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Abstract

Japan has evolved along the Paleo-Pacific Ocean as an arc—trench system in the Phanerozoic.
However, the relationship between Japan and the older continental crust such as Sino—Korean
and South China Blocks is unclear. This study compared published and new measured data of
detrital zircon ages and morphology from Permian fore-arc accretionary complexes (Akiyoshi
Belt) and back-arc basin deposits (Maizuru Belt) in Japan. The fore- and a part of back-arc
deposits consist mainly of the late Paleozoic zircon grains that are close to the depositional
ages and generally angular to subangular. These grains were supplied mainly from a volcanic
arc isolated from the older continental crust, and the source rocks were exposed immediately
prior to their erosion and transport and transported directly to the depositional site in a relatively
short time. On the other hand, a part of back-arc deposits generally contains Precambrian to
Paleozoic zircon grains that are commonly older than their depositional ages and rounded.
These grains were supplied from multiple sources such as the volcanic arc and Precambrian
continental block and were affected by long-distance transport and/or strong hydrodynamics in
the marine environment during transport. Moreover, comprehensive detrital zircon data in the
fore- and back-arc deposits emphasize that the island arc—back-arc basin—continental margin
system has been formed along the eastern margin of East Asia, and the volcanic arc collided
with the eastern margin of Sino—Korean Block during the Permian. The detritus derived from
the continental crust were captured by a back-arc basin and blocked by the uplift zone of the
volcanic arc. However, a small amount of detritus originating from the continental crust were

supplied to the fore-arc.

1. Introduction

Proto-Japan, the source of present-day Japan, was born as a part of a passive continental
margin due to the late Neoproterozoic breakup of the supercontinent Rodinia (Isozaki et al.,
2010, 2015). In the proto-Japan, the arc—trench system along the Paleo-Pacific Ocean
developed by the Cambrian (Isozaki et al., 2015; Yamazaki, 2020) and grew throughout the
Phanerozoic forming active subduction zones (Isozaki et al., 2010; Isozaki, 2019). de Jong et
al. (2009) called the Permian igneous rocks such as those of the Paleo-Ryoke Belt, and older
subduction—accretion complexes, which are presently dispersed in the Japanese islands the
proto-Japan. The proto-Japan has undergone multiple tectonic movements (e.g., collision and
strike-slip movements) since the Paleozoic (e.g., Faure and Charvet, 1987; Faure and Natal'in,
1992; Hada et al., 2001; Taira, 2001; de Jong et al., 2009; Isozaki et al., 2010; Suda et al., 2014;

Ohkawa et al., 2022). Among these events, the cause of late Paleozoic collisional orogenesis is



not clear owing to the scarcity of geological information (especially igneous and metamorphic
rocks). Many researchers considered that the collisional belt between the Sino—Korean and
South China Blocks extended to the Japanese region (e.g., Ishiwatari and Tsujimori, 2003;
Osanai et al., 2006; Tsujimori et al., 2006; Ernst et al. 2007; Oh and Kusky, 2007). On the other
hand, de Jong et al. (2009) concluded that the proto-Japan collided with the eastern margin of
Sino—Korean Block during the late Paleozoic to early Mesozoic. In contrast to the sporadic
distribution of late Paleozoic igneous and metamorphic rocks, non-metamorphic sedimentary
rocks are widely distributed in Northeast and Southwest Japan (Fig. 1). Therefore, those
provenance analyses are considered to be a key to understanding the tectonic evolution of
proto-Japan and East Asia.

U-Pb dating of detrital zircon is possible to identify the age of the source (e.g., Gehrels,
2014), constrain the depositional environments based on age spectra reflected by the tectonic
setting of the depositional basin (Cawood et al., 2012), and define the maximum depositional
age (e.g., Dickinson and Gehrels, 2009). Therefore, it is used extensively for provenance
analysis of sediments (e.g., Fildani et al., 2003; Yue et al., 2005; Cawood et al., 2012; Yao et
al., 2014; Tokiwa et al., 2019; Wen et al., 2021), and several studies were conducted on the
provenance analysis of Permian sedimentary rocks in Japan (e.g., Okawa et al., 2013; Hara et
al., 2018; Zhang et al., 2018a; Ohkawa et al., 2021, 2022; Pastor-Galan et al., 2021; Suzuki and
Kurihara, 2021; Li and Takeuchi, 2022). However, these depositional environments, tectonic
evolution, and transport processes from the source have not been understood well enough.
Permian non-metamorphosed sedimentary rocks are divided into fore-arc shelf (South
Kitakami, Hida-Gaien, and a part of Kurosegawa Belts), basin and/or slope basin deposits (a
part of Akiyoshi Belt), accretionary complexes (Ultra-Tamba and a part of Akiyoshi and
Kurosegawa Belts) and back-arc basin deposits (Maizuru Belt) (e.g., Takeuchi et al., 2008;
Wakita et al., 2018) in Japan (Fig. 2). Therefore, a comprehensive examination of Permian fore-
arc and back-arc provenance can provide a constraint on the tectonic evolution of proto-Japan
and East Asia.

Two major processes control the shape parameters of detrital zircon grain: (1) zircon growth
mechanisms in the magmatic host rocks, (2) hydrothermal and metamorphic processes after
zircon formation and exogenous processes such as chemical and mechanical weathering and
sediment transport (Zeh and Cabral, 2021). Among these, rounded grains derived from the host
rocks and/or affected by some physicochemical processes (e.g., recrystallization, corrosion,
and chemical erosion) are rarely contained in the sediments (Gértner et al., 2013; Zeh and

Cabral, 2021 and references therein). On the other hand, the relationship between the zircon



shape and transport process is still being discussed (e.g., Gartner et al., 2013; Garzanti et al.,
2015; Zoleikhaei et al., 2016; Markwitz et al., 2017; Sundell et al., 2018). However, several
studies have reported that the shape is affected by transport distance and hydrodynamic process
during transport (e.g., Gértner et al., 2017; Markwitz et al., 2017; Sundell et al., 2018; Zeh and
Cabral, 2021; Zeh and Wilson, 2022). Moreover, the shape of zircon provides additional
information about the host rock (e.g., Pupin, 1980; Tietz et al., 2003; Belousova et al., 2006;
Girtner et al., 2017; Zieger et al., 2019). Therefore, shape parameters such as length, width,
elongation, and morphology of zircons can constrain the depositional environments, transport
processes, and source rocks.

In order to solve issues related to the tectonic evolution of East Asia and proto-Japan, we
investigated U-Pb ages and crystal morphology of detrital zircons from the Permian fore-arc
deposits (Akiyoshi Belt) and compared them with those of the Permian back-arc deposits
(Maizuru Belt) measured by Ohkawa et al. (2022) (Table 1). The middle to late Permian
sediments of the Akiyoshi and Maizuru Belts were deposited at the same latitude by the
similarity of the brachiopod faunas (Tazawa et al., 2009 and references therein). Furthermore,
the Permian detritus of the Akiyoshi and Maizuru Belts is suggested to have a common
provenance based on the studies of conglomerates and detrital heavy minerals (Kano, 1961;
Kano et al., 1961; Takeuchi et al., 2008). Therefore, provenance analysis of the Akiyoshi and
Maizuru Belts can discuss the relationship between the fore- and back-arc deposits of proto-
Japan, and the variation of their depositional environment and tectonics. Moreover, this study
quantitatively evaluated the dissimilarity of U-Pb age data of detrital zircons from the Akiyoshi
and Maizuru Belts (Zhang et al., 2018a; Kimura et al., 2021; Ohkawa et al., 2022; this study)
by using a multidimensional scaling (MDS) method. The MDS is a helpful tool for visualizing
the dissimilarity of a large dataset and is widely used for provenance analysis using detrital
zircons (e.g., Vermeesch, 2013; Ortega-Flores et al., 2021; Pastor-Galan et al., 2021; Ma et al.,
2022; Malkowski et al., 2022). Based on a combined method of detrital zircon geochronology
and crystal morphology from fore- and back-arc deposits, we discuss the Permian tectonic
evolution of proto-Japan and the relationship with East Asian continental blocks, while

considering the differences in their depositional environments.

