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ABSTRACT

Electron-microprobe and single-crystal X -ray-diffraction analyses have confirmed the second occurrence of felbertalitein the
Funiushan copper skarn deposit, near Nanjing, in eastern China. It can be chemically described as Cu,AgyPbs_oBigx(S,S€)19,
with a wide range of substitution of Bi + Ag for 2Pb, with x ranging from 0.64 to 1.03 (probably up to 1.33), suggesting the
presence of asolid-solution seriesin felbertalite. The measured unit-cell parameters of afelbertalite grain with a composition of
Clp.20A0o.70P4.65Big 45510 12 are: a 27.68(4), b 4.046(1), ¢ 20.67(3) A, B 131.06(8)°, space group C2/m. A set of phases in the
bismuthinite-aikinite series, mostly free of Ag and characterized by intermediate compositions between ideal formulae, were
identified with electron-microprobe data. Compositional variations from Cuj; goPb1 goBi220Ss, through Cuy s3Pb; 53Bi2 47Ss,
Cuy 07Pb1.07Bi2,93Ss, Cug 73Pbo 73Bi3.27S6, 10 Cug 58Pbo 58Bi 3.40S6 Within asingle grain were observed, indicating that an intergrowth
of threestructural units, i.e., bismuthinite ribbons, krupkaite ribbons and aikinite ribbons, could occur in the progressive exsolution
or precipitation of a single phase in the bismuthinite-aikinite series. The exceptionally high contents of Ag (0.76-1.27 wt%) in
the phase Cup g3A do.10Pbo.00Bi3.13Ss, presumably corresponding to krupkaite, are noted. Electron-microprobe analyses have also
revealed the occurrence of a number of rare minerals, including junoite, unknown Cu,AgyPbio 2Bi124xSze (1.23 < x < 1.49),
berryite, benjaminite?, schirmerite?, Bi- and Ag-bearing gal ena, wittichenite and tetradymite. Within theintergrowths of Cu-Ag—
Pb-Bi—S(Se, Te) minerals, Te (especialy) and Se are preferably partitioned into Ag-bearing phases.

Keywords: felbertalite, bismuthinite-aikinite series, bismuth sulfosalts, unknown CuyAgyPbio_2xBi12+xSze, COpper skarn,
Funiushan, Nanjing, China.

SOMMAIRE

Nous avons confirmé la présence de lafelbertalite dans | e gisement de skarn cuprifére de Funiushan, prés de Nanjing, dansla
partie orientale de la Chine, avec des analyses a la microsonde électronique et par diffraction X sur cristal unique. Il s agit du
deuxieéme exemple connu. Sacomposition peut s exprimer par laformule Cu,AgyPbs_2Big:«(S,Se)1g; il y aun grand intervalle de
substitution de Bi + Ag pour 2Pb, avec x entre 0.64 et 1.03 (et méme probablement jusqu’ a 1.33), ce qui indiquerait la présence
d'une solution solide danslafelbertalite. Les paramétres réticulaires d' un grain ayant une composition de Cup 20A go 70Pb4.65Big 45
Sig.12 SONt: & 27.68(4), b 4.046(1), ¢ 20.67(3) A, B 131.06(8)°, groupe spatial C2/m. Plusieurs phases de |a série bismuthinite—
aikinite, en général sans Ag et ayant une composition intermédiaire entre les formules idéal es, ont été identifiées par microsonde
électronique. Les variations en composition, de Cuj goPb; goBi220Ss, en passant par Cuy s3Pby s53Biz.47Ss, Cuyo7Pb107Bi2.03Ss,
Cug 73Pbo.73Bi3.27S6, jusgu’ @ Cug ssPbo 58Bi3.42Ss, 0Nt été trouvées al’intérieur d’un seul grain, indication qu’ une intercroissance
de trois unités structurales, ¢'est-a-dire, les rubans de bismuthinite, de krupkaite et d' aikinite, a pu se former au cours de
I"exsolution progressive ou de la précipitation d’'une seule phase de la série bismuthinite—aikinite. Nous notons les teneurs
anormalement élevéesd' Ag (0.76-1.27%, par poids) dans|a phase Cug g3A do.10Pbo.90Bi3 1356, que nous attribuons ala krupkaite.
Les analyses a la microsonde électronique révélent aussi la présence de plusieurs minéraux rares, par exemple junoite, CupAgy
Pb1g-2xBi124xSp0 (1.23 < x < 1.49) méconnu, berryite, benjaminite?, schirmerite?, galéne enrichie en Bi et Ag, wittichenite et
tétradymite. Dans les intercroissances de minéraux de Cu-Ag—Pb-Bi—S(Se,Te), le Te, particuliérement, et le Se sont
préférentiellement répartis dans les phases riches en Ag.

(Traduit par la Rédaction)

Mots-clés: felbertalite, série de labismuthinite-aikinite, sulfosels de bismuth, Cu,AgyPbig-2xBi12+xS20 Méconnu, skarn cuprifere,
Funiushan, Nanjing, Chine.
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INTRODUCTION

China is a country rich in bismuth resources, with
total recoverable reserves about 481,400 tonnes of me-
tallic bismuth in 1994 (Song 1998). Bismuth sulfosalt
minerals are distributed in various types of deposits,
including high-temperature hydrothermal W-Bi quartz
vein, skarn-type Cu, Pb and Zn deposits, and meso-
thermal Cu, Pb, Zn and Au-Ag deposits (Liang et al.
1981, Hong et al. 1982, Ren 1965, 1998). However,
detailed mineralogical studiesarestill quitefew, and not
in keeping with the rich bismuth resources available for
detailed investigation.

