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Abstract
advance the ancient mining and manufacturing industries in the area around the Akiyoshi Plateau, Yamaguchi

The Naganobori mine was exploited for Cu from the late 7th to the early 8th centuries, helped to

Prefecture, Japan, and is famous for producing the Cu used in national projects, such as minting the first coins
in Japan (Wadokaichin and koché janisen) and casting the Great Buddha of the Todaiji Temple. The
relationship between the magmatism of the Cretaceous Hanano-yama plutons and mineralization in the
Naganobori mine is investigated through field observations, petrography and U-Pb geochronology. The Hanano-
yama granite porphyry, with a surface area of 0.8 km X 0.3 km, intruded the Paleozoic accretionary complex of
the Akiyoshi Limestone in the eastern part of the Akiyoshi Plateau. Chemical analysis of rock-forming minerals
revealed the existence of F-bearing minerals such as F-bearing biotite (max. 0.58 wt. %, ave. 0.41 wt.% F),
titanite (4.42, 2.63 wt.%), fluorapatite (4.11, 2.96 wt.%), monazite-(Ce) (0.67, 0.58 wt.%), allanite-(Ce) (0.40,
0.18 wt.%). REEs are also enriched in titanite, fluorapatite, monazite-(Ce) and allanite-(Ce). This suggests that
the fluorine and REE were significantly enriched in the residual melt and fluids after the crystallization of the
Hanano-yama pluton. The U-Pb zircon age of the Hanano-yama pluton is 101.5 £ 0.7 Ma, which are identical
to the Ofuku pluton with K-Ar hornblende and biotite ages of 97-101 Ma. From these age data, the Naganobori
mine associated with Hanano-yama pluton belongs to the Tungsten Province of the San-yo Belt in Yamaguchi
Prefecture, SW Japan, which is genetically related to the ilmenite-series granitoids.

Keywords: Hanano-yama granite porphyry, Naganobori mine, Cu mineralization, U-Pb geochronology, Tungsten Province

1. Introduction

Many mines in eastern part of the Akiyoshi Plateau,
located in the central Yamaguchi Prefecture in SW Japan,
were exploited for Cu from the late 7th to the early 8th
centuries, advancing the ancient mining and
manufacturing industries in the area around the plateau.
In particular, the Naganobori mine (Fig. 1) is the oldest
recorded one in Japan, and is famous for producing the
Cu used in national projects, such as minting the first
coins in Japan (Wadokaichin and kiocho janisen) and
casting the Great Buddha of the Todaiji Temple (Ikeda,
2004, 2015; Kuno, 1990; Saito, 2001a; Takahashi, 2001a;
Yoshikawa et al, 2005; Yoshimura et al, 2014). The

Naganobori mine is also the most likely source of Pb for

the ancient Japanese Pb glaze such as the tricolored glaze
used in the Nara period (AD 710-794) (Saito, 2001b;
Takahashi, 2001b). Mineral assemblage and chemical
compositions of ore minerals from the mine were
investigated in order to clarify its characteristics as a
skarn deposit (Kato, 1916, 1937; Nagashima et al, 2021).
Other mines with metal deposits in the area are the
Akaono silver-copper and Kitabira mines (Fig. 1). These
deposits are found mainly in Paleozoic accretionary
complexes comprising the Akiyoshi Limestone Group,
which makes up the Akiyoshi Plateau, and they were
generated by the intrusion of Cretaceous granite and
small dikes into the limestone (Ikeda, 2004; Kato, 1916,
1937; Ogura, 1921; Watanabe, 2009).

As most economic skarn deposits are related to
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magmatic intrusions, the understanding of petrogenesis
and tectonic setting of igneous rocks is essential for
exploration (Meinert, 1995; Meinert et al, 2005).
Geochronological constraints on both intrusive and
associated skarns are critical to assess the timing and
duration of ore-forming processes (Meinert et al, 2005).
However, little is known about the Cu deposits, especially
with regards to their age, origin of ore-forming magma of
the Hanano-yama pluton, and potential source rocks has
not yet been studied in detail, even though it also
contributed to the formation of the Naganobori mine.

The present paper reveals of the petrography, mineral
chemistry and U-Pb zircon age of the Hanano-yama
pluton to assess nature of the magma and timing of
formation of the mineralized pluton and metallogeny, and

to determine what metallogenic province it belongs to.

2. Geological setting and description of the mines

2.1. Regional geology

From the metallogenic viewpoint, the Inner Zone of
SW Japan is divided into the three provinces: from the
Median Tectonic Line toward the Sea of Japan side,
Barren, Tungsten (W) and Molybdenum (Mo) provinces

(Ishihara, 1977, 1981). The Barren Province correspond
to the granitoid belt of ilmenite-series Ryoke Belt,
whereas the W and Mo provinces to the ilmenite-series
San-yo Belt and magnetite-series San-in Belt, respectively
(Fig. 1la; Ishihara, 1977; Imaoka and Iizumi, 2009;
Nakajima et al, 2016). The study area belongs to the W
Province, and is located around the Akiyoshi Plateau in
Yamaguchi Prefecture, western part of the Honshu, SW
Japan (Fig. 1a). In and around the Akiyoshi Plateau, the
Akiyoshi Limestone Group, the Ota Group, and the
Tsunemori Formation of the Permian accretionary
complex are found mainly with the Triassic Mine Group
located in the northwest, the Early Cretaceous Kanmon
Group in the north, and the Late Cretaceous Abu Group
in the northeast (Fig. 1b). Small Cretaceous igneous
intrusions are also present in the Akiyoshi Limestone
Group (Ota, 1976; Sasaki et al., 2014, 2016).

