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Cuprobismutite group minerals have been discovered for the first time in Japan from the Obari mine, Yamagata
Prefecture. Furthermore, many kinds of Bi-sulfosalts and Bi-tellurides have been found from this mine. Cu-
probismutite occurs as irregular particles which are intergrown with makovickyite. The empirical formula of
cuprobismutite is (Cu7.71Fe.41)y8.12(Bi12.17A81.57Pb0.07Sb0.07)5:13.88(S23.955€0.06)524.01 (based on total atoms = 46).
Hodrushite, kupcikite and padéraite occur as euhedral to subhedral blade-shaped crystals with parallel inter-
growth. The empirical formulae of these minerals are (CuyesFeq36)y5.00(Bii1.18Cu035A8026Pb0.07Sbo.07)511.93
(S21.985€0.09)522.07 (based on total atoms = 42), (Cus s¢Fe.50Zn0.04)54.10(B14.845b0.03)54.87(510.00S€0.03)5 10.03 (based
on total atoms = 19) and Cuyo[(Cug 50Ag0.17)50.67Pb1.27Bi11.015b0.05]513.00(S21.91S€0.09)522.00 (based on total
atoms = 42) for hodrushite, kupéikite and pad@raite, respectively. The content of trace elements (Ag, Fe and
Pb) in each cuprobismutite group mineral is consistent with the characteristics shown by previous works.
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INTRODUCTION

The Obari mine, located in Tsuruoka City, Yamagata Pre-
fecture, Japan is famous in the country as a high-grade
Bi-deposit. This mine is also known for the occurrence of
Bi-sulfosalts such as aikinite (Takaoka, 1969) and witti-
chenite (Watanabe, 1937, 1938a, 1938b, 1938c, 1951,
Sugaki et al., 1974), however for a long time, the other
Bi-sulfosalts have not been studied in detail. Recently,
makovickyite and cupromakovickyite were discovered
during a re-investigation of Bi-bearing ores from the
mine (Izumino et al., 2013). Moreover, the crystal struc-
ture of makovickyite from this mine was studied in detail
by Nagashima et al. (2013). During these studies, we
have found many kinds of Bi-sulfosalts and Bi-tellurides
including cuprobismutite group minerals (cuprobismu-
tite, hodrushite, kupcikite and padéraite) for the first time
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in Japan. This paper mainly deals with the mode of oc-
currence and chemistry of the cuprobismutite group min-
erals as well as other Bi-sulfosalts and Bi-tellurides.
Cuprobismutite group minerals, belonging to sulfo-
salts of Cu-Bi-S systems, have been classified into cu-
probismutite homologous minerals (cuprobisumutite, ho-
drushite and kupcikite) and padéraite as a species related
to the series (Makovicky, 1989). The former is represent-
ed by the general formula, CusMon-1)+1Bi4Son+s, Where
M is Bi and Ag (Makovicky, 1989). Cuprobismutite with
an ideal formula of CugAgBi;3S,4, is the most major min-
eral of cuprobismutite group minerals and was first de-
scribed from the Missouri deposit, USA (Hillebrand,
1884). Hodrushite with an ideal formula of CugBi;,S;;,
often occurs in the world and was first reported from the
Banska Hodrusa, Romania (Kodéra et al., 1970). Kupci-
kite with an ideal formula of Cus4Feq¢BisSo, is a rare
mineral and the newest mineral of the four, and was dis-
covered from the Felbertal deposit, Austria (Topa et al.,
2003b). Pad€raite with an ideal formula of Cuy[(Cu,
Ag)zol33pb1‘33Bi11‘33]213822, is a rare mineral and was
found in Baita Bihor, Romania for the first time (Mumme
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and Zak, 1985). The crystal structures of all these miner-
als were refined by Topa et al. (2003a) and Topa and
Makovicky (2006). The group minerals mainly consist
of Cu, Bi and S, with minor components (Fe, Ag and
Pb), maintaining the charge balance. In general, cuprobis-
mutite contains significant amounts of Ag, hodrushite in-
cludes small amounts of Fe and Ag, kupcikite has a high
content of Fe, and pad@raite contains substantial amounts
of Pb. The crystal structure analyses of the minerals in-
dicated interdependent substitutions such as (1) Cu < Bi,
(2) Ag <> Bi, (3) Pb «» Bi and (4) Fe <> Cu (Topa et al,
2003a: Topa and Makovicky, 2006).

GEOLOGICAL SETTING

Late Cretaceous-Paleogene granitoids are distributed in
the studied area and most of the granitoids belong to
the ilmenite series (Ishihara et al., 1983). The geology
around the Obari mine is composed of Cretaceous Taga-
wa acidic rocks, Cretaceous to Paleogene Wasada gran-
odiorite and Neogene sedimentary rocks of the Oizumi
formation (Fig. 1). Tagawa acidic rocks consist of dacitic
pyroclastic rocks and granodiorite porphyry, and are part-
ly metamorphosed by the intrusion of the Wasada gran-
odiorite (Yauchi et al., 1973). The Wasada granodiorite
belongs to exceptionally the magnetite series, and has
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Figure 1. Geological map of the Obari mine area (modified after
Shimazu et al., 1961).

many Au-Ag-Cu-Pb-Zn-Bi-Mo deposits in and around
the granitic body. The Obari mine is the largest ore de-
posit in this region. This mineralization is related to the
Wasada granodiorite (Agency of Natural Resources and
Energy, 1982). The Oizumi Formation consists of volcan-
ic pyroclastic rocks and volcanic rocks, and is widely dis-
tributed in covering unconformably the Tagawa acidic
rocks and Wasada granodiorite (Agency of Natural Re-
sources and Energy, 1982).