2. Geological setting
The Japanese archipelago is divided into Northeast and Southwest Japan by the Tanakura
Tectonic Line, and Southwest Japan is subdivided into Inner and Outer zones by the Median

Tectonic Line (e.g., Ichikawa, 1990; Takagi and Arai, 2003; Takeuchi et al., 2008; Pastor-Galan



et al., 2021) (Fig. 1). The Akiyoshi Belt is sparsely distributed in the Inner Zone of Southwest
Japan (Fig. 1), and consist mainly of a late Paleozoic accretionary complex that contains
sandstone, mudstone, chert, limestone, and basalt (Kanmera and Nishi, 1983; Sano and
Kanmera, 1988). There are several studies examining the provenance, depositional and tectonic
environments of their sediments (e.g., Sano and Kanmera, 1988; Hara and Kiminami, 1989;
Takeuchi et al., 2008; Zhang et al., 2018a). The carbonates of Akiyoshi Belt were deposited in
an open-ocean seamount of the Paleo-Pacific Ocean (Panthalassan Ocean) by stratigraphy,
paleontology, and sedimentology (e.g., Sano and Kanmera, 1988; Nakazawa, 2001). Based on
stratigraphical and sedimentological studies, the detrital rocks were deposited mainly in a
trench and trench-slope basin around the convergent margin (Tanaka et al., 1987; Hara and
Kiminami, 1989; Matsuzawa and Takeuchi, 2009) and partly in fore-arc basin (Wakita et al.,
2018). Based on compositions of sandstones and detrital heavy minerals, it is suggested that
the provenance of the Akiyoshi Belt contained a volcanic arc containing calcareous
metamorphic rocks, and the detritus was supplied by progressive uplifting and denudation of
the volcanic arc (Takeuchi et al., 2008; Zhang et al., 2018a). Moreover, Takeuchi et al. (2008)
reported that its provenance contained igneous rocks of the Maizuru Belt based on the chemical
compositions of detrital chromian spinels. On the other hand, there are some opinions on the
relationship between the continental crust of East Asia and Akiyoshi Belt (e.g., Tsutsumi et al.,
2000; Takeuchi et al., 2008; Nakama et al., 2010; Zhang et al., 2018a, 2019).

In the Itoigawa area of Niigata Prefecture, the Akiyoshi Belt consists of Omi Complex
(Carboniferous to Permian sedimentary succession) and Himekawa Complex (middle Permian
sedimentary succession) (Fig. 3). The Omi Complex is composed of limestone and basalt, and
the Himekawa Complex is composed of chart, felsic tuff, mudstone, sandstone, and
conglomerate (Takeuchi et al., 2008; Nagamori et al., 2010). The middle Permian sedimentary
succession is subdivided into the Eastern, Central, and Western Units by stratigraphy and
geological structure (Fig. 3). The Western Unit consists of reddish-brown siliceous mudstone,
red chert, alternating beds of felsic tuff and black mudstone, mudstone, and sandstone with
mudstone and conglomerate in ascending stratigraphic order (Fig. 4 Route A). The stratigraphy
of the Eastern and Central Units is similar, and they consist mainly of mudstone, thin bedded
sandstone, and massive sandstone in ascending stratigraphic order (Fig. 4 Route B, C, D). The
succession is more than 600 m thick (Takeuchi et al., 2008; Nagamori et al., 2010), and middle
Permian radiolarian assemblages of Pseudoalbaillella  longtanensis—Follicucullus
monacanthus zones (Ishiga, 1986, 1990) were found in the chert, siliceous mudstone, and

manganese carbonate (Tazawa et al., 1984, Ujihara, 1985, Kawai and Takeuchi, 2001). The



Central Unit is structurally overlain by the Eastern Unit, and the Eastern and Central Units are
separated from the Western Unit by high-angle faults. The succession is in contact with the
Maizuru Belt by high-angle faults (Nagamori et al., 2010) (Fig. 3).

The Maizuru Belt is sporadically distributed in the Inner zone of Southwest Japan and is in
contact with the Akiyoshi, Suo, and Ultra-Tamba Belts (Fig. 1). It is subdivided into Southern,
Central, and Northern zones based on lithology and geological structure (Kano et al., 1959).
The Southern zone consists mainly of Yakuno ophiolite (ultramafic and mafic rocks) with
granitic and metamorphic rocks (Hayasaka et al., 1996; Ichiyama and Ishiwatari, 2004; Suda
and Hayasaka, 2009). The Central zone is composed of Permian to Triassic sediments
(Nakazawa, 1957; Shimizu, 1962a; Hayasaka, 1990), and the lower part of Permian
sedimentary succession is accompanied by back-arc basin basalts (Koide, 1986; Koide et al.,
1987). The Northern zone consists mainly of granitic rock with metamorphic rock, dolerite,
and gabbro (Igi et al., 1961; Igi and Kuroda, 1965; Hayasaka et al., 1996; Fujii et al., 2008).
The Permian to Triassic sedimentary successions in the Central Maizuru Belt confirmed
changes of the depositional environment (Shimizu, 1962b; Shiki, 1962; Mavoungou et al.,
2022). In the early depositional stage of the Permian sedimentary succession, the succession is
considered to be deposited in a quiet shallow sea (Shimizu et al., 1962b). On the other hand,
gravity flow and terrestrial deposits were deposited in the late stage of the Permian sedimentary
succession (Shimizu, 1962a; Suzuki, 1987; Mavoungou et al., 2022). The Late Triassic
sedimentary succession of the Maizuru Belt contained molasse-type deposits (Shiki, 1962).
Based on the lithology and geochronology of the conglomerate, it is suggested that the
provenance had the rocks of Southern and Northern Maizuru Belts (Kano, 1961; Kano et al.,
1961; Mavoungou et al., 2022). The relationship between the Maizuru Belt and older
continental crust is not clear the same as the Akiyoshi Belt (e.g., Kobayashi, 2003; Nakama et
al., 2010; Tsutsumi et al., 2014; Kimura et al., 2019, 2021; Ohkawa et al., 2022).

In the Itoigawa area of Niigata Prefecture, the Maizuru Belt is composed of Mushikawa
Formation (middle Permian sedimentary succession), Kotozawa Igneous Rocks (igneous rock
with metamorphic rock), and Kuratani Metamorphic Rocks (metamorphic rock with igneous
rock) (Nagamori et al., 2010). The sedimentary succession is subdivided into lower (mudstone
with sandstone) and upper parts (breccia with mudstone and sandstone) and is more than 600
m thick. The sandstones of the succession are white, gray, or gray-green lithic sandstones
(Nagamori et al., 2010; Ohkawa et al., 2022). The breccias contain fragments of various sizes
(several millimeters to 5 cm) such as basalt, dolerite, gabbro, mudstone, sandstone, chert, felsic

volcanics, granitoids, tuff, and crystalline schist (Nagamori et al., 2010) (Fig. 4). Middle



Permian radiolarian assemblages of Pseudoalbaillella longtanensis—Pseudoalbaillella globosa
zones (Ishiga, 1986, 1990) were found in the mudstones (Ujihara, 1985; Kawai and Takeuchi,
2001). By the lithology and radiolarian assemblages, the succession is correlated with the lower
to middle parts of the Permian sedimentary succession (Maizuru Group) in the Central Maizuru
Belt (Kawai and Takeuchi, 2001). U-Pb ages of 415 £ 8.1, 393 + 11, 389 £ 8.4, 381 £+ 24, 330
+ 12, and 310 £ 12 Ma were reported from mafic blocks of the succession (Koshiba et al.,
2018). The succession is in contact with the Kotozawa Igneous Rocks and Kuratani
Metamorphic Rocks by high-angle faults (Nagamori et al., 2010). The Kotozawa Igneous
Rocks consist of basalt, dolerite, gabbro, and metagabbro (Nagamori et al., 2010), and U-Pb
zircon age of 416 + 9.3 Ma were reported from the gabbro (Suda et al., 2010). The Kuratani
Metamorphic Rocks is composed of gabbro, tonalite, quartz diorite, and schist (Nagamori et

al., 2010).

3. Sample collection

The Western Unit, the middle Permian sedimentary succession of Akiyoshi Belt, confirmed
chert-clastic sequences from chert to coarse-grained clastic rock (Fig. 4). The Eastern Unit
lacks the chert and siliceous mudstone, although its area accounts for a large part of the
sedimentary successions. Moreover, Takeuchi et al. (2008) reported changes of the sandstone
compositions of the Eastern Unit. Because the Western and Eastern Units have been
investigated in their stratigraphy by several researchers in detail (Takeuchi et al., 2008;
Matsuzawa and Takeuchi, 2009), we collected 23 sandstone samples from the Western and
Eastern Units and analyzed modal composition. Moreover, analyses of U—Pb age and crystal
morphology of detrital zircons were conducted from 8 sandstone samples (Fig. 4 and Table 1).

This study compares detrital zircon morphology and age data from the middle Permian
sedimentary succession of the Maizuru Belt by Ohkawa et al. (2022) with those of the Akiyoshi
Belt due to discuss the tectonic evolution of the Permian proto-Japan. Furthermore, the
depositional environment and provenance changes were analyzed by combining the detrital
zircon and sandstone composition data by this and previous studies (Kimura et al., 1988;

Kusunoki and Musashino, 1990; Suzuki, 1992; Zhang et al., 2018a; Kimura et al., 2021).

