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Bismuth minerals in the postskarn sulphide-arsenide
mineralization in the Martinovo iron deposit, NW Bulgaria

Dimitrina Dimitrova, Thomas Kerestedjian

Abstract. Rare bismuth minerals were found in the postskarn sulphide-arsenide mineralization in the
Martinovo iron deposit, Northwestern Bulgaria. The postskarn mineralization has direct relation to the Sveti
Nikola collisional granite intrusion into the rocks of the Diabase Phyllitoid Complex. The observed bismuth
minerals spatially associate with the pyrrhotite and chalcopyrite from the pyrrhotite-chalcopyrite assemblage
of the postskarn mineralization. According to their chemical composition, the bismuth minerals are identified
as native bismuth, bismuthinite, pilsenite (?) and hedleyite. Two elemental associations - Bi-S and Bi-Te-S
are distinguished on chemical and textural criteria. In the Bi-Te-S association, native bismuth, bismuthinite
and hedleyite are observed as larger and more abundant grains. Two bismuthinite varieties (Bs1 and Bs2) are
distinguished according to textural peculiarities, physical and optical properties. Native bismuth and Bs2
occur as close myrmekite-like intergrowths, which probably result from a decomposition of a preceding
mineral phase with composition BisS; (?). The co-existence of these bismuth tellurides and sulphides reveals
the conditions of ore forming processes, i.e. temperature below 266°C, log fTe, > -14.9 and /S, > -16.1. The
established hedleyite is the Bi-richest ever found. This fact either extends the range of compositional
variations of hedleyite or gives a clue to a new mineral species in the Bi-Te system.

Key words: Native bismuth, bismuth tellurides and sulphides, postskarn mineralization, Martinovo iron
deposit
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Jumutpuna JlumutpoBa, Tomac Kepecren:xusin. BucMyToBH MHHepaad B MOCTCKAPHOBATA
cyJ(puIHo-apceHNIHA MHHepalu3alus B JKeJe30pydIHOTO Haxoaume Maprtunoso, C3
Bruiarapus

Pestome. Penku OuCMyTOBM MHHEpand ca YCTAaHOBEHH B IIOCTCKapHOBaTa CyJ(HAHO-apCEHUIHA
MMHEpalM3alus B JKEIe30pyJHOTO Haxoauiie MaprTuHoBO, ceBeposamanHa bbarapus. ITocrckapHoBaTa
MHHEpaIU3alMs € MPSKO CBbp3aHa ¢ BHeapsiBaHeTo Ha CB. HUKOJICKMS KOJNM3HOHEH I'PaHHUT B CKAJIMTE Ha
Jraba3-(GpUINTONIHUS KOMILIEKC. BUCMyTOBHTE MUHEpAIIH TACHO aCOLMUPAT ¢ MUPOTHHA U XAIKONHMPUTA OT
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MHPOTUH-XAIKOITUPUTOBATa TapareHe3a Ha IMOCTCKapHOBAaTa MHHepanu3aius. Bb3 ocHOBA Ha XUMHYHUS
ChcTaB 0sxa MICHTU(HUUUPAHH CaMOpPOJECH OHUCMYT, OMCMYTHMHMT, NHI3CHUT (?) U XeluleuT. MuHepaIHuTe
B3aHIMOTHOILIECHUSI M XHMHUYCHHUST CBCTaB ONPENETAT [BE EIEMEHTHH AacOLHaIliM, B KOMTO CE€ CpemiaT
oucmyroBute muHepanu — Bi-S u Bi-Te-S. B Bi-Te-S acommanust caMOpOAHUAT OMCMYT, OUCMYTHHUTBT U
XEIJIEUTHT ce HaOIIoJaBaT KaTo MO-€IPH M IHO-W300MIHH 3bpHA. B3 OCHOBA Ha TEKCTypHH OCOOCHOCTH,
(M3UYIHU ¥ ONTHUYHH XapaKTEPUCTUKH CE PasrpaHH4aBaT JBE Pa3HOBUIHOCTH Ha OucMyTuHuTa - (Bsl u Bs2).
Camopoxuusr O6ucMyT u Bs2 ce HabmromaBaT kaTto ()HHO-TIPOPACTHAIH arperaTtd, BEPOSTHO pe3ynTaT OT
pasman Ha Oorata Ha Bi mo-panHa ¢asa - BiyS; (?). ExHOBpeMEeHHOTO IpUCHCTBUE Ha OUCMYTOBUTE TEILYPUAN
U Cyn(UIM ompeens ycIoBHATa Ha opMupaHe Ha MUHEpanuTe: Temieparypa moj 266°C, log fTe, > -14,9
u fS; > -16,1. Xemrenrst ycraHoBeH B Haxoauine MapTHHOBO € ¢ Hal-BHCOKO ChAbpkaHHMe Ha Bi mocera
H3BECTHO B JINTEpaTypara, KOeTO pa3lIupsBa 00XBaTa Ha BapHAIIMUTE B XMMHYHUS ChCTaB Ha MHHEpaja WIn
Hperonara ChbIeCTBYBaHETO HA HEU3BECTHA JI0 MOMEHTA HOBa MUHepaiHa (a3a B cucremara Bi-Te.