The Obari mine is an Au-Cu-Bi dissemination vein
type deposit which is altered along the fissure in the Wa-
sada granodiorite and was mined during 1936-1966. The
dissemination vein is characterized by potassic alteration
(Takaoka, 1969), and K-feldspar, muscovite and quartz
were formed in the altered host rock. Main ore minerals
are chalcopyrite, tetrahedrite and Bi-sulfosalts, and are
disseminated in the gangue minerals. The grade of ore,
Au: 200 g/t, Ag: 150-500 g/t, Cu: 10-15%, Bi: 3-8%
(Shimazu et al., 1961), indicates that the Bi concentration
is much higher than in other Bi deposits in Japan.

ORE MINERALOGY

Ore samples used in this study were obtained by a former
employee of the Obari mine. Ore minerals composed of
the specimens are Bi-sulfosalts, Bi-tellurides, chalcopy-
rite, pyrite, sphalerite, galena, tetrahedrite, tennantite,
bornite, arsenopyrite, molybdenite, electrum and hessite.
Gangue minerals are quartz, muscovite, K-feldspar, al-
bite, rutile, anatase, brookite, apatite and zircon. Among
the ore minerals except for Bi minerals, chalcopyrite is
the most common mineral in this mine. The mineral oc-
curs as massive aggregates and often coexists with aikin-
ite (Fig. 2a) and wittichenite (Fig. 2b). Bornite is closely
associated with chalcopyrite, and includes lamellae of
chalcopyrite and wittichenite (Fig. 2c). Tetrahedrite-ten-
nantite repleces crystals of chalcopyrite (Fig. 2d) and
bornite. Sphalerite sometimes occurs in chalcopyrite
and contains chalcopyrite dots in the grains. Galena is
closely associated with cosalite and aikinite. Electrum oc-
curs as small inclusions in aikinite and chalcopyrite (Fig.
2e). Arsenopytite and pyrite show euhedral crystals and
are partly replaced by chalcopyrite. Molybdenite dissem-
inates as small tabular crystals in chalcopyrite. Hessite
rarely occurs as small inclusions within wittichenite.
Bi-sulfosalts and Bi-tellurides discovered in this
study are cuprobismutite group minerals (cuprobismutite,
hodrushite, kupcikite and padéraite), makovickyite, cu-
promakovickyite, wittichenite, emplectite, miharaite, ai-
kinite-bismuthinite series (aikinite, friedrichite, hammar-
ite, lindstromite, krupkaite, pekoite and bismuthinite),
galenobismutite, cannizzarite, cosalite, lillianite, nuffiel-



Cuprobismutite group minerals from the Obari mine 179

dite, tellurobismuthite, tsumoite, tetradymite, joséite-B,
and rucklidgeite. In addition to these minerals, native Bi
and secondary minerals such as bismutite occur in the
ores. Makovickyite and cupromakovickyite have been de-
scribed in detail by Izumino et al. (2013).

METHOD

Chemical analyses were carried out using a JEOL
JXA8600S wavelength dispersive electron microprobe
at the Faculty of Science, Yamagata University. Analyt-
ical conditions for quantitative analysis are accelerating
voltage, 20 kV; sample current, 20 nA; beam diameter,
3 pm, and correction, ZAF. The standards used were
CuFeS, (CuKa, FeKa and SKa), GaAs (AsLa), Ag
(AgLa), Sb,S; (SbLa), ZnS (ZnKa), PbS (PbMa), Cd
(CdLa), Bi (BiLa), Se (SeLa) and Te (TeLa). Standard
deviations (error in wt%) of elements for the cuprobismu-
tite group minerals are: Ag 0.05, Cu 0.11, Fe 0.05, Pb

Figure 2. Photomicrographs of the
mineral assemblage in the Obari
mine: (a) Associations of aikinite
(Aik), chalcopyrite (Ccp) and tet-
rahedrite (Ttr). (b) Associations
of aikinite, wittichenite (Wit), chal-
copyrite and bornite (Bn). (c) The
eutectic intergrowths of bornite-
chalcopyrite-wittichenite. (d) Chal-
copyrite replaced by tetrahedrite
and euhedral crystals of arsenopy-
rite (Apy). (e) Small inclusions of
electrum (El) in aikinite and chal-
copyrite. (f) Tabular crystal of tet-
radymite (Ttd) associated with tsu-
moite (Tsu) and cosalite (Cos).
Color version is available online
from  http://japanlinkcenter.org/
DN/JST.JSTAGE/jmps/140129.

