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Mineral assemblages and chemical compositions of ore minerals from the Eboshi deposit, the historical Naga-
nobori copper mine, Yamaguchi Prefecture, Japan were investigated in order to clarify its characteristics as a
skarn deposit. Some Bi–, Ag–, and Te–bearing minerals are newly identified, which contribute updating the
mineralization sequence of this deposit. Samples collected from the mine dump are one massive magnetite
ore, and copper ores associated with skarn gangue minerals. Skarns are categorized as clinopyroxene skarn,
garnet skarn, and wollastonite skarn, and the clinopyroxene skarn is the most dominant. The major ore minerals
are chalcopyrite, cobaltite, and early–stage pyrite (Py–I) and later stage pyrite (Py–II). Py–II is enriched in arsenic
(~ 5.19 As wt%). The Bi–, Ag–, and Te–bearing minerals, such as native bismuth, bismuthinite, wittichenite,
emplectite, tsumoite, kawazulite, hessite, and matildite are minor ore minerals. Based on the mineral assemblages
and textures of the specimens examined, four ore mineralization stages were recognized; the ore mineralization
stage I is characterized by the major ore minerals such as chalcopyrite, bornite, pyrrhotite, sphalerite, and Py–I.
The stage II is defined by the mineralization of cobaltite, Py–II, and Bi(–Cu)–bearing sulfides such as native
bismuth, bismuthinite, and wittichenite. The mineralization stage III is characterized by the Ag– and/or Te–
bearing ore minerals such as matildite, kawazulite, tsumoite, and hessite. The stage IV is characterized by chal-
copyrite veins cutting the main skarn masses and the host limestone. The mineralogical properties and miner-
alization process of the Eboshi deposit is similar to those of the skarn deposits in the Yamato mine and the Tsumo
mine, and consistent with common skarn–type deposits associated with ilmenite–series granitoids in the San–yo
Belt, which are characterized by the occurrence of minor Ag– and/or Te–bearing ore minerals.
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INTRODUCTION

Most Japanese skarn deposits are genetically related to
felsic magmatic activity of Cretaceous or Miocene age
(Shimazaki, 1980). Skarn deposits of Cretaceous to Paleo-
gene age associated with the Sanyo–Naegi granitic activ-
ity are distributed in the Sanyo–Naegi Belt within the In-
ner Zone in SW Japan (Shimazaki, 1968, 1980). Not a few
skarn deposits occur in and around the Akiyoshi Plateau
located in the central Yamaguchi Prefecture. These skarn
deposits occur in Paleozoic accretionary complexes com-
prising the Akiyoshi Limestone Group and were generat-

ed by the intrusions of Cretaceous ilmenite–series granitic
magma into the limestone (Kato, 1916; Ogura, 1921;
Suzuki, 1932; Kato, 1937; Watanabe, 2009). Among
them, the skarn deposits forming the Naganobori, Kita-
bira, Yamato, and Sanjo mines are main ones (Fig. 1a).

The Naganobori mine is one of the oldest copper
mines in Japan and was operated from the eighth century
to 1960 (e.g., Ueda, 2002). Kato (1916) reported that
1144 tons of copper was produced from the Umegakubo
and Oda deposits of the Naganobori mine (Fig. 1b) in the
period between 1908 and 1912. The Cu content in copper
concentrates attains 7.1% (Ogura, 1921). The Naganobori
skarn type copper deposits is related to granitic rocks
known as the Hanano–yama granite porphyry (Figs. 1a
and 1b). Intense hydrothermal activity in the Hanano–

doi:10.2465/jmps.200818
M. Nagashima, nagashim@yamaguchi–u.ac.jp Corresponding au-

thor

Journal of Mineralogical and Petrological Sciences, Volume 116, page 26–44, 2021



yama granite porphyry has been proved by abundant fluid
inclusions with varying vapor/liquid ratios (Sasaki et al.,
2014). Sasaki et al. (2014) reported the extremely high
Cu contents (~ 484 ppm) of the Hanano–yama granite
porphyry, which far exceed those of San–yo Belt ilmen-
ite–series granitoids (average 5.5 ppm). According to
Hirabayashi (1909), cobaltite concentration in the Eboshi
deposit was found in 1908. Co–rich ores with more than
10 wt% Co were mined in the history (Nakamura, 1954).
The geology and mineralization of the Naganobori skarn
deposits were studied by Kato (1916) and Ogura (1921).
Kato (1916) concluded that the major ore minerals in the
Eboshi deposit, such as chalcopyrite, pyrrhotite, bornite,
and scheelite, were formed at the early stage of the min-
eralization; cobaltite and native bismuth in the quartz
veinlets were crystallized at the later stage, and chalco-
pyrite veins cutting the main skarn masses and the host
limestone were formed at the latest stage. Ogura (1921)
described ore minerals such as chalcopyrite, cobaltite,

scheelite, magnetite, pyrrhotite, tetrahedrite, and gangue
minerals of hedenbergite, garnet, quartz, and calcite. In
addition to the studies cited above, Watanabe (2009) re-
ported cobaltite, bismuthinite, native bismuth, electrum,
stannoidite, mawsonite, wittichenite, pavonite, joséite,
and scheelite from the Naganobori copper skarn deposits,
accompanying major chalcopyrite and pyrrhotite, and mi-
nor bornite, sphalerite, galena, and magnetite. However,
the occurrences of the Bi–, Ag–, and Co–minerals in the
Naganobori copper skarn deposit have not been described
in detail. Nagashima et al. (2016) studied ore and skarn
mineralogy of the Yamato skarn deposit in Akiyoshi
limestones across from the Naganobori copper skarn de-
posit (Fig. 1a). They clarified presence of Ag–, Bi–, Co–,
and Ni–bearing ore minerals such as argentite, matildite,
bismuthinite, stannite, stannoidite, violarite, cobaltite,
gersdorffite, and native gold, in addition to the known
main ore minerals (pyrite, chalcopyrite, pyrrhotite, arse-
nopyrite, galena, sphalerite, and native bismuth), and in-