During a mineralogical investigations of the ores
from the Funiushan copper skarn deposit, Nanjing,
China, a suite of Cu-Ag-Pb-Bi—S-Se-Te minerals
were identified by ore microscopy and electron-probe
micro-analysis (EPMA). Among these, the presence of
felbertalite was confirmed by single-crystal X-ray dif-
fraction. New information on minerals in this assem-
blage was obtained, though most of the phases <till need
confirmation by X-ray diffraction. We report here the
occurrences of these minerals with an emphasis on
felbertalite and the bismuthinite—aikinite series.

THE CANADIAN MINERALOGIST

GEOLOGICAL SETTING AND SAMPLE DESCRIPTION

The Funiushan copper deposit, located about 26 km
east of Nanjing City, Jiangsu Province in eastern China
(Fig.1), is genetically related to the Funiushan grano-
diorite complex, which covers an area about 4.5 km?.
Theintrusive complex consists of porphyritic granodior-
ite, granodiorite porphyry, quartz dioritic porphyry and
guartz syenite porphyry. According to Ye (1999), two
stages of intrusion occurred in the Y anshanian Period,
the earlier porphyritic granodiorite and granodiorite
porphyry being followed by quartz diorite porphyry and
guartz syenite porphyry. The Rb-Sr isochron age of the
granodiorite porphyry was reported to be 111 + 1 Ma
with an initial 87Sr/%®Sr ratio of 0.7058 + 0001 (Ye
1999).

Skarn rocks occur at the contact of the Yanshanian
intrusive rocks and Upper Devonian quartz sandstone
and slate hornfels. No apparent spatia relation is ob-
served between the skarn and the Upper Devonian car-
bonate rocks.

The copper orebodies, striking NE or EW, occur in
association with skarn or skarn hornfels and locally are
hosted in the sandstone of the Wutong Group of the

: Upper Devonian ‘ 1 Yanshanian:
D3 | Wutong Group: | 8Ol | quartz dioritic
carbonate rocks porphyry

and sandstone
<= Vanshanian: Yanshanian:
ikl . ) | YOT| granodioritic
dioritic porphyry — &
porphyry

B [ SK | Siam | SH |Skarn homfels

% | Sampling

Cu ;(‘opper orebodies :
B - - locations

Fic. 1. Geologica map and sampling locations on the +60 m level of the Funiushan skarn copper deposit (after Zhang 1998).
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Upper Devonian System (Fig. 1). Total copper metal
reserves of the deposit are estimated to be less than
100,000 tonnes, amost exhausted by now. Ore miner-
als are mainly pyrite and chalcopyrite, with minor
amounts of pyrrhotite, siegenite, sphalerite and galena.
Trace Au-Ag alloy aso is present in association with
siegenite and chal copyrite. The gangue mineralsinclude
mainly andraditic garnet, carbonate and quartz. The
average grade of oreson the +30 m and +60 m levelsis:
1.08% Cu, 0.66% Zn, 50 ppm Pb, <100 ppm Bi , 60
ppm Co, 40 ppm Ni, 21 ppm Se, 3.5 ppm Te, 0.35 ppm
Auand 11.5 ppm Ag.

Three out of 60 samples, collected at every 5t0 10 m
onthe +60 mlevel, were found to contain an abundance
of bismuth sulfosalt minerals. The samples are mainly
composed of chalcopyrite (20 vol.%), pyrite (5 vol.%)
and minor sphalerite, galena and siegenite. Hematite is
commonly observed to enclose and replace bismuth
sulfosalt minerals. Gangue minerals are dominated by
andradite (>70 vol.%) in grains that are concentrically
zoned, with small amounts of quartz. Bismuth sulfosalt
minerals, easily recognizable in polished sections by
their gray-white color, occur as acicular aggregates or
irregular grainsupto 5 X 0.3 mmin size. They are usu-
ally disseminated in intergranular spaces among andra-
dite grains or along chal copyrite grains. Back-scattered
electron (BSE) images (Figs. 2, 3) revea intimate
intergrowths of Cu-Ag—Pb-Bi—S-Se-Te minerals, in-
distinguishable under the microscope. Textural relation-
ships indicate that bismuth sulfosalts formed later than
andradite, pyrite and most of the chalcopyrite, sphaler-
ite and siegenite.

ANALYTICAL METHODS

Polished sections containing bismuth sulfosalt min-
erals were carefully examined under the microscope.
Their chemical compositions were established with a
JEOL JCMA-733lI1 electron-microprobe analyzer. The
operating conditions were asfollows: accel erating volt-
age 25 kV, probe current 12-15 nA, and beam diameter
5 pm. The spectral lines of SKa, CuKa, FeKa, Sela,
AgLa, PbMa, BiMa, SbMa and TeMa were used. Syn-
thetic pure materials of Te, Bi, Ag, Se, Sb and synthetic
CuFeS, and PbS were used as standards. The results
were corrected on-line (ZAF).

