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ABSTRACT

Sulfosalt-rich vein-ores, which form an important mineralization type of the Paleoproterozoic metavol canic-hosted Boliden
Au-Cu-As massive sulfide deposit, in the Skellefte district, in northern Sweden, have been investigated by a combination of ore
microscopy, el ectron-microprobe analysis and balanced reactions. The sample material containsavariety of oreminerals, includ-
ing Au-Ag aloy, gudmundite, selenian galena, kobellite, tetrahedrite, bournonite and laitakarite. The vein oresdisplay structures
indicative of extensive deformation. Three distinct decomposition-induced assemblages, which postdate the deformation, have
formed at the expense of kobellite: (i) selenian galena + laitakarite, (ii) tetrahedrite + laitakarite, and (iii) bournonite + laitakarite.
Both kobellite and bournonite are unusually Se-rich, with concentrations in the range of 3.16-4.55 wt.% and 3.37—4.73 wt.%,
respectively. Laitakarite, Bis(Se,S)s, is characterized by substantial incorporation of Te, in the range of 0.94-9.64 wt.%. Compa-
rable compositions have not been reported before and are indicative of extensive solid-solution within the system Bi,S;—BisSes—
BisTes. Pb, with concentrations in the range of 3.01-4.56 wt.%, constitutes an essential component of laitakarite. The amount of
Pb incorporation is approximately constant over the entire compositional range. Construction of balanced reactions for the prin-
cipal types of decomposition textures demonstrates that these fluid-assisted replacement processes are controlled by individual
pairs of immobile elements.

Keywords: sulfosalts, kobellite, laitakarite, Te incorporation, solid solution, decomposition reaction, Boliden, Skellefte district,
Sweden.

SOMMAIRE

Leminerai enveinesricheen sulfosels, qui constitue un type de minéralisation important dans|e gisement pal éoprotérozoique
de Boliden (Au—Cu-As), dansledistrict de Skellefte, dans|apartie nord de la Suede, dont I” hdte est métavol canique, a été étudié
par microscopie en lumiére réfléchie, analyse a la microsonde éectronique, et I’ ébauche de réactions balancées. Le matériau
étudié contient une variété de minéraux, dont un alliage Au-Ag, gudmundite, galéne sélénifére, kobellite, tétraédrite, bournonite
et laitakarite. Lestextures dansle minerai en veines sont indicatives d’ une déformation importante. Nous distinguonstrois assem-
blages dus a une décomposition tardive de la kobellite: (i) galéne sélénifere + laitakarite, (ii) tétraédrite + laitakarite, et
(iii) bournonite + laitakarite. Lakobellite et |a bournonite possédent des teneurs anormalement élevées en Se, de 3.16 44.55% et
de 3.37 a4.73% (poids), respectivement. Lalaitakarite, Bis(Se,S)s, incorpore une quantité importante de Te, entre 0.94 et 9.64%
(poids). Des compositions comparables n'avaient pas été signalées auparavant, et démontrent |I'importance de solution solide
dans le systéme Bi,S;-BisSe;—BisTes. La concentration du Phb, dans I'intervalle 3.01-4.56%, montre que le plomb est ici un
composant essentiel de la laitakarite. La teneur en Pb est & peu prés constante sur I'intervalle de composition. L’ ébauche de
réactions bal ancées représentant | es principaux types de textures de déstabilisation démontre que ces processus de remplacement
en présence d' une phase fluide sont régis par des paires d’ €l éments immobiles.

(Traduit par la Rédaction)

Mots-clés: sulfosels, kobellite, laitakarite, incorporation de Te, solution solide, réaction de déstabilisation, Boliden, district de
Skellefte, Suede.
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INTRODUCTION

The Boliden Au—Cu-As massive sulfide deposit in
the extensive Skellefte district, in V asterbotten County,
northern Sweden, iswell known for itshigh gold grades
(average 15 ppm) and complex assemblages of ore min-
erals (e.g., Odman 1938, 1941, Grip & Wirstam 1970,
Bergman Weihed et al. 1996). Two different types of
mineralization constitute the Boliden deposit: (i) mas-
sive ore, composed of pyrite, arsenopyrite and minor
pyrrhotite, and (ii) vein-type ores, composed of quartz,
sulfides, tourmaline and sulfosalts, which cross-cut the
massive orebodies and the country rocks (Grip &
Wirstam 1970). Our recent investigation of brecciated
arsenopyrite ore from dump material and glacial debris
has revealed an unusual assemblage of Se-bearing
sulfosalt minerals and Bi selenides of the laitakarite—
ikunolite seriesin veins. We report the results of a sys-
tematic mineralogical and el ectron-microprobe study of
these vein-type ores, complemented by modeling of the
observed decomposition textures. The major objectives
of thisinvestigation are (1) to contribute to a character-
ization of the sulfosalt-rich vein ores, and (2) to place
additional constraints on the late-stage evolution of the
Boliden deposit.
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BACKGROUND INFORMATION

The genetic evolution of the Boliden deposit has
been the subject of extensive discussion. In contrast to
earlier studies, which have placed the Boliden deposit
among a class of syngenetic volcanic-exhaative mas-
sive sulfide deposits widespread in the Skellefte district
(Rickard & Zweifel 1975, Vivallo 1987), recent struc-
tural, geochemical and Rb—Sr and U—Pb isotope inves-
tigations have indicated that it may be an example of a
high-sulfidation epithermal style of mineralization
(Bergman Weihed et al. 1996). Theearly geological and
mineralogical studies focused on the vein-type ores,
because of the associated economically important en-
richments in gold, which locally reached maximum
values in the range of 300630 ppm (Mortsell 1931,
Odman 1938, 1941). The vein-type ores can be subdi-
vided into tourmaline—quartz veins, which mainly oc-
cur below the massive orebodies, and sulfide-hosted
sulfosalt-rich veins (Grip & Wirstam 1970). Both types
of vein assemblages are rich in various sulfosalts of Bi,
Bi—Sb and Sb, including Se-bearing varieties of cosalite,
kobellite and lillianite (Isaksson 1973). Besides Bi—Sb
sulfosalt minerals and Fe—Co-Ni arsenides and antimo-
nides, several Bi telluride phases (tetradymite, joséite-
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A, tellurobismutite) are present within arsenopyrite ore
and quartz-tourmaline veins (Grip & Wirstam 1970,
Isaksson 1973).

GEOLOGICAL SETTING AND SAMPLE LOCATION

The Paleoproterozoic Skellefte district covers an
area of about 150 X 40 km within the northern part of
the ca. 1.8-2.0 Ga Svecofennian Subprovince (Fig. 1).
The Skellefte district forms arelatively distinct belt of
mainly submarine metavol canic-rock-hosted sulfide ore
deposits; it is elongate approximately in an east—west
direction (Rickard 1986, Weihed et al. 1992). The
metavol canic and metasedimentary host-rocksto the ore
wereformed ca. 1.89-1.85 Gaago (Billstrom & Weihed
1996) in avolcanic arc setting; they comprise a succes-
sion of submarine volcanic and subvolcanic rocks and
clastic sedimentary units (Allen et al. 1996). Peak re-
giona Svecokarelian metamorphism of greenschist to
amphibolite grade affected the area at ca. 1.83-1.81 Ga
(Billstrém & Weihed 1996). The massive sulfide depos-
its of the Skellefte district commonly occur close to the
interface between the upper metavol canic rocks (mainly
rhyolite to dacite) of the Skellefte Group and the over-
lying metasedimentary units (graywackes and mud-
stones with intercalated mafic metavolcanic rocks) of
the Vargfors Group (Bergman Weihed et al. 1996).