Figure 1. (a) Geological map of the Akiyoshi Plateau and surrounding area modified from Ota (1976). (b) The Naganobori mining district.
Distribution of the Hanano–yama granite porphyry and representative deposits in (b) are after Kato (1916).
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dicated that the Bi–, Ag–, Co–, and Ni–mineralization oc-
curred in the middle stage of mineralization characterized
by major ore minerals. Such accessory ore minerals
including Ag–, Bi–, Co–, and Ni–bearing minerals also
occur in the skarn deposits forming the Tsumo mine,
Shimane Prefecture (e.g., Sugaki et al., 1981), where
Cu–Zn–W skarn deposit related to the magnetite–series
Tsumo monzodiorite–granite porphyry complex, and
Sn–W mineralization is supposed to be related to the il-
menite–series Maruyama granite porphyry (Izawa, 1981).
Sugaki et al. (1981) identified two mineralization stages
of the Maruyama deposit of the Tsumo mine with an ear-
ly–stage mineralization accompanying skarn formation
and a later stage one characterized by quartz veins and
concluded that the main Fe–oxide and Cu–, Fe–, Zn–, and
Pb–sulfide ores belong to the former mineralization, and
scheelite and some accessary sulfides to the latter miner-
alization. Based on the similarity of mineral assemblages
and mineralization sequence between the Maruyama de-
posit of the Tsumo mine and the skarn deposit of the
Yamato mine, Nagashima et al. (2016) summarized that
the skarn deposits related to ilmenite–series granitoids in
the San–yo and San–in districts are associated with minor
later stage vein mineralization. In addition, Nagashima et
al. (2016) suggested that the Naganobori copper skarn
deposits share similar mineralogical characteristics with
the Yamato skarn deposit.

In the present study, we investigate in detail the oc-
currences and chemical compositions of the ore and skarn
minerals from the Eboshi deposit of the Naganobori mine,
the largest among sixteen deposits in the Naganobori min-
ing district, in order to clarify general and local character-
istics of the skarn deposits in Akiyoshi Limestone Group.
Special attention is paid to the cobalt–, bismuth–, silver–,
and tellurium–bearing ore minerals in order to compare
the ore minerals in the Eboshi deposit to those of the
Yamato skarn deposit. The mineralization processes of
the ore minerals are also discussed.

GEOLOGY AND ORE DEPOSITS
OF THE NAGANOBORI COPPER MINE

The Akiyoshi Limestone Group in the Akiyoshi Plateau
mainly consists of Carboniferous and Permian limestones
(Ota, 1976). The ore deposits here are found at or near the
contacts of the Hanano–yama granite porphyry and the
Akiyoshi limestone (Fig. 1b). After Sasaki et al. (2014),
the Hanano–yama granite porphyry shows oval shaped
with a longer east to west diameter of ~ 800 m and a short-
er north to south one of 300 m.

Sixteen principal skarn type deposits are distributed
near to the Hanano–yama granite porphyry and its envi-

rons. Of those, the Imori, Eboshi, Hanano–yama, Haku-
jiki, Ogiri, and Oda deposits belong to the Naganobori
copper mine of the time of development. The Imori de-
posit, formerly known as the Naganobori deposit, occurs
along the bedding plane between the limestone and
greenstone, and the others occur along the contact with
limestone (Fig. 1b; e.g., Kato, 1916, Ikeda, 2015).

According to Kato (1916), the orebody in the
Eboshi deposit occurs the contact of the granite–porphyry
and limestone, as a large irregular mass, rudely tabular in
form, of about 100 m long, 10 m width at the maximum,
and the depth with more than 75 m (Fig. 1b). It elongates
to a direction from west to east and has an inclination of
about 65° towards to the south. The boundaries between
the deposit and the wall rocks are commonly very sharply
defined. The orebody consists mainly of hedenbergite
and garnet skarns mingled with metallic ores. The occur-
rence and chemical compositions of the hedenbergite and
garnet (andradite) skarns indicate that large quantities of
iron and silica have been introduced from the consolidat-
ing granite–porphyry magma to the limestone, and that
the main deposit or the skarn mass has been formed by
a process of metasomatism. The hedenbergite skarn is the
chief gangue, and moderate quantities of garnet skarn is
closely associated with hedenbergite skarn. Although the
hedenbergite skarn and garnet skarn show some minor
and fortuitous relations, and comparative abundance of
the garnet skarn higher in the upper part of the deposit
than the lower part, the garnet skarn is generally very
irregularly distributed in the hedenbergite, indication that
both skarns were formed in the same stage of mineraliza-
tion. Though wollastonite occurs as a minor skarn min-
eral, it has been formed at the earliest epoch of the con-
tact metasomatism, which is proved by the fact that the
wollastonite mass is frequently traversed by veinlets of
garnet, of hedenbergite or of a mixture of these minerals
with sulfide minerals. Kato (1916) also noted that the
garnet skarn always incorporates small irregular masses
of magnetite, and that the main skarns are cut by veins
and veinlets of cobaltite–quartz mass.

The ore minerals described by Kato (1916) are chal-
copyrite, bornite, tetrahedrite, cobaltite, magnetite, pyrite,
pyrrhotite, arsenopyrite, native bismuth, bismuthinite, na-
tive silver, hematite and scheelite, and the gangue miner-
als hedenbergite, garnet, calcite, wollastonite, fluorite,
and ilvaite. In oxidized ore, limonite, chrysocolla, black
cobalt oxide, malachite, cuprite, azurite, erythrite, chalco-
phyllite, and olivenite were also reported. The cobaltite
has been reported only from the Eboshi and the Imori
deposits. Black cobalt oxide reported by Kato (1916)
may correspond to heterogenite described by Nambu et
al. (1970).
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SPECIMENS

The specimens studied here were collected from the mine
dump of the Eboshi deposit. The specimens are one mas-
sive magnetite ore, and thirty copper ores associated with
skarns.

Skarns are categorized as clinopyroxene skarn, gar-
net skarn, and wollastonite skarn, and the clinopyroxene
skarn is the most dominant. The clinopyroxene skarn is
rich in hedenbergite with euhedral to subhedral prismatic
crystals (max. 3.5 cm long), and dark green in color. The
garnet skarn is mainly composed of euhedral to subhedral
pale greenish yellow andradite crystals (0.5–2 mm in
size). The wollastonite skarn is characterized by radial
aggregates of wollastonite.

