded in the
Unazuki Belt (Horie et al. 2010, 2018), suggesting the
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Fig.3 Magmatic ages of the Hida Belt including the Unazuki Belt
based on U-Pb zircon ages. Data are from Sakoda et al. (2006),
Horie et al. (2010, 2013, 2018), Takahashi et al. (2010, 2018), Zhao
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significant input of Archean crustal materials. However,
pre-260 Ma tectono-thermal events are not fully understood
due to the limited lines of evidence (Fig. 3).

Previously, there had been an active debate on the tec-
tonic correlation between the Hida Belt and the East Asian
continent, such as the correlation with the Ogcheon Meta-
morphic Belt in the southern Korean Peninsula (e.g., Hiroi
1981), the Dabie-Sulu collision belt between the NCC and
SCC (Isozaki 1997; Arakawa et al. 2000), or the basements
of the Korean Peninsula, including the Yeongnam, Gyeo-
nggi, Nangrim, and Kwanmo Massifs and the Ogcheon Belt
(e.g., Hiroi 1981; Isozaki 1997). However, these correlations
are loosely constrained based on indirect and insufficient
evidence without the quantitative data including the isotopic
and petrochronological data. Therefore, to obtain a defini-
tive correlational model, it is necessary to reexamine the
characteristics of the Hida Belt based on reliable and high-
resolution methods, such as zircon U-Pb dating and Lu—Hf
isotope analysis coupled with petrological and geochemical
investigations.

In the present study, LA-(MC-)ICP-MS zircon U-Pb
age dating and Lu—Hf isotope analysis were carried out on
samples from the Unazuki Belt to reveal the timing of mag-
matism and the age of deposition, with the characteristics
of the source materials. Whole-rock geochemical analyses
were also carried out for the samples from the Unazuki Belt
to reveal their tectonic settings. In this study, we obtained
important zircon U-Pb ages including ~330 Ma igneous
and ~ 300 Ma sedimentation ages from the Unazuki Belt for
the first time, and the detailed investigations provided in
this study play a pivotal role in revealing the pre-300 Ma
tectono-thermal evolution of the Unazuki Belt. Finally, the
tectonic correlation between the Hida Belt including the
Unazuki Belt, and East Asia is discussed by combining the
results of this study with those of previous studies.

General geology

The Japanese Islands comprise a series of subduction-
related rock units, including accretionary complexes, high-
P/T metamorphic rocks, ophiolites, and arc igneous rocks
that formed during the Phanerozoic (e.g., Wakita 2013;
Kojima et al. 2016; Wakita et al. 2021). The proto-Japan
is the archipelago formed before the Cretaceous, which
was initiated by subduction during the Cambrian along
the eastern margin of the Asian continent (e.g., Kimura
and Hayasaka 2019; Sawada et al. 2022). It consists of the
Paleozoic—Mesozoic accretionary complexes and high-P/T
metamorphic belts and is mainly exposed in Southwest
Japan and basically forms a piled nappe structure (e.g.,
Hayasaka 1987; Isozaki et al. 2010; Wakita et al. 2021).
Those old complexes/belts are exposed on the continen-
tal side, with a younging trend toward the oceanic side

(Isozaki et al. 2010; Wakita 2013; Wakita et al. 2021).
Paleozoic magmatic rocks rarely occur in the Japanese
Islands (e.g., Fujii et al. 2008; Osanai et al. 2014; Kawa-
guchi et al. 2020; Kimura et al. 2019, 2021) without a
batholith, except in the Hida Belt. The Hida Belt, which
is characterized by late Paleozoic to Mesozoic gneisses,
schists, and granitoids, is located along the most continen-
tal side of the Japanese Islands (Fig. 1), showing tectonic
features that are different from the Phanerozoic accretion-
ary complexes and high-P/T metamorphic belts in the Jap-
anese Islands. The Hida Belt is thought to be a part of the
continental margin and thrust over accretionary complexes
and/or high-P/T metamorphic belts, leading to the present
configuration (Komatsu et al. 1985; Sohma et al. 1990).

Hida Granites and Hida Metamorphic Belt

The Hida Belt is divided into three major subunits: the
Permo-Triassic and Jurassic granitoids, including augen
gneiss (Hida Granites), low-P/T-type gneisses and migma-
tites (Hida Metamorphic Belt), and medium-P/7-type schists
(Unazuki Belt) (Fig. 2). Arakawa (1984) summarized the
timing of multistage tectono-thermal events in the Hida Belt
based on the Rb—Sr ages of gneisses and metamorphosed
plutonic rocks; the late Silurian (first-stage) magmatism
which represented by amphibolites, the middle Carbonifer-
ous (second-stage) magmatism which represented by mafic
dykes, and the late Triassic to early Jurassic (third-stage)
magmatism occurred in the continental margin or conti-
nental arc tectonic environments. Takahashi et al. (2018)
suggested that the protoliths of the Hida metasedimentary
rocks (paragneiss) were deposited during ~275-250 Ma, fol-
lowed by metamorphism at ~250-235 Ma, with minor ther-
mal events of ~270 Ma based on U-Pb dating of the zoned
zircon grains. Cho et al. (2021) revealed that the intrusion
of the orthogneiss occurred during the entire Permian period
at~302-254 Ma (Fig. 3), and was followed by solid-state
recrystallization at~250-240 Ma due to thermal overprint-
ing from the intrusion of the Hida granitoids based on zir-
con U-Pb age dating. Suzuki et al. (1989) reported appar-
ent metamorphic P-T conditions of ~730 °C and ~ 7 kbar
from the high-grade parts of the Hida Metamorphic Belt.
However, the timing of metamorphism and corresponding
P-T conditions are not yet fully understood. The activity of
the Hida granites can be divided into two major episodes,
viz.,~260-230 Ma (Hida Older Granites) and ~200-180 Ma
(Hida Younger Granites) (Sakoda et al. 2006; Horie et al.
2010, 2013, 2018; Takahashi et al. 2010, 2018; Zhao et al.
2013; Koizumi and Otoh 2019; Takehara and Horie 2019;
Takeuchi et al. 2019, 2021; Cho et al. 2021; Yamada et al.
2021; Kawaguchi et al. 2023b) (Fig. 3b).
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Unazuki Belt