4. Methods
4.1. Sandstone petrography
The modal compositions of the sandstone samples were measured by point counting in the

thin sections. We counted by the traditional QFR method (R means rock fragments) and the



Gazzi—Dickinson QFL method (Dickinson, 1970; Ingersoll et al., 1984), and 499 to 619 points
were counted in each thin section. They are poorly sorted, angular to subangular, and medium
to coarse-grained sandstones (Fig. 5). The K-feldspars were stained for their clear identification
based on a method of Bailey and Stevens (1960). The results were plotted by using the Qm—F—
Lt (Dickinson, 1985), Q—F—R (Folk, 1968, 1980), and Lm—Lv—Ls (Ingersoll and Suczek, 1979)
triangular diagrams (Fig. 6).

4.2. Detrital zircon morphology and U—Pb geochronology

Based on the process of Ohkawa et al. (2022), the samples were crushed by a jaw crusher
and stamp mill and subsampled to a 60 mesh (250 um) sieve. Then, heavy-mineral concentrates
were obtained by water panning, and magnetic minerals were removed by a magnet. Zircon
grains were arrayed onto microscope slides, and secondary electron images were acquired with
a Hitachi S-3400N scanning electron microscope (SEM) at the Nagoya University Museum
(Fig. 6). In order to avoid sampling bias, zircons were picked exhaustively by hand under a
stereoscope, independent of shape, color, or crack. The shape (length, width, elongation, and
roundness) and morphotype of the zircon were obtained under the stereoscope and SEM (Figs.
8 and 9 and Table 2). The classification of shape (roundness and elongation) and morphotype
followed the methods of Girtner et al. (2013) and Pupin (1980), respectively.

After observation, the zircons were mounted onto an epoxy resin-coated microscope slide,
and cathodoluminescence images were acquired with by a Hitachi S-3400N SEM with a
GATAN MiniCL at the Nagoya University Museum based on the processes of Ohkawa et al.
(2021, 2022) (Fig. 6). U-Pb age dating of zircons was performed with an Agilent 7700
inductively coupled plasma—mass spectrometer and an Elemental Scientific Laser NWR213
Nd:YAG (A =213 nm) laser ablation system at the Graduate School of Environmental Studies,
Nagoya University. Analyses were conducted under the following conditions: energy density
of 11.7 J/cm?, pulse repetition rate of 10 Hz, and crater diameter of 25 pm (Kouchi et al., 2015).
U-Pb ratio was normalized by the 91500 zircon standard (1062.4 + 0.4 Ma; Wiedenbeck et al.,
1995) and PlesSovice zircon standard (337.13 + 0.37 Ma; Slama et al., 2008) was simultaneously
analyzed as quality control.

The filtering process of analysis results using ratios of disagreement from two or more
isotopic systems provides a qualitative assessment of whether the U-Pb isotopic system
experienced disturbances (e.g., Gehrels, 2014; Spencer et al., 2016). Because discordance in
the system cannot be ignored radiogenic lead loss or other isotopic disturbances, zircons within

90-110 % of the concordance ratio were adopted for discussion (e.g., Belousova et al., 2009;



Wang et al., 2014; Spencer et al., 2016; Ohkawa et al., 2021, 2022). The following formula
computed the concordance ratio (Conc.): Conc. (%) = [1 — (***Pb/?*8U age)/(**’Pb/?*°U age)] x
100 (Hidaka et al., 2002). 2°’Pb/?%Pb age for zircon was adopted older than 1.2 Ga, whereas
206pb/238U age for that younger was used (Gehrels et al., 2008). The age distribution was plotted
by using detzrcr package (Andersen et al., 2018) of R software (R Core Team, 2021) (Fig. 10).
Moreover, we discussed the relationship among the age, Th/U ratio, and morphology (Figs. 11—
14).

The cumulative distribution plot showing the gap between the crystallization and
depositional ages can provide insights into the source of zircon and the tectonic setting of the
sedimentary basin (Cawood et al., 2012) (Fig. 14). Therefore, the detrital zircon age spectra for
the Akiyoshi and Maizuru Belts were plotted as the cumulative distribution functions. Cawood
et al. (2012) reported that age distribution patterns from detrital zircons principally controlled
by the volumes of magma generated in each tectonic setting and their preservation potential,
and they could be grouped into three main tectonic settings of convergent, collisional, and
extensional. Furthermore, multidimensional scaling (MDS) maps (Vermeesch, 2013) of detrital
zircon age data for the Akiyoshi and Maizuru Belts were created using DZmds (Saylor et al.,
2018) of MATLAB algorithm. MDS is a useful tool for visualizing the dissimilarities of a
multivariate dataset with distance, in which clustered samples are more similar, whereas spread
samples are not similar (Vermeesch, 2013). This study calculated the sample dissimilarity by
using the Kuiper V value (e.g., Ma et al., 2022; Malkowski et al., 2022) (Fig. 14). The closest
and second-closest neighbors in the MDS map were indicated by solid and dashed lines,
respectively. The suitability of the MDS map was confirmed by a Shepard plot (Fig. 14), and
it is indicated by the stress value of the MDS configurations (0.20 = poor; 0.10 = fair; 0.05 =
good) (Vermeesch, 2013). The stress values (0.061402) reflect a relatively good fit, suggesting
the MDS plot is meaningful (Fig. 14).

5. Analysis results
5.1. Sandstone petrography
Photomicrographs and modal compositions from sandstone samples are shown in Figs. 5

and 6, respectively.

5.1.1. Fore-arc deposits (Akiyoshi Belt)
The sandstones of the middle Permian sedimentary succession of the Akiyoshi Belt were the

following two types: feldspathic and lithic arenites (Takeuchi et al., 2008). The sandstones of



the Western Unit were feldspathic arenite, whereas those of the Eastern Unit changed from
lithic to feldspathic arenite in ascending stratigraphic order (Takeuchi et al., 2008).

Based on the Q—F-R plot, the samples of the Western Unit were classified into lithic arkose
(A2 to A9) and feldspathic litharenite (A11). They were plotted at the magmatic arc provenance
field (dissected and transitional arcs) based on the Qm-F-Lt plot (Fig. 6). The average
composition of the sandstones in the Western Unit is Qmos.o F41.8 Lt332 and Q27.3 F413 R31.4. The
sandstones consisted mainly of quartz and plagioclase, and rare K-feldspar, biotite, calcite,
chlorite, epidote, muscovite, titanite, and zircon (Fig. 5). The quartz grains were mainly
monocrystalline (18-29 %) and few polycrystalline (1-5 %). Some grains showed weak wavy
extinction and partial corrosion. The number of plagioclase grains (20-30 %) was more than
those of K-feldspar (7—17 %), and some plagioclase displayed saussuritization or sericitic
alteration. They contained fragments of abundant volcanic rock (73-92 % of the total rock
fragments) and rare sedimentary (7-27 %) and metamorphic rocks (0-2 %) and distributed
mainly in the magmatic arc field based on the Lm—Lv-Ls plot (Fig. 6). They contained
fragments of abundant felsic volcanics and tuff with andesite, basalt, granite, granophyre, mica
schist, quartz schist, hornfels, mudstone, chert, and limestone.

The samples of the Eastern Unit were classified into lithic arkose (B7-10 and C1-3),
feldspathic litharenite (BO, 1, 2, 3, 5, 6), and litharenite (B4) based on the Q—F-R plot. They
belonged to the magmatic arc provenance field (undissected, dissected, and transitional arcs)
based on the Qm—F-Lt plot. Their feldspathic components of Route B increase upward,
whereas those of Route C unalter (Fig. 6). The average compositions of Route B and C were
Qmo23 F357 Ltaz.0 and Q249 F343 Raos, and Qmaas Fass Lts10 and Q2.4 Fas.9 Rog7, respectively.
The sandstones were composed mainly of quartz and plagioclase with K-feldspar, biotite,
calcite, chlorite, epidote, hornblende, muscovite, titanite, and zircon (Fig. 5). The quartz grains
were mainly monocrystalline (13-23 %) and few polycrystalline (1-5 %), and a part of the
grains showed weak wavy extinction and partial corrosion. The number of plagioclase grains
(12-36 %) was more than K-feldspar (2-12 %), and some plagioclase displayed sericitic
alteration or saussuritization. They contained fragments of abundant volcanic rock (82-99 %
of the total rock fragments) and rare sedimentary (0—17 %) and metamorphic rocks (0-3 %)
and distributed mainly in the magmatic arc field based on the Lm—Lv—Ls plot (Fig. 6). They
contained fragments of abundant felsic to intermediate volcanics and tuff with basalt, granite,

granophyre, mica schist, quartz schist, hornfels, mudstone, chert, and limestone (Fig. 5).