Selected samples are as follows: the magnetite mas-
sive ore (labeled as Ebs–Mag01); copper ores of Ebs–
Hd01, 02, and 03 in the clinopyroxene skarn; a copper
ore of Ebs–Grt01 in the garnet skarn; and a copper ore of
Ebs–Wo01 in the wollastonite skarn. A main and com-
mon ore mineral in the copper ores is chalcopyrite. In
some specimens, secondary green malachite fills in the
fractures and occurs botryoidally on the surface of the
sample Ebs–Hd02. On the surface of the sample Ebs–
Hd03, erythrite with purplish pink in color occur botryoi-
dally.

ANALYTICAL METHOD

Chemical analyses of minerals were made using a JEOL
JXA8230 electron microprobe analyzer (EMPA) installed
at the Centre for Instrumental Analysis, Yamaguchi Uni-
versity. The operating conditions used were an accelerating
voltage of 20 kV for sulfides and 15 kV for silicates and
oxides, beam current of 20 nA, and beam diameter of 1–10
µm. Wavelength–dispersion spectra were collected using
LiF, PET, and TAP monochromator crystals to identify in-
terfering elements and to locate the best wavelengths for
background measurements. Abundances of S, Se, Ag, Pb,
Sb, Cu, Ti, Cr, Fe, V, Zn, Cd, As, Mn, Bi, Au, Ni, Co,W, Y,
P, Si, Al, Sn, Ca, In, Mg, K, and Mo were determined for
sulfides, and Si, Ti, Al, Cr, V, Fe, Mn, Mg, Ca, Sr, Ba, Na,
K, Ni, Pb, Cd, Zn, S, As, P, Ag, W, and Sn for all others.
The probe standards used were: metals for gold (AuLα),
silver (AgLα), copper (CuKα), molybdenum (MoLα), and
InSb (InLα, SbLα), natural mineral standards of pyrite
(SKα, FeKα), sphalerite (SKα, ZnKα), hematite (FeKα),
wollastonite (SiKα, CaKα), cassiterite (SnLα), K–feldspar
(SiKα, KKα), and albite (SiKα, NaKα), and synthetic
standards of eskolaite (CrKα), Ca3(VO4)2 (VKα), ZnO
(ZnKα), CdSe (CdLα, SeLα), GaAs (AsLα), manganosite
(MnKα), Bi4Ge3O12 (BiMα), NiO (NiKα), CoO (CoKα),

scheelite (WLα), (Zr, Y)O2 (YLα), KTiOPO4 (PKα, KKα),
PbVGe–oxide (PbMα, VKα), rutile (TiKα), corundum
(AlKα), periclase (MgKα), and SrBaNb4O12 (SrLα, BaLα).
Overlaps of characteristic spectra due to nearby wave-
lengths were corrected using JEOL software. The ZAF
method was used for data correction.

PETROGRAPHY OF ORES AND SKARNS

Ores

Mineral assemblages of the massive ore and skarn ore
samples are listed in Table 1. The massive magnetite
ore (Ebs–Mag01) consists of mainly anhedral magnetite
grains, generally >200 µm in size (Fig. 2). Chalcocite,
bornite, chalcopyrite and idaite fill the fractures in the
magnetite grains. Cuprite also occurs as minor inclusions.
A part of magnetite is altered to goethite (Fig. 2).

In the ores occurring in clinopyroxene skarn, pyrite,
chalcopyrite, and cobaltite are common ore minerals (Fig.
3). Chalcopyrite is the most abundant among them.
Sphalerite and pyrrhotite are associated with chalcopyrite
(Fig. 3a). Bornite is rather minor. It is associated with
chalcopyrite and sphalerite (Fig. 3b), but it commonly
occurs as replacement of chalcopyrite (Fig. 3c). Pyrite
was observed in clinopyroxene skarn, but not in the gar-
net and wollastonite skarns. Pyrite occurs as euhedral to
subhedral crystals with 50–200 µm in size. It often forms
aggregates with cobaltite crystals (Fig. 3d) and grows on
cobaltite (Fig. 3e). Backscattered electron image of pyrite
in Figure 3e indicates that there are at least two genera-
tions of pyrite. Hereafter, early generation and later gen-
eration pyrites are referred to as Py–I and Py–II, respec-
tively. In the ore specimen Ebs–Hd03 of which surface is
covered with erythrite, cobaltite is the most abundant ore
mineral instead of chalcopyrite. Chalcopyrite is common-
ly associated with cobaltite (Fig. 3f). As well, it charac-
teristically occurs as inclusions or fillings within cobaltite
and fillings of interstices in cobaltite ± pyrite (Py–I and
Py–II) aggregates (Figs. 3d and 3e); and as overgrowth on
cobaltite. Euhedral to subhedral cobaltite shows oscilla-
tory zoning indicated by Co ↔ Fe substitution (Fig. 3g).
Sphalerite also occurs along with chalcopyrite within the
open space in the aggregates of pyrite and cobaltite (Fig.
3e). Cassiterite and bismuthinite occur on the rim of chal-
copyrite (Fig. 3c). Cassiterite occurs as euhedral to sub-
hedral prismatic crystals (Figs. 3c and 3h). Various later
stage ore minerals occur within the cavities in the earlier
stage minerals described above and within the interstices
in their aggregates: in the cavities of the host ore miner-
als, native bismuth (Fig. 3i), bismuthinite (Fig. 3j), skut-
terudite (Fig. 3k) and safflorite occur; and, within the in-
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terstices in the aggregates of early stage minerals, hema-
tite (Figs. 3l and 3m), kawazulite (Fig. 3m), wittichenite,
emplectite (Fig. 3n), Ag–bearing cuprobismutite (Figs. 3h
and 3k), tsumoite, joséite–A and matildite (Fig. 3o) occur.
Wittichenite is commonly associated with emplectite
(Fig. 3n), and sometimes with Ag–bearing cuprobismu-
tite. Kawazulite rarely occurs on the rim of bismuthinite
(Fig. 3m). Native bismuth is formed on the rim of bis-
muthinite. Unidentified Bi–Cu–bearing hydrous sulfate
rarely occurs on the rim of bismuthinite (Fig. 3m). Mala-
chite and erythrite occur on the surface of the Cu ores and
a cobaltite–rich ore (Ebs–Hd03).