The metavolcanic unit hosting the Boliden ores is
considered to represent the metamorphosed equivalent
of a subaqueous to partially subaerial rhyolitic
cryptodome-tuff volcano. Although the previously held
view was that the ores represented metamorphosed
equivalents of Kuroko-type ores, it was recently sug-
gested by Allen et al. (1996) that the major part of mas-
sive sulfide mineralization in the Skellefte district
formed as high-sulfidation-type epithermal sub-seafloor
infiltrations and replacements. The massive sulfide ores
at Boliden occur as an elongate set of lenses, obliquely
cutting the host rocks in a structure approximately ori-
ented east-west with aroughly vertical dip. The orien-
tation of the ore zones has been related to alocal shear
zone (Bergman Weihed et al. 1996) responsible for the
tectonic deformation evident in sulfides and sulfosalts.
Oreformation started with the massive sulfide ores (py-
rite and arsenopyrite ores) and the coeval ateration of
the host rocks, with an inner zone dominated by white
mica+ andalusite, and an outer chlorite-dominated zone
(Gdman 1941, Bergman Weihed et al. 1996). Later, lo-
calized deformation caused the stretching and detach-
ment of the bodies of massive ore, aswell as subsequent
formation of the gold-bearing sulfosalt — quartz — sul-
fide veins. The vein assemblages were tectonized at an
even later stage, asisindicated by the omnipresent de-
formation textures in the sulfosalts and sulfides; the re-
crystallization of arsenopyrite postdates the deformation
of the veins. Bergman Weihed et al. (1996) suggested
that the initial vein-forming (brecciation) event took
place around 1.85-1.82 Ga, and prior to the ca. 1.83—
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1.81 Ga peak Svecokarelian metamorphism; they fur-
ther suggested that the abundant recrystallization of sul-
fides took place during peak metamorphic conditions.

Samples of the sulfosalt-bearing arsenopyrite-hosted
vein-type ore were collected in mine dumps at Boliden.
The mine, closed since 1967, is now water-filled and
inaccessible. Investigations have to rely on material
from old collections, drill cores and material collected
on the remaining dumps. The ore-bearing boulders
sampled at the dump date from the early stages of min-
ing the Boliden deposit; severa of them are glacialy
rounded and associated with sandy glacial till. The
Boliden deposit was covered with a blanket of glacia
debris up to 19 m thick (OGdman 1941), and large
amounts of this had to be excavated, together with loose
boulders of ore and host rocks, before mining could
commencein the superficial orebodies. The samplesin-
vestigated correspond to sulfosalt—quartz-veined arse-
nopyrite ore of the type mined in the uppermost parts of
the orebody at Boliden. They are characterized by an
abundance of millimetric to centimetric veins of megas-
copically visible sulfosalts, quartz and sulfides occur-
ring in a brecciated, very fine-grained arsenopyrite-
dominated massive ore.

TexTUurAL RELATIONSHIPS OF THE VEIN-TYPE ORES

The vein-type mineralization investigated here oc-
curs as networks of numerous veinlets, 20 um to over
10 mm in width, within intensely brecciated portions of
massive arsenopyrite ore. Besides quartz, calcite and
rutile, which are the most common gangue minerals,
these veinlets contain a large number of ore minerals,
including a gold-silver alloy, native bismuth, pyrite,
pyrrhotite, sphalerite, chalcopyrite, cubanite, gudmun-
dite, galena, kobellite, tetrahedrite, bournonite and
laitakarite. Most vein assemblages have been exten-
sively deformed and display ductile shearing, the
durchbewegung structure (see definition in Marshall &
Gilligan 1989), or brecciation, depending on the com-
petence (or competence contrast) of the respective min-
eras. Rutile, which forms idiomorphic blocky crystals
within narrow veinlets in massive arsenopyrite, was
brecciated, and displays infilling by chalcopyrite, pyr-
rhotite and kobellite (Fig. 2a). Irregularly shaped grains
of Au-Agalloy, 2-50 pmin size, are exclusively found
in very narrow veinlets closely associated with bourno-
nite, kobellite and chalcopyrite, and have preferentially
formed along the vein contacts with arsenopyrite
(Fig. 2b). Most of the wider veinlets in massive arse-
nopyrite, which are completely filled by kobellite, were
subjected to ductile shearing. This mineral shows afo-
liated texture, composed of elongate subparallel grains
of kobedllite with numerousinclusions of |ath-shaped and
anhedral elongate grains of laitakarite, 5-90 pm long
and 1-10 um wide, which are oriented parallel to the
foliation. Minor localized shear zones hosting complex
assemblages composed of kobellite, chalcopyrite,



858 THE CANADIAN MINERALOGIST

Fic. 2. Photomicrographsin reflected light showing representative textural relationshipsof sulfosalt-rich vein-typeores, Boliden
deposit. (a) Idiomorphic blocky crystals of rutile (ru) within a veinlet in massive arsenopyrite (asp). After brecciation of the
rutile, chalcopyrite (cp) and kobellite (kob) both infilled microfractures. Sample E3-B4. Width of field: 1.43 mm. (b) Anhedral
grainsof “electrum” (el) in close association with chalcopyrite (cp) in anarrow veinlet in massive arsenopyrite (asp). Sample
EJ-B4. Width of field: 240 um. (c) Durchbewegung structure. A single rotated fractured clast of arsenopyrite (asp) is en-
closed within kobellite (kob), which was subjected to ductile deformation. Pressure shadows of the arsenopyrite clast display
extensive recrystallization. Sample EJ-B3a. Width of field: 860 wm. (d) Typical occurrence of gudmundite (gd) inclusions
within kobellite (kob). Gudmundite is commonly surrounded by a decomposition texture composed of |ath-shaped laitakarite
(Itk) crystals and anhedral selenian galena (ga). Sample EJ-B6a. Width of field: 310 wm. (e) Complex decomposition-in-
duced symplectitic texture composed of tetrahedrite (tet) and laitakarite (Itk), which have formed at the expense of kobellite
(kab). Relict inclusions of chalcopyrite (cp) display extensive corrosion. Sample EJ}-B8. Width of field: 360 pwm. (f) Decom-
position texture within kobellite (kob), composed of bournonite (bnn) and laitakarite (Itk), which have preferentially formed
aong the grain boundaries between kobellite and arsenopyrite (asp). Sample EJ-B3b. Width of field: 450 pm.
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pyrrhotite, arsenopyrite and gangue minerals are char-
acterized by the durchbewegung structure, resulting
from heterogeneous flow due to significant contrastsin
the competence of the deformed sulfide and gangue
minerals(Marshall & Gilligan 1989). Asaconseguence,
rotated fractured clasts of arsenopyrite and quartz are
commonly hosted in a matrix of chalcopyrite, pyrrho-
tite and kobellite, which indicates ductile deformation.
Pressure shadows of the arsenopyrite clasts commonly
display extensive recrystallization (Fig. 2c). Severd of
the veinlets are filled by deformed pyrrhotite and chal-
copyrite, which display banded textures and elongate
grain-shapes. The chal copyrite generally containsinclu-
sionsof idiomorphic pyrite, whereas pyrrhotiteisrarely
intergrown with coarse-grained cubanite. In addition to
the common association between kobellite and chal-
copyrite—pyrrhotite assemblages, kobellite rarely hosts
inclusions of tetrahedrite and gudmundite aswell asvery
minute (<1to 3 wm) irregularly shaped grains of native
bismuth. Coarse-grained anhedral aggregates of sphaler-
ite have preferentially overgrown and enclosed chal-
copyrite, which is commonly present as corroded relict
grains within sphalerite. In addition, sphalerite is also
intimately intergrown with complex assemblages com-
posed of chalcopyrite, pyrrhotite and sulfosalts.