Introduction a Tracor Northern TN-2000 analyzing system
at the laboratory of Eurotest Control AD, Sofia
and by JEOL Superprobe 733 electron micro-
scope equipped with an ORTEC energy-
dispersive system at the Geological Institute,
BAS. The operating conditions were as
follows: accelerating voltage 25 kV and probe
current 2.10°A. The spectral lines for each

si.tuateill in Nor.thwes;.er.n B ulgafr}a. The qative element are CuKoa, PbLa, Agla, AuLa, BilLa,
bismuth and bismuthinite are first mentioned SbLa, TeLo, SeKa, FeKo and SKo. The

here by Dragov (1971), Velchev (1973) and following standards were used: pure metals Ag,

later on by Atanassov and Pavlov (1983), but  » ' Bi Se and Te. PbS (for Pb), Sb»S; (for Sb)
no sufficient chemical data are provided. Based g g’ (for As) CuF eS, and ,Culz A8, (for’

on light migroscop Ys Dragov . (1971). det.er- Cu, Fe and S). ZAF corrections were made. In
mined ikunolite, galenobismuthite and joseite- most cases, back scattered electron images

A as well. Later, in his Dr. Se. thCSi,S Dragov (BSEI) were used to distinguish different
(1992) provided some standardless microprobe phases because some of the grains, looking

aqalyse*is of the BI'EG'S n(;lneralls. The blsmutl; homogeneous under the microscope, turned out
minerals were observed only in several . po uiphase in BSE images.

polished sections from the Mali Dol mine
section, among almost 50 studied samples.

Bismuth minerals — native bismuth, bismu-
thinite, pilsenite (?) and hedleyite have been
found in the postskarn sulphide-arsenide
mineralization from the Perchinki and Mali Dol
mine sections of the Martinovo iron deposit -
part of the Martinovo-Chiprovtsi ore zone,

Geological setting and mineralizations

Materials and analytical methods The Martinovo iron ore deposit is located NW
Polished sections were made of samples from of the Martinovo village, in the western part of
Zhazhkov Dol, Mali Dol and Perchinki mine the Balkan Mountains and its underground

sections, Martinovo deposit. Additional poli- mine was operated until 1999. It is hosted in

shed sections received from Prof. Peter Dragov thg low—gradfe .metamorphic r.ocks Of. the
have been studied too. The mineral relation- iabase Phyllitoid Complex, which constitutes
ships in about 50 polished sections were the Paleozoic core of the Alpine Berkovitsa

studied by reflected light microscopy. Micro-  2nticline (Fig. 1). According to Haydoutov
probe analyses were performed by a JEOL (1991) this complex is considered as a con-
JSM 35 CF electron microprobe equipped with struction of three regionally metamorphosed
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Faults

Main thrusts
Breccia-conglomerate

(Permian)