5.1.2. Back-arc deposits (Maizuru Belt)

Several researchers reported Permian to Triassic sandstone compositions of the Maizuru Belt
(e.g., Kimura et al., 1988; Kusunoki and Musashino, 1990; Suzuki, 1992). Based on the Q—F—
R plot, the Permian sandstones were classified into feldspathic litharenite and litharenite, and
the Triassic sandstones were cataloged as feldspathic litharenite. The Permian sandstones were
plotted at the lithic recycled and undissected and transitional arcs and the Early to Middle
Triassic sandstones were plotted at the transitional recycled and transitional and dissected arcs.
The Late Triassic sandstones belonged to the transitional arc and mixed fields (Fig. 6). Based
on sandstone composition data of Kusunoki and Musashino (1990) and Suzuki (1992), the
average compositions of the Permian, Early to Middle Triassic, and Late Triassic sandstones
were Qmsgs F22.6 Ltsss and Qo.1 Fis2 R72.7, Qmao4 Fasa Ltasn and Qsgo Fas.1 R3e0, and Qmsza s
F233 Lt42.3 and Qss.6 F202 Roi 1, respectively. The quartz and feldspar components of the Permian
to Triassic sandstones increased upward. In contrast, the ratios of their rock fragments
decreased (Fig. 6). Moreover, the Permian sandstones consisted mainly of plagioclase (9-21 %)
with rare K-feldspar (1-2%), whereas Triassic sandstones increased the number of K-feldspar
and contained plagioclase of 7-21 % and K-feldspar of 4-17 % (Kusunoki and Musashino,
1990; Suzuki, 1992). They had fragments of abundant volcanic rock (>60 % of the total rock
fragments), common sedimentary (ca. 10-30 %), and rare metamorphic rocks (Fig. 6). The
rock fragments of the Permian to Middle Triassic sandstones were composed mainly of felsic
to intermediate volcanics with mafic volcanics, sedimentary rocks (chert, mudstone, sandstone,
and limestone), and metamorphic rocks (Kusunoki and Musashino, 1990; Suzuki, 1992;
Ohkawa et al., 2022). On the other hand, rock fragments of the Late Triassic sandstones

consisted mainly of granitic rocks (Kusunoki and Musashino, 1990).

5.2. Crystal morphology of the detrital zircons
The SEM and CL images of the detrital zircon are shown in Fig. 7, and the shapes (length,
width, elongation, and roundness) are shown in Fig. 8 and Table 2. Moreover, the morphotypes

are shown in Fig. 9.

5.2.1. Fore-arc deposits (Akiyoshi Belt)

In the middle Permian sedimentary succession of the Akiyoshi Belt, 8 sandstone samples
yielded 699 concordant ages from total 1291 spots, and the morphotypes of 519 grains were
classified (Fig. 9).

In the Western Unit, the lengths from samples A2 and A9 were 59-213 (mean: 98.6 pm) and
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49-254 um (mean: 97.7 um), and their widths were 41-117 pum (mean: 69.0 um) and 36-151
um (mean: 68.5 um), respectively (Fig. 8 and Table 2). The mean elongation values
(width/length) from samples A2 and A9 were 0.72 (Fig. 8 and Table 2), which were categorized
as “short-stubby” (Gértner et al., 2013 and references therein). The mean roundness values
from samples A2 and A9 were 4.0 and 3.8, respectively (Fig. 8 and Table 2), and they were
usually euhedral, angular to subangular. Based on the morphotype classification (Pupin, 1980),
S7, S19, S24, and G1-3 types accounted for more than 10% of the total grains, and S2, S12,
and S17 types accounted for more than 5% of the total grains based on the morphotype
classification (Fig. 9).

In the Eastern Unit, the lengths were 44—142 (B0, mean: 86.2 um), 49-131 (B1, mean: 85.9
um), 41-156 (B9, mean: 83.7 um), 38—142 (C1, mean: 83.7 um), 42—133 (C2, mean: 82.8 um),
and 43-154 um (C3, mean: 89.6 um) and their widths were 34—121 (B0, mean: 57.7 pm), 34—
95 (B1, mean: 62.0 um), and 35-144 (B9, mean: 56.1 um), 34-128 (C1, mean: 61.8 pm), 34—
90 (C2, mean: 56.9 um), and 35-116 pm (C3, mean: 64.6 um) (Fig. 8 and Table 2). The mean
elongation values (width/length) were 0.69 (B0, B9), 0.73 (B1, C3), 0.72 (C1), and 0.70 (C2)
(Fig. 8 and Table 2), and mean roundness values were 4.4 (B0, B9, C1, C2, C3) and 3.9 (B1)
(Fig. 8 and Table 2), and they were generally euhedral, angular or slightly rounded. Based on
the morphotype classification (Pupin, 1980), S19 and S24 types accounted for more than 10%,
and S7, S12, S13, S18, S23, and G1-3 types occupied more than 5% of the total grains (Fig.
9).

5.2.2. Back-arc deposits (Maizuru Belt)

Ohkawa et al. (2022) examined the detrital zircon ages and morphology of four sandstone
samples from the middle Permian sedimentary succession, Maizuru Belt. They measured total
spots of 247 and 239 and obtained concordant ages of 214 and 212 from the sandstones of the
lower and upper sedimentary succession, respectively. Furthermore, the morphotypes of 254
grains were classified (Fig. 9).

The shape and morphology of detrital zircons of the lower and upper successions showed
different features (Fig. 8 and Table 2). In the lower succession, the lengths from samples
190803-04 and 190803-03 were 54-211 (mean: 106.3 um) and 40-217 pm (mean: 104.1 um),
and their widths were 33-137 um (mean: 59.3 um) and 35-98 um (mean: 59.9 um),
respectively (Fig. 8 and Table 2). The mean elongation values (width/length) of samples
190803-04 and 190803-03 were 0.58 and 0.61, respectively. The mean roundness values were
3.1 (190803-04) and 3.4 (190803-03) (Fig. 8 and Table 2), and they were generally euhedral,
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angular, or slightly rounded. On the other hand, the lengths from the upper succession (samples
180502-05 and 190803-01) were 48—151 (mean: 92.8 um) and 57—171 um (mean: 110.4 pm),
and their widths were 41-109 (180502-05, mean: 62.1 um) and 37-122 um (190803-01, mean:
74.5 um), respectively (Fig. 8 and Table 2). The mean elongation values from samples 180502-
05 and 190803-01 were 0.69, and the mean roundness values were 6.1 and 6.3, respectively
(Fig. 8 and Table 2). The grains were generally well-rounded, and the crystal faces were few
recognizable. In the morphotype classification of the lower succession, S24 and S25 types
accounted for more than 15%, and S19, S23, and G1-3 types occupied more than 10% of the
total grains (Fig. 9). In the upper succession, S24 type accounted for more than 15%, and S18,
S25, and G1-3 types occupied more than 10% of the total grains (Fig. 9).

5.3. U-Pb ages of the detrital zircons
The age spectra of the detrital zircons are shown in Fig. 10, and the relationships among age

and shape, morphotype, and Th/U ratio are shown in Figs. 11 and 12.

5.3.1. Fore-arc deposits (Akiyoshi Belt)

In the Western Unit, the age spectra of the detrital zircons indicated a unimodal distribution.
They were dominated by Permian age (>90%), whereas pre-Permian age components rarely
contained (Fig. 10). The ages from samples A2 and A9 were 247.5-1866.0 and 243.8-565.0
Ma, respectively (Fig. 10). The grains of 77 (A2) and 82% (A9) indicated high Th/U ratios
(>0.5) typical of an igneous source (Hoskin and Schaltegger, 2003; Kirkland et al., 2015). On
the other hand, one grain of A9 show low Th/U ratios (<0.1) characteristic of a metamorphic
source (Rubatto and Hermann, 2003; Rubatto, 2017) (Fig. 12).

In the Eastern Unit, the age spectra of the detrital zircons showed a single peak the same as
those of the Western Unit, and the majority (i.e., more than 70%) of these grains are Permian
age. The sandstones of Route B (B0, B1, B9) contained Carboniferous age components of ca.
8-16% and Precambrian age components of ca. 5-9%. The sandstones of Route C (C1, C2,
C3) contained Carboniferous age components of ca. 5-8% (Fig. 10). The ages were 250.8—
3374.0 (B0), 253.5-1947.0 (B1), 248.5-2570.0 (B9), 246.5-864.0 (C1), 251.8— 324.5 (C2),
and 249.9—479.5 Ma (C3) (Fig. 10). The grains of 69 (B0), 73 (B1), 84 (B9), 77 (C1), and 79%
(C2 and C3) indicated high Th/U ratios (>0.5) characteristic of an igneous origin (Hoskin and
Schaltegger, 2003; Kirkland et al., 2015). On the other hand, one (B0 and C3) and two grains
(B9) show low Th/U ratios (<0.1) typical of a metamorphic origin (Rubatto and Hermann,
2003; Rubatto, 2017) (Fig. 12).
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5.3.2. Back-arc deposits (Maizuru Belt)

The age spectra of detrital zircons of the lower and upper successions showed different
characteristics by Ohkawa et al. (2022). The age spectra of the lower succession showed a
single peak, and they were dominated by Permian age (>90%). The ages from samples 190803-
04 and 190803-03 were 262.0-319.0 and 258.2-302.4 Ma, respectively (Fig. 10). Most grains
of 81 (190803-04) and 94% (190803-04) indicated high Th/U ratios (>0.5) typical of an igneous
source (Hoskin and Schaltegger, 2003; Kirkland et al., 2015). On the other hand, the sandstones
did not contain low Th/U (<0.1) zircon typical of a metamorphic origin (Rubatto and Hermann,
2003; Rubatto, 2017) (Fig. 10).