0.05, Bi 0.69, Sb 0.04, Se 0.04 and S 0.08. The results of
EPMA analyses of Bi-sulfosalts and Bi-tellurides are
plotted on the ternary diagrams (Fig. 3) and are presented
in Table 1. The cuprobismutite group minerals are too
small and too closely associated with each other to be
identified using X-ray diffraction.

To distinguish between cosalite and neyite, X-ray
diffraction data on single crystals of cosalite were collect-
ed using a Bruker SMART APEX II CCD diffractometer
installed at the University of Bern, Switzerland. A crystal
of cosalite was mounted on a glass fiber and intensity
data was measured at room temperature using graphite-
monochromatized MoKo. radiation (A = 0.71069 A). Pre-
liminary lattice parameters and an orientation matrix were
obtained from twelve sets of frames and refined during
the integration process of the intensity data. Diffraction
data were collected with ® scans at different ¢ settings
(p-® scan) (Bruker, 1999). Data were processed using
SAINT (Bruker, 1999).
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Figure 3. Ternary diagrams of Bi-sulfosalts and Bi-tellurides: (a) Cuprobismutite group minerals, (b) Cu-Bi-S minerals, (¢) Aikinie-bismu-

thinite series, (d) Pb-Bi-S minerals and (e) Bi-tellurides.
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MODE OF OCCURRENCE AND CHEMICAL
COMPOSITION

Cuprobismutite group minerals

Cuprobismutite is the rarest mineral of the cuprobismutite
group minerals in the Obari mine, and occurs as irregular
particles of 10 to 20 um, and is intergrown with mako-
vickyite and a Fe-bearing undetermined secondary Bi-
mineral (Fig. 4a). This mineral does not coexist with oth-
er cuprobismutite group minerals. The empirical formula
of the mineral is (Cu77iFega41)ys.12(Bii2.17Ag1.57Pbg o7
Sb0.07)513.88(S23.955€0.06)y24.01 (based on total atoms =
46), corresponding to the ideal formula (CugAgBi;3S;,4).
The chemically determined value of N varies between
1.77 and 2.06 (average: 1.92, ideally: 2). It contains sig-
nificant amounts of Ag, small amounts of Fe and trace
amounts of Pb, Sb and Se, and is rich in Cu and Fe and
poor in Bi (Fig. 3a).

Hodrushite, kupcikite and padéraite occur as euhe-
dral to subhedral blade-shaped crystals with parallel in-
tergrowth, and are accompanied by makovickyite, bis-
muthinite, krupkaite and emplectite (Figs. 4b, 4c and
4d). This occurrence is characteristic for cuprobismutite
group minerals and has been reported from other local-
ities such as the Paulus mine, Romania (Cook and Cio-
banu, 2003). Hodrushite is 10-250 pum in length and 5-30
pm in width. The empirical formula of the mineral is
(Cuy g4Fen36)y8.00(Bir1.18Cu0.35A€0.26Pbo.07Sb0.07)511.93(S21.98
Sep.09)y22.07 (based on total atoms = 42), corresponding to
the ideal formula (CugBi;,S;;). The chemically calculated
N ranges between 1.20 and 1.39 (average: 1.27, ideally:
1.5). This mineral has small amounts of Ag and Fe and
trace amounts of Pb, Sb and Se, and is rich in Bi and poor
in Cu (Fig. 3a). Kupcikite is 5-50 um in length and 1-10
pm in width. The empirical formula of the mineral is
(Cus_s6Feq.50Zn0.04)54.10(Bis 84Sb0.03)54.87(510.008€0.03)5:10.03
(based on total atoms = 19), corresponding to the ideal
formula (Cuj 4Fe ¢BisS1o). The chemically calculated N
has values from 0.78 to 0.98 (average: 0.88, ideally: 1).
It contains significant amounts of Fe and trace amounts
of Zn, Sb and Se, and is rich in Cu, Fe and Zn and poor
in Bi (Fig. 3a). Pad@raite is 10-100 um in length and
1-20 pm in width. The empirical formula of the mineral
is Cu7.00[(Cuo.50A20.17)50.67Pb1.27B111.01Sb0.05]513.00(S21.91
Seo.09)y22.00 (based on total atoms = 42), corresponding to
the ideal formula (CU7[(CU,Ag)ZOI33Pb1.33Bi11.33]213822).
This mineral has high contents of Pb and small contents
of Ag, Sb and Se, and is rich in Cu and poor in Bi (Fig.
3a). Each mineral can be distinguished using X-ray in-
tensity mapping (Fig. 5) and the BSE images (Figs. 4c
and 4d). In particular, hodrushite, kup¢ikite and padéraite

are distinguished by the difference in their minor compo-
nents (Ag, Fe and Pb) of these minerals in X-ray intensity
mapping (Fig. 5). Therefore, hodrushite contains small
amounts of Fe and Ag, kupcikite is the richest in Fe
and pad€raite has the highest Pb content.