[EZ] Large bodies of keratophyres :

St. Nikola granite (Late Carboniferous)

Stublitsa Formation

Berkovitsa
E Zdravchenitsa Formation . Group
island-arc association
: Slivashka Formation (Cambrian )
: Ophiolite association
(Precambrian)

Fig. 1. Simplified geological map of the Martinovo and Chiprovtsi deposits, modified after Haydoutov (1991)

Owur. 1. OnpocTeHa TeoslokKKa KapTa Ha Haxoaumata MaprtuaoBo M Ymmposmu nmo Haydoutov (1991), c

U3MCHCHHUS

metamorphosed to greenschist facies units: 1)
Tcherni Vruh Group, a well stratified ophiolite
association (tectonized peridotites, layered
cumulates, sheeted dykes and pillow lavas)
with Precambrian age; 2) Berkovitsa Group, an
island-arc association (sedimentary-volcanic
sequence — turbidites and pelites) with Camb-
rian age; 3) Dulgi Del Group, an Early Ordovi-
cian olistostrome sequence, composed mainly
of terrigenous rocks and olistolites of the ophi-
olites and island-arc igneous rocks. Diabase
Phyllitoid Complex is a part of the Balkan-
Carpathian ophiolite segment, which also
comprises the Zaglavach, Deli Jovan and South
Banat massifs in Serbia and Romania, respec-
tively. Recently published data about Pilatovets
gabbro, part of the island-arc association,
indicates its Cambrian — Early Ordovician age -
493.0 +6.6 Ma (Carrigan et al., 2003).

The metasomatic ore bodies have
irregular, pipe-like, vein-like and nest-like
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shapes and are lithologically controlled by
large siderite and marble bodies in the low-
grade metamorphic series. Most of the
economically important magnetite-bearing ore
bodies are represented of siderite bodies, fully
or partially metamorphosed, owing to the
influence of the Sveti Nicola collisional granite
intrusion. Recently determined U-Th-Pb zircon
ages of the Sveti Nicola granite present 313.8 £
3.5 Ma, i.e. Late Carboniferous age (Carrigan
et al., 2003), that gave reason to Carrigan et al.
(2005) to suppose that the Sveti Nikola granite
is involved in the Variscan orogeny in SE
Europe. Both the host rocks and the ore bodies
have been intensely tectonized during the Pre-
Alpine and Alpine folding (Dragov, 1991).
Generally, three mineralization types,
subsequently formed by the granite intrusion
into Diabase Phyllitoid Complex are repre-
sented in the Martinovo deposit (Atanassov,
Pavlov, 1983; Tarassova, Tarassov, 1988, and



Dragov, 1992): 1) Garnet-amphibole-pyroxene
skarns with molybdenite and scheelite (to the
northwest of the Martinovo village — Prekop
and Perchinki mine sections); 2) Garnet-biotite
skarns with magnetite, pyrrhotite, pyrite and
arsenopyrite (Perchinki, Mali Dol and Zhazh-
kov Dol mine sections); 3) Siderite-magnetite
mineralization (Kamaka mine section), where
siderite have been transformed to magnetite as
a result of thermal metamorphism. The skarns
are formed in calcite marbles, i.e. calcic garnet-
pyroxene skarns. According to Tarassova and
Tarassov (1988), the garnets belong to the
grandite series with grossular content up to
72.3 mole% and andradite content — up to 90.2
mole%. The pyroxenes belong to the salite se-
ries, with predominantly diopside-hedenber-
gite composition, but contain johannsenite up
to 14.8 mole%. A magnetite-pyrrhotite minera-
lization is spatially attached to the gar-net
skarn zone. The main ore minerals preferably
replace firstly garnet and then pyroxenes, thus
pyroxene relicts are frequently observed
together with pyrrhotite (Tarassova, 1989).