Under the microscope, most of the Cu-Ag—Pb-Bi
sulfosalts show similar features, i.e., gray-white to yel-
lowish white color, weak to clear bireflectance and
anistropism. They are closely intergrown and difficult
to distinguish from each other. Therefore, great atten-
tion was paid to back-scattered electron (BSE) images
in order to distinguish the various phases in their inti-
mate intergrowths and to ensure the selection of homo-
geneous areas for analytical work.

One grain of felbertalite in the polished section,
about 400 X 200 wm? in size (Fig. 2a), was removed
from its andradite host and broken into several smaller

1643

grains. A rectangular crystal, 50 X 150 X 190 pmdin
dimension, was mounted on fine glass capillary with
epoxy. Theintensity datawere collected on aRIGAKU
AFC-7R four-circle diffractometer with graphite-
monochromatized MoKa radiation (60 kv, 250 mA). A
total of 4196 reflectionswere observed. Thecell dimen-
sions were determined by a least-squares method using
25 reflections. Detailed structural datawill be published
elsewhere.

ResuLTs
Felbertalite

Felbertalite, the bismuth sulfosalt most commonly
encountered in the deposit, indomains 30 wmto 1.5 mm
in size, usually forms acicular or granular intergrowths
with aikinite and friedrichite in an intergranular posi-
tion among grains of andradite or along grains of chal-
copyrite (Figs. 2a-f).

Results of electron-microprobe analyseson 19 grains
of felbertalite associated with aikinite and friedrichite
arepresented in Table 1. Theresults agree well with the
formula Cu,A gyPbes_2Big+x(S,S€) 19, With x ranging from
0.64 to 1.03, except for an excess of 0.18-0.49 Cu per
formula. Two additional grains, one associated with
berryite and wittichenite (no. €14 and €09 in Table 1,
Fig. 3a) and another with pekoite, benjaminite and tet-
radymite (no. ¢31 and €36 in Table 1, Fig. 3b), have
even higher Ag content, with x equal to 1.12 and 1.33
atoms per formula unit (apfu).

One grain with x equal to 0.70 (Fig. 2a) was con-
firmed by single-crystal X-ray diffraction to have space
group C2/m, a 27.68(4), b 4.046(1), ¢ 20.67(3) A, B
131.06(8)°, which is in good agreement with the find-
ings of Topa et al. (2000) determined on holotype
felbertalite (Topa et al. 2001).

Felbertalite was recently discovered from Felbertal,
Austria(Topaet al. 2000, 2001, Grice & Ferraris 2000).
The structural formulais Cu,PbeBigS;9 composed of en
échelon staggered fragments of (100)pys layers alternat-
ing with periodically sheared (111)pys layers two
octahedra thick (Topa et al. 2000). The compositional
data from the type locality (E. Makovicky, pers.
commun.) and Spain (Marcoux et al. 1996) show that
felbertalite contains a small amount of silver asaresult
of the substitution Ag + Bi = 2Pb in (111)pys layers,
yielding a genera formula Cu,AgyPbes_2xBig:x(S,S€)10,
with x ranging from 0 to 0.79. Nevertheless, a wide
range of solid-solution substitution has not been re-
ported to date. As shown by the compositions of
felbertalite from the Funiushan copper deposit, up to
three-fourth of the Pbin (111)pys layers may bereplaced
by Ag + Bi, with x ranging from 0.64 to 1.33.

We note that an excess of Cu (0.18-0.49, average
0.28 apfu) occurs in the formula in samples of
felbertalite from the Funiushan deposit. Excess Cu was
also observed in some lillianite homologues (Cook
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Fic. 2. Back-scattered electron images of bismuth sulfosdts. a. Felbertalite (Fb) and exsolution patches of unknown Cu,Agy
Pbio2xBi12+xS9 (X) and Bi- and Ag-bearing galena (Gn). b. Exsolution lamellae of junoite (Jn) in felbertalite (Fb) in asso-
ciation with aikinite (Ak) and friedrichite (Fr). c. Enlargement of part of b to show exsolution lamellae of junoite (Jn) in
felbertalite (Fb) in association with aikinite (AK). d. Oriented exsol ution-induced |amellae of unknown Cu,AgyPbio2xBi12+xS20
(X) and Bi- and Ag-bearing galena (Gn) in felbertalite (Fb). e. Mineral association of aikinite (Ak), felbertalite (Fb), Bi- and
Ag-bearing galena (Gn) and schirmerite? (Sh). f. Complex intergrowth of felbertalite (Fb), friedrichite (Fr) and aikinite (Ak).
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1997) and jaskolskiite and titinaite (Moélo et al. 1995).
In the experiments of Mariolacos (1979) and Sugaki et
al. (1986), the “AG” phase CUlzpbszig,sSgg (or
Cu,.56Pbs 33Big 12S18.77 based on Cu + Pb + Bi = 16), a
possible synthetic equivalent of felbertalite, a so showed
excess Cu compared to Cu,PbgBigS;9, Whichisunlikely
to be attributable to the substitution of 2Pb by Cu + Bi.
It seems that in the Funiushan samples, excess Cu may
be involved in the substitutions of Ag + CuUinterstitia fOr
Pb, Cu + Cuinersitia for Pb and, less probably, Cu +
2ClUintersitial for Bi.