In the garnet skarn, andradite is associated with

clinopyroxene and quartz (Fig. 4a), and chalcopyrite is
the predominant ore mineral (Fig. 4b). Bornite and idaite
are associated with chalcopyrite. Covellite is crystallized
on the surface of the ore samples. Short prismatic cassi-
terite crystals, wittichenite, and tsumoite grains are found
within the interstices in the aggregates of calcite and chal-
copyrite.

In the wollastonite skarn (Fig. 5a; Ebs–Wo01), chal-
copyrite and bornite are the dominant ore minerals of the
Cu ore (Fig. 5b). Idaite is associated with bornite. Witti-
chenite rarely presents in interstices of bornite. Chalcocite
occurs in calcite or at the boundary between the aggre-
gates of wollastonite and calcite in marble (Fig. 5b). Cov-

Table 1. Mineral assemblages of ores of the Eboshi deposit, the Naganobori copper skarn deposit1)

1) Abundance: +++ (abundant) > ++ (common) > + (minor) > − (rare)
2) ‘Cuprotrichite’ is not a mineral name but a collective term indicating the hair–like crystallite.
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ellite is associated with chalcocite. Sphalerite is found in
interstices of calcite. Tiny hessite grains are observed in
clinopyroxene (Fig. 5b). Fluorapophyllite–(K) closely as-
sociated with calcite and clinopyroxene are presented in
Figure 5c.

Skarns

Hedenbergite is the most abundant skarn mineral in speci-
men Ebs–Hd01, 02, and 03, which is partly chloritized.

Minor garnet and ilvaite occur occasionally in specimens
Ebs–Hd01 and 02, whereas they are absent in Ebs–Hd03.
Babingtonite occurs in Ebs–Hd02. The occurrence of he-
denbergite, ilvaite, and babingtonite in Ebs–Hd02 is shown
in Figure 3l. Calcite and quartz are the major gangue min-
erals in all clinopyroxene skarn specimens. In addition,
fluorite and plagioclase are found in Ebs–Hd01.

Garnet is the main constituent of garnet skarn, Ebs–
Grt01. Optical anomalies are not observed. Garnet is sur-
rounded by quartz and calcite, which also infill fractures

Table 1. (Continued)

1) Abundance: +++ (abundant) > ++ (common) > + (minor) > − (rare)
2) ‘Cuprotrichite’ is not a mineral name but a collective term indicating the hair–like crystallite.
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within quartz and calcite. Clinopyroxene, ilvaite, and sec-
ondary goethite also fill the fractures in garnet grains
(Fig. 4a).

Wollastonite occurs as radiating aggregates in the
wollastonite skarn specimen, Ebs–Wo01 (Figs. 5a and
5b). Matrix is composed of calcite, fluorapophyllite–(K),
and quartz (Figs. 5b and 5c). Small fragments of clinopy-
roxene, garnet, and ilvaite were also found in Ebs–Wo01,
which occur interstices of the radiating wollastonite ag-
gregates or are surrounded by calcite or quartz. Anhedral
coarse clinopyroxene grains occur on the boundary be-
tween wollastonite skarn and marble, which is associated
with chalcocite (Fig. 5c).

MINERAL CHEMISTRY

The chemical compositions of the characteristic ore min-
erals of the ores are listed in Table 2, and those of the

skarn minerals are in Table 3.

Ore minerals

Common ore minerals. Pyrites of Py–I and Py–II in the
ores occurring in the clinopyroxene skarn (Fig. 3e) are
As–poor and As–rich ones, respectively. The As content
in the Py–II attains up to 5.19 wt% As (Table 2), which
gives the formulae Fe1.01(S1.91As0.09). The chemical for-
mula of pyrrhotite is represented as Fe0.86S (Table 2).
Average chemical compositions of sphalerite in the ores
occurring in the clinopyroxene skarn and wollastonite
skarn are (Zn0.84Fe0.13Cd0.01Cu0.01)Σ0.99S (n = 7) and
(Zn0.87Fe0.11Cd0.01)Σ0.99S (n = 2), respectively (Table 2).
Cassiterite and scheelite have almost ideal compositions,
SnO2 and CaWO4, respectively.

Cu–Fe– and Cu–sulfides. Chalcopyrite is homoge-
neous (Figs. 3c and 4b) and almost ideal in composition
(Table 2). Bornite in the Cu ores except for the garnet
skarn is also homogeneous (Figs. 3b and 3c) and close
to the ideal composition, whereas very small amount of
Ag (0.26 wt%Ag in average) was detected in bornite from
the Cu ore occurring in the garnet skarn (Table 2). Idaite is
mostly too small for EMPA analysis, but one available
EMPA data gives the chemical formula of Cu3.02Fe0.99
(S3.99Se0.01) on a basis of S + Se = 4 (Table 2). Covellite
in the ore with garnet skarn contains 0.60 wt% Ag and is
of the formula of (Cu0.96Fe0.04Ag0.01)Σ1.01S (Table 2).
Chalcocite in the massive ore (Fig. 2) and in the ore with
the wollastonite skarn has chemical compositions repre-
sented by the formulae (Cu1.88Fe0.16)Σ2.04S and (Cu1.98
Fe0.01)Σ1.99S, respectively.

Co–As–bearing sulfides. Average chemical formula
of cobaltite is (Co0.96Fe0.04)Σ1.00As0.97(S0.99Se0.01) (n = 63)
(Table 2). Cobaltite in the ores with the clinopyroxene
skarn contains Fe and Ni of 2.78 and 0.21 wt% at maxi-
mum, respectively. Most of cobaltite is homogeneous in
chemical composition, but some grains show the chemical
variation due to Co↔ Fe substitution (Fig. 3g). The chem-
ical formulae of skutterudite and safflorite are represented
as (Co0.97Fe0.03)Σ1.00(As2.81S0.03Se0.02)Σ2.86 (n = 4) and

Figure 2. Back–scattered electron image of massive ore, Ebs–
Mag01. Mineral abbreviations: Mag, magnetite; Gth, goethite;
Cct, chalcocite.