According to Dragov (1992), aside of the
main magnetite ore mineralization, a later
postskarn, high- to medium-temperature
sulphide-arsenide mineralization occurs in the
eastern part of the deposit. It is represented
mainly by pyrite, pyrrhotite, arsenopyrite,
magnetite and less 16lingite, cobaltite, chalco-
pyrite, marcasite and small quantities of galena
and is accompanied by insignificant quantities
of native gold and bismuth minerals. It is
observed as fine, short metasomatic veinlets,
nests and inclusions, embraced in magnetite,
siderite and silicate bodies within or adjacent to
the marble layer. Dragov et al. (1991) analyzed
8°*S in 34 samples of molybdenite, pyrrhotite,
pyrite and arsenopyrite from the postskarn
sulphide-arsenide mineralization and proved its
magmatic origin.

Einaudi et al. (1981), Einaudi and Burt
(1982) and Meinert (1992) classified the skarn
deposits based upon the dominant econo-
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mically important metals. Concerning this, the
economically important molybdenite-scheelite
mineralization in the garnet-pyroxene skarns in
Prekop lot (Kanourkov, 1988), could be
assigned to the Mo-W skarn type category of
deposits. The presence of other, less significant
metals — Pb, Bi, Cu and Au in Mo-W skarns is
common, which could be very likely the reason
for the formation of bismuth minerals within
the postskarn sulphide-arsenide mineralization.

Bismuth minerals

Bismuthian hedleyite, bismuthinite, pilsenite
(?) and native bismuth were found in only few
samples in two similar elemental associations.
The term elemental association is used here to
describe the products of a late depositional
phase in the frames of the pyrrhotite-chalco-
pyrite assemblage of the postskarn sulphide-
arsenide mineralization. Relatively uniform
physicochemical conditions and specific che-
mical composition of the fluid is supposed for
each of the associations derived on textural and
chemical grounds.

The first association (Bi-S) is represented
mainly by native bismuth and less bismuthinite
and very rarely contains pilsenite (?). It is
found at the grain boundaries of pyrrhotite and
chalcopyrite (Figs. 2e, f and 3e). The second
(Bi-Te-S) association (Figs. 2a, b, d and 3a-d)
consists of native bismuth, bismuthinite and
hedleyite, which according to the microprobe
data (Table 1) should be considered bismu-
thian. Mineral grains in this association are also
formed at pyrrhotite and chalcopyrite grain
boundaries, but are larger in size and much
more abundant. The gangue minerals here are
quartz and calcite. Bi-Te-S minerals are
probably re-precipitated later in quartz veins as
consolidated irregular-shaped grains.

Both associations are rare within the
postskarn mineralization and do not have
economic significance, but are genetically
important.



Fig. 2. Microphotographs of Bi-S and Bi-Te-S associations: a) bismuthinite 1 and hedleyite from the Bi-Te-S
association amongst pyrrhotite grains; b) and d) native bismuth and bismuthinite 2 intergrowths accompanied
by hedleyite and bismuthinitel from Bi-Te-S association amongst pyrrhotite grains; ¢) marcasite flake-shaped
grains within pyrrhotite surrounded by quartz and calcite; e) and f) native bismuth and bismuthinitel from the
Bi-S association at pyrrhotite grain boundaries. Abreviations: Bi — native bismuth, Hd — hedleyite, Bsl —
bismuthinite 1, Bs2 — bismuthinite 2, Cp — chalcopyrite, Po — pyrrhotite, Mc — marcasite, Qz — quartz, Cc —
calcite