The Akiyoshi Limestone Group is composed of
Carboniferous to Permian basalts (greenstones) overlain
by shallow-water limestones (Ota, 1976). The greenstones
have a narrow distribution from the east of Ueyama,
through the southwest of Naganobori, to Akiyoshi,
whereas the overlying limestone is widespread over the
Akiyoshi Plateau (Fig. 1b). The formation age of the
greenstones is early Carboniferous, based on fossil ages
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Fig. 1 (a) Division of the Inner Zone of SW Japan. The Ryoke, San-yo, San-in belts correspond to the Barren, W and Mo provinces,
respectively, from the metallogenic viewpoint. (b) Geological map of the Akiyoshi Plateau and surrounding area. Modified from Ota

(1976).
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for overlying limestones (Ota, 1976). The Akiyoshi
greenstones are representative of a paleo-oceanic
seamount or oceanic island fragments formed by the
Carboniferous mantle plume activity (Tatsumi et al,
2000; Sano et al, 2000). The limestone in the area is
recrystallized into marble or converted into skarns as
observed in the peripheral part of the Hanano-yama
pluton (Fig. 1b).

The Ota Group, located in the southeast and south of
Oda, around Akiyoshi, and the northwest of the studied
area, consists mainly of chert, sandstone, and mudstone.
The Tsunemori Formation, located in the southwest of
the Akiyoshi Plateau, consists of Permian mudstones and
limestones (Fig. 1b) (Ota, 1976).

The Cretaceous Hanano-yama pluton located in the
San-yo Belt, occurs in the Naganobori area of Mine City,
SW Japan (Fig. 1a). At Mt. Hanano-yama (elevation 310
m), southeastern margin of the Akiyoshi Plateau, a small
stock of the Hanano-yama pluton with a surface area of
approximately 770 m (east-west) X 510 m (north—south)
intrudes the Akiyoshi Limestone Group (Fig 1b, Japan
Mining Industry Association, 1965; Ishihara et al., 1984;
Nakano and Ishihara, 2003).

Small dikes are present in and around the Akiyoshi
Plateau (Fig. 1b). In particular, a discontinuous plagiophyre
dike extends from east to west in the area west of
Kaerimizu to Ueyama, forming a topographic recess,
since the dike rock is more susceptible to weathering than
the host rock. Another dike of doleritic composition
occurs in the Akiyoshi Plateau (Sasaki et al, 2014). A
small dioritic dike is also present at Mt. Kyozuka-yama,
Akiyoshi, and Kitabira mining area, which are responsible
for the contact metamorphism in the surrounding area,
producing marble (Fig. 1b).

2.2. Description of the Naganobori copper mine

The Cu deposits studied here include the Naganobori
copper, Kitabira and Akaono silver-copper mines in the
eastern part of the Akiyoshi Plateau, and the Yamato
mine in the west part of the plateau (Fig. 1b, Nagashima
et al., 2015; 2021 and references therein; Sasaki et al.,
2016 and references therein). Characteristic features for
the Naganobori copper mine are summarized as follows.

The Naganobori copper mine is a proximal skarn
deposit of Cu-Zn-(Co)-W, and consists of several ore
deposits, such as the Imori (Naganobori), Hakushiki,
Ogiri, Umegakubo, Oda, and Eboshi deposits. These
deposits are located along the boundary between the
granite porphyry of the Hanano-yama pluton and the
Akiyoshi Limestone Group, and/or in the limestone near
the pluton, indicating close spatial association between
the ore zones and igneous rocks. The Imori deposit,
formerly known as the Naganobori deposit, occurs along

the bedding plane between the limestone and greenstone
(e.g., Kato, 1916, Ikeda, 2015). The mine is known as
excavated for a long time from the 8th century to 1960
with repeated shutdown of operation, producing Cu and
Co (Ogura, 1921; Nakamura, 1954; Ueda, 2002). Cobalt
concentration in the Eboshi deposit was found in 1908,
and Co-rich ores with more than 10 wt.% Co were mined
in the history (Nakamura, 1954). The mining area and
copper ore smelting site has been designated as one of
Special Historic Sites of Japan in 2003.

The main ore minerals of the mine are chalcopyrite,
pyrite, pyrrhotite, and arsenopyrite with subordinate
amounts of bornite, cobaltite, sphalerite, galena, and
magnetite. At the Eboshi and Imori deposits, cobaltite,
bismuthinite, native bismuth, electrum, stannoidite,
mawsonite, wittichenite, emplectite, tsumoite, kawazulite,
hessite, matildite, pavonite, joseite, and scheelite occur
(Watanabe, 2009; Nagashima et al., 2021). The cobaltite
has been reported only from the Eboshi and the Imori
deposits, and black cobalt oxide (Kato, 1916) corresponds
to heterogenite described by Nambu et al (1970). As
gangue minerals, hedenbergite, garnet, iron wollastonite,
quartz, calcite, and fluorite also occur (Watanabe, 2009).
Recently, mineral assemblages and chemical compositions
of ore minerals from the Eboshi deposit were reported by
Nagashima et al (2021), and some Bi-, Ag-, and Te-
bearing minerals are newly identified.

3. Experimental procedures

3.1. Sample and chemical analysis of constituent

minerals

Sample NGA-10 is collected at the southeast of the
Mt. Hanano-yama (Sampling locality: 34.243085 N,
131.335582 E). The chemical compositions of the
constituent minerals of NGA-10 specimen were
determined using a JEOL JXA-8230 electron microprobe
analyzer at the Centre for Instrumental Analysis,
Yamaguchi University, Japan. Operating conditions were:
accelerating voltage of 15 kV, a beam current of 20 nA
and a beam diameter of 1-5 pm. Wavelength-dispersive
X-ray spectra were measured with LiF, PET and TAP
monochromators to identify interfering elements and
locate the best wave lengths for background
measurements. The abundances of Si, Ti, Al, Cr, V, Fe,
Mn, Mg, Ca, Ba, Sr, Na, K, P, Ni, Zr, Hf, Sn, Nb, Ta, Th,
U, F, Cl and rare-earth elements (REEs: Sc, Y, La, Ce, Pr,
Nd, Sm, Eu, and Lu) were measured. Peak positions and
background positions of each element were carefully
confirmed to avoid their overlap. Several elements, which
are not shown in Table 1, are below the detection limit.
The probe standards for the measured elements are as
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follows; wollastonite (Si, Ca), rutile (Ti), corundum (Al),
eskolaite (Cr), Cag(VOy)2 (V), hematite (Fe), manganosite
(Mn), periclase (Mg), SrBaNbsO12 (Sr, Ba, Nb), albite
(Na), K-feldspar (K), KTiOPO4 (P), NiO (Ni), (Zr,Y)Oq
(Zr, Y), Sc-metal (Sc), Hf-metal (Hf), SnOs (Sn), Ta-
metal (Ta), uranothorite (Th, U), fluorite (F), and halite
(Cl). The following standards and X-rays for lanthanoid
were used: synthetic REE-bearing hexaborides, REEBg,
for La, Ce, Pr, and Nd; synthetic REE-bearing phosphate
standards for Sm, Eu, and Lu. The ZAF correction-
method was used for all elements.