Figure 3. Photographs of the ores of the hedenbergite skarn. (a), (b), (f ), (h), and ( j)–(o) Ebs–Hd02. (d), (e), (g), and (i) Ebs–Hd03. (c) Ebs–
Hd01. (a) Reflected light photomicrograph of chalcopyrite (Ccp), sphalerite (Sp), and pyrrhotite (Po). (b) Reflected light photomicrograph of
Ccp, Sp, and bornite (Bn). (c) Back–scattered electron (BSE) image of Ccp, Bn, bismuthinite (Bmt), cassiterite (Cst), goethite (Gth),
hedenbergite (Hd), and quartz (Qz). (d) Reflected light photomicrograph of cobaltite (Cbt), pyrite (Py), and Ccp. (e) BSE image and
element concentration maps (As and S) of pyrite–I (Py–I), pyrite–II (Py–II), Ccp, Cbt, and Sp. (f ) Occurrence of Cbt, Ccp, and malachite
(Mlc) in the hand specimen. (g) BSE image and element concentration maps (Co and Fe) of Cbt. (h) BSE image of Ag–bearing cupro-
bismutite (Ag–Cbm), Cbt, native bismuth (Bi), and Cst. (i) BSE image of Cbt, Py–I, Py–II, Ccp, and Bi. ( j) Reflected light photomicrograph
and BSE image of Bi, Bmt, Cbt, Ccp, and calcite (Cal). (k) BSE image of Ag–Cbm, Cbt, and skutterudite (Skt). (l) BSE image of the
association of Ca–Fe–silicate minerals such as babingtonite (Bab), ilvaite (Ilv) and Hd with Cbt, hematite (Hm), and Qz. (m) BSE image and
element concentration maps (Bi and Te) of Bmt, Bi, kawazulite (Kwz), Ccp, Hem, and Ilv. (n) BSE image of emplectite (Emp), wittichenite
(Wcn), Ccp, and Cbt. (o) BSE image of Cal, Hd, and matildite (Mtd).
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(Co0.59Fe0.40)Σ0.99(As1.86S0.12Se0.02) (n = 3), respectively
(Table 2).

Bi–, Bi–Cu–, Bi–Ag–, Bi–Te–, and Ag–Te–miner-
als. Native bismuth in the ores with clinopyroxene skarn
is pure. Bismuthinite in the ores with clinopyroxene skarn
is (Bi1.97Cu0.02)Σ1.99(S2.98Se0.02) in average chemical formu-
la (n = 26) (Table 2). Wittichenite and emplectite in the
ores with clinopyroxene skarn have the average formulae
of (Cu2.92Ag0.07Fe0.01)Σ3.00Bi1.00(S2.98Se0.02) (n = 14) and
(Cu0.96Fe0.02Ag0.02)Σ1.00Bi1.00(S1.99Se0.01) (n = 6), respec-
tively. The Ag content attains 3.61 wt% in wittichenite
and 3.60 wt% in emplectite, respectively. Ag–bearing cu-
probismutite has the average formula of (Cu7.79Ag2.18
Fe0.37Cd0.02Pb0.01Bi11.61)Σ21.98(S22.86Se0.12Te0.03) (n = 8)
(Table 2) with maximum Ag content of 6.47 wt%. Fine
matildite grain occurring on the rim of calcite (Fig. 3o)
has a formula (Ag0.97Cu0.01)Σ0.98Bi0.99(S1.91Se0.07Te0.02)
(Table 2). Some tellurium–bearing phases rarely occur.
Kawazulite in a Cu ore, Ebs–Hd02 (Fig. 3m), has the
average chemical formula of (Bi1.87Fe0.05Cu0.05Ag0.03
Sb0.01)Σ2.01(Te1.80S1.12Se0.07) (n = 3) (Table 2). Tsumoite
in the ore, Ebs–Grt01, with garnet skarn has a formula
(Bi0.92Co0.04Fe0.04Pb0.02)Σ1.02(Te0.97S0.03) (Table 2), where
Co and Fe may be attributed to the cobaltite surrounding
tsumoite. The chemical formulae of sulphotsumoite and
joséite–A are represented as (Bi2.72Fe0.04Cu0.17Sb0.01)Σ2.94
(Te1.95S1.01Se0.04) (Table 2) and (Bi3.90Fe0.09Cu0.02)Σ4.01
(S1.98Te0.94Se0.08) (n = 3) (Table 2), respectively, where
small amounts of Cu and Fe are possibly due to host chal-
copyrite. Hessite occurring on the rim of clinopyroxene in
the wollastonite skarn (Ebs–Wo01) (Fig. 5b) has a formula
(Ag2.00Cu0.01Fe0.01)Σ2.02(Te0.98S0.02) (Table 2). Unidentified
silver–concentrated phases with 72 wt% Ag at maximum
are observed in the ore specimens. They seem to be weath-
ered product from the Ag–rich ore minerals.

Skarn minerals

Clinopyroxene. The clinopyroxene in the clinopyroxene
skarn (Ebs–Hd01 and 02) is hedenbergite with chemical
compositions in a range between Hd98.2Jo1.8 and Hd76.3
Di16.9Jo6.8 with an average of Hd89.9Jo5.9Di4.2 (n = 56),
where Hd, Jo, and Di represent CaFe2+Si2O6 (hedenber-
gite), CaMn2+Si2O6 ( johannsenite), and CaMgSi2O6 (di-
opside) components, respectively (Table 3 and Fig. 6a).
Clinopyroxene in the garnet skarn is hedenbergite or di-
opside with Hd97.7–22.9Di1.2–76.3Jo0.8–8.5 (n = 19) in com-
position. Clinopyroxene found interstices of wollastonite
aggregates or along with quartz and/or calcite in the wol-
lastonite skarn (Ebs–Wo01) is hedenbergite with compo-
sitions of Hd94.8–73.2Jo3.7–11.6Di0.1–16.7 with an average of
Hd89.4Jo6.0Di4.6 (n = 18) (Cpx I in Table 3). Clinopyrox-

ene occurring on the boundary between wollastonite skarn
and marble (Fig. 5c) and in the fractures has Mg–rich core
and Fe–rich rim, and of significantly variable chemical
composition of Hd86.4–7.5Di9.2–92.2Jo0.3–33.8 (n = 25) (Cpx
II in Table 3 and Fig. 6a). The MnO content tends to be
higher in the Fe–rich rim and reaches 9.94 wt% (Fig. 6a).