The bismuthinite-aikinite series

Mineralsin the bismuthinite-aikinite series, usually
consgtituting complex solid-solution intergrowths from
20 pm to more than 1 mm in size, are commonly seen
in association with felbertalite (Figs. 2a—f), benjaminite
and Bi- and Ag-bearing galena (Figs. 2e, 3b, 3d-f).
Their compositions are plotted linearly on the bismu-
thinite—aikinite join characterized by Cu equal to Pb,
mostly located between the ideal compositions of indi-
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vidual mineralsin this series (Fig. 4). According to the
general formula Cu,PbyBi 4 «Ss proposed by Z&k (1980),
the corresponding values of x are calculated to be be-
tween 1.90 and 0.17, as shown in Table 2. In the range
of xfrom 1.90to 1.53, two distinct phases can be distin-
guished from textural evidencein BSE images (Figs. 2b,
f, 3c), one with x from 1.90 to 1.76 corresponding to
aikinite, another with x from 1.74 to 1.53 correspond-
ing to friedrichite. Similarly, two phases can be distin-
guished in the range of x from 0.41 to 0.17, one with x
from 0.41 to 0.31 corresponding to pekoite and another
with x from 0.28 to 0.17 probably corresponding to
Pb(Cu)-bearing bismuthinite (Fig. 3f). We note that
compositional variations from x = 1.80 to 0.58 are ob-
served from the margin to the core of a single grain
(Fig. 3c), in which five compositiona phases were dis-
tinguished according to the BSE image, with x respec-
tively around 1.80, 1.53, 1.07, 0.71-0.75 (average 0.73)
and 0.58. The grains associated with pekoite or
wittichenite (Figs. 3a d), 30 to 200 pm in diameter,
have compositions with x from 0.94 to 0.88, presum-
ably of krupkaite, which, in contrast to other Ag-free

TABLE 1. RESULTS OF ELECTRON-MICROPROBE ANALYSES AND SINGLE-CRYSTAL X-RAY DIFFRACTION
OF FELBERTALITE FROM THE FUNIUSHAN COPPER SKARN DEPOSIT

Weight % apfu based on Lcations =16 Asso-
ciated
minerals
Bi Sb Ag Cu Fe Pb Se Te S Total Cu Ag Bi+ Pbt S+Se Pb+ Bi-
Sb Fe +Te 2Ag Ag
d36 4922 0 193 387 0 2723 13 029 1645 10029 219 064 845 472 1908 6.00 781 fid—gn
d22 4956 004 195 397 0 2545 13 029 1632 9888 227 066 862 446 1915 578 796 frd—gn
fo1 4954 003 203 383 0 26.25 144 044 1636 99.92 2.18 0.68 857 457 192 593 789 aik-x-gn
f10* 4967 003 213 394 0 27.14 138 046 1659 101.34 220 0.70 845 465 1912 6.05 7.75 aik—x-gn
d34 4940 0 217 426 011 2548 149 039 16.57 9986 239 072 85 4421922 586 778 aik-frd
dsé 5002 © 221 392 0.03 2418 149 039 1649 9873 225 075 875 427 1954 577 8.00 ak-frdgjntx
05 50.67 0 228 405 0 2584 165 043 1637 101.29 226 0.75 858 441 1893 591 783 ak-x-gn
d24 5094 001 230 402 003 2455 137 035 1698 10054 226 0.76 874 4251966 577 798 fid
e54 4950 001 229 399 O 2565 135 041 1633 9951 226 076 852 445 1905 597 776 frd—jnt—x
d23 5095 0 230 399 001 238 13 04 1644 9926 226 077 880 4.16 1921 570 803 fidgn
d40 5001 001 234 403 001 2463 151 044 163 9928 229 078 864 429 1916 585 7.86 frdjnt
d37 50.59 001 234 4 002 23.06 145 033 1652 9832 23 079 8.85 407 1956 565 8.06 ak-frdynt
d2s 51.11 003 269 393 0 2389 146 040 l646 9997 221 089 877 413 1916 591 7.88 fid
08 51.68 001 285 407 002 2347 144 042 16.84 10079 227 094 878 4.02 1937 590 7.84 aik
f1s 5176 0 297 421 077 23.20 149 051 164 10131 227 094 895 4.07 1829 595 8.01 aik—frd
ds4 5110 © 290 399 018 2426 152 042 1622 1006 221 095 872 418 186 6.08 7.77 ak—nt-x
d43 5199 002 295 407 0 2271 191 048 16.17 10029 228 097 885 390 1894 584 7.88 aik
fi2 5234 0 298 425 010 2265 205 063 16.05 101.05 235 097 8.85 3.87 1864 581 788 ak-fid
€56 52.00 0.02 3.11 413 0.04 21.33 194 0.55 1627 9937 233 103 895 3.70 1922 576 792 fid
el4 5322 0 343 449 0.25 1928 298 0.62 1558 9985 249 112 912 3.35 1859 559 8.00 wic-ber
€09 5278 0 366 427 055 19.13 288 0.64 1573 9964 236 119 904 3.41 1867 579 785 wic-ber
c31 55.73 392 421 17.71 247 0.65 1631 10099 233 128 938 3.01 1917 557 8.10 pek-bnj
€36 5548 0.04 404 422 001 1698 245 057 1619 9998 235 133 942 291 19.14 557 8.09 pek-bnj

Unit-cell data for felbertalite [Cu, ,,Agy70Pby.¢sBis4s(S,S¢€,Te)q1;] from the Funiushan deposit: space group C2/m, a27.68, b4.046, ¢ 20.67 A,
{3 131.06°. Unit-cell data for felbertalite [Cu,Pb,BisSy,] from Felbertal, Austria (Topa ef al. 2000): space group C2/m, a 27.64, b 4.05, ¢ 20.74 A,
{3 131.26°. * The grain confirmed by single-crystal X-ray diffraction. apfu: atoms per formula unit.