The decomposition of kobellite

The most characteristic feature of the sulfosalt-rich
samples is the omnipresence of various decomposition
textures, which clearly postdate the deformation of the
vein-typeores. The decomposition of kobellite has pref-
erentially occurred along the grain boundaries between
kobellite and arsenopyrite, close to microfractures and
around inclusions of gudmundite within kobellite. Three
distinct decomposition-induced assemblages have been
identified: (i) selenian galena + laitakarite, (ii) tetrahe-
drite + laitakarite, and (iii) bournonite + laitakarite.
Kobellite enclosing subhedral to euhedral grains of
gudmundite very commonly displays a characteristic
reaction rim composed of lath-shaped crystals of
laitakarite and anhedral grains of selenian galena. The
laitakarite crystals are arranged in subparallel groups
and are dominantly oriented perpendicular to theformer
grain-boundaries between kobellite and gudmundite
(Fig. 2d). The symplectitic association tetrahedrite +
laitakarite seemsto berelated to chal copyriteinclusions
in kobellite (Fig. 2€). Chalcopyrite occurs as heavily
corroded relict grains within the symplectitic tetrahe-
drite-laitakarite assemblage. Finally, kobellite has very
commonly decomposed to a complex rim composed of
bournonite and clusters of lath-shaped to acicular crys-
tals of laitakarite (Fig. 2f). The formation of this asso-
ciation is restricted to grain boundaries between
kobellite and arsenopyrite, thereby indicating that this
decomposition reaction was fluid-assisted.
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ComMPOSITIONAL DATA
Analytical method

The chemical composition of mineral phases was
determined by wavelength-dispersion electron-probe
microanalysis using the CAMECA SX-50 instrument
in Wirzburg. Operating conditions were 15 kV at a
beam current of 15 nA, a beam size of 1-2 pm and
counting times of 20 s on TAP/PET and 30 son LIF
crystals. Standards and radiation used were as follows:
Sela, TeLa, CdLa, AgLa, BiMa, AuMa, CuKa, CoKa
and NiKa, GaAs (AsLa), FeS; (FeKa, SKa), ZnS
(ZnKa), Sh,S; (SbLa), PbS (PbMa), HgS (HgMa),
SnO; (SbLa) and MnTiO3; (MnKa). Under the current
operating conditions, the analytical precisionisapproxi-
mately 1% for all major elements; the detection limit is
around 0.1 wt.%.

Native elements

The precious metal aloy, detected only intwo of the
samples investigated, displays extensive compositional
variability, even at thelocal scale. It contains essentially
Au, Ag and Hg, whereas all other elements sought are,
with the exception of minor concentrations of Cu, be-
low the detection limit. The compositional limits vary
between Auo.s3A00.37 and Aug 37A00.57HJo.06- The com-
positions correspond well with analytical data reported
for Au-bearing aloy from quartz veinlets in arsenopy-
rite ore and from brecciated arsenopyrite ore associated
with Bi—Se mineralization (Bergman Weihed et al.
1996). The native bismuth, present asinclusions within
kobellite, is close to being pure; only minor concentra-
tions of Sbin the range of 0.5-2.0 wt.% were detected.

Sulfides

Chalcopyrite, cubanite, and pyrite have compositions
close to stoichiometry, whereas pyrrhotite displays a
narrow compositional range between FepgsS; 00 and
Fen.g6S1.00- Thelevelsof concentration of trace e ements
inall Fe—(Cu) sulfides, notably of Co and Ni, are gener-
aly below 0.1 wt.%. Sphalerite carries significant lev-
els of Fe and Cd, in the range of 6.15-7.48 wt.% and
0.51-0.85 wt.%, respectively. The frequency distribu-
tions of both elements indicate a rather homogeneous
composition of sphalerite from all samplesinvestigated,
independent of the respective textural association. The
concentrations of Cuand Mn arerelatively low, usualy
in the range of 0.1-0.2 wt.%. Gudmundite, exclusively
found asinclusions within kobellite, shows low but de-
tectable Se and Te contents, which attain 0.32 wt.% (x
=0.15; n=11) and 0.49 wt.% (x = 0.20; n = 11). The
level of incorporation of Co and Ni into gudmundite is
insignificant; the concentrations of both elements are
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generally below 0.1 wt.%. Selenian galena displays a
very limited range of solid solution, between (Pb,Bi,
Ad)0.9950.675€0.33 and (P,Bi,Ag)1.0150.665€0.35, Whereas
substitution of Pb by Bi and Agissignificant and varies
considerably (Table 1). Bi, in therange 0.68-2.89 wt.%,
exceedsthe amount of Ag, between 0.14 and 0.98 wt.%.
These data indicate that Bi is not entirely bound in a
galena—matildite solid-solution (e.g., Foord & Shawe
1989), but part of the Bi is incorporated according to
the substitution scheme 3 Po?* = 2 Bi3* + ] (Makovicky
1977).

Kobellite

This most abundant Pb—Sb-Bi sulfosalt mineral of
the vein-type ores displays a relatively limited compo-
sitional variability (Table 2). The Bi/(Bi + Sbh) atomic
ratio calculated on the basis of 62 analyses ranges be-
tween 0.36 and 0.43, with a mean value of 0.39 (o =
0.01). The observed composition of kobellite from the
Boliden vein ores lies within the compositional range
of kobellite and tintinaite (the Sb end-member) reported
from other localities (Harris et al. 1968, Moélo et al.
1984, 1995, Makovicky & Mumme 1986, Zakrzewski
& Makovicky 1986). The general crystal-chemical for-
mula for the kobellite homologous series results in
(Cu,Fe),(Pb,Bi,Sh)26(S,Se)ss for both kobellite and
tintinaite (Zakrzewski & Makovicky 1986, Makovicky
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1989). Taking into consideration that the unit cell of
kobellite contains two formula units (Makovicky &
Mumme 1986), results of all microprobe analyses were
recal cul ated on the basis of 52 octahedrally coordinated
cations, including Pb, Sb, Bi and Ag. On the basis of

TABLE | REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE
ANALYSES OF SELENIAN GALENA,
BOLIDEN MASSIVE $ULFIDE DEPOSIT

Sample El- E)- EI- E- El- E-
B6a24 B6a3) BSa36 B6c3  BGc3s  B6e3
Cuvt% 0.1 E| <. Q.1 oll <0l
Ag 095 0.33 0.3% 0.23 .14 030
Fe 0ie 012 <0l < | 021 <0l
Pb 7677 7734 79358 1909 8004 TEE3
b 13 <1 =01 <0.1 =0.1 .11
Bi 147 289 107 209 v.68 131
$ 5.41 821 .46 %41 844 830
Se 1096 1063 1041 1082 1056 1063
Te ol o1s <0l <01 <01 <01
total 10002 9967 997 10064 LODIE 9948

Formulze (Z cations = 1)

Ag 0.0z 001 ool 0. 0.00 0.0
Ph 093 054 0497 Q97 097 k)
Bi .03 0.0 001 0.03 0ol 002
5 0.66 (.65 a.67 0.66 0.66 0.66
Se 035 0,34 033 .35 0.34 034

