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Čumavići is a medium– to low–temperature hydrothermal Sb–Zn–Pb–Ag polymetallic vein–type ore deposit in
the Srebrenica orefield, part of the Podrinje Metallogenic District, Eastern Bosnia and Herzegovina. The ore
deposit occurs in the form of simple and complex veins along faults and fractures, as well as stockworks and
disseminations hosted within Neogene volcanic rocks (pyroclastics and andesite lavas of calc–alkaline affinity).
The deposit comprises sulfides (sphalerite, galena, stibnite, pyrite, marcasite, chalcopyrite, arsenopyrite,
gudmundite, safflorite, löllingite, gersdorffite and acanthite), sulfosalts (berthierite, geocronite, boulangerite,
semseyite, plagionite, jamesonite, bournonite, twinnite, andorite, fizéliyte, Ag–bearing tetrahedrite, stephanite,
polybasite, pyrargyrite and argyrodite), native gold and silver, tungstates (hübnerite), oxides, and gangue quartz,
chalcedony, Mn–siderite, anglesite, smithsonite, fluorite, gypsum and ludlamite. Three generations of sphalerite
are recognized in the Čumavići deposit, evolving from Fe–rich to Fe–poor. The most common are yellowish to
colorless Fe–poor varieties. Electron Probe Microanalyses of sphalerite free of micro–inclusions of galena and
Pb–Sb-sulfosalts revealed wide compositional variations in minor- and trace–element contents (e.g., Fe, Cd,
Mn, Cu, Sn, As, and In). Of particular interest are the lead and antimony content of sphalerite, which vary from
0.10 to 3.08, and 0.02 to 1.62 wt.%, respectively. Lead– and Pb–Sb-rich zones are themost common in sphalerite,
while individual Sb–bearing zones are rare. These zones have fan–like forms with circular to wave-like, micron–
scale bands, filled with galena or Pb–Sb sulfosalts. In the Pb–Sb zones, the Sb/Pb atomic ratio ranges between 0.3
and 1.5, similar to ratios between geocronite and jamesonite, thus suggesting the presence of micro– to nano–
scale inclusion of sulfosalts within the sphalerite. The mean composition of all sphalerite samples is (Zn0.78–

0.99,Feb0.01–0.21,Cu0.00–0.02,Pbb0.01–0.01,Cdb0.01–0.01,Sbb0.01–0.01,Mnb0.01–0.01)∑0.97–1.03S0.97–1.08 (Sn and As atomic
proportions are b0.01 apfu). In all sphalerite samples, excellent negative correlations have been determined be-
tween Fe and Zn, and∑(Fe+ Sb) and Zn. The studied mineralization sharesmanymineralogical and geological
characteristics in common to polymetallic Sn–Ag–Sb deposits in Bolivia and elsewhere.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Sphalerite is an important host mineral for a wide range of minor–
and trace–elements. The crystal structure of sphalerite is able to incor-
porate a large number of elements and a significant proportion of the
Zn is commonly substituted by Fe, often by Cd, Cu and Mn, and to a
minor extent by Mn, In, Sn, Sb, Ga, Ge, Tl, and Hg (e.g., Cook et al.,
2009), either isomorphously or via one or more coupled substitutions.
The chemical composition of sphalerite may be a useful indicator of
conditions of formation, and varies significantly among different ore
provinces. Sphalerite deposition takes place over wide temperature
ranges (low–, medium– and high–temperature hydrothermal stages).
The composition of sphalerite has commonly been used to decipher
physico–chemical conditions of ore deposition, such as pressure,
ić).
temperature and sulfur activity (e.g., Ramdohr, 1980; Sack and Ebel,
2006, and references therein).

Sphalerite deposited at higher temperatures commonly contains a
large number of elements, which are later expelled from the structure
as exsolution products (chalcopyrrhotite, pyrrhotite, chalcopyrite,
talnakhite, and stannite). Iron–rich sphalerite is commonly also
enriched in Mn, In, Cu, Co (high–temperature sphalerite), while those
with low Fe content may contain Cd (up to 5 wt.%), Ge, Tl, Ga and Hg
(low–temperature sphalerite) (Chvilyova et al., 1988).