Garnet. Garnet in all skarn types is andradite (Fig.
6b) with the chemical composition of Adr99.4–94.2Grs0.0–5.6
Sps0.0–0.5Pyp0.0–0.8 in the garnet skarn (n = 14 in Table 3)
and Adr99.6–92.0Grs0.0–7.3Sps0.2–1.8Pyp0.0–0.4 (n = 15 in Table
3) in the wollastonite skarn, where Adr, Grs, Sps, and Prp

Figure 4. BSE images of the ore of the garnet skarn (Ebs–Grt01).
(a) Andradite (Adr) with quartz (Qz), and clinopyroxene (Cpx)
in the interstices of goethite (Gth) and ilvaite (Ilv). (b) Chalco-
pyrite (Ccp) with Adr, Ilv, Qz, Cpx, and chlorite (Chl).
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represent Ca3Fe3+2 Si3O12 (andradite), Ca3Al2Si3O12 (gros-
sular), Mn2+3 Al2Si3O12 (spessartine), and Mg3Al2Si3O12

(pyrope) components, respectively. Garnet in the clinopy-
roxene skarn has composition of Adr99.5Grs0.3Sps0.1Prp0.1,
close to Adr end–member composition (Table 3).

Other skarn minerals. Wollastonite in the wollas-
tonite skarn has average formula of (Ca0.86Fe2+0.11Mn2+0.02)Σ0.99
Si1.00O3 (n = 13) (Table 3). The FeO and MnO contents
attain up to 9.5 and 1.7 wt%, respectively. Ilvaite in the
clinopyroxene skarn is Ca1.00(Fe2+1.86Mn0.13)Σ1.99(Fe3+1.01
Al0.01)Σ1.02Si1.99O8(OH) (n = 53) in chemical formula (Ta-
ble 3). Chemical composition of ilvaite in each skarn is
similar to each other (Table 3), and Fe2+/total Fe in ilvaite
in three types of skarns, estimated based on electronic
neutralization, is 0.65. The MnO content in ilvaite attains
4.10 wt% in the clinopyroxene skarn, 5.25 wt% in the gar-
net skarn and 3.42 wt% in the wollastonite skarn. Bab-
ingtonite in Ebs–Hd02 is Ca2.00(Fe2+0.76Mn2+0.20Mg0.04)Σ1.00
(Fe3+0.98Al0.02)Σ1.00Si5.00O14(OH) (n = 3) in average formula
(Table 3). Fe2+/total Fe in is 0.44.

DISCUSSION

Mineralization sequence of ore minerals

Based on the occurrences of skarns and ores and their
textural relations, Kato (1916) recognized four stages of

mineralization in the formation of the Eboshi skarn de-
posit as follows; (1) the first stage of mineralization char-
acterized by wollastonitization; (2) the second stage of
mineralization is of formation of principle skarns, or
the main ore deposit, at which succession of mineral de-
positions scheelite, ilvaite, hedenbergite, magnetite, an-
dradite, various sulfides such as pyrite, arsenopyrite, pyr-
rhotite, and chalcopyrite, quartz, calcite and fluorite; (3)
the third stage of mineralization is the stage of the for-
mation of cobaltite–quartz veins, often accompanied by
bismuth ores consisting of native bismuth and bismuthin-
ite; (4) the fourth stage of mineralization is the stage of
the formation of chalcopyrite veins and veinlets, and the
larger part of tetrahedrite is of deposition at this stage.

In this study, we recognized four ore mineralization
stages, represented as stages I, II, III, and IV in Figure 7,
corresponding to the second, third, and fourth minerali-
zation stages defined by Kato (1916). The mineralization
stage I in this study is characterized by the crystallization
of the main ore minerals, such as chalcopyrite, bornite,
pyrrhotite, sphalerite, and pyrite–I, which fill the cracks
and interstices of individual clinopyroxene and garnet
grains, indicating that major skarn minerals are obviously
crystallized before the main ore minerals. The stage II in
this study is defined by the mineralization of cobaltite,
pyrite–II, and Bi(–Cu)–bearing sulfides, such as native
bismuth, bismuthinite, and wittichenite: bismuthinite oc-

Figure 5. Photographs of the ore of
the wollastonite skarn (Ebs–Wo01).
(a) Boundary between marble and
wollastonite skarn in the hand speci-
men. (b) BSE image of wollastonite
(Wo), hedenbergite (Hd), diopside
(Di), calcite (Cal), chalcocite (Cct),
and hessite (Hes). (c) BSE image of
fluorapophyllite–(K) (Apo), calcite
(Cal), andradite (Adr), and Wo and
element concentration maps (Ca, K,
Fe, and Mg) of fluorapophyllite–
(K), Cal, and clinopyroxene (Cpx)
including Hd and Di. Color version
is available online from https://doi.
org/10.2465/jmps.200818.
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curs on the rim of chalcopyrite (Fig. 3c) and is associated
with native bismuth in the cavity of cobaltite (Fig. 3j);
wittichenite and emplectite occur as filling phases in the
interstices between chalcopyrite and cobaltite grains (Fig.
3n); cassiterite occurs on the rim of chalcopyrite (Fig.
3c), within interstices in cobaltite, and as an inclusion
in Ag–bearing cuprobismutite (Fig. 3h). Cassiterite and
native bismuth are sometimes associated with ore miner-

als in this stage (Fig. 3h). The Ag– and/or Te–bearing ore
minerals, such as matildite, kawazulite, tsumoite, and
hessite, are the rather later stage minerals. This stage
was defined as the mineralization stage III in this study.
Kawazulite exists on the rim of bismuthinite (Fig. 3m);
and Ag–bearing cuprobismutite occurs within the cavities
in cobaltite grains (Figs. 3h and 3k). The stage IV in
our study is characterized by chalcopyrite veins cutting

Table 2. Chemical compositions of selected ore minerals

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
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the main skarn masses and the host limestone and, thus,
correspond to the fourth mineralization stage defined by
Kato (1916).