3.2. Sample preparation and analytical procedures for

U-Pb dating

Zircon grains were separated from sample NGA-10 by
hand picking following panning whole rock powder in
water. The picked grains were mounted in epoxy resin on
a glass slide together with zircon standard FC1
(*"Pb/?Pb age of 1099.0 = 0.6 Ma; Paces and Miller,
1993) and zircon consistency standard KO1 (TIMS
206ph/238U age of 95.6 Ma; Herzig et al, 1998). The
mounts were then polished until the cores of most of the
zircon grains were exposed. Photomicrographs of the
zircon grains were taken in both transmitted and
reflected light using an optical microscope, and
cathodoluminescence (CL) images were captured using a
scanning electron microscope (SEM: JEOL JSM-7500F).
Analytical points were selected using the
photomicrographs and CL images, avoiding mineral
inclusions. The images were also used to assess internal
structure. Zircon U-Pb isotope analysis was performed
using a 213 nm Nd-YAG Laser (New Wave Research UP-
213) coupled with an Agilent 7500 ICP-MS at the
Department of Earth and Planetary Systems Science,
Hiroshima University, Japan. The analytical methodology
used was that described by Katsube et al (2012); i.e., a
mixed He-Ng—Ar carrier gas system equipped with small
volume ablation cell, sample aerosol stabilizer (buffering
chamber) and charcoal filter attachment. The laser spot
size was 25 um. Raw data were processed using the data
reduction program Pepi-AGE (Dunkl er al, 2008), and
final statistical plotting used Isoplot/Ex (Version 3.00;
Ludwig, 2003). The isotopic ratios and ages are quoted at
20, whereas the weighted mean is given at the 95%
confidence level. During this analytical session, the
weighted mean 2Pb/?8U age from eleven spots of zircon
standard KO1 was 95.5 + 1.4 Ma.

4. Petrography and mineral chemistry of dated rock

A photomicrograph of representative sample of the
Hanano-yama pluton is shown in Fig. 2. Granite porphyry

1 mm

Fig. 2 Photomicrograph (under cross-polarized light) of
dated rock sample of the Hanano-yama pluton. Granite
porphyry(NGA-10), Qz=quartz, Pl=plagioclase, Kfs= K-feldspar,
Bt = biotite.

has a porphyritic hypidiomorphic texture. Phenocrysts are
mainly composed of plagioclase, quartz, K-feldspar, and
small amounts of biotite, and ilmenite.

Back-scattered electron (BSE) images of rock-forming
minerals of the Hanano-yama granite porphyry (NGA-10)
are presented in Fig. 3. Plagioclase phenocrysts (1-3 mm)
are euhedral to subhedral, and the most abundant, and
are generally zoned and turbid (Fig. 3a). They have
distinct normal zoning from Anjg 50 in the core to Ans 15
in the rim (Table 1). In the interior part of the
plagioclase, the partial melted parts (dusty part) are
observed (Fig. 3a). The phenocrysts often have thin
marginal rim carrying tiny inclusions of quartz and biotite.

Quartz phenocrysts (usually 1-5 mm, up to 8 mm) are
euhedral to anhedral. K-feldspar phenocrysts (0.5-5 mm)
are euhedral to subhedral, and contain minute quartz in
the peripheral parts of phenocrysts. The mole ratio of
orthoclase in K-feldspar is 0.91-0.97 (Table 1).

Biotite phenocrysts (0.2-1.5 mm) are euhedral-
subhedral, and pleochroic from X = pale yellow, Z =
brown. They occur as single flakes and in intergrowth
with ilmenite, and are frequently altered into chlorite and
minute epidote. Biotite has a Mg/(Mg + Fe + Mn) ratio of
0.31-0.33, and TiOy content of 2.3-3.4 wt.% (Table 1).
Average F and Cl contents of biotite is 0.41 wt.%, and
0.25 wt.%, respectively, and some of it contains up to 0.58
wt.% F and up to 0.29 wt.% Cl (Table 1). Some biotites
are partially or completely replaced by green chlorite.

Groundmass is composed of anhedral quartz,
K-feldspar and plagioclase, and minute ilmenite, titanite,
rutile, monazite, allanite, zircon, apatite, thorite and
pyrite.

Ilmenite (5-90 pm) is the major Ti-phase, and it is
usually found as euhedral to subhedral single grains along
the cleavage of biotite and chlorite (chloritized biotite)
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Fig. 3 Back-scattered electron (BSE) images of the constituent minerals of NGA-10
specimen. (a) Plagioclase phenocryst with distinct zoning from Anis-so in the core and
Ans-1s in the rim. Core is characterized by dusty inclusion suggesting magma mixing.
Aln (b) llmenite, rutile and titanite in chloritized biotite. lImenite and titanite occur along

the cleavage of chloritized biotite. Titanite is rich in F (max. 4.42 wt.%) and Al (max.
13.0 wt.%) and called F-bearing titanite. (c) Rutile needle along the cleavage of
biotite. F-bearing biotite (max. 0.58 wt. %) is characteristic in the Hanano-yama
pluton. (d) Anhedral monazite and apatite with minute zircon inclusion. (e) Thorite is
closely associated with zircon. (f) Euhedral apatite in chloritized biotite. Apatite is rich
in F (max. 4.11 wt.%) and LREE, and called fluorapatite. (g) Anhedral apatite in biotite.
(h) Euhedral monazite in K-feldspar with abundant F (max. 0.67 wt.%), LREE and Th
contents. (i) Allanite and epidote. (j) Anhedral allanite with oscillatory chemical zoning
in the rim part, and it is characterized by high contents of F (max. 0.40 wt.%), REE, Ti,
Fe3* and Th and F. Abbreviations for names of rock-forming minerals follow Whitney
and Evans (2010): Qz = quartz, Pl = plagioclase, Kfs = K-feldspar, Bt = biotite, Chl =
chlorite, Aln = allanite, Ep = epidote, lIm = ilmenite, Ttn = titanite, Rt = rutile, Zrn =
zircon, Mnz = monazite, Thr = thorite, Ap = apatite.