The age spectra of the upper succession contained spread age components of 2500—1800 and
500-270 Ma. They contain Precambrian ages of 29-42%, whereas the ratio of Permian age is
low (8—17%). The ages from samples 180502-05 and 190803-01 were 2730-269.5 and 2666—
269.8 Ma, respectively (Fig. 10). The grains of 54 (180502-05) and 60% (190803-01) had high
Th/U ratios (>0.5) characteristic of an igneous origin. One (190803-01) and three (180502-05)
grains indicated low Th/U ratios (<0.1) typical of a metamorphic origin (Fig. 12).

6. Discussion
6.1. Depositional environments based on crystal morphologies and U-Pb ages of detrital
zircons

This study discussed the depositional environments and provenance of fore- and back-arc
deposits based on the relationship between crystal morphologies and U-Pb ages of detrital
zircons (Figs. 10-14). For discussing a change of depositional evolution of the entire Akiyoshi
and Maizuru Belts, we compared published detrital zircon age data from Akiyoshi (middle to
late Permian sedimentary succession of Nishiki area, Yamaguchi Prefecture) and Maizuru Belts
(middle Permian sedimentary succession of Tsuwano area, Shimane Prefecture) (Zhang et al.,
2018a; Kimura et al., 2021) with measured data by this study and Ohkawa et al. (2022) (Figs.
13 and 14). The result indicates that the sandstones from fore- and back-arc deposits can be
divided into two groups (Groups A and B) (Fig. 14). Sandstones of Group A mainly contained
the late Paleozoic age components close to the depositional age, and the grains were generally
angular to subangular. On the other hand, Sandstones of Group B yielded broad age
components from Precambrian to Paleozoic, and the grains were commonly rounded.

In the fore- and back-arc deposits at convergent plate margins, the zircons show the features

that they are angular and subangular and do not contribute from recycling and chemical
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weathering, and their ages are close to the deposition age (Cawood et al., 2012; Gibson et al.,
2013; Ohkawa et al., 2021, 2022). The cumulative proportion curves from Permian fore-arc
deposits and a part of the Permian back-arc deposits (190803-03 and 190803-04) plotted in a
convergent setting (Fig. 14). These zircons consisted mainly of late Paleozoic age components
near to the depositional age, and they were angular to subangular and well-defined crystal faces
(Zhang et al., 2018a; Ohkawa et al., 2022; this study) (Figs. 7, 8, 10, 11, and 13). Moreover,
these age spectra belong to a close group (Group A) based on MDS analysis (Fig. 14). The
detrital zircon was reported to become rapidly rounded under arid climate conditions (Garzanti
et al., 2012, Garzanti et al., 2015). However, Gértner et al. (2022) reported that the smallest
zircon grains of dune sands are rarely shorter than 60 um. It is suggested that the influence of
the aeolian environment is small because the late Paleozoic zircons of Groups A and B were
commonly less rounded and contained small grains (< 60 um) (Figs. 8 and 11). On the other
hand, there are some opinions on between the detrital zircon shape and transport distance
(Zoleikhaei et al., 2016; Markwitz et al., 2017; Gértner et al., 2018; Sundell et al., 2018; Zeh
and Wilson, 2022). However, some researchers suggested that the zircon grains become
rounded with increasing transport distance by shape analysis of detrital zircon (Markwitz et al.,
2017; Sundell et al., 2018). Moreover, several studies reported that zircon shape is affected by
hydrodynamic conditions during transport (Zeh and Cabral, 2021; Zeh and Wilson, 2022), and
Zeh and Wilson (2022) reported that zircon grains from shallow-marine deposits were
subjected to hydrodynamic sorting and abrasion related to marine transgression, and transport,
sorting and abrasion of grains derived from wave action, tides, storm activity, and off-shore
currents. The zircons of Group A derived mainly from igneous origin based on the Th/U ratios
and structures (Zhang et al., 2018a; Ohkawa et al., 2022; this study). Furthermore, the Qm—F—
Lt and Lm-Lv-Ls plots for the Permian sandstones of the Maizuru and Akiyoshi Belts support
that most of them are igneous arc origin (Fig. 6). Therefore, the sandstones of Group A had
similar sources, and they were located near the depositional sites. The provenance mainly had
igneous rocks derived from the late Paleozoic volcanic arc, and the rocks were considered to
be exposed immediately prior to their erosion and transport, and were transported directly to
the depositional site in a relatively short time.

Based on the above results, the zircon shapes and age spectra of Group A show similar
features. However, the roundness and elongation of Group A of the Akiyoshi Belt are slightly
different from those of the Maizuru Belt, and the mean roundness and elongation of zircons in
the Akiyoshi Belt are higher than those of the Maizuru Belt (Fig. 8 and Table 2). Kimura (1988)

reported that the sandstones of the Maizuru Belt contain the rock fragments (especially mafic
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and sedimentary rock fragments) than those of the Ultra-Tamba Belt (Permian fore-arc
accretionary complex) based on a comparison of sandstone compositions. Kimura (1988)
suggested that the source of the Ultra-Tamba Belt was farther than that of the Maizuru Belt,
and unstable rock fragments were destroyed in the transport process. The rock fragments of the
sandstones of the Akiyoshi Belt tend to be small amount than those of the Maizuru Belt (Fig.
6). Furthermore, the mudstones of the Permian sedimentary succession of the Maizuru Belt
were considered to be deposited in a quiet shallow sea based on lithology and geochemical
features (Shimizu, 1962b; Mavoungou et al., 2022). Based on the above results, the zircon
shape of samples 190803-03 and 190803-04 from the mudstone-dominated succession in the
Maizuru Belt indicates that they were supplied from near sources and weak hydrodynamic
conditions, supporting the depositional environments of the mudstone inferred from previous
studies. On the other hand, clastic rocks in the Akiyoshi Belt in the Itoigawa and Nishiki areas
were estimated to be deposited in the trench and trench-slope basin, suggesting that the detritus
was supplied by sediment gravity flow such as debris flow and turbidity current (Tanaka et al.,
1987; Hara and Kiminami, 1989; Matsuzawa and Takeuchi, 2009). Based on the difference in
depositional environments between the Akiyoshi and Maizuru Belts, the slightly higher
roundness and elongation of the detrital zircons in the Akiyoshi Belt support that they may be
subjected to strong hydrodynamic conditions in the marine environment and long-distance
transport from the volcanic arc to the trench.

On the other hand, some sandstones in the Maizuru Belt (samples 180502-05, 190803-01,
and TWN-SS01) commonly contained zircon grains that were older than their depositional ages
(Kimura et al., 2022; Ohkawa et al., 2022), and the cumulative proportion curve of sample
190803-01 belong to collisional setting (Fig. 14). In sediments of the collisional and
extensional settings, the detrital zircons were generally rounded and much older than their
depositional ages, suggesting that they derived mainly from long-distance transport (Cawood
etal., 2012; Kydonakis et al., 2014; Xu et al., 2019; Ohkawa et al., 2022). Ohkawa et al. (2022)
reported that zircon grains of samples 180502-05 and 190803-01 had unclear crystal faces and
well-rounded edges the same as those of deposits supplied from collisional zones (Figs. 7, 8,
10, 11, and 13). Based on MDS analysis, these age spectra belonged to a close group (Group
B) and were distributed apart from those of Group A (Fig. 14). Therefore, the sandstones of
Group B had similar sources containing older continental crust, suggesting that they had distant
sources that were first cycle or recycled, and/or strong hydrodynamic conditions during
transport. Moreover, changes of the zircon ages and morphology from the middle Permian

sedimentary succession in the Maizuru Belt support that the provenance changed from a
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convergent setting to a collisional setting during the middle Permian (Ohkawa et al., 2022).
Mavoungou et al. (2022) suggested that breccia (Tonoshiki breccia) of the Permian
sedimentary succession in the Maizuru Belt was debris sediments with submarine slope failures
and intense tectonic activity with collision occurred during the deposition by petrological and
geochemical characteristics. The upper succession of the Maizuru Belt in the Itoigawa area
consisted mainly of breccia, and it had mostly angular shapes and contained fragments of
various sizes and types, such as mafic and felsic igneous and sedimentary rock (Nagamori et
al., 2010), the same as those of the Tonoshiki breccia. Therefore, the breccia was suggested to
be supplied by the debris flow characterized by submarine slope failures and short-transport
distance. The above results support that the zircons of Group B were affected by strong
hydrodynamics in the marine environment during transport. Moreover, the breccia and
sandstone of the Maizuru Belt contained sedimentary and meta-sedimentary rock fragments
(e.g., Suzuki et al., 1982; Nagamori et al., 2010; Mavoungou et al., 2022; Ohkawa et al., 2022).
Therefore, some rounded zircons may be affected by long-distance transport resulting from
multiple sedimentary cycles. The Qm—F—Lt plot shows that the Permian sandstones of the
Maizuru Belt were mainly plotted in magmatic arc fields, whereas the Triassic sandstones were
plotted in the magmatic arc, recycled orogen, and mixed fields (Fig. 6). Therefore, the change
of sandstone compositions in the Maizuru Belt indicates that the provenance changed from
volcanic arc to multiple sources containing older continental block. This result is consistent
with previous studies that the Maizuru Belt was an island arc—back-arc basin—continental crust

system and collided during the Permian (Mavoungou et al., 2022; Ohkawa et al., 2022).