TABLE 2. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF KOBELLITE,
BOLIDEN MASSIVE SULFIDE DEPOSIT

El)- EJ- EJ- EJ- Ei- EJ- El- El- EJ- E)-
B117 B2X B227 B3bl0 B423 Beal?z Bsald BbGa47? B7add BE2E
Cuwt.% 1.22 115 1 1.28 1.14 1.00 1.08 1.66 1.25 135
Ag 062 a4 042 0.33 0.55 0.51 0.46 0.54 048 .42
Fe 073 0,87 092 075 118 0.85 0.73 093 0.83 0.73
Pb 3648 37383 3710 3666 3648 3758 37 3686 3633 36.46
) 1937 18.73 18.82 1821 1845 19.54 1837 1707 18.85 1219
Bi 19.64 2036 2008 2098 2003 19.15 20.08 2200 19.44 20,97
S 1695 17.29 17.30 17.22 16.55 17.07 17.04 17.00 16.78 16.88
Se 438 407 411 3.8 423 410 4.04 316 4.55 421
total 99.39% 10071 09.83 9924 9859 9330 997 98.62 9851 10021
Formulze (cal 1 to 52 octahedrally coordinated cations)
Cu 229 114 2,09 2.44 218 1.87 203 202 239 252
Ag 0.69 045 046 37 0.62 0.54 0.51 061 0.54 .46
Fe 1.57 1.85 1.97 1.62 132 1.81 1.56 202 1.80 1.56
Pb 2005 269 248 2140 2136 2153 2163 260 2132 2080
Sh 15.02 18,28 18.34 18.0¢ 18.39 19.04 1%.40 17.0% 18.83 18.72
Bi 11.24 11.58 1.5 12.14 11.63 10.87 11.47 1278 11.31 11.92
3 63.21 6408 6472 6495 62,635 63,17 6342 64.34 £3.65 62,53
Se 063 6,12 6.25% 584 6.51 6517 .05 4.6 Tol 6.33
gy
HN(T") 233 2.36 233 229 236 236 236 239 232 224
WET*) 1.7¢ 1.81 1.7% 1.75 1.81 141 1.8] 1.34 1.78 1.71
Hlag
®T) 217 225 222 220 221 223 234 z.24 220 214
N(T*) 1.66 1.72 170 1.6% 1.66 1.71 1.72 1.72 168 1.6
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these calculations and the assumption that Agisentirely
incorporated into such sites, the occupancy of the tetra-
hedrally coordinated metal sites by (Cu + Fe) ranges
between 3.59 and 4.70 atoms per formula unit, apfu (x
= 4.05; o = 0.21), which is close to the ideal value of
4 apfu. A comparison of the variability of Cu and Fe
atomson tetrahedral siteswith reported dataon kobellite
compositionsin the literature cited indicates that incor-
poration of Fe in the tetrahedral sitesis limited to ap-
proximately 2 apfu (Fig. 3). No composition of kobellite
or tintinaite close to the crystal-chemically possible Fe-
rich end-member has been reported to date (Moélo et
al. 1995). The incorporation of substantial Ag, in the
range of 0.37-0.69 apfu, close to the amount of Ag re-
ported for kobellite from other occurrences, constitutes
a characteristic crystal-chemical feature of sulfosalt
phases in the kobellite homologous series (Makovicky
& Mumme 1986, Zakrzewski & Makovicky 1986, Cook
1997).

Calculation of the order of homologue (N) for the
kobellite compositions from the Boliden vein ores has
been carried out following the suggestions by
Zakrzewski & Makovicky (1986). Thevaluesof N were
calculated aternatively for Ag substituting completely
on either octahedral or tetrahedral sites. For both cases,
theresulting values of N areintherange 1.71-2.39 (Ag

Cu {apfu)
4 Ll T T
3|
2| ]
Q.
XA
. | - | .
0 1 2 3 4
Fe {apfu)

Fic.3. Variation of Cuand Fe contents (expressed in apfu) in
kobellite. The occupancy of the tetrahedral sites is gener-
ally very close to the ideal value, (Cu + Fe) = 4 apfu. The
shaded area displays the range of kobellite compositions
reported in the literature (see text for references).
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on octahedral sites) and 1.63-2.25 (Ag on tetrahedral
sites). A characteristic compositional feature of kobellite
from the vein-type ores investigated is a significant in-
corporation of Se, in the range of 3.16-4.55 wt.% (x =
4.01 wt.%; o = 0.24 wt.%), corresponding to 4.86—7.01
apfu. The concentrations of Se are comparable to ana-
Iytical data reported for kobellite from quartz veinlets
in arsenopyrite ore and quartz—tourmaline veins of the
Boliden deposit (Moélo et al. 1984). In contrast to the
high level of Se substitution, Te concentrations are very
low and generally below 0.1 wt.%.

Tetrahedrite

On thebasis of textural association and composition,
two distinct types of tetrahedrite can be distinguished
(Fig. 4). Type 1, present asirregularly shaped inclusions

3l 4
s TYPE1
e, -]
2t LA h
S
1 L EEE - PR -, b
TYFE 2
0 . . . .
¢ 01 g2 03 0.4 0.5
Znf(Zn+Fe)

Fic.4. Compositiond variation of tetrahedrite from sulfosalt-
rich vein ores. Tetrahedrite of type 1 is generally Ag-rich
and shows variable Ag contents, whereas type-2
tetrahedrite displays a relatively constant Ag content. (a)
Diagram Cu-Ag—(Fe + Zn), (b) Plot of Ag (apfu) versus
Zn/(Zn + Fe).
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TABLE 3. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF
TETRAHEDRITE, BOLIDEN MASSIVE SULFIDE DEPQSIT

E)- El- EJ- E)- EJ- EJ- El- El)- El- EJ-

B7a42 Bla5? B7a56 B3 Bh6 B7h% BwE BELl BE1T BR1E

Cuwt %% 2822 2951 29.93 2870 2809 16.08 33.55 3353 32.50 kxR
Ag 13.28 10.59 1086 1278 13.65 1577 6.05 5.86 6,50 643
Fe 517 502 5.00 496 488 5.08 481 5.49 5.47 373
Zn 1.36 1.88 1.68 1.65 1.45 144 1.83 1.38 1.18 0.87
5b 2788 28.12 2834 2793 27195 2785 2974 2880 2866 2882
Bi <01 020 024 0.1z 01§ <01 .16 023 029 0.25
3 23.80 23 .69 23.67 2385 2378 23.60 24.66 24.39 2415 24.43
Se 02l Q.17 0,30 0.26 0.14 0.23 <1 012 0.2 019
total 9992 9319 10002 L0025 10012 10005 10090 99.50 9887 99.53

Formulac {E cations = 16)

Cu TR0 813 317 T.89 778 731 394 899 284 887
Ag 216 1.72 1.75 207 223 260 0.95 0.93 1.04 1.02
Fe 1.83 157 155 1.55 1.54 162 1.46 1.68 1.69 1.76
Zn 037 051 0.45 044 0.39 0.3% 0.50 0.36 0.31 0.23
Sk 402 4.04 404 401 4.04 4.07 4.14 4.03 4.07 4,07
5 13.04 12.93 128 12.99 13085 13.10 13.02 12.%6 13.02 13.00
Se 0.05 .04 0.07 0.06 0.03 0,05 0 0.03 Q.03 0.04

Columns 1-6 contain compositions of type 1, whereas columns 710 contain compositions of type 2.