(Fig. 3b). It also occurs closely associated with titanite
and rutile as anhedral small grains (10-20 pm). IImenite
is characterized by high Mn content, and its composition
ranges 1lmgg 5-80.0Pphi11.5-20.0-

Titanite occurs as euhedral to subhedral grain of ~10—
160 ym and as highly irregularly distributed grains (Fig.
3b). It is rich in F (up to 4.42 wt.%) and AloOs (up to
13.0 wt.%), and poor in Cl (up to 0.12 wt.%), and called
F-bearing titanite (Table 2). The empirical formula of

titanite calculated on the basis of Xcations = 3 is as
follows;Cag 99(Tio 58Al0.38Fe0.03) £0.99511.0104F0.28(OH)o.70
(n = 10).

Rutile occurs as acicular crystals (up to 70 pm long)
along the cleavage of biotite and chlorite (Fig. 3c), and
rarely as anhedral grain associated with ilmenite (Fig.
3b).

Zircon commonly occurs in biotite as euhedral and
subhedral grain of ~10 to 90 um (Fig. 3c, d), and it is
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Table 1 Average chemical compositions of plagioclase, K-feldspar and biotite.

Plagioclase K-feldspar Biotite

Average Range Average Range Average  Std Range
n="78 n=29 n=22

SiO, 59.39 54.73-65.29 63.06 62.15-65.07 33.94 043 33.38-34.72
TiO, 0.03 0.00-0.16 0.03 0.00-0.12 2.75 0.29 2.33-3.36
Al,O3 24.02  19.60-27.35 18.39 17.69-18.86 14.78 0.34 14.33-15.80
Cr,04 0.01 0.00-0.06 0.02 0.00-0.08 0.01 0.02 0.00-0.08
V,0; 0.01 0.00-0.10 0.02 0.00-0.08 0.04 0.03 0.00-0.12
FeO 0.08 0.00-2.03 0.12 0.00-0.58 24.8 0.50 23.97-25.72
MnO 0.01 0.00-0.04 0.01 0.00-0.03 0.47 0.05 0.40-0.58
MgO 0.01 0.00-0.09 0.00 0.00-0.02 6.68 0.13 6.45-6.89
CaO 5.74 0.83-9.61 0.03 0.00-0.09 0.01 0.01 0.00-0.04
BaO 0.04 0.00-0.18 0.24 0.00-1.17 0.51 0.18 0.14-0.81
SrO 0.00 0.00-0.04 0.00 0.00-0.08 0.01 0.02 0.00-0.05
Na,O 753  4.95-10.75 0.67 0.28-0.98 0.25 0.09 0.10-0.43
K,0 0.48 0.08-0.95 16.35 14.65-17.46 9.8 0.23  9.38-10.15
P,05 0.01 0.00-0.10 0.01 0.00-0.05 0.01 0.01 0.00-0.03
F - - 0.41 0.08 0.27-0.58
Cl - - 0.25 0.02 0.20-0.29
Total 97.36 98.95 94.72
Ex.O - - 0.23
Total-EX.O 97.36 98.95 94.49
Normalized as 0=8 0=8 0=22
Si 2.71 2.47-2.95 297 2.94-2.99 5.46 0.03 5.38-5.50
Ti 0.00 0.00-0.01 0.00 0.00-0.00 0.33 0.03 0.28-0.41
Al 1.29 1.06-1.48 1.02  0.99-1.05 2.80 0.06 2.70-2.96
cr** 0.00 - 0.00 - 000 000  0.00-0.01
v 0.00 - 0.00 - 0.00 0.00 0.00-0.01
Fe?* 0.00 0.00-0.08 0.00 0.00-0.02 3.33 0.07 3.22-3.48
Mn%* 0.00 - 0.00 - 0.06 0.01 0.05-0.08
Mg 0.00 0.00-0.01 0.00 - 1.60 0.03 1.54-1.65
Ca 0.28 0.04-0.47 0.00 - 0.00 0.00 0.00-0.01
Ba 0.00 - 0.00 0.00-0.02 0.03 0.01 0.01-0.05
Sr 0.00 - 0.00 - 0.00 0.00 0.00-0.01
Na 0.67 0.44-0.94 0.06 0.03-0.09 0.08 0.03 0.03-0.13
K 0.03 0.00-0.05 0.98 0.89-1.05 2.01 0.04 1.93-2.10
P 0.00 - 0.00 - 0.00 0.00 -
Total 4.98 5.03 15.70 -
F - - 0.21 0.04 0.14-0.29
Cl - - 0.07 0.01 0.05-0.08
An: CaAl,Si,0Oq 28.7 4.6-50.5 0.1 0.0-0.4 Mg/(Mg+Fe+Mn)
Ab: NaAISi;Oq 68.5 48.3-94.5 5.8 2.6-8.5 0.32 0.31-0.33
Or: KAISi;Oq 2.8 0.5-5.7 940 91.1-974

sometimes closely associated with thorite (Fig. 3e). The
Zr content decreases with increasing Hf content. HfOq
content attains 3.5 wt.% (Table 2). A BSE image reveals
the presence of zircon inclusion of about 3 pm in apatite,
suggesting that the zircon crystallized prior to apatite
(Fig. 3d).