6.2. Provenance of the fore-arc and back-arc deposits

As described in Section 2, igneous rocks are distributed in the Southern and Northern
Maizuru Belt (e.g., Hayasaka, 1996), suggesting that some clastic rocks in the Maizuru and
Akiyoshi Belts were supplied from those igneous rocks (Kano, 1961; Kano et al., 1961;
Takeuchi et al., 2008). The Permian sandstones of the Akiyoshi and Maizuru Belts are
suggested to be derived mostly from igneous sources based on their sandstone compositions
and zircon Th/U ratio and structure. Based on U-Pb ages of the granitoid, island arc magmatism
occurred at 285-275 Ma (Herzig et al., 1997). These ages are consistent with the major age
component of Group A (Figs. 10 and 13). As discussed in Section 6.1, sandstones of Group A
suggest they deposited around a volcanic arc formed by late Paleozoic igneous activity.
Because the lithological and geochemical features of the granitoids of the Southern Maizuru

Belt indicated that they formed in an intra-oceanic island arc (Suda and Hayasaka, 2009), the
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sandstones of the Group A are considered to be supplied mainly from an island arc (containing
igneous rocks of the Southern Maizuru Belt) isolated from the older continental crust.

On the other hand, the detrital zircons of Group B contained wide age groups of Precambrian
to Paleozoic, and their age distribution differed from those of the igneous rocks of the Southern
Maizuru Belt (Figs. 10 and 13). Furthermore, it is inferred that sediments of the Maizuru Belt
were supplied from multiple sources, such as the volcanic arc and Precambrian continental
block (Fig. 6). The igneous rocks of the Northern Maizuru Belt are suggested to be intruded
during the Silurian to Devonian and Permian to Triassic based on the U-Pb zircon ages (Fujii
et al., 2008; Tsutsumi et al., 2014). Kimura et al. (2019, 2021) reported an Archean—
Paleoproterozoic continental unit from the westernmost part of the Maizuru Belt, which
consisted of ca. 2700-2500 Ma granitic gneiss (containing zircon rims of low Th/U ratio), ca.
2430 Ma metaquartzite (ca. 1850 Ma metamorphism), ca. 1900—1825 Ma granitoid, and ca.
440-410 Ma granitoid, felsic tuff, and metagabbro. They suggested that this unit was contrasted
with the rocks of the Northern Maizuru Belt and the Sino—Korean Block by lithology and
isotopic ages. The ages of the igneous and metamorphic rocks of the Northern Maizuru Belt
are consistent with the age components of Group B (Kimura et al., 2021; Ohkawa et al., 2022).
These results support that the sandstones of Group B were supplied from the rocks of the
Northern Maizuru Belt and its associated neighboring continental crust (Sino-Korean Block)
(Kimura et al., 2021; Ohkawa et al., 2022). A part of pre-late Paleozoic detrital zircons in the
Maizuru and Akiyoshi Belts indicated features of a metamorphic origin, such as the low Th/U
ratio (Rubatto and Hermann, 2003; Rubatto, 2017) and homogeneous structure (Corfu et al.,
2003) (Fig. 7). They are considered to be supplied from Precambrian to Paleozoic metamorphic
and metasedimentary rocks in the Northern Maizuru Belt (Ohkawa et al., 2022).

Many researchers have reported that the zircon morphotype provided information about the
host rock (e.g., Pupin, 1980; Tietz et al., 2003; Belousova et al., 2006; Gértner et al., 2017;
Zieger et al., 2019; Ohkawa et al., 2022). The morphotype classification of zircon by Pupin
(1980) can interpolate information on the chemical and thermal characteristics of the
crystallization medium. The Permian sandstones of the Akiyoshi and Maizuru Belts commonly
contain the main morphotypes of G1-3 and S24 (Fig. 9). Type G1-3 zircons show well-
developed {110} prism and {101} pyramid, and type S24 zircons show a predominance of
{100} prism and the presence of two pyramids; one well-developed {101} and other weakly
developed {211}. Furthermore, the major morphotypes of the Akiyoshi and Maizuru Belts
contain S7, S19 and S18, S25, respectively (Fig. 9). Type G1-3 derived from relatively low-

temperature (550-650°C) and calc-alkaline granites of hybrid (crustal and mantle) origin or I-
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type granites of mantle or mainly mantle origin (Pupin, 1980; Belousova et al., 2006). Types
S18, S19, S24, and S25 are suggested to be derived from relatively high-temperature (750—
900°C) and calc-alkaline granites of hybrid (crustal and mantle) origin or magmatic
charnockite or I-type granites of mantle or mainly mantle origin (Pupin, 1980; Belousova et al.,
2006). Type S7 originated from migmatite or S-type granites of crustal or mainly crustal origin
(Pupin, 1980; Belousova et al., 2006). The zircon morphotype of the igneous rocks in the
Maizuru Belt has never been reported before. However, Paleozoic granitoids in Japan
containing the Maizuru Belt mainly belong to the calc-alkaline series (Kobayashi et al., 2000;
Suda and Hayasaka, 2009 and references therein) and I-type granites (Kobayashi et al., 2000)
based on geochemical characteristics. Moreover, migmatites were recognized in the Southern
Maizuru Belt (Suda and Hayasaka, 2009). Therefore, the morphological characteristics of the
zircons of Groups A and B support that they originated mainly from the rocks of the Southern
and Northern Maizuru Belt.

6.3. Tectonic evolution of Permian fore-arc and back-arc tectonic evolution of the proto-
Japan and East Asia

In this section, we discuss the tectonic evolution of East Asia and proto-Japan, by combining
comprehensive data of sandstone compositions and detrital zircon ages and morphology from
the Permian fore- (Akiyoshi Belt) and back-arc (Maizuru Belt) deposits with regional
geological information, and constrain the timing of collisional movement (Fig. 15).

As discussed in Section 6.2, the Permian fore-arc deposits were deposited around the
volcanic arc isolated from the Sino—Korean Block (Fig. 15). The sandstones of the Akiyoshi
Belt mainly contain late Paleozoic zircon grains that derived from the volcanic arc, but it should
not be missed that they slightly contain Precambrian to middle Paleozoic grains (Figs. 10, 11,
and 13). These ages are also found in those of the Maizuru Belt (Figs. 10, 11, and 13). Moreover,
sample BO of the Akiyoshi Belt, which contains Precambrian age of 5 %, and sample TWN-
SS01 of the Maizuru Belt have similarities based on the MDS analysis (Fig. 14). Although
information about the transportation route of their detritus has never reported before, most of
the grains are well-rounded, and the crystal faces are hardly recognizable (Fig. 11). Based on
the zircon age and shape, these grains derived from the rocks of the Sino—Korean Block and
were affected by long-distance transportation. Tsutsumi et al. (2000) also suggested that the
provenance of the Akiyoshi Belt was partly the rocks of the Sino—Korean Block by U-Pb dating
of acidic tuff. Furthermore, late Permian to Early Triassic ages were reported from the

sandstones in the Akiyoshi Belt and igneous rocks of the Northern Maizuru Belt in common
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(Fujii et al., 2008; Tsutsumi et al., 2014). Because igneous rocks of the Southern Maizuru Belt
indicated early Permian age (Herzig et al., 1997) and were slightly older than those of the
sandstones, the late Paleozoic to early Mesozoic zircons in the Akiyoshi Belt are considered to
be partly supplied by igneous rocks in the Northern Maizuru Belt (Fig. 15b and c). The
similarity of the detrital zircon age spectra of the Maizuru and Akiyoshi Belts supports previous
studies that both belts had a close relationship (e.g., Takeuchi et al., 2008; Tazawa et al., 2009).
Sandstone compositions of the Akiyoshi Belt were considered to increase the ratio of plutonic
to volcanic sources in ascending stratigraphic order by uplift and denudation of the volcanic
arc (Zhang et al., 2018) (Fig. 6). This change has been reported from Permian to Triassic fore-
arc deposits in Southwest and Northeast Japan (e.g., Yoshida and Tazawa, 2000; Yoshida and
Machiyama, 2004; Ohkawa et al., 2021). Until now, the cause of Permian to Triassic tectonic
movement with uplift and denudation of the volcanic arc has been unknown. However, a
comparison of sandstone compositions, detrital zircon ages, and morphology from the Akiyoshi
and the Maizuru Belts, which were deposited at the same latitude, suggests that the sandstone
compositions in the Akiyoshi Belt changed during or after the proto-Japan’s collision (Ohkawa
et al., 2022) (Fig. 6). Therefore, there is a high possibility that provenance change with
progressive denudation of the volcanic arc derived from the collision and suture of the proto-
Japan with East Asian’s continental block.