TABLE 4. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE
ANALYSES OF BOURNONITE,
BOLIDEN MASSTVE SULFIDE DEPOSIT

Sample EJ-B1 12 EJ-Bibl ENB3b6 El-BTad4l EJ-BI7 EFB1E
Cuwt % 12.6¢ 12.54 13.08 12.85 1281 12,95
Pb 41T 40.47 40.08 4121 4238 41.58
Sk 2398 2159 23,55 1381 2561 2545
Bi 1.56 1.77 i.97 1.53 045 0.4
b1 18.10 17.41 17.39 17.56 19.14 18.66
Se 337 417 4.51 4.73 115 2.01
total 101.29 o095 10055 10169 101.64 101.06
Formulze (£ cations = 3}
Cu .98 0,99 1.02 1.00 98 099
Ph 0.99 0.98 0.98 098 098 098
Sh 097 097 .96 097 1.01 1.62
Bi 0.04 0.04 0.05 04 001 0.0]
5 279 272 270 27 2387 2.54
Se 0.21 0.z7 028 0.30 007 .12

within kobellite, is Ag-rich, with Ag concentrations in
the range between 1.72 and 2.60 apfu (based on 16 cat-
ions). The Ag concentrations are only weakly correlated
with the Zn/(Zn + Fe) atomic ratio (R = 0.11), which
vary withintherange 0.19-0.24. In contrast, tetrahedrite
of type 2, which is present as symplectitic intergrowths
with laitakarite, displays arather homogeneous concen-
tration of Ag, approximately 0.93-1.04 apfu, whereas
the Zn/(Zn + Fe) atomic ratio varies between 0.11 and
0.26 (Fig. 4b); the concentration of Ag is fairly well
correlated with the Zn/(Zn + Fe) ratio (R? = 0.55). The

occupancy of tetrahedral (Fe + Zn) positions is very
closeto theideal value of 2 apfu for both types (Fig. 4a,
Table 3). Most analyzed grains contain low but detect-
able concentrations of Bi and Se.

Bournonite

Bournonite displays a significant incorporation of
Se, in the range of 1.15-4.73 wt.%, corresponding to
0.07-0.30 apfu, whereas Te concentrations are gener-
aly below 0.1 wt.% (Table 4). Bournonite present asa
decomposition product of Se-rich kobellite is charac-
terized by a range of Se concentrations (3.37—4.73
wt.%), very close to that of the precursor kobellite. In
contrast, coarse-grained bournonite, which has not
formed at the expense of kobellite, shows lower levels
of Se, in the range 1.15-2.01 wt.%. In addition to Se,
bournonite carries significant concentrations of Bi, in
the range 0.41-1.97 wt.%.

Laitakarite, Bis(Se,9)s3

In the sulfosalt-rich vein ores, laitakarite is charac-
terized by a significant compositional variability. Most
of the grains display substantial incorporation of Te, in
the range 1.05-9.64 wt.%, corresponding to 0.08-0.73
apfu, on the basis of a recalculation of the analytical
datato (S+ Se+ Te) = 3 apfu (Figs. 5, 6). Two distinct
popul ations can be distinguished on the basis of the tex-
tural relationships and composition. Laitakarite present
asinclusions within kobellite displays arelatively high
level of Teincorporation, intherange of 5.78-9.64 wt.%
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(Table 5), whereas laitakarite formed as a decomposi-
tion product of kobellite haslower concentrations of Te,
in the range 1.05-4.08 wt.% (Table 6). The concentra-
tion of Sein laitakarite in the Boliden samplesis gener-
aly very close to 2 apfu, which is in agreement with
most analytical data reported for laitakarite from other
occurrences (e.g., Karup-Mgller 1970, Zavyalov et al.
1983, Nenasheva et al. 1988, Yefimov et al. 1988).

A significant compositional characteristic of
laitakarite from the Boliden vein oresis the presence of
asubstantial concentration of Pb, intherange 3.01-4.56
wt.%, corresponding to 0.14-0.21 apfu (Tables 5, 6).
The Pb concentration is approximately constant over the
entire compositional range, which is clearly seen in the
Pb —(Bi + Sb) — (S+ Se + Te) diagram (Fig. 5a). If the
proportions of Bi, Se, S and Pb apfu are plotted as a
function of increasing degree of Te content (Fig. 7), one
seesthat Teis negatively correlated with S (R? = 0.85),
Se (R? = 0.53) and Bi (R? = 0.67), whereas the concen-
tration of Pb seemsto be independent of the level of Te
(R? = 0) over the entire compositional range. All ana-
Iytical data for laitakarite from the Boliden vein ores
display a significant deficiency in cations, when nor-
malized to (S+ Se + Te) = 3 apfu. The calculated Me:(S
+ Se + Te) values are in the range between 3.41:3 and
3.78:3. Interestingly, the nonstoichiometry islargest for
the most Te-rich compositions at Boliden.

Fic. 5. Compositional representations of laitakarite from
sulfosalt-rich vein ores in terms of (@) the system Pb — (Bi
+ Sb) — (S+ Se+ Te), and (b), the system (Bi + Sh + Pb) —
(Se+ Te) —S. Analytical data on Bi4(S,Se, Te)s phasesre-
ported in the literature are given for comparison (see text
for references).

TABLE 5. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROKE ANALYSES OF
Te-RICH LAITAKARITE PRESENT AS INCLUSIONS 1N KOBELLITE,
BOLIDEN MASSIVE SULFIDE DEPOSIT

EJ- EJ- El- EJ- EJ- EJ- EJ- EI- EJ- EJ-

B3ai4 B3a16 B#4s BE4T7T BSS] BBS3 BESS BE60 B3&2 BEsd

Cuwt% Q.1 <0.1 <{1 o <01 <0.1 <01 =01 211 o1
Pb 4.06 3.66 3.09 3.54 301 316 4,56 412 427 3.60
Sh 0.52 n44 045 0.50 .50 056 041 0.42 0.23 052
Bi 7080 70986 7049 7104 7204 TE9T 6982 a2z 7201 7054
5 1.53 1.62 1,52 1.58 142 145 1.54 191 1.83 1.64
Se 1594 1588 1562 1512 1511 1494 1458 1622 1648 160
Te 7.3 175 829 847 2.06 964 7.50 588 578 7.89
total 116 100,31 9947 10036 10104 10172 10941 10077 10071 10030

Formutae (% § + Sc + Te = 3}

Pb 219 017 0.14 017 0.14 s .21 o.19 .20 017
Sh 0.04 004 0.04 0.04 004 0.04 0.03 0.03 0.02 004
Bi 331 326 326 332 3137 333 3.17 33 332 121
Z vations 354 3.47 kL) 353 3.55 352 341 355 354 34z
8 047 049 0.46 0.48 43 0.44 043 0.57 0.55 049
Se 197 1.93 191 187 1.87 1.83 1.99 198 2.01 1.93
Te 0.56 0.58 0.63 0.65 0.69 0.73 0.56 0.44 0.44 0.59
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Fic. 6. Laitakarite compositions from the Boliden vein ores plotted in the system S-Se—
Te. Analytical data on Bi sulfides, selenides and tellurides of the type Biy(S,Se, Te)s
(laitakarite, ikunolite, joséite-A, joséite-B, pilsenite) reported in the literature are given
for comparison (see text for references).

TABLE é. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF
LAITAKARITE (PRODUCT OF DECOMPOSITION OF KOBELLITE),
BOLIDEN MASSIVE SULFIDE DEPOSIT

El- EJ- E}- EJ- El- El- EJ- E]- El- El-
Bia6 B3la9 B3a2] Bla24 Bib47 Bfa25 Béa26 Ba4l Boc42 BE3S

Cu wt % 0.26 013 <0l 013 =01 <01 <0.1 <01 012 =01

Pb 321 375 360 110 146 346 327 333 335 368
Sb 013 034 0.34 0.33 026 044 Q.50 019 015 0.29
Bi 7867 7287 T4462 7644 TIT0 7428 7500 a0l 75.21 7470
s 280 163 242 311 243 245 240 248 2.39 230
Se 16.31 17.06 1717 14 83 659 1702 1670 1705 17.63 17.14
Te 17 4.08 1.54 253 318 230 224 Lo5 1.33 210
total 10009 10016 10009 10047 9960 9355 10011 10022 100.18 10021

Formulae (Z 3+ Se+ Te=13)

Ph 0.13 018 017 015 016 016 016 o.l6 014 017
Sb am 003 003 0.03 .02 .03 .04 0.02 0.01 002
Bi 353 33% 347 3.60 34 344 354 .60 350 3.51
I cations 369 360 3.67 378 359 363 374 378 3167 370
g 0.85 .59 .74 0.95 0.73 Q.74 074 077 0.73 0.70
Se 202 210 2.12 185 203 209 2.08 215 17 FAE]

Te .13 031 [ 1) 0.20 0.24 017 07 0.08 LR 216
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Fic. 7. Compositional range of laitakarite from the Boliden deposit. The numbers of Bi,
Se, Sand Pb apfu are plotted as a function of Tein apfu.