Blank space: no analysis made. Symbols: aik: aikinite, bnj: benjaminite, ber: berryite, frd: friedrichite, gn: galena, jnt: junoite, pek: pekoite, wtc:

wittichenite, x: unknown Cu,Ag Pb,¢ , Bii5.,S5.
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Fic. 3. Back-scattered electron images of bismuth sulfosalts. a. Mineral association of felbertalite (Fb, 1.12 < x < 1.19) and
berryite (Br) and krupkaite? (Kp) surrounded by wittichenite ribbon (Wt), with compositional zoning. b. Mineral association
of pekoite (Pk), felbertalite (Fb, 1.28 < x < 1.33), tetradymite (Td) and benjaminite? (Bj). c. Compositiona zoningin asingle
grain from aikinite (Ak, x = 1.80), friedrichite (Fr, x = 1.53), lindstromite (Ln, x = 1.07), gladite? (Gd, 0.75 < x < 0.58).
Aikinite (Ak) shares common boundary with felbertaite (Fb). d. Mineral association of krupkaite? (Kp), pekoite (Pk) and
tetradymite (Td). e. Mineral association of benjaminite? (Bj), pekoite (Pk) and Pb- and Cu-bearing bismuthinite (Bs). f.
Mineral association of benjaminite? (Bj) and Pb- and Cu-bearing bismuthinite (Bs).
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Fic. 4. The compositions of bismuthinite—aikinite series plotted in the system Cu,S—Pb,S,—Bi,S;.

phases in the bismuthinite—aikinite series, contains no-
ticeable amounts of Ag (Table 2).

The compositions of members of the bismuthinite—
aikinite series have been documented in numerous pa-
pers(e.g., Ciobanu & Cook 2000, Cook 1997, Marcoux
et al. 1996, Lowry et al. 1994, Mozgova et al. 1990,
Large & Mumme 1975). Most of the data are distrib-
uted in the range from aikinite to gladite, but the field
between pekoite and bismuthinite is still poorly con-
strained. Structural refinements have shown that miner-
als of this series are composed of three basic structural
units, i.e., the bismuthinite ribbon, the krupkaite ribbon
and the aikinite ribbon (e.g., Harris & Chen 1976,
Kohatsu & Wuensch 1976, Mumme & Watts 1976). On
the basis of the structural units, severa methods were
proposed to represent the crystal chemistry of the

bismuthinite—aikinite series (e.g., Z8k 1980, Makovi cky
& Makovicky 1978, Mumme & Watts 1976). Makovicky
& Makovicky (1978) proposed the general formula
CuyPbyBig_(x+y)2S12 in order to express the percentage
of the krupkaite ribbons ny as [100 — 25(x + y) — 100],
which is calculated for the samples studied and shown
in Table 2. Z&k (1980) summarized the properties of 21
possible discrete phases in the bismuthinite-aikinite
series and suggested the general formula Cu,PbyBi 4 «Se,
inwhich x= (K + 2A)/zor 0-2 for ordered or disordered
phases, where K and A are coefficients of krupkaite
and aikinite ribbons, and z is the multiple of ag of
bismuthinite. High-resolution transmission electron
microscopy (HRTEM) studies by Pring (1989, 1995)
and Pring & Hyde (1987) showed that the compositional
variationsin the bismuthinite—aikinite series are caused
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TABLE 2. RESULTS OF ELECTRON-MICROPROBE ANALYSES OF MINERALS OF
THE BISMUTHINITE-AIKINITE SERIES FROM THE FUNIUSHAN COPPER SKARN DEPOSIT