The metamorphic rocks of the Unazuki area were suggested
to be distinguishable from the metamorphic rocks in the
other parts of the Hida Belt by the occurrence of stauro-
lite and kyanite (Ishioka 1949). Hiroi (1978) divided the
metamorphic rocks around the Unazuki area into the Una-
zuki Group, characterized by schist, and the Katakaigawa
Group, characterized by gneiss. Hiroi et al. (1978) called
the Unazuki Group the Unazuki schist. In this manuscript,
we refer to the Unazuki schists and plutonic rocks intruding
into the Unazuki area as the Unazuki Belt (Figs. 2 and 4).
The Unazuki schist is composed of marble, pelitic schist,
quartzo-feldspathic schists, and interlayers of pelitic and
mafic schists in ascending order, probably conformably
(Hiroi 1978; Fig. 4). The protoliths of quartzo-feldspathic

schists are considered felsic volcanic rocks and are tradi-
tionally called leptite (Ishioka and Suwa 1954, 1956). The
Unazuki Belt and the Hida Metamorphic Belt are bounded
by the Eboshiyama thrust fault (Hiroi 1978) (Fig. 4). In the
eastern part of the Unazuki Belt, plutonic rocks intrude,
and Unazuki schists disconnectedly occur as roof remnants
(Hiroi 1978) (Fig. 4). Based on the symmetrical occurrences
of the roof remnants and the well-zoned Unazuki schist lay-
ers in the western exposed area, Hiroi (1978) suggested the
occurrence of a north—south-directed anticline named the
Kurobe-Gawa anticline (Fig. 4). The pelitic schists of the
Unazuki Belt contain chloritoid, staurolite, and kyanite, sug-
gesting their medium-P/7-type metamorphism (Hiroi 1978,
1980), and their P-T conditions have been estimated to reach
650 °C and 6.7 kbar (Hiroi 1983). The age of the Unazuki
schists is not well known, except for the late Carboniferous
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fossils in the siliceous part of the marble, which represents
the timing of deposition for the lower structural unit of the
Unazuki schists (Hiroi et al. 1978). In the Unazuki schists,
biotite and muscovite Rb—Sr ages of 496 + 35 Ma, 248 Ma,
240+ 25 Ma, 234 +4 Ma, 227 +3 Ma, and 212 +2 Ma have
been reported (Yamaguchi and Yanagi 1968, 1970; Shibata
et al. 1970). Based on the occurrences of late Carbonifer-
ous fossils (Hiroi et al. 1978) and the above-mentioned
Triassic Rb—Sr ages of the Unazuki Belt, Hiroi (1983)
suggested that the protolith of the Unazuki schists was
deposited between the Carboniferous and Permian ages that
subsequently underwent medium-P/T metamorphism dur-
ing the Permo—Triassic time. Recently, Horie et al. (2018)
suggested that medium-P/T metamorphism occurred dur-
ing ~258-253 Ma because 253.0 +1.9 Ma biotite granite
contains a quartzo-feldspathic schist xenolith that probably
has a magmatic age of 258.0 +£2.3 Ma (Fig. 3).

The plutonic rocks in the Unazuki area are divided into
metagabbro, quartz diorite, and granite (Fig. 4; Hiroi 1978),
and they show two periods of magmatism at~260-230 Ma
and ~200-190 Ma with a gap of ~30 Myr (Horie et al. 2010,
2013, 2018; Takeuchi et al. 2021; Kawaguchi et al. 2023b;
Fig. 3). Timing of magmatism of the igneous rocks in the
Unazuki area shows a good correlation with that in the Hida
Metamorphic Belt area (Fig. 3). The plutonic rocks in the
Unazuki area are reported to have intruded into the Unazuki
metamorphic rocks (Fig. 4; Hiroi 1978).

Petrography, field occurrences, and sample
description

Two areas of the Unazuki Belt are the focus of this study; the
Uchiyama area located in the south and the Funagawa area
located in the north (Fig. 4).

Uchiyama area: The Grt—Hbl schist (HB171016-1C)
has cm-size garnet with elongated hornblende and contains
quartz, plagioclase, and chlorite as major phases (Fig. 5a).
The rock shows clear schistosity represented by elongated
hornblende (Fig. 5a). In the field, rhyolite (HB171016-2)
occurs as a dyke cross-cutting the Unazuki schists. The
rhyolite shows clear parallel joints which are different from
the schistosity defined by the selective orientation of the
metamorphic minerals which are typical for the Unazuki
schists. This sample shows porphyritic plagioclase with
fine-grained quartz and hornblende without clear foliation
(Fig. 5b). Hbl-Bt schist (HB171016-3) shows clear schistos-
ity (Fig. 5¢). This rock is composed of quartz, plagioclase,
biotite, and hornblende as major minerals (Fig. 5d). Metatra-
chyandesite (HB171016-4) has porphyroclastic plagioclase
with biotite and quartz (Fig. 5e). Biotite in it imparts the
schistosity (Fig. Se). Due to the existence of porphyroclastic
plagioclase with abundant quartz, this rock (HB171016-4)
can be considered originally as a volcanic rock.

Funagawa area: Metagranite (HB171016-7) occurs as
sporadic and minor outcrops of ~50 m in length along a nar-
row path and is bounded by a gray-colored gabbro—diorite
pluton by the brittle fault with cataclasite and fault gouge.
Metagranite is characterized by a pinkish surface due to
abundant K-feldspar (Fig. 5f). Gabbrodiorite occurring close
to the studied metagranite was dated to 200.8 + 1.5 Ma by
the zircon U-Pb method (Kawaguchi et al. 2023b; Fig. 4).
The studied metagranite (HB171016-7) shows an equigranu-
lar texture and consists of quartz (~40 vol%), plagioclase
(~30 vol%), K-feldspar (~25 vol%), and biotite (~5 vol%)
as major phases (Fig. 5g). Biotite is partly replaced by chlo-
rite (Fig. 5g). These microtexture and mineral assemblages
represent a granitic origin. Hbl-Bt schist (HB171016-9) is
a major rock facies in this area and shows clear schistosity
in the field defined by the selective orientation of biotite and
hornblende along with the interlayer of pelitic and psam-
mitic layers, representing their sedimentary rock origin with
interlayers of pelitic and psammitic parts (Fig. 5h, 1).