The Podrinje Metallogenic District (PMD) belongs to the Serbo–
Macedonian Metallogenic Province (SMMP) and incorporates several
smaller orefields: Cer (Northwest Serbia), Boranja (West Serbia), and
Srebrenica (East Bosnia & Herzegovina). The SMMP mainly hosts
deposits of Tertiary age, although some Mesozoic and Late Paleozoic
deposits are also present (Steiger et al., 1989; Karamata et al., 2000;
Neubauer, 2002). Available radiometric ages indicate the onset of
ultrapotassic volcanism around 30 Ma in the southern part of the
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province, along the NNE–SSW-trending Cer–Zvornik–Srebrenica line,
where peripheral parts of the Srebrenica orefield (SOF) are located
(Cvetković et al., 2004; Prelević et al., 2005).

The SOF includes numerous hydrothermal and greisen orebodies,
hosted by Neogene subvolcanic rocks (mainly dacite, and lesser
andesite), and less commonly, in Paleozoic slates andNeogenepyroclas-
tic rocks. The orefield hosts two distinct types of mineralization:
(i) cassiterite–bearing greisen–type mineralization related to quartz–
tourmaline–muscovite facies of greisen; and (ii) hydrothermal veins
with Pb–Zn–Fe sulfides as the principal ore minerals, and containing
variable concentrations of Ag, Sn and Sb (Janković, 1990; Janković
et al., 1992; Cvetković et al., 2004; Radosavljević et al., 2005). It should
be emphasized that mineralization in the SOF shares many mineralogi-
cal similarities to those from the Andean Ag–Sn belt (Schneidere, 1987;
Fontboté et al., 1990; Lehmann et al., 1990; Arce-Burgoa and Goldfarb,
2009), as well as from Freiberg, Erzgebirge, Germany (Seifert and
Sandmann, 2006), the Lavrion deposit, Greece (Voudouris et al.,
2008), and the Baia Mare Metallogenic District, East Carpathians,
Romania (e.g., Kouzmanov et al., 2005). Moreover, mineralization at
the San José Ag–Sn deposit, Oruro, Bolivia (Keutsch and de Brodtkorb,
2008), contains a comparable mineral assemblage (cassiterite, stannite,
miargyrite, pyrargyrite, andorite and Bi–bearing andorite, jamesonite,
boulangerite, ramdohrite pyrite, chalcopyrite, argentian tetrahedrite,
galena and sphalerite) to that observed in the Čumavići deposit.

The Čumavići deposit, situated in the Northwest ore system of the
SOF, is virtually unknown to an international scientific audience
(Fig. 1). It was discovered during the 1970s as a Sb–Zn–Pb–Ag sulfide
polymetallic deposit with the following main minerals: sulfides, Fe–
Sb, Pb–Sb, Pb–Ag–Sb, Ag–Sb, Ag–Cu–Sb and Ag–Ge sulfosalts, native
silver and gold, hübnerite, oxides of Sb, Mn and Pb, and gangue
minerals. Rujevac is a similar Sb–Zn–Pb–As polymetallic deposit, locat-
ed in the Boranja orefield, 20 km NNE from Čumavići (Janković et al.,
Fig. 1. Geological map of the SOF (Basic Geological Map of Serbia 1:100,000, Ljubovija sheet
Modified after Topalović (1984).
1977; Borodaev, 1978; Moëlo et al., 1983; Radosavljević et al., 2012,
2014, Fig. 1).

The aims of the present study are to evaluate the geological, miner-
alogical and chemical characteristics of the Čumavići polymetallic
deposit and to contribute to the knowledge of mineral associations,
parageneses and the genesis of the medium– to low–temperature Pb–
Zn–Ag–Sb polymetallic deposits of the SOF. Special emphasis is given
to the optical, chemical and crystallographic characteristics of sphaler-
ite. Identification of elevated Pb and Sb contents in sphalerite from the
Čumavići and other Pb–Zn deposits within the SOF is of importance
for environmental reasons, since these toxic elements can be easily
released during mining and processing of zinc concentrates.