MobpELs oF THE DECOMPOSITION REACTIONS

Texturd relationships indicate that the observed as-
semblages that result from decomposition are related to
interaction of the pre-existing vein ores with the fluid
phase present. Therefore, modeling of the decomposi-
tion reactions requires the application of amethod used
for the quantification of metasomatic alteration. The
calculation of balanced reactions has been performed
for representative examples of the various textures us-
ing the isocon method (Grant 1986). Mean compositions
of individual mineral phaseswere recal culated to acom-
mon basis of 70 S atoms; volume percentages of miner-
als within selected areas of the decomposition textures
were determined by a VIDS V image-processing sys-
tem. The volume data were corrected for density differ-
ences using literature data on cell dimensions and
unit-cell volume. Details of the calculation procedure
can be found in Ni Wen et al. (1991) and Wagner &
Cook (1997). We estimate the error of the mass-balance
calculations to be on the order of 10%, reflecting the
relatively large uncertainty in the determination of vol-
ume proportions.

The reaction kobellite = selenian galena + laitakarite

Mean compositions (atomic concentration) of the
individual mineral phases involved in this reaction as

well as the bulk composition of the decomposition as-
semblage are given in Table 7a, whereas Table 7b con-
tains the volume data. The cell dimensions of kobellite
and laitakarite were taken from the JCPDS powder-dif-
fraction file (datasets 73-1137 and 14-0220), whereas
the cell dimension of selenian galenawas derived from
the relationship given by Liu & Chang (1994). The
isocon diagram (Fig. 8) constructed for this decomposi-
tion reaction shows no ideal two-element isocon, al-
though Bi and S arelocated relatively closeto astraight
line. On the basis of the assumption of relatively immo-
bile behavior of both Bi and S, an influx of major
amounts of Pb and Se can be assumed, whereas Sh, Cu
and Fe have been removed. The reaction can be written
as.

Cuz.12Fe1 83A00.57PD21.20(Sb18.35B112.04) (S64.10565.90)
+0.02 Ag+36.14 Pb+ 1.96 Bi + 11.85 Se

+0.43 Te = 59.22 Ago01Bi0.02P00.96(S0.665€0.34)
+ 3.59 Plp.16500.02Bi3.57(S0.765€2.12T€0.12)

+212Cu+ 1.83Fe+1828Sb+2229S (1)
Mobilization of elements from the gudmundite inclu-
sions within kobellite, which are surrounded by the de-
composition assemblage selenian galena + laitakarite,
seems to have been of no importance to the reaction
process. None of the elements (Fe, Sb, S) contained in
gudmundite is enriched in one of the reaction products,
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TABLE 7a. MEAN COMPOSITIONS {ATOMIC CONCENTRATION)
OF PHASES INVOLVED INTO THE DECOMPOSITION REACTION
KOBELLITE ~ SELENIAN GALENA + LAITAKARITE

Kaobellite Cialena Laitakarite Bulk
n=15 n=10 n=56 int,
Cu at.% 162 a 0 0
Ag .45 53 1} 045
Te 145 4] 0 1]
Pb 1687 4§21 230 41.14
Sb 14,54 a 036 0.06
Bi .54 0,84 $2.90 9.88
5 50.79 3335 11.28 29.9%
Se 458 17.07 3145 19.28
Te i) 0 171 0326
total 100.0 1000 1008 100.01

The last cotumn shows the composition of the bulk intergrowth (Bulk int.)

TABLE 7b. VOLUME DATA FOR THE DECOMPOSITION REACTION
KOBELLITE — SELENIAN GALENA + LAITAKARITE

Kobellite Galena Laijtakatite
Wol % in intergrowth 81.3 187
Volume per 70 § atoms (A% 31089 37989 4801.1
%o in intergrowth on 70-5 basis 54,6 15.4

and corrosion of the gudmundite inclusions by the de-
composition assemblage is relatively limited.

The reaction kobellite = tetrahedrite + laitakarite

Mean compositions and volume data are given in
Tables 8a and 8b, respectively. For kobellite and
laitakarite, the same unit-cell volume data as for reac-
tion (1) were used, whereas the cell dimension of tetra-
hedrite was cal culated using the equation of Johnson et
al. (1986). Theisocon diagram (Fig. 9) suggestsarela
tive immobility of both Sbh and S and a net change in
mass close to unity. A significant supply of several ele-
ments with ahigh diffusivity, including Cu, Fe, Ag and
Zn, can be deduced from the isocon diagram, whereas
Pb, Bi and Se have been removed during the decompo-
sition reaction. The reaction can thus be written as:

Cug 65F€1.50A 00.49P021 46(Sb18.48Bi 11.73)(S64.115€5.80)
+41.27 Cu + 6.68 Fe + 1.49 Zn + 4.42 Ag
+143Sb+1.01S+0.20 Te= 4.96

(Cusg 83A00.99)(Fe1.65ZN0.30)(Sb4.01Bio.02)
(S12.965€0.04) + 1.13 Cuo.11PP0.16Sh0.02

Biz36(S0.745€2.08T€n.18) + 21.24 Pb
+783Bi +334Se @

Most of the Cu and Fe concentrated in tetrahedrite
formed by this reaction can be derived from chal copy-
rite, which istill present as corroded relict grainswithin
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Fic. 8. Isocon diagram constructed for the decomposition

reaction kobellite = selenian galena + laitakarite.

TABLE $a. MEAN COMPOSITIONS {ATOMIC CONCENTRATION}
OF PHASES INVOLVED INTQG THE DECOMPOSITION REACTION
KOBELLITE = TETRAHEDRITE + LAITAKARITE

Kobeliite Tetrahedrite Laitakarite Bulk

n=4 =% n=1 int.

Cu at % 2,10 30.68 187 2823
Ag 0.3% 342 4] 325
Fe 118 51 u 5.44
Zn 0 105 0 1.00
Pb 16.99 Q piv: ] 014
Sb i4.63 1391 025 1323
Bi 920 0.06 50.35 258
5 50.76 4501 1119 4332
Se 4.66 013 31.22 1,69
Te 0 ] 2.62 013
totel 1000 99,99 1000 100.01

The last column shews the composition of the bulk intecgrewth (Bulk int.).

TABLE #b. ¥OLUME DATA FOR THE DECOMPOSITION REACTION
KOBELLITE —~ TETRAHEDRITE + LAITAKARITE

Kobellite Tetrahedrite Laitakarite
Vol % in intergrowth 024 e
Volume per 70 § atoms (A 31089 1068.0 4801.1
%% in intergrowth an 70-5 basis 95.0 5.7
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Fic. 9. Isocon diagram for the decomposition reaction
kobellite = tetrahedrite + laitakarite.

TABLE %a. MEAN COMPOSITIONS (ATOMIC CONCENTRATION)
OF PHASES INVOLVED TNTQ THE DECOMPOSITION REACTION
KOBELLITE = BOURNONITE + LAITAKARITE

Kebellite Bourmonite Laitakarite Bulk
n=17 n=6 n=8 int.