Thorite occurs as small anhedral grain of ~20 um in

size, which is often closely associated with zircon (Fig.

3e), and also sometimes with apatite.

Apatite (10-250 pm long) occurs as euhedral-
subhedral (Fig. 3d, f), and acicular and/or columnar
crystals in biotite and chlorite (Fig. 3g), which is
considered to result from rapid cooling (Wyllie et al,
1962). As a result of the chemical analysis, fluorine
predominates over chlorine in all analyzed grains (2.1-4.1

wt.% F and 0.1-0.5 wt.% CI). Cl content of apatite here is
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Table 2 Average chemical compositions of REE-bearing accessory minerals.

Titanite Zircon Fluorapatite Monazite-(Ce) Allanite-(Ce)*
Ave. Std. Range Ave. Std. Range Ave. Std. Range Ave. Std. Range Ave. Std. Range

n =10 n =54 n =26 n=7 n=35
SiO, 30.43 0.40 29.91-31.01 31.27 092  29.57-33.67 0.16 0.09 0.05-0.50 1.74 040 1.13-2.34 30.55 0.79  29.52-32.90
TiO, 23.19 2.11 19.97-26.27 0.08 0.08 0.00-0.27 0.04 0.05 0.00-0.18 0.07 0.09  0.00-0.27 0.74 0.48 0.18-2.55
Al,O3 9.63 1.25 8.52-12.95 0.06 0.09 0.00-0.43 0.02 0.01  0.00-0.04 0.03 0.04  0.00-0.10 15.06 117 11.63-17.48
Cr,04 0.02 0.03  0.00-0.07 0.02 0.03 0.00-0.11 0.02 0.03  0.00-0.10 0.00 0.00 0.00 0.00 0.00 0.00
V,03 0.12 0.06 0.00-0.18 0.02 0.03 0.00-0.13 0.02 0.02  0.00-0.07 0.00 0.00 0.00 0.02 0.02 0.00-0.08
FeO 1.03 047 0.30-1.71 0.39 0.44 0.00-1.63 0.37 0.20 0.07-0.85 0.15 0.14  0.00-0.38 13.92 092 12.22-15.91
MnO 0.03 0.03  0.00-0.09 0.01 0.02 0.00-0.06 0.38 0.13  0.15-0.78 0.00 0.00 0.00 0.48 0.25 0.05-0.89
MgO 0.05 0.03 0.02-0.10 0.02 0.02 0.00-0.09 0.01 0.02  0.00-0.07 0.01 0.01  0.00-0.03 0.37 0.09 0.17-0.59
CaO 28.05 0.27 27.70-28.58 0.06 0.05 0.00-0.21 52.81 0.76 51.16-53.82 0.63 031 0.21-1.04 10.13 0.74  9.20-12.43
BaO 0.09 0.07 0.00-0.19 0.04 0.06 0.00-0.30 0.05 0.06  0.00-0.22 0.06 0.05 0.00-0.13 0.03 0.04 0.00-0.17
SrO 0.00 0.00 0.00 0.06 0.05 0.00-0.22 0.00 0.00 0.00 0.02 0.03  0.00-0.07 0.00 0.01 0.00-0.04
Na,0 0.03 0.05 0.00-0.15 0.02 0.02 0.00-0.12 0.09 0.03  0.04-0.15 0.00 0.00 0.00 0.00 0.00 0.00-0.02
K0 0.04 0.06 0.00-0.18 0.07 0.10 0.00-0.53 0.04 0.06  0.00-0.28 0.27 0.16  0.08-0.58 0.03 0.07 0.00-0.24
P,0s 0.02 0.01 0.00-0.04 0.59 0.56 0.00-1.61 40.24 0.86 38.35-41.50 26.20 152 24.03-27.91 0.02 0.02 0.00-0.07
NiO 0.11 0.14 0.00-0.35 0.09 0.16 0.00-0.57 0.07 0.11  0.00-0.31 0.05 0.09 0.00-0.23 0.10 0.16 0.00-0.39
ZrO, 0.00 0.01 0.00-0.02 60.73 241  56.01-66.30 0.00 0.00  0.00-0.00 0.00 0.00 0.00 0.01 0.01 0.00-0.03
HfO, 0.03 0.06 0.00-0.18 17 0.79 0.76-3.46 0.05 0.08  0.00-0.28 0.04 0.06 0.00-0.13 0.05 0.06 0.00-0.22
SnO, 0.00 0.01 0.00-0.02 0.01 0.01 0.00-0.05 0.00 0.00  0.00-0.01 0.00 0.00 0.00 0.00 0.00 0.00-0.01
Sc,04 0.01 0.02 0.00-0.05 0.06 0.05 0.00-0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00-0.08
Y,05 0.01 0.02 0.00-0.05 0.83 0.75 0.00-2.67 031 0.11  0.16-0.58 1.99 1.30 0.88-3.90 1.06 0.50 0.22-2.71
La,04 0.00 0.00 0.00 0.01 0.03 0.00-0.14 0.05 0.05  0.00-0.22 11.55 1.39 9.71-13.33 4.93 0.48 3.52-5.74
Ce,05 0.02 0.04 0.00-0.10 0.05 0.05 0.00-0.23 0.24 0.06 0.14-0.38 27.21 1.90 24.33-29.45 10.77 091 7.14-12.16
Pr,03 0.00 0.00 0.00-0.01 0.03 0.03 0.00-0.12 0.03 0.04 0.00-0.18 4.75 028 4.35-5.10 1.83 0.18 1.25-2.21
Nd,O3 0.00 0.01 0.00-0.02 0.03 0.03 0.00-0.14 0.17 0.05 0.05-0.26 1114 144 9.75-13.71 4.24 0.39 3.25-4.67
Sm,0, 0.01 0.01 0.00-0.04 0.02 0.04 0.00-0.17 0.05 0.05 0.00-0.17 2.87 0.63 2.08-3.72 1.02 0.22 0.41-1.50
Eu,04 0.03 0.05 0.00-0.12 0.05 0.09 0.00-0.41 0.05 0.08  0.00-0.31 0.52 030 0.11-0.90 0.24 0.12 0.00-0.50
Lu,O3 0.04 0.10 0.00-0.32 0.18 0.17 0.00-0.53 0.00 0.00 0.00 0.23 0.20  0.00-0.49 0.14 0.17 0.00-0.48
Nb,O5 0.12 0.09 0.03-0.35 0.01 0.02 0.00-0.11 0.02 0.02  0.00-0.05 0.00 0.00 0.00 0.01 0.02 0.00-0.06