2. Geological setting and metallogeny of the Srebrenica orefield

The ore deposits of the SMMP, a portion of the Alpine
metallogenic belt, lie within three main geotectonic units: the
Vardar zone, the Serbo–Macedonian massif, and a small part of the
Dinarides. This metallogenic province has been delimited mostly by
reference to Paleogene–Neogenemetallogeny, related predominant-
ly to emplacement of granodiorite. The SMMP is located in the zone
of tectonic–magmatic (re–)activation during the Cenozoic. Cenozoic
tectonic activity and associated magmatism in Serbia is expressed by
emplacement of two groups of igneous rocks: i) granitoids (Cer,
Bukulja, etc.); and ii) multi–phase granodiorite volcanogenic–
intrusive complexes (Podrinje, Kopaonik, Kratovo-Zletovo, etc.).
The second group is genetically related to economically significant
deposits of Pb–Zn, Sb, Cu, Mo, Au, and Fe (Petković, 1997). The
PMD lies within the SMMP and includes several orefields:

(i) The Boranja orefield (BOF) was formed around the Boranja
granitoid (West Serbia). Sporadic occurrences of granitoid–
) and schematic geological plan of the Čumavići deposit across geological profile A–A′.
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hosted greisen mineralization and a contact halo characterized
by skarn deposits (Fe, Bi, Co), grade outwards through the
Pb(Ag)-Zn zone, to the Sb–zone, in which the Veliki Majdan
deposit is the most significant, but others (Zajača, Stolice,
Brasina, etc.) are also known. The outermost zone includes the
Rujevac and Ravnaja polymetallic Sb–Pb–Zn–As and fluorite–
Pb–Zn deposits, respectively (Radosavljević et al., 2013).

(ii) The Cer orefield (Northwest Serbia) is developed within the Cer
granitoid, and consists of small pegmatite bodies and occur-
rences of greisen mineralization (Sn, Bi and Nb–Ta).

(iii) The SOF (East Bosnia and Herzegovina).

The SOF, known since the Roman Empire, is characterized by high
Pb(Ag)–Zn grades and by complex ore mineral assemblages. The SOF
includes numerous hydrothermal ore veins and greisen orebodies,
hosted mainly in Neogene calc–alkaline volcanics (mainly dacite, lesser
andesite), and to a lesser extent, in Paleozoic slates and Miocene
pyroclastic rocks (Ramović, 1963; Kubat, 1995). Two different types of
mineralization constitute the SOF: (i) greisen–type mineralization,
related to a quartz–tourmaline–muscovite rocks (S–type granitoid)
with cassiterite (Zarić et al., 2000); and (ii) hydrothermal vein–type
ores with Pb–Zn–Fe sulfides and variable amounts of Ag, Sn, Sb.
Ramović (1963) and Radosavljević (1988) reviewed the main charac-
teristics of Pb–Zn mineralization within the SOF.

Mineralization is related to ring–radial volcanic fractures. The hydro-
thermal vein–type ores are concentrated within four main systems of
brecciated fractures (Fig. 1): (i) the Northeast ore system (the Sase
mine); (ii) the Northwest ore system (the Kazani mine, Čumavići,
Čumurnica, Mihajlovići, etc.); (iii) the Northern ore system (Vitlovac,
Divljakinje, Čardaklije, Kvarac); and (iv) the Central ore system
(Guber, Olovine, Vukosavljevići, etc.). Mineralization is genetically
associated with a concealed (plutonic?) body of S–type granitoid
composition emplaced some 5 km beneath the central part of the
orefield (Petković and Romić, 1980; Janković et al., 1992; Vukašinović
and Stefanović, 2003) (Fig. 1).

Greisen–style alteration and associated tin mineralization occurs par-
ticularly in the Kvarac area (Fig. 1). Greisens, composed of a quartz–tour-
maline–muscovite assemblage with cassiterite, are developed along the
contact between Neogene dacites and Paleozoic slates. Tourmaline is
needle–shaped, zoned (central zones are light–green to colorless, and
peripheral zones are dark–green), columnar to radiating aggregates
(“tourmaline suns”). A multistage model can explain tourmaline growth.
Mg–Fe rich hydrothermal fluids that produced the two tourmaline
varieties (uvite and feruvite) represent the selective replacement of Pa-
leozoic sediments and Neogene dacites (Radosavljević et al., 2011). In
some greisen deposits such as some ore deposits of New Zealand
(e.g., greisenized granite— Pirajno, 1992), as a corollary to suchprocesses,
the altered rocks in the lower zones of Sn-system are depleted in Sn. In
the SOF, tin (as cassiterite) is concentrated in the upper levels of the
greisen mineralization, whereas sulfides dominate at lower levels.