Cu-Bi-S minerals

Wittichenite, the most common Bi-sulfosalt in the Obari
mine, occurs as anhedral crystals of 0.1 to 3.0 mm in size,
intergrown with aikinite, bornite, chalcopyrite and tetra-
hedrite (Fig. 2b). The eutectic intergrowths of bornite-
chalcopyrite-wittichenite are observed in the studied
samples (Fig. 2c), which have been studied by Watanabe
(1938c¢), Sugaki (1949a), and Sugaki (1949b). The em-
pirical formula is (Ago_16CuZ_gg)z3.04Bi0_94S3.02 (based on
total atoms = 7), corresponding to the ideal formula (Cu;
BiS;3). This mineral contains significant amounts of Ag,
up to 14.7 wt%, instead of Cu (Fig. 3b).

Emplectite occurs as irregular grains from 60 to 300
pm in size, coexisting with wittichenite and aikinite, with
cuprobismutite group minerals and aikinite-bismuthinite
series (Figs. 4b-4d) and with pad@raite and aikinite. This
mineral replaces cuprobismutite group minerals and the
aikinite-bismuthinite series. The empirical formula is
Cuy.03(Big.955b0.01)50.9652.01 (based on total atoms = 4),
corresponding to the ideal formula (CuBiS,).

Aikinite-bismuthinite series

Aikinite, the second most common Bi-sulfosalt in the Ob-
ari mine, is widely seen, however, except for aikinite, the
occurrences of the aikinite-bismuthinite series are rare.
This mineral occurs as large anhedral crystals of 0.1 to
7 mm in size, accompanied by wittichenite, cosalite, chal-
copyrite, bornite and tetrahedrite (Figs. 2a and 2b). The
empirical formula is Cuy (>Pbg 97Bi; 00S3.02 (based on total
atoms = 6), corresponding to the ideal formula (CuPb
BiS;).

Friedrichite, hammarite and lindstromite occur as ir-
regular grains at the rim of cosalite and galenobismutite
(Fig. 4e). These minerals are not homogeneous and their
compositions are dispersed around each ideal formula.
The empirical formulae of these minerals are Cus 1oPb4.74
(Bi7_oosb0_o4)z7'o4s18'12 (based on total atoms = 35) for
friedrichite, Cul'gspbl.gg(Bi}glSb0,12)24'0389.14 (based on
total atoms = 17) for hammarite and Cus o;Pb; gs(Big.g>
Sb0,13)z6_95815_16 (based on total atoms = 28) for lindstro-
mite, respectively (Fig. 3c).

Krupkaite occurs as irregular particles from 10 to
100 um in size at the boundary between bismuthinite and
makovickyite (Fig. 4c). The empirical formula is Cuy g9
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Figure 4. BSE images of Bi-sulfosalts and Bi-tellurides in the Obari mine: (a) Cuprobismutite (Cup) grains associated with makovickyite
(Mak) and krupkaite (Krp). (b) Associations of bismuthinite (Bim), krupkaite, makovickyite, hodrushite (Hod), kupéikite (Kup) and em-
plectite (Emp). (c) The lamella intergrowths of hodrushite, kup¢ikite and padéraite (Pad), in association with krupkaite and emplectite. (d)
The lamellae intergrowths of hodrushite, kupcikite and padéraite, in association with bismuthinite, makovickyite and emplectite. (e) Ag-
gregates of galenobismutite (Gnb), cosalite, freidrichite (Frd), hammarite (Ham) and pekoite (Pek). (f) Cannizzarite (Can) grains within
bismuthinite. (g) Intergrowths of aikinite, cosalite and galena (Gn). (h) Intergrowths of lillianite (Lla) and cosalite within tetradymite. (i)
Miharaite (Mih) in association with aikinite and wittichenite. (j) Nuffieldite (Nuf) grains associated with aikinite. (k) Aggregates of aikinite,
tetradymite, joséite-B (JoB), native Bi (Bi), hammarite, pekoite and padéraite. (I) Tsumoite grains within the crystal of tetradymite.

Pbo,gg(Biz,glSb0.02)22_93(85_96860402)25.93 (based on total (Flg 46). The empirical formula is Cuolgsz0.34(Bi10_96

atoms = 11), corresponding to the ideal formula (CuPb Sbo.15)x11.11(S18.265€0.04)y 18 30 (based on total atoms = 31),

Bi3Sg). corresponding to the the ideal formula (CuPbBi,;S;3).
Pekoite rarely occurs as irregular particles of 10 to Bismuthinite occurs as irregular grains from 100 to

30 um in size, intergrown with hammarite in Type-C 500 um in size, coexisting with cuprobismutite group
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Figure 5. X-ray intensity maps (AgLa, FeKa and PbMa) of the intergrowths of hodrushite kupcikite and padéraite, which correspond to

Figure 4c.

minerals, makovickyite and tetradymite (Fig. 4b). The
empirical formula is Cug.19Pbo0s(Bi1.835bo.01)y1.84(S2.96
Sep.01)y2.97 (based on total atoms = 5), corresponding to
the ideal formula (Bi,S3). This mineral has high contents
of Cu and Pb (Fig. 3c¢).