@ur. 2. Mukpodororpadpun Ha Bi-S u Bi-Te-S acoumaunun: a) Gucmytunut 1 u xemient ot Bi-Te-S
acolanys BCpel MUPOTHHOBU 3bpHA; b) W d) mpopacTBaHUS OT CaMOpOJEH OMCMYT W OUCMYTHHUT 2
CBIIPOBOJCHU OT XeIenuT u OucmyTHHUT 1 0T Bi-Te-S aconmarust Bcpel MMpOTHHOBH 3bPHA; C) MAPKa3UTOBH
IUTAaCTUHYATH 3bPHA B MUPOTHH BCpe] KBapIl M KaImuT; e) u f) camoponer oucmyt u 6ucmyTtuHuT 1 oT Bi-S
aconuanysi, pa3oyoKeHH Ha MEXTy3bPHOBUTE TPAHAIM HA IIMPOTHHA
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Fig. 3. BSE images of bismuth minerals from the Bi-S and Bi-Te-S associations: a-d) and f) intergrowths of
native bismuth and bismuthinite 2 together with hedleyite and bismuthinite 1 within pyrrhotite and quartz; e)
co-existing native bismuth, bismuthinite 1 and galena within pyrrhotite. Abreviations: Bi — native bismuth,
Hd — hedleyite, Bs1 — bismuthinite 1, Bs2 — bismuthinite 2, Ga — galena, Po — pyrrhotite, Qz — quartz

@ur. 3. BSEI u3o0paxenus Ha OucMytoBu MuHepanu ot Bi-S u Bi-Te-S acoumnanuu: a-d) u f) npopacrBanus

OT camMopojeH OMCMYT M OMCMYTHHHT 2 3a€[JHO C XEIJIEUT M OUCMYTHHUT 1 BCpex NMUPOTHH M KBapL; €)
€IHOBPEMEHHO 00pa3yBaHH CaMOpPOJIeH OMCMYT, OMCMYTUHMT 1 M TFaJeHUT BCpe MUPOTUH
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Native bismuth from the Bi-S association
is observed as tiny blebs, up to 10 pm in size,
close to pyrrhotite and chalcopyrite grain
boundaries, sometimes showing euhedral
shapes (Fig. 2f). Very scarcely it is found
together with bismuthinite (Fig. 2e,f) and
native gold. Unlike the Bi-S association, the
native bismuth from the Bi-Te-S association is
observed as irregularly shaped grains, up to
100 pm in size. It is usually observed together
with bismuthinite 2 as close myrmekite-like
intergrowths, probably formed by a decompo-
sition of a previous Bi-rich phase (Figs. 2d and
3a-d). It rarely occurs also as separate, isolated
irregular grains at pyrrhotite and chalcopyrite
grains. According to microprobe analyses of
bismuth grains in both associations, the
chemical composition does not show any
significant amounts of impurities. The total
amount of impurities (Fe, Cu, Sb, and in two
different samples - Te and Ag respectively)
does not exceed 2.00-3.00 wt.% (Table 1).
Only in one sample, Cu up to 3.75 wt.% was
determined.

Bismuthinite in the Bi-S association is
found rarely, together with native bismuth (Fig.
2e,f) and does not show any specificity in
chemical composition, unlike bismuthinite in
the Bi-Te-S association. Two phases, deter-
mined as bismuthinite by electron microprobe
analysis (EPMA) but clearly distinguishable on
their physical, optical and textural properties
were observed in the Bi-Te-S association. In
order to discriminate them, the following
abbreviations will be used in the text and
figures — Bsl and Bs2. Bismuthinite 2 has
slightly higher hardness and darker colour
compared to bismuthinitel and is characterized
by very specific porous surface (Fig. 3). It is
observed in specific myrmekite-like inter-
growth relations with native bismuth (Fig. 3a-c
and 3f). This is probably a result from a
decomposition of a preceding mineral phase,
stable at higher temperature. The composition
of this phase could probably be Bi,S; i.e.
seleneless ikunolite. Supposedly, with tempera-
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ture drop down, this phase became unstable
and broke down to native bismuth and
bismuthinite, according to the reaction:

2Bi4S; + 1.5S, = 3B1,S; + 2Bi.

Ramdohr (1980) reports similar inter-
growths between bismuth and bismuthinite.
Chatterjee and Smith (2000) and Koszowska
(2004) also found such intergrowth textures
between native bismuth and other bismuth
tellurides and sulphides and interpreted them as
exsolved phases too. Bismuthinite in the Bi-S
association and bismuthinite 1 in the Bi-Te-S
association do not contain significant amounts
of impurities, except Cu, Fe and Sb, which sum
up below 1.6 wt.%. The calculated crystal
chemical formulae are included in Table 1.