Analytical methods
LA-ICP-MS zircon U-Pb age dating

Zircon U—Pb age dating of grains from the five Unazuki
Belt samples (HB171016-1C, HB171016-3, HB171016-4,
HB171016-7, and HB171016-9) was performed by a Nu
Plasma II multicollector inductively coupled plasma mass
spectrometer equipped with a New Wave Research 193-
nm ArF excimer laser ablation system (LA-MC-ICP-MS)
installed at the KBSI, Republic of Korea. To observe the
internal texture of zircon, cathodoluminescence (CL) and
backscattered electron (BSE) images were obtained using
a scanning electron microscope (JEOL 6610LV) housed at
the KBSI. Zircon 91500 (Wiedenbeck et al. 1995) was used
as a primary standard to calibrate the U-Pb ratio. PleSovice
zircon (Slama et al. 2008) was selected as a consistency
standard to confirm the data quality. A laser spot diameter
of 15 um and a laser repetition rate of 5 Hz were selected
during the analysis. Each analysis consisted of approxi-
mately 20-30 s of background acquisition followed by 50 s
of data acquisition. The weighted average 2°°Pb/>**U age of
the consistency standard, namely, the PleSovice zircon, was
338.6+ 1.4 Ma MMSWD =0.55, n=23), which is consist-
ent with the recommended value (337.13 +0.37 Ma; Slama
et al. 2008).

Zircon U-Pb age dating and trace element analysis of
zircon grains from the rhyolite dyke in the Unazuki Belt
(HB171016-2) were simultaneously performed by a Geo-
lasPro laser ablation system that consists of a COMPex-
Pro 102 ArF excimer laser coupled with an Agilent 7900e
ICP-MS instrument housed at the Wuhan Sample Solution
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Fig.5 Sample photographs and photomicrographs of the stud-
ied rocks of the Unazuki Belt. a Photomicrograph of the Grt—Hbl
schist (HB171016-1C). b Photomicrograph of the rhyolite dyke
(HB171016-2). ¢, d Sample image and photomicrograph of the
Hbl-Bt schist (HB171016-3). e Photomicrographs of the metatra-

Analytical Technology Co., Ltd, Hubei, China. Helium gas
was used as a carrier gas to transport the abraded sample.
Argon gas was mixed with the carrier gas before enter-
ing the ICP-MS. Zircon 91500 (Wiedenbeck et al. 1995)
and glass standard NIST610 (Stephen and Robert 2012)
were used as primary standards to calibrate the U-Pb ratio
and trace element concentration, respectively. PleSovice
zircon (Slama et al. 2008) was selected as a consistency
standard to confirm the data quality. A laser spot diameter
of 32 um and a laser frequency of 5 Hz were selected dur-
ing the analysis. Each analysis consisted of approximately
20-30 s of background acquisition followed by 50 s of data
acquisition. Trace element compositional analysis of zir-
con was further calibrated with Si as an internal standard.
Data reduction was conducted by ICPMSDataCal software
(Liu et al. 2008, 2010). Concordia plotting and weighted
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chyandesite (HB171016-4). f, g Sample photograph and photomi-
crograph of the metagranite (HB171016-7). h, i Sample image and
photomicrograph of the Hbl-Bt schist (HB171016-9). Bt biotite, Hbl
hornblende, Kfs K-feldspar, Grt garnet, Pl plagioclase, Qtz quartz

average age calculations were conducted by Isoplot/EX_
ver3 (Ludwig 2003). Detailed analytical and calculation
processes are described in Zong et al. (2017) and Kawagu-
chi et al. (2023a). The concordia age and weighted average
206pp,238y age of the consistency standard, namely, the
Plesovice zircon, were 337.8+1.3 Ma (MSWD =0.11,
n=7),and 337.8 +2.5 Ma (MSWD =0.41, n="7), respec-
tively, which are consistent with the recommended value
(337.13+0.37 Ma; Slama et al. 2008).

Throughout this study, concordant data are defined as
a discordance level (difference between 2°°Pb/>*3U and
207pp235y dates) of less than 10%. In this study, 206pp,238y
dates are used for zircon grains younger than 1000 Ma,
whereas 2’Pb/?’Pb dates are used for zircon grains older
than 1000 Ma. The weighted mean age is quoted at the 95%
confidence level, and the dates and isotopic ratios are at the
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20 confidence level. All the LA-ICP-MS zircon U-Pb age
dating results are listed in Supplementary Table S1.

Zircon Lu-Hf isotope analysis

Lu—Hf isotope analysis of zircon grains from the five
Unazuki Belt samples (HB171016-1C, HB171016-3,
HB171016-4, HB171016-7, and HB171016-9) was per-
formed using LA-MC-ICP-MS at the KBSI. Analytical
spots were chosen at the same zoned points of the U-Pb
dating under a laser diameter of 44 um. The energy density
of laser ablation was maintained at~7.0 J/cm?. Each analysis
consisted of 20 s of background acquisition followed by 50 s
of ablation signal acquisition. Zircon 91500 was used as a
primary standard to calibrate the isotopes, and zircon FC1
was used as a consistency standard to confirm the data qual-
ity. During the analysis, the 7SHf/'7"Hf ratio of zircon FC1
was 0.282168 +0.000014 (95% confidence interval; n=19),
which is consistent with the reference values (Woodhead
and Hergt 2005).

Zircon Lu—Hf isotope analysis of the rhyolite dyke in the
Unazuki Belt (HB171016-2) was conducted using a Nep-
tune Plus MC-ICP-MS coupled with a GeoLas HD excimer
ATrF laser ablation system (Coherent, Gétingen, Germany)
housed at the Wuhan Sample Solution Analytical Tech-
nology Co., Ltd., Hubei, China. Helium gas was used as
a carrier gas and merged with argon gas after the ablation
cell. A small volume of nitrogen gas was used to improve
the sensitivity. Analytical spots were selected at the same
zoned points of the U-Pb dating under a laser diameter of
44 um. The energy density of laser ablation was maintained
at~7.0 J/cm?. Each analysis consisted of 20 s of background
acquisition followed by 50 s of ablation signal acquisi-
tion. Detailed analytical conditions are the same as those
described by Hu et al. (2012). PleSovice zircon was used
as a primary standard to calibrate the isotopes, and zircon
grains from samples 91500 and GJ-1 were used as secondary
standards to monitor the data quality. During the analysis,
the 17Hf/'7"Hf ratios of zircon grains from samples 91500
and GJ-1 are 0.282313 +0.000014 (95% confidence interval;
n=4) and 0.282020 +0.000014 (95% confidence interval;
n=4), respectively, which are consistent with the reference
values (Goolaerts et al. 2004).