Pb-Bi-S minerals

Galenobismutite occurs as irregular grains of up to 400
um in size, as intergrowths with cosalite, hammarite and
aikinite (Fig. 4e). The empirical formula is Pbg g9(Bi; 99
Sbo.07)y1.9784.03 (based on total atoms = 7), corresponding
to the ideal formula (PbBi,Sy)

“Cannizzarite” rarely occurs as euhedral to subhe-
dral elongated crystals of 40 um in size within bismu-
thinite (Fig. 4f). The empirical formula is (Agg47Cug3;
Feg.12Pb7.23)58.13(Bio. 72Sb0.27)59.99(S22.62T€0.105€0.15)322.86
(based on total atoms = 41), corresponding to the ideal
formula (PbgBi;(S;3). Cannizzarite is not a single mineral,
but a variable-fit homologous series (Topa et al., 2010),
and some different cell-parameters have been reported
from two localities, Vulcano, Italy (Topa et al., 2010)
and Kudriavy volcano, Russia (Borisov et al., 2012).

Cosalite is the main Bi-sulfosalt of Pb-Bi-S systems
in the Obari mine. The mode of occurrence of cosalite
from the mine is divided into two types. One occurs as
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large anhedral crystals of 0.1 to 3 mm in size, coexisting
with aikinite, tetradymite, galena and chalcopyrite in
(Fig. 4g), and with galenobismutite and the aikinite-
bismuthinite series (Fig. 4e). The empirical formula is
(Ago.11Cug.40)50.51(Pb1.65Cdo.01)51.66(Bi1.71Sb0.20)51.91(S4.01
Teo.01)y4.92 (based on total atoms = 9). The obtained unit
cell parameters are a = 23.8405(11), b = 4.0479(Q2), ¢ =
19.0436 A, V'=1837.78 A3, Z = 8. Although this mineral
is rich in Ag and Cu and its chemical composition is
similar to neyite, the mineral is identified as cosalite by
the unit cell parameters. The crystal structure of Ag and
Cu rich cosalite has been reported by Topa and Makov-
icky (2010). The other occurs as irregular grains of 10 to
100 pm in size in association with tetradymite and lillian-
ite (Fig. 4h). The empirical formula is (Ago.01Cug.24)50.25
Pb 34(Bi; 83Sbg.08)51.91(S4.97Te0.015€0.01)54.99, correspond-
ing to the ideal formula (Pb,Bi,S5).

Lillianite occurs as irregular particles from 10 to 20
pum in size, as intergrowths with tetradymite and cosalite
(Fig. 4h). The empirical formula is (Agg 12Cu.03)y0.15Pb2.70
(Bi2.05Sbo.06)52.11(S6.02Te0.01S€0.01)56.04 (based on total
atoms = 11), corresponding to the ideal formula (Pb;Bi,Sg).

Other Bi-sulfosalts

Miharaite was orginally reported from the Mihara mine
(Sugaki et al., 1980), but the occurrence of this mineral is
rare in Japan. This mineral from the Obari mine occurs as
irregular grains of 100 to 200 um in size, associated with
aikinite, wittichenite, chalcopyrite and tennantite (Fig.
41) The empirical formula is Cll4_()2F€()}99Pb1'OIBi0.95S6'03
(based on total atoms = 13), corresponding to the ideal
formula (CusFePbBiSg).

Nuffieldite was first discovered in Japan. This min-
eral is very rare and occurs as irregular particles from 20
pum in size, coexisting with aikinite (Fig. 4j). The empir-
ical formula is Cuy s50Pbs.00(Pbo34Bio.34Sbo32)51.00Bi2.00
(S7_09S€0'02)z7_11 (based on total Pb + Bi + Sb = 5), cor-
responding to the ideal formula Cuy 49Pb; go(Pbo.4Big 40
Sby.20)51.00B12.0057.00- The mineral contains small amounts
of Sb, which is an essential element for stabilizing the
crystal structure of this mineral (Maurel and Moélo,
1990).

Bi-tellurides

Tetradymite is the most common Bi-telluride in the Obari
mine and is seen in various Bi-mineral assemblages. The
mode of occurrence of this mineral is divided into two
types. One occurs as small irregular particles from 1 to 30
um in size. The empirical formula is (CugoPbg¢1Bij.97
Sbo.02)y2.01Te1 9351 06 (based on total atoms = 5). The oth-

er occurs as large tabular crystals of 0.1 to 2 mm in size,
which has small inclusions of tellurobismuthite, rucklidg-
eite and tusmoite, accompanied by lillianite and cosalite
(Flg 2f) The empirical formula is (Pb0'03Bi1'97Sb0'01)2201
Te;.91S1.07. Both tetradymites correspond to the ideal for-
mula (Bi,;Te;S).

Joséite-B occurs as irregular grains of 40 to 100 pm
in size, in association with tetradymite and aikinite (Fig.
4k) The empirical formula is (CuO‘05Pb0'05Bi3_gng0‘02)24_01
Te;.95S1.04 (based on total atoms = 7), corresponding to
the ideal formula (BisTe;S).