Tay0s 0.05 0.07 0.00-0.17 0.05 0.09 0.00-0.39 0.04 0.06  0.00-0.23 0.00 0.00 0.00 0.15 0.23 0.00-0.92
ThO, 0.00 0.01 0.00-0.03 0.24 0.28 0.00-1.36 0.01 0.01  0.00-0.05 6.43 207 3.21-832 0.13 0.16 0.00-0.52
uo, 0.00 0.01 0.00-0.03 0.69 0.56 0.00-2.19 0.01 0.02  0.00-0.06 0.50 021 0.18-0.84 0.02 0.03 0.00-0.11
F 2.63 0.82 1.72-4.42 0.07 0.07 0.00-0.31 2.96 053 213411 0.58 0.06 0.48-0.67 0.18 0.10 0.00-0.40
cl 0.02 0.04 0.00-0.12 0.00 0.00 0.00-0.01 0.29 0.08  0.09-0.51 0.03 0.01  0.03-0.04 0.02 0.01 0.01-0.04
Total 95.84 97.56 98.58 97.05 96.26
Ex.0 111 0.03 131 0.25 0.08
Total-Ex.O 94.73 97.53 97.27 96.80 96.18
Normalized as Total cations = 3 0=4 Total cations = 8 0=4 Total cations = 8
Si 1.01 0.01 0.99-1.03 0.99 0.02 0.96-1.03 0.01 0.01  0.00-0.04 0.07 0.02  0.05-0.10 3.00 0.03  2.95-3.05
Ti 0.58 0.05 0.49-0.65 0.00 0.00 0.00-0.01 0.00 0.00  0.00-0.01 0.00 0.00 0.00-0.01 0.05 0.04  0.01-0.19
Al 0.38 0.05 0.33-0.50 0.00 0.00 0.00-0.02 0.00 0.00 - 0.00 0.00 - 174 011  1.39-1.91
Cr 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00 - 0.00 0.00 -
\Y 0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00 0.00 -
Fe 0.03 0.01 0.01-0.05 0.01 0.01 0.00-0.04 0.03 0.01  0.01-0.06 0.01 0.00  0.00-0.01 114 0.08  1.00-1.32
Mn 0.00 0.00 - 0.00 0.00 - 0.03 0.01  0.01-0.06 0.00 0.00 - 0.04 0.02  0.00-0.07
Mg 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00 - 0.05 0.01 0.02-0.09
Ca 0.99 0.01 0.97-1.02 0.00 0.00 0.00-0.01 491 0.03 4.87-4.98 0.03 0.01  0.01-0.05 1.07 0.06  0.98-1.25
Ba 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00 - 0.00 0.00  0.00-0.01
Sr 0.00 0.00 - 0.00 0.00 0.00 0.00 - 0.00 0.00 - 0.00 0.00 -
Na 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.01 0.02 0.00 0.01-0.03 0.00 0.00 - 0.00 0.00 -
K 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.02 0.00 0.01  0.00-0.03 0.01 0.01  0.00-0.03 0.00 0.01 0.00-0.03
P 0.00 0.00 - 0.02 0.02 0.00-0.04 2.95 0.03  2.89-3.00 0.91 0.02 0.88-0.93 0.00 0.00  0.00-0.01
Ni 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.01 0.00 0.01  0.00-0.02 0.00 0.00  0.00-0.01 0.01 0.01  0.00-0.03
Zr 0.00 0.00 - 0.94 0.03 0.89-0.98 0.00 0.00 0.00 0.00 - 0.00 0.00 -
Hf 0.00 0.00 - 0.02 0.01 0.01-0.03 0.00 0.00  0.00-0.01 0.00 0.00 - 0.00 0.00  0.00-0.01
Sn 0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00 0.00 -
Sc 0.00 0.00 - 0.00 0.00 0.00-0.01 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01
Y 0.00 0.00 - 0.01 0.01 0.00-0.05 0.01 0.00 0.01-0.03 0.04 0.03  0.02-0.08 0.06 0.03  0.01-0.14
La 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.17 0.02 0.15-0.21 0.18 0.02 0.12-0.21
Ce 0.00 0.00 - 0.00 0.00 - 0.01 0.00  0.00-0.01 0.41 0.02 0.36-0.43 0.39 0.04  0.25-0.45
Pr 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.07 0.00 0.06-0.07 0.07 0.01  0.04-0.08
Nd 0.00 0.00 - 0.00 0.00 - 0.01 0.00  0.00-0.01 0.16 0.02 0.15-0.19 0.15 0.01  0.11-0.17
Sm 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.04 0.01  0.03-0.05 0.03 0.01  0.01-0.05
Eu 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.01 0.00 0.00-0.01 0.01 0.00 0.00-0.02
Lu 0.00 0.00 - 0.00 0.00 0.00-0.01 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00  0.00-0.01
Nb 0.00 0.00 0.00-0.01 0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 0.00 0.00 -
Ta 0.00 0.00 - 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00 - 0.00 0.01 0.00-0.02
Th 0.00 0.00 - 0.00 0.00 0.00-0.01 0.00 0.00 - 0.06 0.02  0.03-0.08 0.00 0.00 0.00-0.01
V] 0.00 0.00 - 0.00 0.00 0.00-0.02 0.00 0.00 - 0.00 0.00  0.00-0.01 0.00 0.00 -
Total 3.00 2.01 8.00 1.99 8.00
F 0.28 0.08 0.18-0.45 0.01 0.01 0.00-0.03 0.81 015 0.58-1.14 0.07 0.01  0.06-0.09 0.06 0.03  0.00-0.13
Cl 0.00 0.00 0.00-0.01 0.00 0.00 - 0.04 0.01  0.01-0.08 0.00 0.00 - 0.00 0.00 0.00-0.01