Throughout this study, the '"®Lu decay constant of
1.867x 107! year‘l (Soderlund et al. 2004) was selected
to obtain the initial '"*Hf/!"Hf ratio. The ey(t) values
were calculated using the reference chondritic values of
76Hf/"""Hf =0.282772 and '7°Lu/'""Hf =0.0332 (Blichert-
Toft and Albarede 1997). The single-stage Hf model age
(Tpy) Was calculated using '7Lu/!"’Hf and '"°Lu/'""Hf
values of 0.28325 and 0.0384, respectively, which represent
the depleted mantle (Griffin et al. 2002), and the two-stage
Hf model age (Tpyy,) Was calculated using the "°Lu/'"’Hf

value of 0.015, which represents an average continental crust
(Griffin et al. 2002). All the LA-MC-ICP-MS zircon Lu—-Hf
isotope results are listed in Supplementary Table S2.

Whole-rock geochemical analysis

Whole-rock chemical analysis was conducted at Activa-
tion Laboratories Ltd., Ancaster, Ontario, Canada. Before
the analysis, fresh samples without any veins and weath-
ered portions were crushed into a fine powder. The major
and trace element concentrations were determined using
inductively coupled plasma atomic emission spectrometry
(ICP-AES; Termo Jarrel-Ash ENVIRO II) and inductively
coupled plasma—mass spectrometry (ICP-MS; Perkin Elmer
Optima 3000). The detailed sample preparation and analysis
procedures are described in Lee et al. (2016). All the whole-
rock chemical data are listed in Supplementary Table S3,
together with the GPS sampling points.

Results
LA-ICP-MS zircon U-Pb ages

Carboniferous metaigneous rock: Zircon grains separated
from the metatrachyandesite (HB171016-4) are colorless
and reach 250 pm along the longer axis. They show euhe-
dral shapes and aspect ratios of mostly 1:1 to 1:2. All the
separated zircon grains show oscillatory zoning without
clear rims, as evidenced by the CL images (Fig. 6a). One
hundred twenty spots were chosen, and one hundred fourteen
spots yielded concordant dates (Fig. 7a). All the analyzed
spots show Carboniferous dates without older inherited ages
(Fig. 7a). The weighted mean 2*°Pb/>*8U age is 332.6 +2.2
MSWD=0.34, n=114) (Fig. 7a). The Th/U ratios of con-
cordant data are 0.16-1.05.

Zircon grains separated from metagranite (HB171016-7)
also have colorless and euhedral grains, their sizes reach
250 pm along the longer axis, and they have length:width
ratios of approximately 1:1.5-1:3. All the separated zircon
grains show clear oscillatory zoning without rims, and a
few of the grains have cores, as evident in the CL image
(Fig. 6b). Forty-five spots, including zircon cores, have
been analyzed, and forty-one spots show concordant dates
(Fig. 7b). All concordant dates, including those from cores,
show a Carboniferous single age cluster without any older
inherited age (Fig. 7b). The weighted mean 2°°Pb/***U age
is 328.2+4.4 (MSWD =0.28, n=41) (Fig. 7b). The Th/U
ratios of concordant data are 0.16-0.54.

Permo-Triassic rhyolite dyke: Zircon grains extracted
from the rhyolite dyke (HB171016-2) are euhedral to sub-
hedral in shape and colorless. Their sizes are up to 150 pm
along the longer axis, with aspect ratios of 1:1 to 2:1. They
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show clear oscillatory zoning in the CL image (Fig. 6¢).
Twenty-four analyses for twenty-four grains were conducted,
and twenty-three spots yielded concordant dates (Fig. 7c¢).
Concordant dates show a weighted mean 2°°Pb/**3U age of
2499+ 1.7 Ma (MSWD = 1.8, n=22), with one rejected
younger date (Fig. 7c). The Th/U ratios of the concordant
dates range from 0.34-1.09.

Carboniferous metasedimentary rocks: Zircon grains
obtained from Grt—Hbl schist (HB171016-1C) are color-
less, and their sizes are up to 200 pm along the longer axis.
They show euhedral to subhedral shapes and aspect ratios
of 1:1.5 to 1:3. Oscillatory zoning is commonly observed
in the zircon in the CL images (Fig. 6d). Twenty-three
points have been analyzed, and twenty-one spots yield
concordant dates ranging from ~ 320 to~300 Ma with a

data-point error ellipses are 2

single peak age at~310 Ma and without any older grains
(Fig. 8a). The youngest detrital zircon is 298 Ma (Fig. 8a).
The Th/U ratios of the zircon grains with concordant dates
show values between 0.33 and 1.12.

Zircon grains extracted from Hbl-Bt schist (HB171016-
3) are colorless and reach 180 pm along the longer axis.
They show euhedral to subhedral shapes and aspect ratios
of mostly 1:1 to 1:1.5. Separated zircon grains commonly
show oscillatory zoning in CL images (Fig. 6e). Forty-two
points have been analyzed, and forty points show concord-
ant dates ranging from ~ 360 Ma to ~305 Ma (Fig. 8b),
with Th/U ratios of 0.36 to 1.28. The youngest detrital
zircon yields an age of 305 Ma, and all the concordant
dates mark a single peak age at~320 Ma (Fig. 8b).
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Fig.8 Concordia plots and age histograms with probability density diagrams of the metasedimentary rocks from the Unazuki Belt. a Grt—Hbl
schist (HB171016-1C). b Hbl-Bt schist (HB171016-3). ¢ Hbl-Bt schist (HB171016-9)
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Permo-Triassic metasedimentary rock: Zircon grains
obtained from Hbl-Bt schist (HB171016-9) are euhedral to
subhedral in shape, and their sizes are up to 200 pm along
the longer axis, with aspect ratios of 1:1 to 2:1. Most of
the separated zircon grains show oscillatory zoning, as evi-
denced from the CL images (Fig. 6f). One hundred ten points
have been analyzed, and one hundred nine points show con-
cordant dates from the Archean to late Permian (Fig. 8c).
The youngest detrital zircon shows an age of ~252 Ma, and
the most prominent peak is at~270 Ma, with 19.3% of Pre-
cambrian detrital grains (Fig. 8c). The Th/U ratios of the
concordant dates are 0.17-2.75.