Tsumoite was first discovered from the Tsumo mine
(Shimazaki and Ozawa, 1978), but the occurrence of this
mineral is rare in Japan. This mineral occurs as irregular
grains of 1 to 20 pm in size within tetradymite (Figs. 2f
and 41). The empirical formula is (Pbg 1Bi;.00Sbo.o1)y1.02
Tepos (based on total atoms = 2), corresponding to the
ideal formula (BiTe).

Rucklidgeite rarely occurs as small inclusions from
1 to 10 um in size of tetradymite. The empirical formula
is  (Ago.02Cu0.03Pb0.02B12.965b0.03)33.06(T€3.9080.03)53.93
(based on total atoms = 7), corresponding to the ideal
formula [(Pb,Bi);Tey]. This mineral has a low-Pb con-
tent. Low-Pb rucklidgeite has been reported from several
localities such as the Larga-Fata Baii field, Romania
(Cook and Ciobanu, 2004).

Tellurobismuthite sometimes occurs as irregular
grains of 1 to 30 pum in size within tetradymite. The em-
pirical formula is (Ago.02Bi;.96Sbo.02)52.00(T€2.9980.01)53.00
(based on total atoms = 5), corresponding to the ideal
formula (Bi,Tes).

BI-SULFOSALT AND BI-TELLURIDE
ASSEMBLAGES

Bi-sulfosalts and Bi-tellurides from the Obari mine are
divided into five assemblage types; (1) Type-A: witti-
chenite and aikinite-dominant assemblage, (2) Type-B:
cuprobismutite group mineral-bearing assemblage, (3)
Type-C: galenobismutite-bearing assemblage, (4) Type-
D: Native Bi-bearing assemblage and (5) Type-E: Bi-tel-
luride-dominant assemblage. Among these assemblages,
Type-A is the most common and Type-B to Type-E are
rare in the studied samples.

(1) Type-A wittichenite and aikinite-dominant assem-
blage: This assemblage is composed of aikinite (Fig.
2a) and wittichenite (Fig. 2b), subordinate cosalite and
tetradymite and trace amounts of miharaite. These Bi
minerals are accompanied by chalcopyrite, bornite, tetra-
hedrite and tennantite and minor sphalerite, galena, mo-
lybdenite, electrum, hessite, arsenopyrite and pyrite.

(2) Type-B cuprobismutite group mineral-bearing assem-
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blage: This assemblage is composed of cuprobismutite
group minerals (cuprobismutite, hodrushite, kupcikite
and pad@raite), makovickyite, cupromakovickyite and ai-
kinite-bismuthinite series (bismuthinite, krupkaite and ai-
kinite) accompanied by emplectite and tetradymite (Fig.
4b), and trace amounts of nuffieldite and cannizzarite.
Chalcopyrite and small amounts of molybdenite occur
as other ore minerals in the assemblage.

(3) Type-C galenobismutite-bearing assemblage: This as-
semblage is composed of galenobismutite and cosalite,
coexisting with small amounts of tetradymite and aikin-
ite-bismuthinite series (friedrichite, hammarite lindstro-
mite and pekoite) (Fig 4e).

(4) Type-D native Bi-bearing assemblage: This assem-
blage is composed of aikinite, accompanied by minor na-
tive Bi, joséite-B, tetradymite, paderaite, aikinite-bismu-
thinite series (aikinite, hammarite and pekoite) and em-
plectite (Fig. 4k). Native Bi is very rare in the Obari mine.
(5) Type-E Bi-telluride-dominant assemblage: This as-
semblage is composed of tetradymite tellurobismuthite,
tsumoite and rucklidgeite, in association with subordinate
lilianite and cosalite (Fig. 2f). Chalcopyrite and galena
sometimes occur in the assemblage.

DISCUSSION

Identification of cuprobismutite group minerals using
minor components

Cuprobismutite group minerals from the Obari mine are
distinguished by the amounts of the minor components in
each mineral. When minor components of each cuprobis-
mutite group mineral are plotted on a ternary diagram
(Fig. 6), the amounts of minor components (Ag, Fe and
Pb) in the minerals are consistent with the range shown
by Topa et al. (2003a) and Topa and Makovicky (2006)
except for cuprobismutite. Cuprobismutite from the mine
is beyond the range, because it contains small amounts of
Fe and is poor in Pb. However, this mineral is the most
Ag-rich among the minerals and Fe-bearing cuprobismu-
tite has been reported from other localities as discussed
later. Therefore, the Fe-bearing cuprobismutite from the
Obari mine is possibly identified as cuprobismutite. Con-
sequentry, it is considered that cuprobismutite group min-
erals from the mine are generally consistent with the
characteristics of the minor components indicated by To-
pa et al. (2003a) and Topa and Makovicky (2006). In
addition, the distribution of the minor components of ho-
drushite, kupcikite and padéraite has been supported by
X-ray intensity mapping (Fig. 5).