The variation of zircon age spectra and morphology of the Maizuru Belt represents the
depositional environment and tectonic evolution of the back-arc basin accompanied by the
collision between the proto-Japan and Sino—Korean Block. The Maizuru Belt was suggested to
form a back-arc basin (Maizuru back-arc basin) during the early Permian because of the
occurrence of early Permian back-arc basin basalts (Suda et al., 2014; Mavoungou et al., 2022).
In the middle Permian, the back-arc basin was a quiet shallow sea, and the mudstone-dominated
sequence was deposited (Shimizu, 1962b; Mavoungou et al., 2022) (Fig. 15). The detrital
zircon ages and morphology of the Group A in the Maizuru Belt suggest that they deposited at
the weak hydrodynamic conditions, and were supplied directly from nearby sources (Fig. 8 and
Table 2). Then, debris flow deposits consisted mainly of the breccia were deposited during the
closure of the Maizuru back-arc basin at the late Permian to the Triassic (Mavoungou et al.,
2022) (Fig. 15). The detrital zircons of the Group B in the Maizuru Belt suggest that they were
supplied from distance sources and deposited at the strong hydrodynamic conditions such as
debris flow, and they derived from the Northern and Southern Maizuru Belts (Ohkawa et al.,
2022) (Fig. 8 and Table 2). Mavoungou et al. (2022) inferred that the breccia partly derived

from the Permian sedimentary succession of the Maizuru Belt and was supplied by submarine
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slope failures based on petrological and geochemical characteristics of the breccia. Group B of
the Maizuru Belt contains late Paleozoic well-rounded zircon grains (Fig. 11). These grains are
considered to have experienced significant abrasion caused by multiple transportations with
recycling, slope failure, and debris flow. Furthermore, some Precambrian grains may have
experienced long transportation from the continental crust to the back-arc basins. The changes
of the depositional environment, detrital zircon ages, and morphology of the back-arc basin
deposits suggest that the provenance changed from the convergent to the collisional settings
during the middle Permian (Ohkawa et al., 2022). This result supports previous studies that
collisional orogeny occurred in proto-Japan and East Asia during the late Paleozoic and early
Mesozoic (e.g., Faure and Charvet, 1987; de Jong et al., 2009; Suda et al., 2014; Mavoungou
et al., 2022; Ohkawa et al., 2022). As mentioned above, the supply of detrital grains derived
from older continental crust began in the back-arc basin during the Permian, whereas Permian
sandstones in the fore-arc deposits rarely contained Precambrian zircon grains. It is suggested
that the sediments derived from older continental crust were trapped in a back-arc basin and
blocked by topographic barriers of the uplift zone of the volcanic arc (Ohkawa et al., 2021).
However, a small amount of detritus originating from the continental crust was supplied to the
fore-arc.

The ages of some Paleozoic igneous rocks, the stratigraphy of shelf deposits, and the detrital
zircon age spectra of Permian sandstones in Japan are correlated with the eastern CAOB
containing the Khanka Block (e.g., Fujii et al., 2008; Suzuki and Kurihara, 2021; Ohkawa et
al., 2022). On the other hand, eHf(t) values of detrital zircons from the Akiyoshi Belt were
suggested to correlate with the South China Block (Zhang et al., 2019). Permian brachiopod
faunas of the proto-Japan varied depending on the region and were widely correlated with
South China and Sino—Korean Blocks and South Primorye (Far East Russia) (e.g., Tazawa,
2001). Permian volcanic activity was reported from Hainan Island (Li et al., 2006; Shen et al.,
2018), the southeastern part of the Korean Peninsula (e.g., Yi et al., 2012; Choi et al., 2021;
Kim et al., 2021), and Jiamusi-Khanka-Bureya block (e.g., Yang et al., 2015, 2017, Bi et al.,
2017; Zhang et al., 2018b). Eisenhauer and Zhao (2018) proposed the region east of the
Songliao, Erguna, and Xing'an blocks characterized by ca. 500 Ma high-grade metamorphosed
rocks for the Jiamusi-Khanka-Bureya block. These activities are considered to be arc-type
magmatism associated with the westward subduction of the Paleo-Pacific plate (e.g., Shen et
al., 2018; Yang et al., 2015, 2017), and they have continued to the Triassic (e.g., Li et al., 2006;
Yang et al., 2015, 2017; Shen et al., 2018; Choi et al., 2021; Kim et al., 2021), the same as

those of the Maizuru Belt. Based on these results, it is suggested that the Permian volcanic arc
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with proto-Japan has formed along the subduction of the Paleo-Pacific Plate in the eastern
margin of East Asia (de Jong et al., 2009; Ohkawa et al., 2021), and the subduction may have
continued from the Jiamusi-Khanka-Bureya block through proto-Japan to South China Block.
de Jong et al. (2006) considered that the extension of the Solonker Suture Zone, which is
marked by the tectonic boundary between the Sino—Korean Block and CAOB, extends from
the Jilin area to the Korean Peninsula based on regional geological information of East Asia. A
part of pre-late Paleozoic zircon grains such as ca. 500 Ma zircons of the Permian sandstones
of the Maizuru Belt was suggested to be supplied by the CAOB (Kimura et al., 2021; Ohkawa
et al., 2022). These results support that the extension of the Solonker Suture Zone continued to
the Maizuru back-arc basin (Fig. 15). This study supports previous models in which the proto-
Japan was distributed near to the Sino—Korean Block and eastern CAOB during the Permian
(de Jong et al., 2009; Ohkawa et al., 2022) (Fig. 15), and does not support the models that the
proto-Japan was distributed around the South China Block (Hara et al., 2018; Zhang et al.,
2018a, 2019) or was oceanic island arc isolated from the older continental block (Nakama et
al., 2010; Okawa et al., 2013; Suzuki and Kurihara, 2021). The proto-Japan began to collide
and suture with the Sino—Korean Block during the middle Permian, and a large amount of
detritus was supplied to the fore- and back-arc (Fig. 15). Sandstone compositions and detrital
zircon data of fore- and back-arc deposits of the proto-Japan constrain changes of orogenic
movements and depositional environments associated with the collision, and may provide the
key to discussing the spatial distribution of volcanic activity and the subduction of the Paleo-
Pacific plate margin. However, the tectonics and evolution of East Asia should be carefully
discussed because the eastern margin of East Asia containing proto-Japan has undergone re-
arrangement by strike-slip movements and other tectonic events at the post-Paleozoic (e.g.,

Faure and Natal'in, 1992; Isozaki et al., 2010).

7. Conclusion

Published and new measured data of detrital zircon age and morphology from Permian fore-

and back-arc deposits in Japan provided the following information:

1. The fore- and a part of back-arc deposits mainly contain the late Paleozoic zircon grains
that are close to their depositional ages and commonly less rounded. These grains were
derived mainly from a late Paleozoic volcanic arc and were transported directly to the
depositional site in a relatively short time.

2. A part of back-arc deposits generally contains Precambrian to Paleozoic zircon grains

that are commonly older than their depositional ages and well-rounded. These grains
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were derived from multiple sources (the volcanic arc and Sino-Korean Block), and were
affected by long-distance transportation and strong hydrodynamics during transport.

3. Comprehensive detrital zircon data in the fore- and back-arc deposits support that the
island arc—back-arc basin—continental margin system has been formed along the eastern
margin of East Asia, and the volcanic arc collided with the eastern margin of Sino—

Korean Block during the Permian.
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Fig. 1 Tectonic map of Japanese islands based on public domain Natural Earth data
(modified from Takagi and Arai, 2003; Isozaki et al., 2010; Wakita et al., 2013). MTL: Median
tectonic line, TTL: Tanakura tectonic line, AK: Akiyoshi Belt, Ch: Chichibu Belt, Cz: Chizu
Belt, Hd: Hida Belt, HG: Hida-Gaien Belt, Hi: Hitachi Belt, IB: Izu-Bonin Arc, Ks:
Kurosegawa Belt, MT: Mino-Tamba Belt, Mz: Maizuru Belt, Nd: Nedamo Belt, Oe: Oeyama
Ophiolite, Ok: Oki Belt, Re: Renge Belt, Ry: Ryoke Belt, Sb: Sanbagawa Belt, SK: South
Kitakami Belt, Sh: Shimanto Belt, So: Suo Belt, UT: Ultra-Tamba Belt.
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Fig. 2 Simplified columnar sections of Permian strata in Japan and their depositional
environments (modified from Isozaki, 1986; Hayasaka, 1996; Ehiro, 2000, 2001, 2017; Wakita

Hara et al., 2014; Suzuki and

; Okawa et al., 2013;

2008;

b

et al., 2007, 2018; Takeuchi et al.