LA-MC-ICP-MS zircon Lu-Hf isotopes

The ey(t) values of zircon grains from Carboniferous
metaigneous rocks are between+4.38 and+16.72 for
HB171016-4 and + 13.50 and + 18.00 for HB171016-7,
and those of the Carboniferous metasedimentary rocks
are between+6.21 and+15.75 for HB171016-1C and
between+ 11.46 and + 14.87 for HB171016-3 (Fig. 9). The
Early Triassic rhyolite dyke (HB171016-2) yields () val-
ues of +10.77 to+12.51 (Fig. 9). The ey(t) values of the
late Permian Hbl-Bt schist (HB171016-9) show wide vari-
ations ranging from+ 13.25 to -25.50 (Fig. 9).

Whole-rock geochemistry

The metagranite (HB171016-7) shows SiO, and total alkali
contents of 77.2 wt% and 7.55 wt%, respectively, showing
a granitic composition (Fig. 10a). It is characterized as
a high-K series (Fig. 10c). The (meta-)igneous rocks of
HB171016-2 and HB171016-4 show SiO, contents of 74.9
and 61.7 wt%, with total alkali contents of 8.89 and 7.41
wt%, respectively, showing rhyolite (HB171016-2) and

trachyandesite (HB171016-4) compositions (Fig. 10b).
They are high-K series rocks (Fig. 10c). The metagranite
(HB171016-7) and metatrachyandesite (HB-171016-4)
show enrichments in light rare earth elements (LREEs)
with depletions in heavy rare earth elements (HREEs) in
a C1 chondrite-normalized REE diagram, without signifi-
cant Eu anomalies (Fig. 11a). They show Nb-Ta troughs
with negative Ti anomalies (Fig. 11b). Three (meta-)igne-
ous rocks (HB171016-2, HB171016-4, and HB171016-7)
are commonly plotted within volcanic arc granite tectonic
setting fields in tectonic diagrams using trace elements
(Fig. 12a—e) and show typical arc characters, without an
adakitic nature (Fig. 12f).

The five metasedimentary rocks (HB171016-1,
HB171016-1B, HB171016-1C, HB171016-3, and
HB171016-9) show a wide range of SiO, contents of
55.4 to 63.7 wt% (Fig. 10b). Four samples (HB171016-1,
HB171016-1B, HB171016-1C, and HB171016-3) show
low total alkali contents of 1.33 to 3.12 wt% (Fig. 10b)
with the extremely low K,O contents of less than 1.25 wt%
(Fig. 10c). In contrast, one sample (HB171016-9) has a
relatively high total alkali content of 6.64 wt% (Fig. 10b),
with medium K,O contents of 2.12 wt% (Fig. 10c). They
show enrichments in LREEs with depletions in HREEs,
without significant negative Eu anomalies, similar to the
(meta-)igneous rocks from the Unazuki Belt (Fig. 11a).
They are commonly depleted in Nb, Ta, and Ti, similar to
the (meta-)igneous rocks in the Unazuki Belt (Fig. 11b).
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Fig.9 Zircon U-Pb dates vs. gy(t) values of zircon grains from the studied rocks from the Unazuki Belt
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Discussion

Carboniferous island arc magmatism in the Unazuki
Belt

The comprehensive geochronology of the Unazuki Belt
has not yet been clearly determined. In this study, impor-
tant zircon U-Pb ages for determining the Carboniferous
tectono-thermal events of the Unazuki Belt were obtained
for the first time. The Carboniferous intermediate volcan-
ism and felsic plutonism at 332.8 +2.2 Ma (HB171016-
4; Fig. 7a) and 328.2+4.4 Ma (HB171016-7; Fig. 7b),

@ Springer

respectively, were confirmed in the Unazuki Belt (Figs. 3
and 4). Zhao et al. (2013) proposed the possible ~330 Ma
regional tectono-thermal event of the Hida Belt based on
the single inherited zircon U-Pb date on the oscillatory-
zoned core (329.9 + 6.3 Ma) from the 243 + 8 Ma felsic
gneiss; however, the tectonic interpretation at~330 Ma
was unclear. In addition, although a whole-rock Rb—Sr
isochron age of 332 +74 Ma was reported from the meta-
tonalite in the Hida Belt (Arakawa 1984), the accurate tim-
ing of magmatism is uncertain due to its large error value.
Therefore, certain ~ 330 Ma magmatic rocks have not been
reported thus far from the Hida Belt, including the Una-
zuki Belt, and the suspected ~330 Ma tectono-thermal
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Fig. 12 Whole-rock trace element compositions for granitic rocks
plotted on various tectonic discrimination diagrams, including Nb
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diagrams after Pearce et al. (1984), Rb/30-Hf-3*Ta diagram (e)
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event has been highly uncertain for a long time. No sig-
nificant Ce anomaly in the whole-rock composition is one
of the indicators to evaluate the element mobility, and
the whole-rock Ce/Ce* values of the studied metagran-
ite and metatrachyandesite plot in the range between 0.89
and 1.03 (Fig. 11a, Supplementary Table S3), suggesting
that the rocks have not been significantly affected by later
elemental modification during the metamorphism (Polat
et al. 2002). The whole-rock compositions of ~330 Ma
metagranite and metatrachyandesite show enrichments
in LREEs compared to those of HREEs without sig-
nificant Eu anomaly (Fig. 11a) and clear Nb-Ta troughs
along with Ti and P depletions (Fig. 11b), suggesting a
subduction-related arc signature. Moreover, tectonic dis-
crimination diagrams using trace elements clearly show
that Carboniferous felsic and intermediate magmatism
occurred in a volcanic arc tectonic setting (Fig. 12a—e).
The ey(t) values of zircon grains from the 332.8 +2.2 Ma
metatrachyandesite (HB171016-4; Fig. 7a) and those from
328.2 +4.4 Ma metagranite (HB171016-7; Fig. 7b) are
close to the depleted mantle (DM) line (Fig. 9), suggesting
that the source materials are not the East Asian continental

Defant et al. (1991). VAG: volcanic arc granite; ORG: ocean ridge
granite; WPG: within-plate granite; Syn-COLG: syn-collisional gran-
ite; Post-COLG: post-collisional granite. The legends are the same as
those shown in Fig. 10. The data sources of the previous studies are
the same as those used in Fig. 10

craton but the depleted mantle materials and/or their crus-
tal derivatives with very minor contamination by old crus-
tal material. These data indicate that they were generated
in the tectonic setting such as an island arc located away
from the continental craton.