*The Fe?" and Fe** in allanite-(Ce) is esimated as 0.91 and 0.23 apfu, respectively (Fez‘/total Fe =0.80). The Fe®*Jtotal Fe varies from 0.68 to 0.89 among 35 analytical points.
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poor compared to that of the Ofuku pluton (1.28 wt.% in
granite; Sasaki et al, 2016). The empirical formula is
represented as (Cag.91Mno.03Feq.03Nag.02Y0.01Ceo.01Ndo.01)
+5.02(P2.95510.01) £2.96011.84[F0.81Clo.04(OH)o.31] based on
the average chemical composition (n = 26 in Table 2).
The OH content is estimated to maintain neutralization of
formula, which is obviously less than fluorine. Thus, the
studied apatite can be classified into fluorapatite.

The Hanano-yama granite porphyry contains larger
amount of monazite-(Ce) and smaller amounts of allanite
than the Ofuku pluton. Monazite-(Ce) grains are observed
in K-feldspar and quartz as anhedral rounded grain of
2-20 pym in across (Fig. 3d), but rarely occur as euhedral
one (Fig. 3h). ThOg contents ranges from 3.2 to 8.3 wt.%
(Table 2). The second dominant rare-earth element is La
(0.15-0.21 apfu based on O = 4) or Nd (0.15-0.19 apfu)
though Ce is always most dominant (0.36-0.43 apfu)
among REEs (Table 2). The chemical formula based on
the average chemical composition is (Cep41Lag.17Ndp 16
Pro.07Tho.06Y0.045mo.04Eu0.01Ca0.03K0.01Fe0.01) £ 1.01(Po.91
Si0'07)20'9804F0,07 (n = 7) normalized as O = 4. The
modal amounts of monazite-(Ce) in the Hanano-yama
granite porphyry are larger than those of allanite-(Ce),
thus, larger parts of light REE (LREE) are incorporated in
monazite-(Ce).

Allanite occurs as euhedral grain (Fig. 3i) and
interstitial anhedral grain (120-850 um in size), and its
BSE image shows the presence of oscillatory chemical
zoning at the peripheral part of the grain (Fig. 3j). The
average chemical formula based on average chemical data
(n = 35) based on total number of cations, except H, was
normalized to eight is (Cajo7Mn?04Cep.39Lag.18Ndo.15
Pro.07Y0.06Smo.03Eu0.01) 5 2.00(Al1.74Fe?*.91Fe0.23Mgo.05
Tio.05Ni0.01) 5 2.99513.00012(0H)0.94F0.06 (Table 2). The Fe*
/total Fe value was calculated based on total positive
charge of 25 to maintain charge balance. The Fe?*/total Fe
varies 0.68-0.89 among the 35 analytical points. Our
analytical data demonstrate that Ce is predominant over
other REEs in all allanite grains studied here; they all are,
thus, classified into allanite-(Ce). Although titanium is a
minor component in general, it is rarely concentrated at
the rim of allanite-(Ce). The TiOy content attains up to
2.6 wt.% corresponding to 0.19 Ti atoms per formula unit
(Table 2). The Ti-rich part is also enriched in Fe, LREE
and Th, and tends to be depleted in Si and Al. In addition,
epidote associated with allanite-(Ce) was scarcely
observed (Fig. 3i). The chemical formula of epidote is
represented as  (Cay.9gCe.0.01Mno.01) x2.00(Al2 33Fe*0 65
Mgo.01Nio.01) £3.00513.00012(0H)0.99F0.01. The REEs are
hardly contained in epidote (up to 1.3 wt.% REE20s3)
compared to the associated allanite-(Ce), and all iron in

epidote is assumed to be ferric.

5. In situ U-Pb dating results of zircon

Photomicrographs and cathodoluminescence (CL)
images of the zircon grains are shown in Fig. 4. All
analyzed zircon grains are colorless and transparent, and
have euhedral shape. Length and length/width ratios for
zircons are 150-340 pum and 2.1-4.6, respectively. The
CL images show that most zircon grains are characterized
by fine-scale oscillatory igneous zoning, reflecting
variations in trace element (U, Th, Y, and heavy REE)
concentrations.

Result of the LA-ICP-MS U-Pb zircon analyses is
listed in Table 3. The zircon Th/U ratios range from 0.17
to 0.62, indicating igneous origin. Fig. 5 shows the Tera—
Wasserburg diagram (*’Pb/?Pb vs. #%U/?%Pb). Twenty-
four spots were analyzed from 12 zircon grains (Figs. 4
and 5). The 21 spots among them showed low
discordancy (less than 10%) and their error ellipses are
on the concordia line, here referred to as “concordant”,
and yielded a weighted mean **Pb/?8U age of 101.5 *
0.7 Ma (MSWD = 0.56) (Fig. 6). The dated zircon grains
show no significant age differences between cores and
rims, and their MSWDs are low. All age determined are
interpreted to represent the crystallization age of the
magmatic zircons.

6. Discussion

The Cretaceous Hanano-yama pluton is calc-alkaline,
ilmenite-series, and occurs in the Tungsten Province of
SW Japan. The porphyritic nature of this pluton indicates
shallow-level emplacement, and the emplacement of the
pluton in the Akiyoshi Limestone Group caused the
formation of skarn ore deposits such as the Eboshi, Ogiri,
Hakushiki, etc. between them (Kato, 1937).