Cuoat? 1.97 16,76 1.15 15.87
AR 038 0 0 0
Fe 127 o 0 a
b 1690 1627 250 1549
b 14.47 16,20 029 1529
Bi G566 .71 51.56 kR
5 $0.72 4560 12.25 4370
Re 4.62 4,46 28.56 589
Te o 43 2689 0135
total 0859 100.00 1000 10000

The last column shows the composition of the bulk intergrowth (Bulk int.).

TABLE $b. YOLUME DATA FOR THE DECOMPQGSITION REACTION
KOBELLITE = BOURNONITE + LAITAKARITE

Kaobellite Boumonite Laitakarite
Vol % in intergrowth NE 52
Yolume petr 70 § atoms (A% 31089 3227.2 48011
% in intergrowth on 70-5 basis «41 5.7
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the decomposition assemblage. In contrast, Ag and Zn
must have been supplied by the fluids involved in the
reaction, because no precursor mineral containing these
elements has been found in proximity of the tetrahe-
drite-aitakarite intergrowths.

The reaction kobellite = bournonite + laitakarite

Mean compositions and volume data are given in
Tables 9a and 9b, respectively. The cell dimensions of
kobellite, bournonite and laitakarite were derived from
the JCPDS powder-diffraction data file (datasets 73—
1137, 42-1406 and 14-0220). Theisocon diagram con-
structed for this decomposition reaction indicates a
relatively immobile behavior of Pb and S, athough Sb
isalso located very close to the straight line defined by
Pb and S (Fig. 10). Removal of Bi, Fe and Ag is sug-
gested, whereas significant amounts of Cu must have
been added during the reaction. The reaction can be
written as:

Cugz 49F€1 1A G0.48P021 38(SD18.31Bi 12.22)(S64.165€5.84)
+19.40 Cu+ 0.19 Pb + 2.84 Sb + 2.67 Se

+0.24 Te = 21.78 Cuy 00Pbo.98(Sho.97Bio.04)
(S2.73S€0.27) + 1.32 Cup 08PD0.17500.02Bi3.48
(So.s3Se199Ten18) + 1.61 Fe+ 0.48 Ag

+6.75Bi +360S €)

Bournonite + laitakarite (at. %}
60 T T T T T
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Fic. 10. Isocon diagram for the decomposition reaction
kobellite = bournonite + laitakarite.
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Although the decomposition of kobelliteto abournonite—
laitakarite intergrowth is clearly restricted to grain
boundaries between kobellite and arsenopyrite, signifi-
cant mobilization of elementsfrom arsenopyrite (Fe, As,
S) and fixation within the decomposition assemblage
have not been detected. On the basis of mass-balance
calculations, it is obvious that the various decomposi-
tion-reactions discussed above do not represent asimple
breakdown of kobellite, but they relate to complex fluid-
assisted diffusion-controlled processes accompanied by
addition and removal of components.

Discussion
Composition of minerals of the joséite subgroup

Tellurian laitakarite comparable in composition to
the Boliden examples has not been reported to date. A
meaningful interpretation of these Te-rich compositions
of laitakarite requires an extensive compilation and dis-
cussion of the available literature on Bi sulfotelluride
and sulfoselenide compositions. The known phases in
the pseudoternary system BisS; — BisSe; — BisTe; be-
longing to the joséite subgroup of the tetradymite group
include the following naturally occurring species:
ikunolite, BisSs, joséite-A, BisS,Te, joséite-B, BisTesS,
pilsenite, BisTes, laitakarite, Biy(Se,S)s (Kato 1959,
Vorma 1960, Ozawa & Shimazaki 1982, Bayliss 1991)
and an unnamed Cu-bearing Bi;Se; phase described by
Piestrzynski (1992). On the basis of investigations of
crystal structure, which indicate the absence of Te and
Sorder in Bi sulfotelluride phases bel onging to the space
group R3m (including minerals of the tetradymite and
joséite subgroups), a complete solid-solution series be-
tween pilsenite and ikunolite has been proposed (Bayliss
1991). However, reported compositions of sulfotellu-
ridesaong the Bi,Ss—BisTesjoin (Zavyalov & Begizov
1978, Bortnikov et al. 1982, Bonev 1986, Dobbe 1993,
Simon & Alderton 1995) indicate that pilsenite and the
intermediate phasesjoséite-A and joséite-B possessrela
tively fixed stoichiometries (Fig. 6). A limited number
of micro-analytical data, which plot between the ideal
compositions of ikunolite, joséite-A, joséite-B and
pilsenite (Mintser et al. 1968, Godovikov et al. 1970,
Zavydov & Begizov 1983, Yingchen 1986, Kato et al.
1994), indicate that such a solid-solution relationship is
indeed found in nature. The isostructura relationship
between laitakarite and ikunolite, which both possess
the space group R3m, should make an extensive solid-
solution along the BisS;—BisSes join possible. In con-
trast to this, solid solution between laitakarite and
ikunolite (BisS3) seems to be relatively limited, and
most compositions of ikunolite arelocated very closeto
the Bi,sS;z end-member (Nechelyustov et al. 1978,
Finashin et al. 1979, Bortnikov et al. 1982, Imai &
Chung 1986). Most of the laitakarite compositions re-
ported in the literature display a Se:Sratio very closeto
2:1, but arelatively limited number of compositions are
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richer in Se (Kovalenker & Geynke 1984, Yushko et al.
1984), including an unnamed phase corresponding to the
S-free BisSez end-member, which has been described
from Kupferschiefer-type mineralization (Piestrzynski
1992). Two compositions of joséite-A and joséite-B
reported by Bortnikov et al. (1982) indicate that limited
but nevertheless substantial incorporation of Seinto Bi
sulfotelluride phases may be possible.

Additiona complications affecting the interpretation
of natural compositions in the system Bi;S;—BisSes—
BisTe; arise from the presence of intimate intergrowths
involving some of these mineral phases (e.g., Markham
1962, Zavyalov & Begizov 1978). However, the array
of compositional data suggests that the Te-rich
laitakarite phase from the Boliden vein ores cannot be
explained by a physical mixture of laitakarite and one
of the Bi sulfotellurides. The compositions of Te-rich
laitakarite in S-Se-Te space are not located on alinear
trend connecting laitakarite with either joséite-A,
joséite-B or pilsenite (Fig. 6). Such alinear trend would
be expected for analytical data related to variable mix-
tures of two more-or-less stoichiometric phases. In ad-
dition, back-scattered electron imaging of several
Te-rich lath-shaped crystal s of laitakarite has shown that
neither inhomogeneity nor compositional zonation is
present. Therefore, we conclude that the tellurian
laitakarite from the Boliden deposit represents a true
ternary phase in the system Bi; Sz—BisSes-BisTes, in-
dicative of extensive solid-sol ution relationships among
the Bi sulfotellurides and sulfoselenides.

The analytical data for laitakarite from the Boliden
vein ores demonstrate that Pb constitutes an essential
component. This is consistent with most compositions
of laitakarite and ikunolite reported in the literature,
which show a similar range of Pb incorporation (2.92—
5.80 wt.% Pb). The only exception is represented by
four datasets reported by Kovalenker & Geynke (1984),
which contain arelatively low but still detectable con-
centration of Pb (0.13-0.60 wt.%). In contrast, the Bi
sulfotellurides (joséite-A, joséite-B, pilsenite) and the
unnamed Bi4Se; phase (Piestrzynski 1992) are essen-
tially Pb-free or contain much lower concentrations of
Pb, in the range 0.2-1.34 wt.% (Zavyalov & Begizov
1978, Bortnikov et al. 1982, Bonev 1986, Dobbe 1993).
Compared to other Pb-bearing Bi selenide and telluride
phases, like rucklidgeite (PbBi,Te,), aleksite
(PbBi,Te,S;) and poubaite (PbBi;Te,Se;), which pos-
sess a relatively stoichiometric amount of Pb incorpo-
rated in the structure (Johan et al. 1987), the
composition of Bi sulfoselenides of the laitakarite—
ikunolite group seems to be more variable.