Provenance and tectonic setting
of the metasedimentary rocks in the Unazuki Belt

The youngest detrital zircon grains in the two metasedi-
mentary rocks from the Unazuki Belt give ages of ~298 Ma
and ~305 Ma, and they have only a single cluster
at~320-300 Ma and ~360-305 Ma, respectively, without
any Pre-360 Ma detrital zircon (Fig. 8a, b). As Precambrian
rocks are some of the main basements along the margin of
the East Asian continent (e.g., Lee et al. 2016; Wang et al.
2020a, b; Kang et al. 2023), Precambrian detrital zircon
should be found in sedimentary rocks deposited along the
East Asian continent. Therefore, the absence of Precambrian
detrital zircon as well as their Carboniferous single clus-
ters (Fig. 8a, b) indicates that the source crust was solely
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Carboniferous crust that separated from the East Asian con-
tinental craton.

The studied metasedimentary rocks can be considered to
have experienced a certain degree of metamorphism due to
the occurrences of the metamorphic minerals including gar-
net and hornblende. However, the whole-rock Ce/Ce* val-
ues of the studied metasedimentary rocks plot in the range
between 0.88 and 1.11, suggesting that the rocks had not
been significantly affected by elemental modification during
the metamorphism (Polat et al. 2002). Carboniferous meta-
sedimentary rocks of the Unazuki Belt have high Al,O; and
low K,O contents of 12.08-18.58 wt% and 0.09-1.25 wt%,
respectively (Supplementary Table S3), and the previously
reported whole-rock geochemical data of the metasedimen-
tary rocks of the Unazuki Belt show similar Al,O5 values of
16.80-21.87 wt% and K,O values of 0.39-1.51 wt% (Hiroi
1978). Although the timing of deposition for the previously
reported samples is unclear, they were mostly collected from
the same lithological horizon in which our Carboniferous
metasedimentary rocks were collected (HB171016-1C and
HB171016-3) along the Kurobe River area (Fig. 4) and shar-
ing a similar geochemical affinity as mentioned above, indi-
cating that the majority of them likely have Carboniferous
depositional ages. Their whole-rock geochemical character-
istics including the high Al,O5 and low K,O contents are
considered to be quite different from those of trench-fill sedi-
ments, including the accretionary complex and its metamor-
phosed equivalent (Ehiro et al. 2016). Moreover, the litho-
logical assemblage of the Unazuki schists is characterized by
the occurrences of bimodal volcanic rocks, high-aluminous
metapelite, and impure marbles without chert (Hiroi 1978;
Fig. 4), suggesting their different lithological characteristics
from the trench-fill sediments. Instead, considering those
chemical characteristics along with the lithological assem-
blage, metasedimentary rocks of the Unazuki schists were
suggested to have been deposited in a rifted continental mar-
gin (Sohma et al. 1990; Sohma and Kunugiza 1993). In the
tectonic discrimination diagrams using major and trace ele-
ments, the Carboniferous metasedimentary rocks of the Una-
zuki Belt along with the previously reported pelitic schists
of the Unazuki Belt (Hiroi 1978, 1984) show a good cor-
relation with the geochemical characteristics of the oceanic
island arc sediments (Figs. 13 and 14). Moreover, the island
arc source provenance for the metasedimentary rocks of the
Unazuki Belt is clearly supported by the Lu—Hf isotopes
of detrital zircon grains. The Carboniferous detrital zircon
grains from the metasedimentary rocks (HB171016-1C and
HB171016-3) commonly have positive e(t) values close
to the DM line (Fig. 9), suggesting that the detrital zircon
grains in the studied Carboniferous metasedimentary rocks
were sourced from the Carboniferous crusts originated from
the depleted mantle and/or its crustal derivatives without
significant input of old crustal materials, indicating that they
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rocks using major element data after Bhatia (1983)

were formed under an island arc tectonic setting. Magmatic
zircon grains in the ~330 Ma metagranite (HB171016-7) and
metatrachyandesite (HB171016-4) in the Unazuki Belt show
positive gy (t) values that are similar to the Carboniferous
detrital zircon grains (Fig. 9), implying that they are one of
the source materials for the Carboniferous metasedimentary
rocks of the Unazuki Belt. The rocks with island arc geo-
chemical affinities are reported to have been generated not
only from the ocean-ocean subduction-related island arc but
also from the island arc formed within the thin and juve-
nile continental crust (~30-35 km), such as a continental
margin (e.g., Harmon and Barreiro 1984; Winter 2014). All
evidence, including the lithological assemblage, geochemi-
cal data, zircon U-Pb ages, and Lu—Hf isotopes of zircon,
supports that the protolith of the metasedimentary rocks of
the Unazuki Belt deposited next to the isolated Carbonifer-
ous island arc originally generated within a thin and juvenile
continental margin.

However, the presence of Precambrian detrital zircon
grains (~20%) in the Hbl-Bt schist (HB171016-9), with
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the youngest detrital age of ~252 Ma (Fig. 8c), indicates
that at~ 252 Ma, the sedimentary rocks of the Unazuki Belt
were deposited in the continental arc to which Precam-
brian detrital zircon grains were supplied from the conti-
nental craton. Moreover, the ~280-260 Ma detrital zircon
grains in the Hbl-Bt schist (HB171016-9) yielded wide
variations in gy(t) values from+16.3 to -25.5 (Fig. 9) and
corresponding Ty, ages of ~3000-280 Ma, indicating a
continental arc tectonic setting at~252 Ma in which zircon
grains were formed from both juvenile and mature crustal
sources. Considering the age dating results in this study,
along with the previously suggested depositional age of the
limestone (Hiroi et al. 1978) and the lithological sequence
of the Unazuki schists (Hiroi 1978), the evolutional his-
tory of the Unazuki Belt can be constrained as follows: (1)
lowermost limestone formed during the Carboniferous and
(2) subsequent felsic and intermediate island arc igneous
activities occurred at least at ~333-328 Ma, (3) followed
by the deposition of the clastic rocks at least at ~300 Ma,
which solely have a Carboniferous island arc crust origin.
These results suggest that in the Unazuki Belt, there was a
transition from island arc to continental arc environments
between ~ 300 Ma and ~250 Ma, indicating that the collision
between the island arc and continental margin might have
occurred sometime between ~ 300 Ma and ~ 250 Ma and that
the intermediate-P/T metamorphism can be related to this
collision process. Considering that foliation is well-devel-
oped in the Hbl-Bt schist with the youngest detrital zircon
age of ~252 Ma (Figs. 5h, i, and 8c) but not in the rhyolite
dyke with an intrusion age of 249.9 + 1.7 Ma (Figs. 5b and
7¢), the collision process that caused the intermediate-P/T
metamorphism might have continued until ~252 Ma but
possibly terminated before ~250 Ma. In a previous study,
intermediate- P/T metamorphism was considered to have
occurred during ~258-253 Ma (Horie et al. 2018) in the
Unazuki Belt. Therefore, 252-250 Ma could be the timing