weight %
x* m*
%

No. Bi Sb Ag Cu Fe Pb Se Te S Total
aik d31 3836 0.02 003 1078 0.01 33.70 0.92 0.05 16.50 10037 1.90 10.00
f06  38.58 0 Q 10.92 0 33.47 0.78 0.04 16.76 100.55 1.90 10.20
f09 3926 0.02 001 10.76 0 33.75 0.69 0 17.31 101.80 1.88 1235
d42  39.62 0 001 1053 003 3260 0.68 0.02 1645 9994 1.84 16.00
d39 40.80 0 0 10.53 002 3312 0.70 0 16.67 101.83 1.82 1820
d44** 41.00 0 0 10.24 002 32383 0.57 0 16.71 101.37 1.80 2047
d32 4094 0 0.07 1032 004 3113 0.75 0 17.08 100.34 1.78 2230
fl4 4169 0 0 10.20 0 31.52 0.61 0 16.95 100.95 1.76 2429
fdr d26 42.38 0,01 0.02 1023 0 31.04 0.55 0.04 1686 101.12 1.74 2645
d27 4155 0 0 9.69 0.01 3017 0.62 0 16.97 99.00 1.71  28.66
e55 4225 0 0 993 0.02 3042 0.53 0 17.01 100.15 1.71 28.69
d29 4285 002 008 95 0 3020 058 0.04 1696 10026 168 3231
d38  43.40 0 [¢] 9.50 0.19 2942 0.56 0.03 1692 100.01 1.65 3527
d41  44.20 0 0.03 923 005 2792 0.61 0 16.83 98.87 1.59 40.64
d48 4581 0 0 9.06 0.11 2837 0.55 0 16.85 100.75 1.56 4438
d45%* 46.47 0.03 0 885 004 2836 0.64 0.02 16.87 101.29 1.53 4691
f13 4647 [¢] 0 8.87 031 28.01 0.56 001 17.03 101.28 1.53 4747
Ind? ffO1 52,53 0 7.40 22.66 0.69 0.16 1697 10042 1.24 7450
ffo2 54.14 0 6.94 21.85 0.67 0.10 1698 100.68 1.17 8050
d46** 55.70 0 0 6.30 001 1987 091 0 17.21 100.00 1.07 92.85
d49** 55.61 0.05 0 6.31 005 1949 0.82 0.07 1732 99.71 1.07 9345
krp? ell  58.59 0 0.89 5.02 029 1716 2.53 034 1622 101.05 094 9352
e04 5877 0.03 0.76 4.83 0.03 1715 241 038 16.42 100.77 091 9107
e06 5888 0 0.97 4.82 003 1655 2.54 033 1632 10043 091 90.53
e03 5949 0 0.80 4.75 0 16.88 248 040 16.18 10097 0.89 8930
e26  59.10 0.05 1.16 4.64 0.02 1635 2.19 0.37 1623 100.09 0.89 8927
e27 59.50 0 1.27 4.64 0 15.92 2.11 040 16.37 100.21 0.88 8841
e0l 59.00 0.02 091 4.61 0 16.35 220 032 1649 99.89 0.88 8822
gld? d52** 63.11 0.04 0 4.50 002 1442 0.84 0.01 1740 100.34 0.75 7542
d51** 64,30 0.05 0 428 001 1358 097 0.01 1745 100.64 071 7097
d47** 65.73 0.04 0.04 3.52 0.02 10.74 098 0.02 1764 9873 0.58 5847
d50** 66.19 0.03 0 3.51 001 1088 093 0 1793 99.47 0.58 58.15
pek e05 71.33 0 0 245 0.10 8.04 1.86 0 17.89 101.67 041 41.01
el9 70.86 0.10 0.03 241 4] 736 1.51 005 1749 99.81 0.39 3915
e25 7114 0.10 0 232 0.01 7.26 1.49 0 17.16  99.46 038 3795
e35 7134 0.11 0 212 0.02 7.04 1.66 001 17.84 100.17 0.36 3594
e02 7239 0 0 2.09 0.17 6.43 1.50 0 17.56 100.33 0.34 3428
e34 7173 0.08 0,03 215 0 6.11 1.84 005 1771 99.70 0.34 3387
c32 7242 0.15 201 6.09 1.79 0.10 1821 100.77 033 3303
e20 73.51 0.02 0 1.95 0.10 5.81 1.41 0 17.60 100.40 031 3120
bmt e17 74.05 0.13 0.03 1.76 0 5.09 1.68 0 17.54 100.27 028 2750
e22 7651 0.10 0.15 1.46 0.07 377 1.25 0.06 1791 101.27 022 2222
el6 7618 021 002 133 0 400 153 006 1757 10091 021 2093
el5 7647 0.16 0 1.07 0 3.09 1.53 0.11 17.09 9951 0.17 1653

* x: calculated values according to the general formula Cu,Pb,Bi, S, (Zak 1980); n,,,: calculated percentages of the
krupkaite ribbon, according to Makovicky & Makovicky (1978).

** Analyses performed on the same grains, which show compositional zoning.

Blank space: no analysis was made. Symbols: aik: aikinite, bmt: bismuthinite, frd: friedrichite, gid: gladite, hmr:
hammarite, krp: krupkaite, Ind: lindstromite, pek: pekoite.

by ordered or disordered intergrowth of three structural
units (B, K and A) related to cooling rate. Synthetic
phases, as well as natural phases, revea that Ag con-
tents are very low in the bismuthinite—aikinite series
(Chang et al. 1988).

Inlight of the above studies, the compositional varia-
tions of the bismuthinite—aikinite series from the

Funiushan deposit may be attributed to various
intergrowths of three ordered structural ribbons. The
compositional changes from x = 1.80 to 0.58 within a
single grain indicate that all three of the structural units
may have been involved in the progressive exsolution
or precipitation of asingle phase. On the other hand, the
exceptionally high Ag contents (0.76-1.27 wt.%) of the
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phase with x = 0.94 to 0.88 probably indicate a struc-
tural variant different from the three structural ribbons,
for which an X-ray diffraction study is needed.

Junoite

Junoite was found to occur as oriented exsolution-
induced lamellae about 8 wm in width in felbertalite
(Figs. 2b, ). Two analyses showed that it is poor in Ag
but richer in Pb than felbertalite (Table 3), suggesting a
more limited substitution of Ag + Bi for 2Pb. The for-
mula s close to Cu,Pb3BigS;s, comparable to those of
Large & Mumme (1975) and Pringle & Thorpe (1980),
except for minor excess Cu. The presence of exsolution
lamellae of juncite in a felbertalite host (Figs. 2b, c)
indicates the similarity of their crystal structures, since
both form part of the junoite—felbertalite homologous
series, chemically characterized by Cu,PhbsnBigSi3+an
(Topaet al. 2000, Mumme 1980).