Lead–Zn sulfides, accompanied by marcasite, sulfosalts, Ag–minerals,
Mn–siderite, and quartz are the dominant ore minerals of the SOF, and
mainly occur in the central part of the orefield. In peripheral parts, low–
temperature hydrothermal veins enriched in Sb, locally also in W and
Hg, are present. The individual vein–type ores are characterized by
variable thickness, length and complex morphology, within intensely
brecciatedportions of galena–sphalerite–marcasite ores. Themost impor-
tant ore veins are N2 km in length. The thickness of ore veins ranges from
0.5 m to over 5m, sporadically up to 17m. Over 100 hydrothermal vein–
type ores have been discovery in the SOF, but only 20 of them have been
exploited. The most significant vein–type ores are concentrated in the
Northeast system (i.e., the Sasemine).Wall rocks are strongly hydrother-
mally altered (silicified, kaolinized, sericitized, chloritized); the alteration
pattern displays a lateral zoning with increasing distance from the ore
veins (Dangić, 1978).
2.1. Geology of the Čumavići deposit

Carboniferous sediments and metamorphic rocks, mostly phyllites,
slates, sandstones, metasandstones are the oldest rocks in the
Northwest ore system of the SOF. Neogene volcanics, part of the
Srebrenica volcanic complex, strike NW–SE, and cover a surface area
of about 80 km2. Volcanic rocks (e.g., lavas and pyroclastics) are the
main host rocks for Sb–Zn–Pb–Agmineralization. Their thickness varies
(up to 300 m), depending on morphology of current relief and
paleomorphology of the schist–sandstone basement (Topalović, 1984).

The Northwest ore system characterizes numerous polymetallic
orebodies connected to NW–trending fault–fissure structures, running
parallel to the trend of the volcanic complex, and to the deep lineament
located on the SW border of the volcanic complex. This lineament
facilitated magma ascent and late hydrothermal activity in the North-
west ore system. Host rock lithology played also a significant role in
the localization of orebodies and precipitation of sulfidemineralization.

The Čumavići deposit is an economically important system of Sb–Pb–
Zn–Ag vein ores, a few tens of meters in length, filling faults and fissures
of the volcanic complex. The orebodies dip to SW at an angle of 30–80°.
The ore occurs in three types: 1) massive to brecciated or crustiform–
banded vein-type mineralization; 2) stockworks in hydrothermally–
altered volcanic rocks; and 3) disseminations.

Vein–type mineralization was discovered by drilling and has been
named the main or “Čumavići” ore vein. This orebody is up to 3.8 m in
thickness and fills the NW–trending fault zone. It grades outwards
intoweaklymineralized hydrothermally altered zones (Fig. 2a). Smaller
(up to 1 m–thick) veins, parallel to subparallel to the main ore vein, are
highly enriched in Sb, Pb, Zn, Ag, and Au. Ore textures are brecciated,
massive and crustiform–colloform banded (Fig. 2b, c).

The stockwork mineralization is characterized by a network of thin
(cm–dm in length and mm–cm–thick) veins, unevenly distributed in
volcanic rocks.

The disseminated style of mineralization occurs as nest-like fine–
grained impregnations of ore and accompanying minerals. Irregular,
thin (mm– to cm–scale) veinlets occur sporadically within the hydro-
thermally altered rock mass.

3. Materials and analytical methods

Ore samples were collected from trenches and drill holes during the
period 1973 to 1984 in order to obtainmineralogical data for the North-
west ore system (Kazani, Čumavići, Kutlići, Mihajlovići and Ćumurnica;
Radosavljević, 1988). Two hundred and fifteen polished–sections of
sulfide ore were prepared for reflected–light microscopy and Electron
Probe Micro–analyses (EPMA) by following standard preparation and
polishing steps (Picot and Johan, 1982).