of termination for the intermediate-P/T metamorphism
of the Unazuki Belt related to the collision between the
island arc and continental margin. In the Unazuki Belt, the
emplacement ages of the magmatic rocks show two peri-
ods of ~255-230 Ma and ~200-190 Ma (Fig. 3), and they
show arc signatures in their whole-rock compositions (Horie
et al. 2010; Kawaguchi et al. 2023b; this study) (Figs. 11,
12, 13, 14), suggesting that subduction occurred at least dur-
ing ~255-230 Ma and ~200-190 Ma in the Unazuki Belt.

Tectonic evolution of the Unazuki Belt
from the Carboniferous to Triassic

During the Early Carboniferous, subduction occurred along
the East Asian continental margin causing high-P/T-type
metamorphism, including eclogite-facies metamorphism
reported from the Hida Gaien Belt (Yoshida et al. 2020).
The Early Carboniferous high-P/T-type metasedimentary
rocks in the Hida Gaien Belt include significant amounts
of Precambrian and Early Paleozoic detrital zircon grains
(Yoshida et al. 2020), suggesting that the subduction
zone was located along the East Asian continental margin
(Fig. 15a). Before ~330 Ma, rifting might have occurred
within the thin and juvenile continental margin, leading to
the formation of an island arc that was separated from the
continental margin (Fig. 15b), as evident from the occur-
rences of bimodal volcanism and the geochemical char-
acteristics of the metasedimentary rocks of the Unazuki
Belt, including their high Al,O, contents and high Fe3*/
Fe?* ratios. During this time, island arc igneous activity
occurred, as evident from the ages of island arc magmatism
(332.6+2.2 Ma and 328.2 + 4.4 Ma; Fig. 7a, b) and those of
the detrital zircon grains from the Carboniferous metasedi-
mentary rocks in the Unazuki Belt (~360-300 Ma; Fig. 8a,
b) (Fig. 15b). High positive ey (t) values of the Carbonifer-
ous zircon grains (Fig. 9) also suggest that the island arc
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Unazuki Belt, from the Carboniferous to Triassic. a Subduction stage
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beneath the East Asian continental margin. b Carboniferous island
arc magmatism at~330 Ma, with rifting on the East Asian continen-
tal margin. ¢ Continuous Carboniferous island arc magmatism and
deposition of the protolith of the Unazuki schists in the rifted basin
probably the back-arc basin, during~330-300 Ma. d Initiation of

was formed not at the typical East Asian continental craton
but at the juvenile continental margin, which formed from
depleted mantle materials and/or their crustal derivatives
and was separated from the continental craton (Fig. 15b).
During ~330-300 Ma, protoliths of the metasedimentary
rocks of the Unazuki Belt, including Late Carboniferous
limestone (Hiroi et al. 1978), were deposited in the back-
arc side, which possibly formed by the rifting of thin and
juvenile continental margin rocks and was located next to
the island arc, without input of cratonic materials from the
East Asian continent (Fig. 15¢). During the Permian period,
the rifted basin probably the back-arc basin started to close
with the subduction under the continental margin (Fig. 15d),
possibly during ~300-260 Ma. At~260-250 Ma, deposition
continued with the input of cratonic materials (Fig. 15e).
During this time, the Carboniferous island arc collided with
the East Asian continental margin, resulting in a medium
P/T-type metamorphism in the Unazuki Belt (Fig. 15e).
After the collision of island arc and continental margin, sub-
duction continued, and continental arc magmatism occurred
in the Hida Belt, including the Unazuki Belt, until ~230 Ma
with the melting of juvenile crust (Fig. 15f) as evidenced
by the age of rhyolite magmatism (~250 Ma; Fig. 7c) with
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positive ey(t) values of zircon grains (Fig. 9). The island
arc-continent collision due to the closure of the back-arc
basin has also been proposed for the Permian Maizuru Belt,
Southwest Japan (Suda et al. 2014; Mavoungou et al. 2022),
and medium P/T-type metamorphism has been reported due
to this collision process (Osozawa et al. 2004).

The occurrences of the Carboniferous subduction in the
Hida Belt, including the Unazuki Belt, indicate that the Hida
Belt had formed not at the southern and eastern margin of
the SCC where the Carboniferous subduction is absent, but
in the northeastern margin of the NCC, including the eastern
margin of the northern Korean Peninsula, where the continu-
ous subduction from Carboniferous to Permian is expected
to have occurred (Song et al. 2015; Jeong and Oh 2021;
Zhang et al. 2021). In the eastern part of the northern mar-
gin of the NCC, two pulses of subduction related magmatic
activities occurred at 500—410 Ma and 360-220 Ma, with
a magmatic hiatus between them (Song et al. 2015). The
spatial-temporal distribution of the ophiolites and subduc-
tion-related igneous rocks indicate the double-side subduc-
tion toward the two continental margins viz., the northern
margin of the NCC and the southern margin of the eastern
CAOB (also called as Songlia Block) in the convergence
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tectonic setting. Those two continental blocks collided
at~230-220 Ma, resulted in the formation of Xing'an-Inner
Mongolia collision belt between them with a closure of the
Paleo-Asian Ocean. In the whole belt, typical evidence of
continental collision and Himalayan-style mountain building
are absent, which suggests that the Xing’an-Inner Mongolia
collision belt experienced “Appalachian-type” soft collision
(Song et al. 2015). In the northern part of the eastern margin
of the NCC including the northeastern Korean Peninsula,
there was also Permian to Triassic igneous activities related
to the subduction of the Paleo-Pacific plate (Ma et al. 2017;
Zhang et al. 2021). The tectonic evolution of the northeast-
ern margin of the NCC described above is well correlated to
that of the Hida Belt including the Unazuki Belt.