Ag

& Cuprobismutite
B Hodrushite

@ Kupéikite

¢ Padgraite

<+— Cuprobismutite

Hodrushite

Padgraite
. =
Kupéikite = /

&

Fe Pb

Figure 6. Relations of minor components (Ag, Pb and Fe) in cu-
probismutite group minerals. The range of minor components
has been shown by Topa et al. (2003a) and Topa and Makovicky
(2006).

Characteristics of the chemical composition of cupro-
bismutite group minerals

In comparison with other localities and the ideal formula,
cuprobismutite has a small amount of Fe. Fe-bearing cu-
probismutite has been reported in previous studies. It is
considered that the origin of the Fe is derived from Fe-
bearing minerals as follows. The mineral from the Cierna
Lehota, Slovakia contains small inclusions of pyrite
(Prsek et al., 2005) and from the Szklarska Porgba quarry,
Poland contains small lamellae of hodrushite which are
intergrown with cuprobismutite (Pieczka and Gotgbiow-
ska, 2012). Cuprobismutite from the Obari mine occurs
as small grains and is adjacent to a Fe-bearing undeter-
mined secondary Bi-mineral (Fe 2.6-6.0 wt%). The ori-
gin of Fe in cuprobismutite might be derived from the
Fe-bearing secondary mineral.

Hodrushite from the mine is poor in Bi and rich in
Cu, compared with other localities and the ideal formula
(Fig. 7). A mineral similar to the one in this mine has
been reported only from the Swartberg deposit, South
Africa (Topa et al., 2003a). The crystal structure analysis
of hodrushite from the Swartberg indicated that the Bi
site is partly replaced by Cu (Topa et al., 2003a). It is
considered that hodrushite from this mine is rich in Cu
by the substitution of Bi — Cu as well.

Kupéikite from the mine is poor in Bi and rich in Cu
and Fe (Fig. 7), and contains trace amounts of Zn. This
mineral has a similar composition to that reported from
the Szklarska Poreba quarry (Pieczka and Gotgbiowska,
2012). The substitutions of Fe — Zn and Bi — Cu were



Cuprobismutite group minerals from the Obari mine 187

. Bi+ Sb+Ag
Bi+Sb+Ag
/VA
Cupmbhmlmte / \
\
N
Hodrushite | .: A VY Uy ‘/,\
Cu+ Fe
& Padﬂmle
Kupcllqte
M
Emplectite
\
N/
N
/N
/
/ N\
/ \
Cu+Fe . Pb

Obari mine (this study)

Baita Bihor (Topa et al.. 2003a)

Cierna Lehota (Priek et al., 2005)

Felbertal (Topa et al., 2003a and 2003b)

Hodrusa (Jeledi et al., 2012)

Paulus (Cook and Ciobanu, 2003)

¢ Swartberg (Topa et al.. 2003a)

#  Szklarska Porgba (Pieczka and Golgbiowska, 2012)

Figure 7. (Bi + Sb + Ag) - (Cu + Fe) - Pb ternary diagram of
cuprobismutite group minerals from the Obari mine and other
localities.
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pointed out by Pieczka and Golgbiowska (2012). Al-
though crystal structure analysis has not been performed,
it is assumed that kupcikite from the Obari mine has sim-
ilar substitutions as well as that suggested by Pieczka and
Gotegbiowska (2012).

Padé@raite from the mine is rich in Cu, compared to
other localities and the ideal formula (Fig. 7). Cu-rich
padéraite was also reported from the Swartberg deposit
(Topa and Makovicky, 2006). This mineral has an X site.
In the X site, Bi substitutes for Ag and Cu, as shown by
the crystal structure analysis of Topa and Makovicky
(2006). It is considered that pad€raite from the Obari
mine is rich in Cu by the inverse substitution, Bi —
Cu, at the X site as well.

Genetic environment of cuprobismutite group miner-
als

Cuprobismutite group minerals occur in deposits which
may be formed at high temperature such as Alpine-type,
skarn, pegmatite and xenothermal-type deposits. The ho-
mogenization temperature of fluid inclusions in quartz
from the Felbertal deposit of the Alpine-type, Austria
was shown to be 260-360 °C (Schenk et al., 1990). In
the Hodrusa-Hamre xenothermal-type deposit, Slovakia,
the homogenization temperature of fluid inclusions in
quartz associated with Bi-minerals was indicated to be
300-345 °C, and Bi-minerals have been found at a deep-
er level in the deposit (Jelen et al., 2012). Cuprobismutite
group minerals and makovickyite also have been discov-

ered from the deepest level in the Paulus skarn deposit,
Romania (Cook and Ciobanu, 2003). Moreover, synthetic
cuprobismutite group minerals reached a stable phase
above 300 °C in the phase equilibrium experiment (Su-
gaki et al., 1981a). The homogenization temperature of
the fluid inclusion in quartz from the Obari mine ranges
from 310 to 390 °C (Izumino and Nakashima, 2011).
Therefore, cuprobismutite group minerals from the mine
have been formed at a temperature higher than 300 °C.