EPMA was carried out at the Faculty of Mining and Geology, the
University of Belgrade, using a JEOL JSM–6610LV scanning electron
microscope (SEM) equipped with an INCA energy–dispersive X–ray
analysis unit (EDS). An acceleration voltage of 20 kV was used. The
analyzed samples were coated with carbon (15 nm thick layer, density
2.25 g/cm3). For quantitative analyses the following synthetic standards
were used: CuFeS2 (Fe Kα), ZnS (Zn Kα), Mn (Mn Kα), CuFeS2 (Cu Kα),
Gadolinium Gallium Garnet (Ga Kα), Ge (Ge Lα), InAs (As Kα, In Lα),
InSb (Sb Lα), SnO2 (Sn Lα), Ag2Te (Ag Lα), CdS (Cd Lα, S Kα), PbS (Pb
Mα), and Bi (Bi Mα). EDX detection limit of 2σ ~0.3 wt.%. Part of the
EPMA work was carried out on a Cambridge Scientific Instruments,
Microscan M-9, equipped with two WDS analytical systems (Institute
“Jozef Stefan”, Ljubljana, Slovenia), using the following natural stan-
dards: PbS (Pb Mα), (Zn, Fe)S (Zn Kα, Fe Kα, S Kα), Sb2S3 (Sb Lα),
Bi2S3 (Bi Mα), CuFeS2 (Cu Kα) and synthetic standards: CdS (Cd Lα, S
Kα), Ag (Ag Lα), InAs (As Kα, In Lα), Sn (Sn Lα). The results were
corrected, for absorption and atomic number effects (ZAF corrections).
WDSdetection limit for all elementswas ~0.01wt.%. Chemical formulae
were calculated according to Anthony et al. (1990).



Fig. 2. a) Geological profile of the “Čumavići” ore vein (after Topalović, 1984); b) hand specimen of massive ore within brecciated pyroclastic host rock; c) hand specimen demonstrating
banded sphalerite–rich veinlet (up to 3 cm in width) embedded in hydrothermally–altered pyroclastic rock.
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Mass spectrometric analysis (MSA) of pure sphalerite grains was
conducted using a JEOL, model 01 MB mass spectrometer (analytical
range 1000–0.01 ppm). Iron content from sphalerite determined by
Atomic Absorption Spectroscopy (AAS–Perkin Elmer AA–300) was
used as a standard for MSA.

In addition, contents of Sb, Zn, Pb, and As were also determined by
AAS, while Au and Ag were obtained by the cupellation method for all
ore samples.

The X–ray powder diffraction (XRPD) method was used to deter-
mine the unit–cell parameters of sphalerite and galena. The XRPD
patterns were obtained on a Philips PW–1710 automated diffractome-
ter using a Cu tube operated at 40 kV and 30 mA. The instrument was
equipped with a diffracted beam curved graphite monochromator and
a Xe–filled proportional counter. The diffraction data were collected in
2θ Bragg angle range from 4 to 80°, counting for 0.5 s (qualitative
identification) and 5 s (calculation of the unit–cell parameters) at
every 0.02° step. The divergence and receiving slits were fixed at 1
and 0.1, respectively. All XRPD measurements were performed at
room temperature in a stationary sample holder. The LSUCRIPC (least
square unit–cell refinement) program was used for the refinement of
the unit–cell parameters from the powder data (Garvey, 1986).

4. Bulk ore geochemistry

Orebodies of the Čumavići polymetallic deposit are characterized by
complex intergrowths of ore minerals, ranging from Sb–ores enriched
in Pb and Zn to Pb–Zn ores enriched in Sb. Compositional changes
occur even within short distances (dm–m in length, and one to several
dm thick), indicating abrupt changes in fluid composition (Fig. 2a). The
orebodies are also characterized by a wide spectrum of metal associa-
tions. The main ore metals are Sb, Pb, Zn, and Ag, while Au, W, and As
occur locally.

The average chemical composition of the “Čumavići” ore vein was ob-
tained from 20 analyses of representative trench samples taken along
vein strike. The thickness of the vein ranges from 0.1 to 5.2 m [average
1.14 m; coefficient of variation Cv = (standard deviation/mean
value) × 100 = 125%]. Antimony content of the mineralization ranges
from 0.08 to 26.80 wt.% (average 3.45 wt.%; Cv 143%). Lead and zinc con-
tents are also very variable and range from 0.04 to 7.02 (average
1.25 wt.%; Cv 141%), and from 0.25 to 12.62 wt.% (average 3.29 wt.%; Cv
90%), respectively. Ag content ranges from 17 to 1165 g/t (average
117 g/t; Cv 123%). Au content varies from 0.4 to 23 g/t. The As content
ranges from 0.1 to 1.5 wt.%. The average WO3 content is 0.12 wt.%. Con-
tents of minor- and trace-elements are as follows (g/t): 10–200 Sn, 3–
20 Ga, 0–5 Mo, 3–30 Ni, b1–7 Co, 3–80 Cr, b1–55 La, 10–1700 Ba, b1–
400 Sr. Copper, In, Ge, and Tl were not analyzed.