Unfortunately, we do not have our own result for the
mineralization stage of wollastonite skarn, because the
studied samples consisting of wollastonite skarn is limit-
ed, and the relation between hedenbergite–garnet and
wollastonite skarns is unclear. However, the direct con-

tact between the limestone (marble) and wollastonite
skarn ore observed in our studied specimen is consistent
with the description by Kato (1916) that wollastonite is
often found in irregular masses along the limestone. Be-
cause of the similar occurrence of wollastonite in our
sample to that by Kato (1916), we agree the conclusion
on the wollastonite skarn mineralization stage by Kato
(1916) that the wollastonite skarn has been formed at

Table 2. (Continued-1)

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
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the earliest epoch of the contact metasomatism. As al-
ready described, the matrix of the wollastonite skarn is
composed of calcite, fluorapophyllite–(K), and quartz
(Fig. 5c). We consider that fluorapophyllite–(K) associat-
ed with calcite does not belong to the first mineralization
stage defined by Kato (1916), and that this mineral was
formed by the metasomatic reaction between calcite and

the solution containing fluorine and potassium, based on
the suggestion for the fluorite formation by Kato (1916)
that the fluorite was formed by the metasomatic reaction
of F–bearing solutions on calcite. As well, such F–bearing
solution might have produced fluorapophyllite–(K) (Ta-
ble 4). Another interest is for coarse–grained diopside
with ~ 92.2 mol% CaMgSi2O6 component occurring be-

Table 2. (Continued-2)

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
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tween wollastonite skarn and limestone. The diopside oc-
curs in the wollastonite skarn at the border between wol-
lastonite skarn and limestone. Morphological feature and
chemical characteristic of diopside are obviously differ-
ent from the prismatic hedenbergite crystals of the main
clinopyroxene skarn ore. It is possibly formed by the re-
sidual solution enriched in Mg and Fe at the end of skar-

nization or post mineralization stage.

Characteristic feature of ore and skarn minerals in
the Eboshi deposit

The Naganobori copper skarn deposits have been catego-
rized as a Cu–Zn(–Co)–W skarn deposit based on the

Table 2. (Continued-3)

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
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main ore minerals (Watanabe, 2009). Kato (1916) con-
cluded that the large quantities of iron and silica have
been introduced from the consolidating granite–porphyry
magma to the limestone, and that the main deposit or the
skarn mass has been formed by a process of metasoma-
tism. The Co content of Hanano–yama porphyry after re-
leasing Co as ore minerals have been reported as 3.8–7.4
ppm by Sasaki et al. (2014). In the study of the skarn
deposits in the Tsumo mining area, Izawa (1981) has al-

ready suggested the decrease of metal elements in the
granitic rocks due to the release of metal elements for
the formation of deposits for the granite in the Tsumo
mine. It is also noted that cobaltite has been only reported
from the Eboshi and Imori skarn deposits (Fig. 1b), and
that the Ni content in cobaltite from the Eboshi skarn
deposit is from nil to very low (Table 2); but a prelimi-
nary data of cobaltite composition from the Imori skarn
deposit is (Co0.83Ni0.14Fe0.06)Σ1.03As0.99(S0.99Se0.01) (n =

Table 3. Chemical compositions of selected skarn minerals

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
2) Cr as Cr2O3, V as V2O3, Fe as Fe2O3 for garnet and as FeO for clinopyroxene, wollastonite, ilvaite and babingtonite, Mn as MnO.
3) Hd, hedenbergite component; Di, diopside component; Jo, johannsenite component; Adr, andradite component; Grs, grossular component;
Sps, spessartine component; Prp, pyrope component.
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21) in average. The further investigation on the Co and
Ni contents of cobaltite from the skarn deposits in the
Akiyoshi mining area is mandatory.

It is noticed that scheelite and sphalerite in the ores
from the Eboshi skarn deposit in the present study are
rather small in quantity. Sporadically occurrence of
scheelite has been reported by Kato (1916) and Ogura
(1921). After Kato (1916), scheelite occurs only sparing-

ly, but occasionally it is considerably concentrated in the
skarn. It is commonly firmly imbedded in the clinopyrox-
ene skarn but less common in the garnet and clinopyrox-
ene–garnet skarns. It is consistent with the description of
Ogura (1921), who found scheelite sporadically in clino-
pyroxene skarn from the Eboshi deposit. The well–crys-
tallized scheelite crystals with a pyramidal habit range
from the microscopic size to several centimeters in length

Table 3. (Continued)

1) Cpx skarn, clinopyroxene skarn; Wo skarn, wollastonite skarn; Grt skarn, garnet skarn.
2) Cr as Cr2O3, V as V2O3, Fe as Fe2O3 for garnet and as FeO for clinopyroxene, wollastonite, ilvaite and babingtonite, Mn as
MnO.
3) Hd, hedenbergite component; Di, diopside component; Jo, johannsenite component; Adr, andradite component; Grs, gros-
sular component; Sps, spessartine component; Prp, pyrope component.
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(Kato, 1916). Kato (1916) concluded that scheelite be-
longs to the earliest crystallization of all minerals found
in the Eboshi deposit. However, no Zn–rich minerals
have been described by Kato (1916) and Ogura (1921).
Considering that zinc ore is produced from the Akaono
deposit locating at ~ 2 km north of the Naganobori min-
ing district (Fig. 1), and that the abundant oxidized Zn

ores (>10 tons) were excavated from Zeniya archeologi-
cal sites locating 1 km NNE from the Akaono deposit
(Izawa et al., 2005), it is considered that zinc concentrates
sporadically or regionally in the skarn deposits distribut-
ed in the Akiyoshi limestone region.