1649
Unknown phase Cu,AgyPbio 2xBi12+xS9

This phase occurs as oriented patches within
felbertalite (Figs. 2a, d). Three electron-microprobe
analyses gave an average formula Cup psAQ:1.34Bi13.29
Pb7.34S,051 based on 24 cations (Table 3). It seemsthat
Cuisessential and that Ag substitutes for Pb according
to Ag + Bi = 2Pb, which yields a general formula
Cu,AgyPbig_2xBi12+4xSpe, With X ranging from 1.23 to
1.49. The Ag-free end member is Cu,Pb10Bi12Sp0.

Berryite

Thisphase occursasirregular grains, 10to 25 pmin
size, associated with felbertalite and Ag-bearing
wittichenite (Fig. 3@). Chemically, it lies in the compo-
sitional range of berryite reported from other localities
(Lowry et al. 1994, Cook 1997, Borodaev & Mozgova

TABLE 3. RESULTS OF ELECTRON-MICROPROBE ANALYSES OF Cu—Ag-Pb-Bi-S(Se, Te) MINERALS
ASSOCIATED WITH FELBERTALITE AND MINERALS OF THE BISMUTHINITE-AIKINITE SERIES
IN THE FUNIUSHAN COPPER SKARN DEPOSIT

weight % apfu *
Bi Sb Ag Cu Fe Pb Se Te S Total Cu Ag Bit Pbt+ S+8e
Sb Fe +Te
junoite dss 56.57 005 061 470 005 1883 140 026 17.18 99.63 217 017 799 268 1632
ds7 5553 001 114 459 0 1934 132 021 17.14 99.27 213 031 782 275 1626
unknown d53 48.66 0 286 242 019 2637 212 040 1590 9892 213 149 1305 733 2948
phase 02 4994 0 237 238 0 27.11 157 0.53 16.20 100.09 209 123 1336 732 29.59
fi1 50.23 0.03 256 226 0.02 28.07 167 049 16.34101.67 196 130 1327 747 2945
berryite el2 47.67 0 643 727 036 1996 286 0.05 1537 9995 347 181 7.12 293 15.67
€29 46.19 0 695 759 035 1910 286 045 15.63 99.12 359 194 684 277 1586
€30 4541 0 775 774 041 1950 277 094 15.57 100.09 363 214 669 280 15.73
benja- el8 64.54 0 995 314 002 369 201 046 16.60100.40 1.09 203 6.79 039 12.00
minite ? €23 65.02 0 913 354 0 325 255 044 16.61100.53 121 183 6.74 0.34 12.00
€24 6454 0 1019 333 0.02 220 204 030 1696 99.58 1.13 203 6.66 0.23 12.00
€28 63.26 0 10.64 304 004 401 3.02 046 16.02 10048 106 218 6.73 0.44 12.00
c33 66.16 7.09 336 445 211 020 17.66 101.04 110 136 6.56 044 12.00
e32 64.77 0 841 330 002 392 210 0.17 1721 9991 1.10 166 6.60 041 12.00
€33 6188 0 1004 326 0.10 480 219 0.18 1698 9942 1.10 200 6.40 0.52 12.00
schirmerite?d30 51.52 0.02 789 112 005 2030 252 024 1569 99.33 061 251 851 3.38 18.00
galena 04 485 0 129 010 0.03 8220 141 0.16 12.72102.77 002 003 0.06 089 097
d33 496 002 159 060 002 7844 3.16 020 11.91100.89 002 003 005 090 099
d3s 440 0 144 040 O 80.77 114 0.09 13.17101.41 001 0.02 0.06 091 096
wittichenite €07 4163 0 3.10 3247 049 121 275 051 1696 99.10 271 015 110 005 3.01
€08 40.89 0 1.59 3512 051 201 147 0.24 1798 9981 283 008 100 009 297

tetradymite 30 60.52 0.11 008 0 249 3246 43710004  Biy,Seq,Te 15500

* Calculations based on a total of 13 cations for junoite, 24 cations for the unknown phase, 31 atoms for berryite, 12 anions atoms for
benjaminite?, 18 anions for schirmerite?, 1 cation for galena, 4 cations for wittichenite, and 5 atoms for tetradymite.

Blank space: no analysis was done. apfu: atoms per formula unit.
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1971, Nuffield & Harris 1966). On the basis of 31 at-
omsin total, the results show an excessin Cu + Ag and
a deficiency in Pb with respect to (Cu,Ag)sPbsBi7zSse.
The chemical compositions of berryite are still poorly
constrained. The type material was defined as (Cu,AQ)3
Pb,BisS;;, with a Cu:Ag ratio between 1.4 and 2.4
(Nuffield & Harris 1966), whereas accumulated data
show it to be closer to (Cu,AQ)sPh3BizS;6 (Borodaev &
Mozgova 1971, Lowry et al. 1994, Cook 1997). The
compositional data available invariably show the pres-
ence of appreciable amounts of both Cuand Ag. No sig-
nificant correlation seems to exist between Cu and Ag.
Neither Ag-free nor Cu-free end members have been
reported. Thus, the role of Cu and Ag in the structure
still needs further study.