During detailed geological mapping of the Čumavići area at 1:2500
scale, the following chemical composition of a representative ore
sample was determined: 0.65–5.60 wt.% Cu, 0.05–1.31 wt.% Sb and
0.34–6.30 wt.% Pb. Silver contents range from 22 to 200 g/t (Kubat,
1995).

5. Paragenetic relationships

Deposition of minerals within ore systems of the SOF occurred in
several successive stages within a single mineralization event. The
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contact–pneumatolytic stage characteristic for greisens (quartz–tour-
maline rocks) with strong mineralization of Ti, Sn and Rare Earth
Elements (REE) occurs in the Northern ore system, and to a lesser
extent, in the Central and Northeast ore system. According to the
mineral associations, the hydrothermal stage can be divided in several
substages: high-, hypogene, medium and low–temperature. The hydro-
thermal stage occurs to the fullest extent and characterizes high
abundance and the number of deposited minerals. On the basis of
depositedminerals, it can be concluded that the hydrothermal solutions
have common magmatic origin (Rakić, 1962). According to the δS34

isotopic analyses of stibnite from Čumavići, sulfur in sulfides is of
magmatic origin (Kubat, 1995). Values ranging from +3.7 to −4.97‰,
(average −0.37‰) are similar to those of meteorites (Thode et al.,
1961). Substages and paragenetic sequences of ore and gangueminerals
within the Northwest ore system of the SOF are shown in Table 1.

The following mineralization substages (paragenetic sequences)
were determined within the Čumavići deposit: a) medium–
temperature hydrothermal (sphalerite–galena–marcasite–Mn–sid-
erite); b) low–temperature hydrothermal (b1 quartz–sphalerite–ga-
lena-sulfosalts, b2 quartz–sphalerite–berthierite–hübnerite, and b3
chalcopyrite–Ge–Ag–Au-sulfosalts); and c) supergene.

The sphalerite–galena–marcasite–Mn–siderite paragenetic sequence
is the most widespread in the SOF. It is geologically the most significant
and contributes most of the Pb–Zn mineralization in the SOF. Sphalerite
I and galena occur in a form of veins, veinlets, lenses, and nests, and are
accompanied by Mn–siderite and marcasite. Ore minerals are banded,
occasionally with wavy textures composed of individual sub–mm– to
cm–scale layers. Vein walls are dominated byMn–siderite andmarcasite.
Coarse, crystalline Fe–rich sphalerite occurs in the outer parts of the veins,
while galena, sulfosalts, and quartz crystals fill the central parts of the
veins.

The quartz–sphalerite–galena-sulfosalt paragenetic sequence was
deposited during the low–temperature hydrothermal substage. It
marks either the end of the previous mineral substage, usually located
in the central parts of the veins, or it is partly synchronouswith it. Sphal-
erite II, associated with galena, is characterized by colloform bands.
Lead–Sb(Fe,Cu) sulfosalts fill open spaces between idioblastic quartz
grains, or form reaction rims around corroded aggregates of galena.

The quartz–sphalerite–berthierite–hübnerite paragenetic sequence
is characteristic for the Northwest (Čumavići), and the Northern
(Vitlovac, Kiselica) ore systems (Fig. 1). It is associated with the low–
temperature hydrothermal substage composed of a large number of
minerals: Fe–poor sphalerite (III generation), berthierite, stibnite,
hübnerite, arsenopyrite, safflorite, gudmundite, and quartz (mostly
chalcedony). Ag–minerals are less abundant, and restricted to small
crystals of andorite.