The minor Bi–, Ag–, and Te–bearing ore minerals
identified newly in the present study are also important
to characterize the Eboshi deposit. For example, in case
of the Yamato skarn deposit, the characterization as a W–

Mo–Cu–type Bi–bearing skarn deposit associated with il-
menite–series granitic rocks by Ishihara (2008) and as Cu–
Ag–bearing deposit by Shimazaki (1980) was proved by
Nagashima et al. (2016) who identified Ag– and/or Bi–
bearing minerals such as bismuthinite, matildite, the Ag–
Pb–Bi sulfate, and argentite. In addition, the Te–bearing
mineral, joséite–A was reported from the skarn deposit
of the Yamato mine by Ohnishi et al. (2007). Since we
identified Ag–, Bi, and/or Te–bearing minerals, such
as emplectite, wittichenite, Ag–bearing cuprobismutite,
matildite, kawazulite, tsumoite, sulphotsumoite, joséite–
A, and hessite, from the ores of the Eboshi deposit, the
Eboshi skarn deposit is categorized as Cu–Co–Zn–W–type
Bi–Ag–Te–bearing skarn deposit as well as the Yamato
skarn deposit. Moreover, minor Bi–, Ag–, and Te–bearing
minerals, such as native bismuth, bismuthinite, hedleyite,
and hessite, also occur in the Tsumo mine (Sugaki et al.,
1981) which was categorized as Cu–Zn–W skarn deposit
by Watanabe (2009).

On the other hand, the Kiwada, Fujigatani, and Ku-
ga mines locating in the Kuga district, eastern part of
Yamaguchi Prefecture are categorized as the skarn type
Cu–Sn–W deposits (Watanabe, 2009). Main ore minerals

Table 4. Average chemical composition of fluorapophyllite–(K)1)

1) Cations are normalized as Si + Al = 8. Number of analytical
points = 9.
2) Fe as FeO, Mn as MnO.

Figure 6. Johannsenite–diopside–hedenbergite and pyralspite–
grossular–andradite diagrams for (a) clinopyroxene and (b) gar-
net, respectively.

Figure 7. Mineralization sequence for the Eboshi deposit in this
study.
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of the Kiwada skarn deposit are pyrrhotite, chalcopyrite,
scheelite, sphalerite, cassiterite, and pyrite (Nagahara,
1978). The Bi–, Ag–, and Te–bearing minerals have not
been reported. The ore minerals from the Fujigatani skarn
deposit are scheelite, pyrrhotite, and chalcopyrite along
with pyrite, arsenopyrite, sphalerite, galena, molybdenite,
native bismuth, bismuthinite, and cassiterite (Hakari,
1960; Ito, 1962; Shimazaki, 1977; Sato, 1980). The ores
from the Kuga skarn deposit consist mainly of pyrrhotite,
chalcopyrite, and sphalerite, along with minor pyrite,
marcasite, arsenopyrite, galena, scheelite, native bismuth,
bismuthinite, stannite, and cassiterite (Higashimoto,
1977; Sawai and Kimura, 1992; Kase et al., 1993). No
Ag– and Te–bearing minerals have been reported from
these Cu–Sn–W skarn deposits in spite of the similar
main ore mineral assemblages to those of the Eboshi
skarn deposit.

Clinopyroxene, garnet, wollastonite, and ilvaite are
common skarn minerals in both the Eboshi and Yamato
deposits. Some skarn minerals, such as babingtonite in
the Eboshi skarn deposit and epidote, vesuvianite, and
malayaite in the Yamato skarn deposit, are not common
in both deposits, probably due to the limited samples
studied.

Implications for ore mineralization in the San–yo Belt

Not a few skarn deposits are developed in and around the
Akiyoshi Plateau by the intrusions of Cretaceous ilmen-
ite–series granitic magma into the limestone (e.g., Kato,
1916; Suzuki, 1932). These skarn deposits are assumed
to show similar characteristics in terms of the mineral
assemblages and their occurrences due to the relation be-
tween host rock and felsic magmatic activity in common.
However, the regional differences have been pointed out
as mentioned before (e.g., Sekine, 1958; Miyake and
Akatsuka, 1963). Therefore, the characteristics of the
skarn deposits in the Akiyoshi limestone area are com-
prehensively evaluated based on the general and individ-
ual characteristics of the mineral assemblages and occur-
rences in the ore deposits of the Naganobori copper mine
generated by the Hanano–yama granite porphyritic activ-
ity and Yamato skarn deposit generated by the Ofuku
granitic activity (Sasaki et al., 2014, 2016), as well as
the characteristics of other previously reported deposits
in this area.

General characteristics of the skarn deposits in the
Akiyoshi limestone district are as follows;
(1) Major ore minerals are commonly pyrite, chalcopy-

rite, bornite, cobaltite, sphalerite, and scheelite.
However, the abundances of sphalerite, scheelite,
and cobaltite are variable for each deposit. Although

sphalerite and scheelite scarcely occur in our speci-
mens from the Eboshi skarn deposit, they are the
major ore minerals in this deposit in Kato (1916)
and Ogura (1921). Three types of skarns, that is
clinopyroxene skarn, garnet skarn, and wollastonite
skarn, are also common.

(2) Accessary ore minerals containing Ag, Bi, Te, ±Au
occur in the skarn deposits of both the Eboshi and
the Yamato mines. These ore minerals occur in the
interstices and cavities of major ore minerals, indi-
cating that they were formed after major ore miner-
als. The low temperature hydrothermal solution pro-
duced various Ag, Bi, Te, ±Au mineral species, but
their quantity is small.

(3) The occurrence and mineralization sequence of the
major and minor minerals of the skarn deposits in
the Akiyoshi district, summarized in (1) and (2), re-
spectively, are similar to those in the San–in district,
e.g., the skarn deposits of the Tsumo mine (Sugaki
et al., 1981). Thus, the skarn deposits associated
with ilmenite–series granitoids in the San–yo and
San–in districts show common geological, mineralo-
gical, and ore geological features.
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