Laitakarite from the Boliden vein-type ores displays
asignificant deficiency in cations, when normalized to
(S+ Se+ Te) = 3 apfu. Thisfinding is consistent with a
large number of published compositions of laitakarite,
whereas the reported composition of ikunolite, joséite-
A and joséite-B tend to be closer to theideal stoichiom-
etry. The observed negative correlation between Bi and



SULFOSALT-RICH VEIN ORES, BOLIDEN DEPOSIT, SWEDEN

Te and the deficiency in cations may be explained by a
partial substitution of Te** for Bi®* on the cation sites
(Zavyalov & Begizov 1983). A similar mechanism has
been invoked for the observed trends of substitution in
Te-rich tetrahedrite (Makovicky 1989). If part of the Te
incorporated into laitakarite occupies cation sites, this
would result in a better overall stoichiometry. Substitu-
tion of Te** for Bi®* resultsin an excess in the number
of positive charges, which would require a compensa-
tion by vacancies at the B site.

Genetic considerations

The results of our study demonstrate that the min-
eral assemblages in the vein ore from Boliden are the
result of a complex mineralogical and textural evolu-
tion. Comparison of the sulfide—sulfosalt associations
with experimental data on sulfide phase equilibria can
be used to place some constraints on the |ate-stage evo-
lution of the Boliden deposit. A rigorous discussion
would require information on phase equilibria in the
multi-element system Cu—Fe-Ag—Pb-Sh-Bi-S-Se-Te,
but available experimental data are restricted to less
complex subsystems of this system.

Synthetic equivalents of kobellite and tintinaite have
been found in experimental studies of the systems PbS—
Sh,S;-Bi,S; (Chang et al. 1980), FeS-PbS-Sh,S;—
Bi,S; (Chang et al. 1980) and Cu,S—PbS-Sh,S;
(Pruseth et al. 1997, 1998). Fe-freeand Fe-rich kobedllite
form acomplete solid-sol ution series at temperatures of
500 and 450°C, whereas at 400°C, both phases were
found no longer to be stable. The decomposition of
kobellite occurs at atemperature of about 430°C (Chang
et al. 1980). Experimental studies of the system Cu,S-
PbS-Sh,S; have shown that a synthetic analogue of
tintinaite is stable at temperatures around 440°C,
whereas at 300°C this phaseis not stable (Pruseth et al.
1997, 1998). Interestingly, the compositional limits of
synthetic kobellite-type phases coincide well with data
on solid solution involving Bi—Sb in natural kobellite.
Natural tintinaite—kobellite samples are characterized by
a complete range of solid solution between the Sb end-
member and a composition with a Bi/(Bi + Sh) value
closeto 0.65-0.68 (Modlo et al. 1995), which apparently
isthe compositional limit obtained in experimental stud-
ies. In conclusion, the stability of the tintinaitekobellite
solid-solution series seems to be confined to arelatively
limited interval of temperature of about 350-450°C,
which can aso be assumed as a reasonable estimate for
the formation of kobellite in the Boliden vein ores.

The observed destabilization of kobellite and the
composition of selenian galena indicate that tempera-
tures of formation were significantly lower during the
post-deformational evolution of thevein ores. Therange
of Te incorporation into selenian galena having a S:Se
ratio of approximately 2:1 isrestricted to about 5 mol.%
at atemperature of 300°C (Liu & Chang 1994). Selenian
gaenaformed at the expense of kobellite has a compo-

869

sition close to Pby go(So.675€0.33) and contains very low
concentrations of Te, <0.2 wt.%. These compositional
characteristics are in agreement with temperatures be-
low 300°C. Unfortunately, the presence of laitakaritein
all decomposition assemblages cannot be used to esti-
mate the temperatures of formation. According to the
limited experimental dataon phase equilibriain the sys-
tems Bi—Se-S and Bi—Te-S, laitakarite is stable in the
temperature range between 100 and 470°C (Afifi et al.
1988, Simon & Essene 1996).

In a microthermometric study of the Boliden vein
assemblages, Aberg (1995) suggested that the quartz
within the arsenopyrite-hosted veins formed at a mini-
mum temperature of around 200°C. Considering that no
pressure correction was applied, a significantly in-
creased temperature would fit the stability limits esti-
mated for the sulfide—sulfosalt minerals fairly well. A
correction of fluid-inclusion temperature data for pres-
sure seems needed in view of the microthermometric
data presented by Broman (1992), indicating pressures
of 2.2 + 0.5 kbar for the Boliden quartz-bearing vein
assemblages. According to Bergman Weihed et al.
(1996), brecciation of the arsenopyrite ore and subse-
guent formation of the assemblage quartz — sulfosalt —
sulfide — gold, as well as the deformation of the veins,
occurred prior to the regional peak metamorphism, the
latter event resulting in the observed recrystallization
of the arsenopyrite. If this interpretation is correct, the
temperature estimates for the vein-hosted sulfide—
sulfosalt association presented in this study also place
some constraints on the regional metamorphism of this
part of the Skellefte district. In a study that applied ar-
senopyrite geothermometry and sphalerite geobaro-
metry, Berglund & Ekstrom (1978) suggested that peak
conditions of metamorphismin the Boliden area attained
430°C and 5-7 kbar. These temperatures coincide well
with our temperature estimates for kabellite and would
suggest an initial formation of the sulfosalt-rich vein
assemblages close to peak conditions of metamorphism.

The patterns of element mobility or immobility de-
rived for the three types of decomposition reactions do
not point to interaction of the sulfosalt-rich vein ores
with an externally derived fluid phase during this late
stage of vein evolution. We cannot recognize any gen-
era pattern of enrichment or depletion of specific ele-
ments that could be related to the introduction of an
external fluid and that could result in similar reaction-
pathways for the decomposition reactions involving
kobellite. It seems more likely that these reactions are
related to a stage of internal equilibration of the vein
assemblages, dominantly controlled by local mobiliza-
tion and redistribution of elementswith arelatively high
diffusivity such as Cu, Ag, Fe and Zn. The decomposi-
tion reactions were most probably controlled by chemi-
cal potential gradients within the veins, which evolved
during the post-deformation retrograde P-T evolution
of the Boliden deposit.
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CONCLUSIONS

(1) Vein-typemineraization from the Boliden mas-
sive sulfide deposit, hosted by brecciated arsenopyrite,
carries a complex assemblage of ore minerals, includ-
ing several Se-rich sulfosalt and selenide phases.
Selenian kobellite is the dominant sulfosalt mineral
present.

(2) Three distinct types of decomposition assem-
blages, which postdate the deformation of the vein ores,
have formed at the expense of kobellite. These are (i)
selenian galena + laitakarite, (ii) tetrahedrite +
laitakarite, and (iii) bournonite + laitakarite.

(3) Laitakarite displaysabroad compositional vari-
ability. Substantial Te incorporation into laitakarite, in
the range of 0.94-9.64 wt.% and not reported previ-
ously, has implications for solid-solution relationships
among Bi phases of the joséite subgroup. The observed
ternary compositions in the system Bi;S;—BisSes—
BisTe; arein accordance with crystal-chemical predic-
tions.

(4) Pb in the concentration range 3.01-4.56 wt.%
congtitutes an essential component of laitakarite from
Boliden. The Pb concentration is approximately con-
stant over the entire compositional range, including both
Te-rich and Te-poor varieties.

(5) Thermal constraints on the kobellite-rich sulfo-
salt assemblage suggest temperatures in the range 350—
450°C for their formation, which narrows previously
inferred conditions of formation.
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