Benjaminite?

This phase occurs as irregular grains, 10-80 pm in
size, associated with pekoite and Pb(Cu)-bearing
bismuthinite (Figs. 3b, e, f). It contains constant Cu but
variable Bi, Pb and Ag. No significant correlation was
observed among these elements. The (Bi + Pb)/(Cu +
Ag) values vary between 3 and 2. The compositionslie
in the compositional ranges of benjaminite, pavonite and
even makovickyite (Chang et al. 1988, Z&k et al. 1994).
We have ascribed it to benjaminite on the basis of the
formulaAgs a3(x+y) Cly+(n+1)z2P02xBis 85 (x+2 S12 proposed
by Chang et al. (1988). Our calculations show that zis
near 0 and Pb may be involved in the substitutions of
Pb = Ag + [J and Cuinersitia + Pb = Bi in addition to
2Pb = Ag + Bi. On the other hand, the constant levels of
Cu may indicate that Cu occupies a unique position in
the structure.

Schirmerite?

This phase was found to occur asasmall grain about
12 pm in diameter in aikinite (Fig. 2€). The electron-
microprobe results show it to lie in the compositional
field of schirmerite (AggpbgBigSlg—Ag3PbgBi7slg)
(Makovicky & Karup-Mgller 1977).

Bi- and Ag-bearing galena

This phase commonly occurs as oriented blebs
within felbertalite (Figs. 2a, d) or irregular grains in
aikinite and friedrichite (Fig. 2e). Electron-microprobe
analyses of three grains show that it contains Bi (4.40—
4.85 wt%), Ag (1.29-1.59%) and Cu (0.1-0.6%)
(Table 3), evidence of the coupled substitution Ag(Cu)
+ Bi = 2Pb. Minerals of similar compositions, with the
Bi and Ag contents up to 8.4 and 3.75 wt%, have been
reported from several other localities and were referred
to as galena—matildite solid-solution (e.g., Cook 1997,
Foord & Shawe 1989).

THE CANADIAN MINERALOGIST

Wittichenite

Wittichenite occurs as thin bands, 8 to 20 wm wide,
surrounding other Cu—Ag-Pb-Bi—S(Se, Te) minerals
(Fig. 3a8). Two compositional variations of wittichenite
are distinguished in the BSE image (Fig. 3a), onericher
in Ag (3.10 wt%) and the other poorer in Ag (1.59 wt%),
Minor Pb (1.21-2.01 wt%) also is present. Synthetic
wittichenite is known to show solid solution from
Cu3BiS; to Cu,5A005BiS; without appreciable substi-
tutions involving Bi and Pb (Chang et al. 1988).

Tetradymite

Tetradymite occurs as subhedral grains 10 to 50 um
in size, associated with fel bertalite and the bismuthinite—
aikinite series (Figs. 3b, d). It contains Se (2.49 wt%),
but is notably free of Pb.

CONCLUDING REMARKS

Electron-microprobe analysis and single-crystal X-
ray diffraction have confirmed the presence of
felbertalitein the Funiushan copper skarn deposit, which
in fact isthe second locality for this species. Its compo-
sitional data show awide range of coupled substitution
according to Bi + Ag = 2Pbin the (111)pys layers of the
crystal structure (Topa et al. 2000), yielding a genera
formulaof felbertalite, Cu,AgyPbs_oBigx(S,S€)19, With
x ranging from 0.64 to 1.33. In comparison, the low
contents of silver in exsolution lamellae of junoite
within thefelbertalite host may indicate arestricted sub-
stitution according to Bi + Ag = 2Pb in the(111)pys
layers of single octahedra in the structure of junoite.

In the intergrowths of bismuth sulfosalts in the
Funiushan deposit, two groups of minerals may be clas-
sified according to their Ag and Te contents. Oneisthe
bismuthinite—aikinite series, mostly free of Ag and Te
and compositionally intermediate between the ideal
compositions of theindividual mineralsalready defined
in this series. The other, containing variable contents of
Ag and Te, includes felbertalite, junoite, benjaminite?,
schirmerite?, berryite, galena and wittichenite. Se is
preferably partitioned in the Ag-bearing phases.

As shown in the experiments on the system Cu,S—
PbS-Bi,S; (e.g., Chang et al. 1988), the bismuthinite—
aikinite series forms a complete solid-solution above
300°C but exsolvesinto several individual phases. This
fact may be applied in interpreting the temperature of
formation of the bismuth sulfosalts in the Funiushan
deposit. The complex intergrowth and commonly seen
exsolution textures among the bismuth sulfosalts tend
to indicate that the initia solid phases were formed at
temperatures above 300°C and experienced exsolution
at lower temperatures. The compositional zoning in a
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single grain, from Cug sgPbo 53Bi3.42Ss (gladite?),
through Cug.73P0o.73Bi3.27Ss, Cu1.07Pb1.07Bi2.93Ss
(| i ndstr('jmite?) and CU1_53Pb1.5gBi2.47S(5 (friedrichite), to
Cuy g8oPbs.80Bi2.20Ss (aikinite), may be attributed to the
progressive exsolution as temperature decreased below
300°C.
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