Chemical analysis of rock-forming minerals of the
Hanano-yama granite porphyry revealed the existence of
F-bearing minerals such as F-bearing biotite (max. 0.58
wt.%, ave. 0.41 wt.% F), titanite (4.42, 2.63 wt.%),
fluorapatite (4.11, 2.96 wt.%), monazite-(Ce) (0.67, 0.58
wt.%), allanite-(Ce) (0.40, 0.18 wt.%). REEs are also
enriched in monazite-(Ce), allanite-(Ce), fluorapatite,
zircon and titanite (Table 2). This suggests that the
fluorine and REEs were significantly enriched in the
residual melt and fluids during the crystallization of the
Hanano-yama pluton. Until recently, hydrothermal
transport of the REE in fluorine-bearing ore-forming
systems has generally assumed to occur mainly due to the
formation of REE-fluoride complexes (e.g., Smith and
Henderson, 2000; Williams-Jones et al, 2012). The
transportation of REE in magmas and fluids is now hotly
debated (e.g., Williams-Jones and Migdisov, 2014,
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Fig. 4 Photomicrographs and cathodoluminescence (CL) images of 12 zircon grains separated
from the Hanano-yama granite porphyry NGA-10. Circles indicate the laser ablation area of ca. 20-
um diameter. 6-37 are the spot label numbers shown in Table 3. Ages with strikethrough are
“discordant”.
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Table 3 LA-ICP-MS zircon U-Pb isotopic data for the Hanano-yama granite porphyry.

Imaoka et al. /" Engineering Geology of Japan, No. 12 (2022) 5-17

Spot 28y/2%pp" £ 26 Dpp"P%pp 126 | 2%Pb 70 age + 20 Dpp" Py age £ 20 27pp"2%pp” age+ 20| Th/U Disc.)

Label (Ma) (Ma) (Ma) (%)
6 63.61 2.16 0.0492 0.0042 1005 3.4 1029 9.0 158 158 0.472 2.4
7 63.25 215 0.0528 0.0051 1012 34 1106 10.9 320 237 0.558 9.3
8 63.61 2.35 0.0479 0.0073 1006 3.7 100.2 15.0 92 92 0404 04
9 62.93 1.89 0.0470 0.0050 1016 3.0 99.6 10.5 51 51 0620 2.0
10 63.05 2.40 0.0457  0.0058 1014 38 96.7 12.2 0 0 0484 46
11 62.03 2.30 0.0439  0.0058 1031 338 945 124 0 0 0.382 -83
12 64.10 2.50 0.0470 0.0070 998 39 97.8 145 49 49 0422 2.0
13 63.94 224 0.0472  0.0058 1001 35 98.4 121 60 59 0.215  -1.7
17 62.27 2.24 0.0474  0.0069 102.7 3.7 1014 145 70 70 0250 -1.3
18 63.29 2.09 0.0507 0.0045 101.0 3.3 106.3 9.5 226 217 0.262 5.2
19 62.34 193 0.0501 0.0029 1026 3.2 106.7 6.7 199 141 0.260 4.0
20 63.53 2.03 0.0498 0.0028 100.7 3.2 1042 6.4 186 136 0.249 35
21 60.75 2.00 0.0521 0.0030 1053 34 1134 7.2 288 138 0.398 7.7
22 62.62 2.25 0.0388 0.0059 1021 3.6 833 125 0 0 0.580 -184
23 61.80 2.72 0.0476  0.0091 1035 45 1025 194 79 79 0382 -1.0
24 62.46 1.62 0.0497 0.0028 1024 2.6 105.7 6.2 181 136 0.172 3.2
30 62.38 1.87 0.0472  0.0034 1025 3.1 100.7 7.5 58 58 0333 -1.8
31 62.85 2.07 0.0475 0.0057 101.7 33 1005 120 73 73 0434 -12
32 64.81 2.33 0.0445 0.0060 98.7 35 919 123 0 0 0434  —-69
33 64.23 1.99 0.0506 0.0036 996 3.1 1047 7.7 221 173 0.215 5.1
34 62.07 211 0.0512 0.0054 103.1 35 1094 116 251 251 0.433 6.1
35 62.54 2.19 0.0511 0.0051 1022 3.6 1084 11.0 245 245 0.395 6.1
36 62.38 1.93 0.0451 0.0046 1025 3.2 965 9.8 0 0 0422 59
37 63.98 2.30 0.0552  0.0051 100.0 3.6 1141 10.7 420 220 0.514 14.1

@ Discordance defined as [(*"Pb*/***U age)/(***Pb"/**®U age) — 1 ] x 100 (%)

* stands for the radiogenic component.

Gray masked data are those having isotope ratio whose error ellipses are detached from concordia line.

See also concordia plot of Fig. 6.
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Fig. 5 Tera-Wasserburg diagram (*7Pb/?%Pb vs. 238U/

206Ppb) of the LA-ICP-MS zircon U-Pb isotopic analyses of 12
zircon grains separated from the Hanano-yama granite
porphyry NGA-10. The dashed ellipses indicate discordant
data.
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Fig. 6 Weighted average
for 21 concordant spots
sample NGA-10.

of 2%Pb/2%8U age (101.5 + 0.7 Ma)
of the zircons separated from the
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Verplanck, 2017, Cangelosi, et al, 2020, and references
therein).

Magmatic zircons define the crystallization age of the
Hanano-yama  pluton at 101.5 + 0.7 Ma.
Contemporaneous  magmatism  related to  skarn
mineralization yielding K-Ar ages of hornblende (97-99
Ma) and biotite (98-101 Ma) were reported in the Ofuku
pluton in the western part of the Akiyoshi Plateau (Sasaki
et al., 2016). Similar K-Ar ages were also reported from
the skarn deposits in the eastern part of Yamaguchi
Prefecture, in major W metallogenic Province of SW
Japan. Muscovite separated from the Cu (Pb-Zn) skarns
at the Kuga, Kiwada, and Fujigatani mines yielded ages of
94 Ma, 100-102 Ma, and 96 Ma, respectively (Shibata
and Ishihara, 1974; Watanabe et al., 1988). These K-Ar
ages of the skarns are almost identical to those of the
granites occurring as a hidden cupola at the Fujigatani
mine (Shibata and Ishihara, 1974) and granitoids widely
exposed in the surrounding area (Higashimoto et al,
1983). From these data, mineralization ages of the Sanyo
Belt of Yamaguchi Prefecture genetically related to the
ilmenite-series granitoids are estimated to be ca. 94 to
102 Ma.
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