Comparison of the Bi minerals in other deposits from
Japan

Many kinds of Bi-sulfosalts and Bi-tellurides such as the
cuprobismutite group minerals have been found in the
Obari mine in this study. The total number of species
of Bi minerals reaches more than 20. No deposit has been
known with more Bi-minerals than the Obari mine in
Japan. The Bi-sulfosalts of this mine are composed of
Cu, Pb, Bi and S as major elements and Ag, Fe, Sb and
Se as minor elements, though Ag-dominant Bi-sulfosalts
such as matildite were not observed at this locality. Bi
minerals from this mine are classified into four types;
Cu-Bi-S minerals, aikinite-bismuhinite series (Cu-Pb-
Bi-S minerals), Pb-Bi-S minerals and Bi-tellurides.

Emplectite and wittichenite, belonging to the Cu-
Bi-S minerals have been reported from Cu deposits such
as the Mihara (Sugaki et al., 1980) and the Imooka mines
(Sugaki et al., 1975; Kitakaze et al., 2013) in which pri-
mary bornite occurs. In addition, miharaite and the eutec-
tic intergrowths of bornite-chalcopyrite-wittichenite are
known to occur at both mines as well as at the Obari
mine. The occurrences of emplectite, wittichenite, mihar-
aite and bornite reflect Cu-dominant mineralization. Pb-
Bi-S minerals were not found in either mine, whereas
they are common in the Obari mine.

The aikinite-bismuthinite series were discovered in
the Cu-Bi-W-Co-As deposits such as the Sasanami
mine, hosted in the Hoben granitic complex (Nakashima
et al., 1981). Pb-Bi-S minerals such as cannizzarite and
cosalite were also found, but Cu-Bi-S minerals such as
wittichenite and primary bornite were not present. The
series from the deposits, as well as from the Obari mine,
are associated with chalcopyrite and Pb-bearing minerals
such as galena or Pb-Bi-S minerals. The occurrences of
aikinite-bismuthinite series reflect Cu and Pb mineraliza-
tion.

Pb-Bi-S minerals such as cosalite and lillianite have
been reported in many type deposits in Japan such as the
Cu-Bi-W-Co-As vein-type deposits hosted in the Hoben
granitic complex (Nakashima et al., 1981), the Kamioka
(Mariko et al.,1996) and the Nakatatsu (Mariko, 1981)
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Zn-Pb skarn deposits, the Agenosawa Cu-Pb-Zn vein-
type deposit in the green tuff region (Nedachi et al.,
1973), the Suzuyama Sn vein-type deposit (Nedachi et
al., 1990) and the Otome Mo-W vein-type deposit (Tsu-
noda and Shimizu, 1995). Like these deposits, the Pb-Bi-
S minerals are associated with galena in the Obari mine.
The occurrences of Pb-Bi-S minerals and galena reflect
Pb mineralization.

Bi-tellurides such as tetradymite and tellurobismu-
thite have been reported in many types of Au-Bi-Te de-
posits such as the Tsumo (Sugaki et al., 1981b), the San-
notake (Kato and Sakurai, 1962) and the Shin-Kiura
(Miyahisa, 1962) skarn deposits and the Oya vein-type
deposit (Yamaoka, 1981). Bi-tellurides are associated
characteristically with electrum in these deposits and Te
is closely related with Au-Bi mineralization. In the Obari
mine, electrum sometimes occurs with aikinite, tetrady-
mite and chalcopyrite (Fig. 2e) and the Au grade of ores
is Au 200 g/t (Shimazu et al., 1961), which is particularly
high. The occurrences of Bi-tellurides reflect Au-Bi min-
eralization.

Ag-Bi-S and Ag-Pb-Bi-S minerals, such as matil-
dite and pavonite, have not been found in the Obari mine,
but have been reported from the Sn—polymetallic deposits
such as the Tkuno deposit (Shimizu and Kato, 1996; Shi-
mizu et al., 1998) and the Suttsu deposit (Ono et al.,
2004). Ag major minerals such as acanthite and Bi-sele-
nides also have been found in Sn-polymetallic deposits.
Exceptionally, makovickyite, belonging to pavonite ho-
mologous minerals, occurs in the Obari mine, but this
mineral indicates Cu > Ag compared to the ideal formula
(Izumino et al., 2013). In addition, Ag major minerals
such as acanthite were not observed. On the other hand,
benjaminite and pavonite, belonging to the pavonite ho-
mologous minerals, from the Ikuno mine indicate com-
positions close to the ideal formula and are Cu-free.
Therefore, Ag-Bi-S minerals reflect Ag mineralization
and it is considered that such minerals were not formed
in the Obari mine due to the lack of Ag mineralization.

In conclusion, the Obari mine is characterized by the
occurrences of Cu-Bi-sulfosalts, reflecting the Cu-domi-
nant mineralization. Moreover, since this mineralization
is associated with small amounts of Au-Te and Pb, many
kinds of Bi-sulfosalts and Bi-tellurides were formed,
compared to those of other deposits in Japan. On the oth-
er hand, Ag-Bi-S minerals were not formed because of a
lack of Ag in the mineralization unlike Sn-polymetallic
type deposits.
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