Kurihara, 2021).
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Fig. 3 Geological map of Itoigawa area, Niigata prefecture (after Nagamori et al., 2010;

Ohkawa et al., 2022). The location of the Itoigawa area is shown in Fig. 1.
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Fig. 4 (a) Geological columnar sections in Permian fore-arc deposits (Himekawa Complex

of Akiyoshi Belt) (modified from Takeuchi et al., 2008; Nagamori et al., 2010). (b) Geological

columnar sections in Permian back-arc deposits (Mushikawa Formation of Maizuru Belt)

(modified from Nagamori et al., 2010; Ohkawa et al., 2022). The location of each columnar

section number is shown in Fig. 3.
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Back-arc deposits

Fore-arc deposits

Fig. 5 Field photographs (a, b, ¢, g) and cross-polarized light photomicrographs of thin
sections from sandstones (d, e, f, h, 1) in the fore- and back-arc deposits, [toigawa area (after
Ohkawa et al., 2022). (a) Alternating beds of siliceous tuff and mudstone in Western Unit. (b)
Tin bedded sandstone in Eastern Unit. (c) Massive sandstone in Eastern Unit. (d) Sample A9.
(e) Sample BI. (f) Sample C2. (g) Sandstone of the lower succession. (h) Sample 190803-3.
(h) Sample 190803-1. Qz: quartz, Pl: plagioclase, Kfs: K-feldspar, Bt: biotite, Cal: calcite, Chl:

40



Chlorite, Hbl: hornblende, Ep: epidote, Zr: zircon, Ms: muscovite, Rhy: rhyolitic rock, Hf:
hornfels, Mds: mudstone. The lengths of the hammers are 24 (a, b) and 33 cm (c, g).
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Fore-arc deposits

Akiyoshi Belt
A Middle to late Permian sedimentary succession (Zhang et al., 2018a)
¢ Middle Permian sedimentary succession (this study)

Back-arc deposits
Maizuru Belt
<> Late Permian sedimentary succession (Suzuki, 1992)
+ Early to Middle Triassic sedimentary succession (Suzuki, 1992)

E R X Permian sedimentary succession
(Kimura et al_, 1988; Kusunoki and Musashino, 1990; Suzuki, 1992)

Fig. 6 Qm-F-Lt (a), Q-F-R (b), and Lm—Lv-Ls (c) plots from the sandstones in the fore-
and back-arc deposits (Folk, 1968, 1980; Ingersoll and Suczek, 1979; Dickinson, 1985; Kimura
et al., 1988; Kusunoki and Musashino, 1990; Suzuki, 1992; Zhang et al., 2018a; this study). A

gray dashed line indicates increasing of the ratio of plutonic to volcanic sources (Dickinson,

1985). A solid red line indicates the trend of the Permian to Triassic sandstone composition

changes of the Maizuru Belt. Qm: monocrystalline quartz, F: total feldspar grains, Lt: lithic

fragments+polycrystalline quartz, Q: total quartz grains, F: total feldspar grains, R: total rock

fragments, Lm metamorphic lithic fragments, Lv: volcanic lithic fragments, Ls: sedimentary

lithic fragments, CI: cratonic interior, BU: basement uplift, DA: dissected arc, LR: lithic

recycled, M: mixed, QR: quartzose recycled, TA: transitional arc, TC: transitional continental,

TR: transitional recycled, UA: undissected arc, Qa: quartzarenite, Sa: subarkose, Sl:

sublitharenite, Ak: arkose, LA: lithic arkose, FL: Feldspathic litharenite, La: litharenite, MA:

magmatic arc, MS: mixed magmatic arc & subduction complex, SB: suture belts.
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Fore-arc deposits Back-arc deposits

(a) Western Unit (b) Eastern Unit (c) Upper succession

A2 =]0] 190803-01
SE SE

\_A_r’v C

180502-05
SE

50 pm
(d) Lower succession
190803-03
SE

190803-04
SE

Fig. 7 Secondary electron (SE) and cathodoluminescence (CL) images of selected zircons
from sandstones in the fore- and back-arc deposits, Itoigawa area (Ohkawa et al., 2022; this
study). Red circles and parentheses show the locations of analysis spots. (a) Western Unit. (b)

Eastern Unit. (¢) Upper succession. (d) Lower succession.
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Fig. 8 Scatter plot and kernel density estimations of length and width (a, d) and kernel density
estimations of elongation (b, ¢) and roundness (c, f) for detrital zircons from sandstones in the
fore- and back-arc deposits, [toigawa area (Ohkawa et al., 2022; this study). A gray dashed line

shows a 1:1 reference line between length and width for detrital zircons.
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Fig. 9 Morphotype classification for detrital zircons from sandstones in the fore- and back-
arc deposits, Itoigawa area (Ohkawa et al., 2022; this study). Values indicate the number of
each morphotype. (a) Western Unit. (b) Eastern Unit. (¢) Upper succession. (d) Lower

succession.
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Fig. 10 Relative probability density plots for detrital zircons from sandstones in the fore- and

this study). Values of the graphs indicate

2

the main age clusters. (a) A9. (b) A2. (c) B9. (d) B1. (e) BO. (f) C3. (g) C2. (h) C1. (i) 190803-

back-arc deposits, [toigawa area (Ohkawa et al., 2022;
01. () 180502-05. (k) 190803-03. (1) 190803-04.
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Fig. 11 (a) Relationship among U—Pb ages, roundness values, and morphotypes for detrital

zircons from sandstones in the fore- and back-arc deposits, Itoigawa area (Ohkawa et al., 2022;
this study). (a) A9. (b) A2. (c) B9. (d) B1. (e) BO. (f) C3. (g) C2. (h) CI1. (i) 190803-01. (j)

180502-05. (k) 190803-03. (1) 190803-04.
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Fig. 12 Relationship among U-Pb ages, Th/U ratios, and morphotypes for detrital zircons

from sandstones in the fore- and back-arc deposits, Itoigawa area (Ohkawa et al., 2022; this
study). (a) A9. (b) A2. (c) B9. (d) B1. (e) BO. (f) C3. (g) C2. (h) C1. (i) 190803-01. (j) 180502-

05. (k) 190803-03. (1) 190803-04.
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Fig. 13 Relative probability density plots for detrital zircons from Permian fore- and back-arc
deposits (Zhang et al., 2018a; Kimura et al., 2021; Ohkawa et al., 2022; this study). Values in

the plots indicate main age clusters.
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Fig. 15 Middle Permian plate reconstruction model of proto-Japan and East Asia (a) (modified
from de Jong et al., 2009; Ohkawa et al., 2022), and middle Permian (b) and late Permian (c)

conceptual model of tectonic evolution in proto-Japan and East Asia (modified from de Jong

et al., 2009; Ohkawa et al., 2021, 2022; Mavoungou et al., 2022).
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Table 1 Summary of published and new measured detrital zircon data from Permian fore-
(Akiyoshi Belt) and back-arc (Maizuru Belt) deposits (Zhang et al., 2018a; Kimura et al., 2021;
Ohkawa et al., 2022; this study). The location of each area is shown in Fig. 1.

Tectonic Belt Location Depositional environment Age Sample name Reference
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N1 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N5 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N7 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N9 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N12 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N14 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N16 Zhang et al. (2018a)
Akiyoshi Belt Nishiki Trench-fill and pelagic deposits Middle to late Permian N17 Zhang et al. (2018a)
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian A2 This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian A9 This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian BO This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian Bl This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian B9 This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian Cl This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian c2 This study
Akiyoshi Belt Itoigawa Trench-fill and pelagic deposits Middle Permian C3 This study

Maizuru Belt Tsuwano Back-arc basin deposits Middle Permian TWN-SS01  [Kimura et al. (2021)
Maizuru Belt Itoigawa Back-arc basin deposits Middle Permian 190803-01  |Ohkawa et al. (2022)
Maizuru Belt Itoigawa Back-arc basin deposits Middle Permian 180502-05 |Ohkawa et al. (2022)
Maizuru Belt Itoigawa Back-arc basin deposits Middle Permian 190803-03  |Ohkawa et al. (2022)
Maizuru Belt Itoigawa Back-arc basin deposits Middle Permian 190803-04  |Ohkawa et al. (2022)
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Table 2 Summary of statistical values of morphologies for detrital zircons from Permian fore-

standard deviation.

is study). STD:

th

2

and back-arc deposits, [toigawa area (Ohkawa et al., 2022
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