Hedleyite is first found and described in
the Good Hope gold bearing claim, Hedley
District, British Columbia, Canada, by Warren
and Peacock (1945). They determined the
crystal structure of the mineral and proposed
the simplified chemical formula Bi;zTes or
Bi;Te;. Zavyalov et al. (1976) refined the unit
cell parameters of hedleyite and based on
structural considerations proposed another
chemical formula — Bi,;,Te;_,, where x = 0.13-
0.19. Both authors’ teams accepted hexagonal
32/m point group, but as it is shown in Table
2, they accepted different space groups - R3m
and P3ml respectively. Further studies add
even more uncertainty about the hedleyite
crystal structure and composition. Different
published data about unit cell parameters,
composition and proposed chemical formulae
are summarized in Table 2. There are certain
disagreements about hedleyite crystal-chemical
formula yet. Gu et al. (2001) concerning
hedleyite chemical composition derived from
numerous microprobe analyses among samples
from different deposits in China, proposed the
formula BigTe;, which was officially
accepted by the Commission of New Minerals
and Mineral Names (CNMMN) of the
International Mineralogical Association (IMA)
(Jambor et al., 2002).
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Hedleyite is typically a late-stage, rare
hydrothermal mineral in quartz veins and
massive sulphides, associated with skarns and
breccias and less common in pegmatites. It
usually associates with native bismuth,
bismuthinite, gold, pyrrhotite and chalcopyrite

as observed in the Martinovo deposit.
Hedleyite is difficult to distinguish by reflected
light microscopy, because it has similar

physical and optical properties (colour, tinge,
reflectivity, anisotropy) to the other bismuth
tellurides, such as tellurobismuthite, pilsenite,
joseite, etc., as stated by Ramdohr (1980). In
this study, it was determined by scanning
electron microscopy (SEM) and EPMA. In
reflected light microscopy it possesses silver
white colour with slight yellowish tinge, clear
anisotropy and high reflectivity compared to
bismuthinite. It is soft, with Moos hardness two
and shows smooth surface in polished sections.
Sometimes its grains have irregular shapes, but
more often they form rounded and elongated
blebs, ranging from several to 100 pm in size
(Figs. 2 and 3).

Compositional data of hedleyite are
shown in Table 1. Although the IMA approved
Bi richest formula of Gu et al. (2001) was
accepted for stoichiometric our results show
significant overstoichiometric Bi contents. This
fact is better visualized on Fig. 4, showing the
Martinovo analyses grouped well aside of both
the stoichiometric and reported by other
authors values. Small amount of impurities -
Cu and Fe about 0.30-0.80 wt.%, Pb — up to
3.79 wt.%, are detected too.

A Bi-Te phase with composition corres-
ponding to pilsenite was found as minute (2-2.5
pum), triangle-shaped inclusion within pyrrho-
tite (Table 1) in one sample, containing Bi-S
association. Although this mineral is a common
constituent of such assemblages and its
existence here is logical, the minute size of the
grain casts some doubts on the correct mineral
identification.
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The pyrrhotite-chalcopyrite assemblage

Main ore minerals in the assemblage are
pyrrhotite and chalcopyrite, which rarely
associate with marcasite, pyrite and magnetite.
Pyrrhotite is coarse-grained and has irregular
shapes, sometimes fractured. According to
Tarassova (1989), it is observed in two
polymorphic modifications - hexagonal and
monoclinic, but they are not discernable in
reflected light microscopy. Chalcopyrite
usually occurs as irregular grains, often
crosscutting pyrrhotite aggregates. Pyrite is a
rare mineral in this assemblage. It is usually
observed as small euhedral grains with cubic or
cubo-octahedral shape and rarely associates
with marcasite in aggregates, which replace
pyrrhotite. Marcasite is comparatively rare and
is formed metasomatically after pyrrhotite as
orientated, elongated, fine-grained poly-
synthetic aggregates (Fig. 2c). Magnetite is
observed as rare, fine relics within pyrrhotite.