The Jiamusi-Khanka Block is located to the east of the
CAOB and the Mudanjiang Ocean situated between them
during the Paleozoic. At least from the Permian, the Jiamusi-
Khanka Block had approached to the eastern margin of the
CAOB with subduction of oceanic crust under both sides
(toward the eastern margin of the CAOB and the western
margin of the Jiamusi-Khanka Block) and finally, the col-
lision between the two blocks occurred, forming the Jilin-
Heilongjiang Belt during 210-180 Ma (Yang et al. 2017;
Zhou and Li 2017; Li et al. 2023). During 299-180 Ma,
the subduction-accretion system formed along the eastern
margin of the Jiamusi-Khanka Block due to the subduction
of the Paleo-Pacific plate (Yang et al. 2015; Li et al. 2023).
Due to the collision along the Jilin-Heilongjiang Belt, the
subduction zone along the eastern margin of the Jiamusi-
Khanka Block was connected to the subduction zone along
the eastern margin of the NCC, resulted in the formation of
the continuous subduction zone along the eastern margin of
NE Asia where the Paleo-Pacific plate was subducted. The
subduction along the eastern margin of the Jiamusi-Khanka
Block continued until the Early Cretaceous at~ 137-130 Ma
(Li et al. 2023). The Hida Belt was also correlated with
the subduction complex in the eastern margin of the Jia-
musi-Khanka Block in previous studies (Zhao et al. 2013).
However, during Carboniferous—Triassic time, the Jiamusi-
Khanka Block occurred as a separated block that was not
connected to the eastern margin of the NCC as discussed
above. Although the Carboniferous detrital zircon grains
constitute one of the major populations of the Permian For-
mations in the Jiamusi-Khanka Block (Xu et al. 2022), it
is uncertain whether the mid-Carboniferous igneous activi-
ties occurred in the Jiamusi-Khanka Block or not due to the
absence of the direct evidence such as the mid-Carbonifer-
ous arc magmatism. Therefore, it is difficult to correlate the
Hida Belt with the Jiamusi-Khanka Block.

The Paleozoic tectono-thermal activity in the Korean Pen-
insula is not fully understood due to limited igneous activity,
except for Permian arc magmatism (e.g., Yi et al. 2012; Choi
et al. 2021). In the Pyeongan Supergroup of the Taebaeksan

Basin in the Korean Peninsula, Carboniferous detrital zircon
grains of ~340-300 Ma were reported as a major population
together with the ~1.9-1.8 Ga detrital zircon grains from
Late Carboniferous to Early Permian strata (Kim et al. 2012,
2017, 2020), and Kim et al. (2012) suggested ~322-320 Ma
arc origin igneous rocks as a source of the detrital zircon
grains. Nevertheless, the source of the Carboniferous detrital
zircon grains is unclear owing to the lack of reports of Car-
boniferous magmatism in the Korean Peninsula; therefore,
Kim et al. (2012, 2017, 2020) suggested that the Hida Belt
is a potential source of Carboniferous detrital zircon grains;
however, certain Carboniferous magmatism in the Hida
Belt has been unclear in the previous research reports. This
problem can be solved through this study with newly identi-
fied Carboniferous island arc magmatism in the Unazuki
Belt of the Hida Belt which can be a potential candidate for
the source of the Carboniferous detrital zircon grains in the
Pyeongan Supergroup of the Taebaeksan Basin. Moreover,
paleocurrent analysis, in which the sediments in the Carbon-
iferous Pyeongan Supergroup are suggested to have derived
from the east or southeast (Lee and Lim 1995), further sup-
ports the source of the Carboniferous crustal materials from
the Carboniferous island arc including the Unazuki Belt.

In the Hida Belt, the Hida Older and Younger Granites
actively intruded during ~260-230 Ma and ~200-180 Ma,
respectively, with a magmatic hiatus during ~230-200 Ma
(Fig. 3). They were formed commonly under an arc tectonic
setting (Cho et al. 2021; Yamada et al. 2021; Kawaguchi
et al. 2023b). However, it is not clear why the magmatic hia-
tus occurred. On the other hand, the ~230-215 Ma igneous
rocks were found in the Korean Peninsula and those were not
formed under the typical arc tectonic setting but under the
extension-related tectonic setting caused by slab roll-back
(Lee et al. 2021; Kawaguchi et al. 2023a). In the Korean
Peninsula, 230-215 Ma extension-related magmatism was
followed by a magmatic hiatus from 215-200 Ma, suggest-
ing that there was a transition in the tectonic environment
from extension to compression during the magmatic hiatus.
Following the consideration that the Korean Peninsula and
Hida Belt were located along the continuous subduction
zone during the Triassic (Kawaguchi et al. 2023a), slab roll-
back may be one possible reason for the magmatic hiatus in
the Hida Belt, but more studies will be needed to confirm
this possibility.

Conclusions

1. In the Unazuki Belt, felsic plutonism and interme-
diate volcanism occurred at 328.2+4.4 Ma and
332.8+2.2 Ma, respectively, in an arc tectonic set-
ting. The metasedimentary rocks of the Unazuki Belt
yield the youngest detrital zircon grains of ~298 Ma
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and ~305 Ma and have only Carboniferous single peaks
without any Precambrian zircon. However, the meta-
sedimentary rock of the Unazuki Belt with the youngest
detrital zircon age of ~252 Ma has ~20% Precambrian
zircon grains ranging in age from the Archean to Paleo-
proterozoic.

2. In the Unazuki Belt, the g(t) values of detrital zircon
grains older than 300 Ma and those of ~330 Ma mag-
matic rocks are positive (+6 ~ + 18), whereas the g(t)
values for detrital zircon grains with ages between 280
and 250 Ma show a wide range between + 16 and -23.
These data indicate that in the Unazuki Belt, igneous
zircon grains older than 300 Ma formed from juvenile
sources, such as the depleted mantle and/or its crustal
derivatives, but igneous zircon grains younger than
280 Ma formed from both matured and juvenile sources.

3. The igneous and sedimentary rocks in the Una-
zuki Belt formed in an island arc tectonic setting
between ~330 Ma and ~ 300 Ma but in a continental arc
tectonic setting at~252 Ma. The collision between the
island arc and continental margin may have occurred
between 252 and 250 Ma, causing intermediate-P/T
metamorphism in the Unazuki Belt.

4. The Carboniferous island arc igneous activity in the
Hida Belt, including the Unazuki Belt, indicates that
the Hida Belt had formed not in the southern margin of
the SCC but in the eastern margin of the northern NCC,
including the eastern margin of the northern Korean
Peninsula.
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