The chalcopyrite–Ge–Ag–Au-sulfosalt paragenetic sequence occurs
only in the Northwest ore system. It is unique throughout the SMMP
Table 1
Substages and paragenetic sequences of ore and gangue minerals within the Northwest ore sy

Substages Paragenetic sequences

High-temperature
hydrothermal

Quartz I–pyrrhotite I–magnetite–rutile–arsenopyrite I
Quartz II–sphalerite I–pyrrhotite II–chalcopyrite I–petrukite–tetra
silver I–falkmanite

Hypogene Marcasite I–pyrite I–hematite
Medium-temperature
hydrothermal

Mn–siderite–marcasite II–sphalerite II–chalcopyrite II–stannite–g
jamesonite I–semseyite I–plagionite–boulangerite I (plumosite)–±

Low-temperature
hydrothermal

Quartz III–arsenopyrite II–sphalerite III–galena III–native silver II–
II–bournonite–semseyite II–polybasite–geocronite–plagionite–tw
Quartz IV–± hübnerite–± berthierite–± gudmundite–stibnite–py
löllingite–chalcedony
Rhodochrosite–marcasite III–sphalerite IV–galena IV–chalcopyrite
gold–argyrodite–stephanite–pyrargyrite–andorite–fizélyite–acant
III–fluorite–gypsum–ludlamite

Supergene Kermesite–valentinite–senarmontite–Mn-oxides–± W-oxides–an

Note: *** Main; **Weak; * Trace.
on the territory of Eastern B&H, Serbia and Former Yugoslav Republic of
Macedonia (FYRM). Andorite, argentian tetrahedrite, stephanite,
polybasite, pyrargyrite, and argyrodite are the Ag–bearing minerals iden-
tified. Lead–Sb sulfosalts are represented by geocronite, boulangerite,
semseyite, plagionite, jamesonite, bournonite, twinnite; quartz and
chalcedony are accessory minerals.

All paragenetic sequences of the Čumavići deposit tend to overlap
with one another, forming complex mineral associations both within
themain ore vein and its apophyses ormineralized zones. An important
feature for the Čumavići deposit and throughout the orefield is the
occurrence of a diverse range of Sb–, Pb–, Ag–, Fe–, Cu– and Ge–
bearing sulfosalts (Rakić et al., 2003; Radosavljević et al., 2013).

6. Ore mineralogy

Ore minerals consist of sulfides (sphalerite, galena, stibnite, pyrite,
marcasite, chalcopyrite, arsenopyrite, gudmundite, safflorite, löllingite,
gersdorffite, acanthite), sulfosalts (berthierite, geocronite, boulangerite,
semseyite, plagionite, jamesonite, bournonite, twinnite, andorite,
fizéliyte, Ag–rich tetrahedrite, stephanite, polybasite, pyrargyrite,
argyrodite), native gold and silver, tungstates (hübnerite), oxides
(valentinite, senarmontite, kermesite, Mn–oxides, W–oxides), and
gangue minerals (quartz, chalcedony, Mn–siderite, rhodochrosite,
anglesite, smithsonite, fluorite, gypsum, ludlamite). These are described
below taking their paragenetic relations into consideration.

6.1. Sulfides

Sphalerite, determined throughout SOF, occurs in four generations
and is more abundant than galena. According to optical features it
belongs to both Fe–rich (marmatite), as well as Fe–poor variety
(cleophane) (Radosavljević, 1988). The first and oldest generation is
very rich in Fe and is widespread in quartz–tourmaline greisens of the
Northern (Vitlovac), Central (Olovine), and Northeast (Sase mine) ore
systems (Fig. 1). The second, also Fe-rich generation, is widespread in
the Northern (Vitlovac, Kiselica) and the Northeast (Sase) ore systems,
while in the Northwest ore system it occurs only sporadically (Kazani,
Čumavići) (Fig. 1). The third generation is Fe-poor, and is widespread
in the Northwest ore system (Čumavići, Čumurnica, Kutlići). The fourth
generation is almost Fe–free, and volumetrically insignificant for the
SOF (Radosavljević et al., 1990).

In the Čumavići deposit, sphalerite occurs in three generations
(Table 1). The first (sphalerite I) is Fe–rich, free of inclusions of Fe–,
Cu–, Sn–sulfide minerals and associated with galena and carbonate
(Mn–siderite) matrix. Along its rim, sphalerite is brecciated and
cemented by galena, jamesonite and bournonite (Fig. 3a). Its grain
margins are characterized by intense internal reflections (Fig. 3b).
Sphalerite II (Fig. 4a, b) is also Fe–rich and occurs in spongy–colloform
stem of the SOF (according to Radosavljević, 1988, updated by this study).