Discussion

A homologous series of five Bi-Te phases
(tellurobismuthite, tsumoite, pilsenite, hed-
leyite and unnamed Bi,Te) are synthesized in
the Bi-Te system (Afifi et al.,, 1988). All of
them exist in nature (Warren, Peacock, 1945;
Zavyalov et al., 1976; Shimazaki, Ozawa,
1978; Gamyanin et al, 1982; Ozawa,
Shimazaki, 1982; Goncharov et al., 1984; etc.).
In natural occurrences however, the majority of
them show non-stoichiometric compositions
getting out of the limits, outlined by the
synthetic analogues. Dobbe (1993) suggested
the existence of single solid solution phase in
the Bi-Te-S system with atomic ratio (Bi +Pb +
Sb)/(Te + S) between 1.35 and 2.61, covering
the chemical compositions of all known pilse-
nites and hedleyites. Gu et al. (2001) on the
contrary, proposed the existence of five limited
solid solutions in Bi-Te system, corresponding
to BizTe3, BizTez, Bi4Te3, BizTe, and BigTe3.



As seen, there is significant uncertainty
about the limits of the possible compositions in
the Bi-Te system. The reason for this situation
most probably lies in the crystal structure
specifics of this group of minerals. According
to Strunz (1963), Zavyalov et al. (1976),
Shimazaki and Ozawa (1978), Yamana et al.
(1979), Ozawa and Shimazaki (1982) and
Bayliss (1991), Cook and Ciobanu (2004) all
structures of Bi-Te minerals can be described
as series of hexagonal close packed layers of Bi
or Te atoms, with differences only attributed to
different patterns of layer stacking. These
patterns can be pretty complex and respectively

Te

O

>k native bismuth

can produce a rather large number of possible
resulting compositions. This phenomenon can
be traced in structure solution results (Warren,
Peacock, 1945; Zavyalov et al., 1976), some of
which show ¢ values up to 25 times larger than
the respective a values, proving this way rather
long series of non-periodic layer stacking.

Our results only confirm the wider range
of possible compositions in the Bi-Te system.
The pilsenite from Martinovo (Table 1, Fig. 4)
corresponds to the Bi-richest variety, reported
by Gu et al. (2001) and proposed for the name
bismuthian pilsenite.

Stoichiometric compositions of

Bi-Te minerals - tellurobismuthite (Bi, Te,),
tsumoite (BiTe ), pilsenite (Bi,Te,), unnamed Bi,Te
and hedleyite (Bi,Te,), and bismuthinite (Bi,S,)
This study: Previous studies:
Dobbe (1993) -

¢ hedleyite X hedleyite
{> pilsenite % pilsenite
¢ bismuthinitel Gu et al. (2001) -
0 bismuthinite2 W hedleyite
O] pilsenite

40

Bi1

at.%

Bi,S, — OS¢

Fig. 4. Compositions of native bismuth, bismuthinite, hedleyite and pilsenite(?), compared to the data of
Dobbe (1993), Gu et al. (2001) and stoichiometric compositions, marked with circle (O)

@ur. 4. CbcTaBU Ha CaMOpPOJICH OUCMYT, OMCMYTHHHUT, XCIUICUT U MII3eHUT (?) CPAaBHEHU ChC ChCTABU HA
cpluTe MUHepanu no aaHud Ha Dobbe (1993) u Gu et al. (2001) mpeacraBenn B Tabmuia 2, u cbe

CTEXHMOMETPHYHH ChCTaBH, 03HaueHH ¢ Kpbrue (O)
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The calculated formulae for hedleyite,
based upon eleven apfis, as proposed by Gu et
al. (2001) show a variation range (Bigss.
893CU0.14.027F€0.05.0.13Pb0.18:0.30)8.84-0 46 L €1-54-2.16-
In order to agree with the 11 apfu concept we
need to comply with a supposed substitution of
Te by Bi as high as 1.46 apfu. This substitution
is rather high. On the other hand, observed
Bi/Te atomic ratio is much closer to 4:1 rather
than to 8:3. This is why formulae were re-
calculated on the basis of five apfu for a
hypothetical phase BisTe (Table 3). As seen,
the composition is well stabilized over a BiyTe
formula (in the limits of analytical accuracy
and impurity treatment), but such phase is
unknown in the Bi-Te system. This fact either
significantly enhances the range of hedleyite
definition or gives a clue to a new mineral
species in the Bi-Te system. Unfortunately, the
small size of the available grains prevents any
X-ray studies required for precise solution of
the pending questions.

The minerals from the Bi-S and Bi-Te-S
associations (native bismuth, bismuthinite,
hedleyite and pilsenite) in the Martinovo
deposit commonly occur in similar postskarn

Table 3. Formulae of the hedleyites in Table 1 (13-
19), re-calculated on five apfu basis, according to
the proposed composition Bi,Te

Tabmua 3. Dopmynu uzuucieHu 6v3 OCHO8A
omuowenuemo Bi/Te om ananusume 3a xeoieum 6
Tabnuya 1(13-19) npu cyma om 5 apfu 3a
npeonoaazaema ghopmyna Bi,Te

Nein Sample Calculated Formula

Table 1 Ne

13. C-85 (Bi3.955Cu0.062)4.017T€0.983

14. Ch-85  (Bi3.902Cu0.079F€0.054)4.035T€0.965

IS. Ch-85  (Bi3g77Cug086Pbo.176)4.139T€0 860

16. Ch-85 (Big.057Cu0.095F€0.062Pbo.087)4.301
Teg.699

17. Ch-85 (Bi3 892Cuq.078F€0.037Pb0.079)4.086
Tego14

18. Ch-85  (Bi3.081Cu0,066)4.047T€0.953

19. Ch-85, (Bis.051Cug.1p5F€0.001)4.197T€0.803
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environments (Nysten, 1990; Dobbe, 1993; Gu
et al., 2001). Co-existence of native bismuth,
hedleyite and bismuthinite is also considered
characteristic for gold deposits, particularly for
the Au-skarn type (Warren, Peacock, 1945;
Meinert, 1992; Cook et al., 2002; Rombach,
2004).

According to Brown and Lewis (1962)
and Elliott (1966), bismuth+hedleyite and
hedleyite exist below 266°C and 312°C,
respectively. Compared with the fTe, - fS,
diagram calculated for 200°C in Afifi et al.
(1988) is outlined an area of stability at log
fTe, > -14.9 and fS, > -16.1, determined by
reaction Bi,Te;/Bi,S;. The fact that hedleyite,
pilsenite and bismuthinite show maximum Bi
contents, is an evidence for a low Te fugacity
in the hydrothermal fluid. Furthermore, Cook
et al. (2002) also believed that liquid Bi (in
higher 7°C) may scavenge chalcogenides, e.g.
Te, and precipitated them later as blebs of
intermediate Bi tellurides and sulphides, where
the resulting assemblages typically have Bi/(Te
+S+Se) > 1, for example hedleyite and
pilsenite. The Cook et al. (2002) hypothesis
also states, that the observed phases therefore
may have non-stoichiometric composition too.

Conclusions

Native bismuth, bismuth tellurides and
sulphides, particularly hedleyite and bismu-
thinite, often exist together with pyrrhotite and
chalcopyrite in skarn environments. Thus, their
presence in the postskarn sulphide-arsenide
mineralization in Martinovo deposit s
explicable. The co-existence of these minerals
reveals some of the ore-forming conditions,
such as temperature below 266°C and Te
fugacity and S fugacity equal or above -14.9
and -16.1, respectively. The observed Bi/Te
atomic ratio in hedleyite could substantiate the
existence of bismuthian variety of hedleyite, or
the existence of another BiyTe phase in the
bismuth-tellurium system. Furthermore, the
compositions of previously mentioned mineral



phases by Dragov (1971, 1992), such as
bismuthinite, galenobismuthite and joseite-A
proved to refer to bismuthinite (Bsl and Bs2)
and bismuthian hedleyite.
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