Deposits

Kazani***, Mihajlovići*
hedrite I–galena I–native

Kazani**
alena II–± sternbergite–

argentite–quartz II
Northwest ore
system***–**

Ag-bearing tetrahedrite–chalcopyrite
innite–boulangerite II

Northwest ore
system***–*

rite II–± gersdorffite–safflorite–

III–Ag(Au)–bearing tetrahedrite–native
hite–jamesonite II–boulangerite

Čumavići***

glesite–cerussite–smithsonite–limonite–goethite Northwest ore system**–*
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textures, also forming complex intergrowths with galena and Sb–Pb-
sulfosalts (Fig. 3c–e). Moreover, rare Sn–Cu sphalerite belongs to this
generation (Fig. 8f). This variety is quite abundant in the Vitlovac
locality–Northern ore system (Radosavljević, et al., 2011; Zarić, et al.,
2000). Sphalerite III, the most abundant sphalerite generation, is Fe–
poor. It occurs in coarse crystalline aggregates commonly brecciated
and cemented by quartz (Figs. 3f and 4c). It is intensively overgrown
and penetrated by needle– to lath–like crystals of berthierite (Fig. 3 g,
h). Intergrowths of Sb–, Pb– and/or Sb–Pb–sulfides/sulfosalts also
occur in distinct growth zones within sphalerite (Figs. 3i–k and 4d–e).

Galena is the second most abundant ore mineral in the SOF after
sphalerite. Three generations are recognized in the Čumavići
polymetallic deposit. The first generation is synchronous with Fe–rich
sphalerite and is associated with arsenopyrite in a carbonate matrix
(Mn–siderite). The younger generations (galena II and III) are associat-
ed with colloform sphalerite, sulfosalts, and Ag–minerals (Fig. 3a, e). It
Fig. 3. Reflected light photomicrographs showing textural characteristics of sphalerite from the
sulfosalts (light gray) and galena (white) (oil, //N); b) parallel bands of all three generations o
gregate of sphalerite III grains (black) accompaniedwith Pb–Sb sulfosalts and galena (white to l
tetrahedrite (dark gray), Pb–Sb sulfosalts (light gray), and sphalerite I (black) (oil, //N); e) a por
(air, //N); f) cataclastic mixed aggregate of sphalerite III and galena cemented with quartz (bl
berthierite embedded in carbonate matrix (air, //N); h) Sphalerite I including prismatic crysta
Sb sulfosalts and galena in sphalerite (II and III) with pale red internal reflections (oil, //N); j)
and galena (white) in sphalerite (II and III) with pale red internal reflections (oil, //N); k) annu
in sphalerite (II and III)with pale red internal reflections (oil, //N); l) Irregularmonomineral agg
white to light brownwith reddish tinge) embedded in quartz matrix (air, //N). Abbreviations: g
sulfosalts, Atd — Ag-bearing tetrahedrite, bt— berthierite, gg— gangue minerals, Q — quartz.
usually replaces sphalerite when forming complex aggregates com-
posed of sphalerite relics and Pb–Sb sulfosalts. Spherical sphalerite
bands frequently occur in porous galena (Figs. 3f and 4a–c). Similar os-
cillatory zoning in galena from the Herja deposit, Baia Mare district,
Romania, was recently published by George et al. (2015). Like other sul-
fides, galena can be compositionally zoned at the grain–scale. Given the
non–metamorphosed character of this young deposit (~10 Ma), zoning
must have developed during initial crystallization. Oscillatory zoning in
galena can be interpreted either as an intrinsic or an extrinsic phenom-
enon, i.e., relating to crystal growth within a closed, local system, or
involving chemical fluctuations in the ore–forming fluid. Zoning
possibly relates to crystallization in a locally closed system within the
larger, open hydrothermal system (George et al., 2015).

Besides sphalerite and galena, Fe–sulfides are also very abundant in
the SOF. Marcasite is dominant and makes most of the ore mass,
together with Mn–siderite. Pyrite is less frequent and mostly occurs in
Čumavići deposit: a) all three generations of cataclastic sphalerite cemented with Pb–Sb
f sphalerite (color change is a function of Fe content) (oil, ×N); c) a spherical, spongy ag-
ight gray) (oil, //N); d) amixed aggregate composed of galena (creamywhite), Ag–bearing
ous aggregate of galenawith spherical–spongy grains of recrystallized sphalerite III (gray)
ack) (air, //N); g) a sphalerite I aggregate including prismatic and needle–like crystals of
ls of berthierite (air, //N); i) needle–like to dotted micron to submicron inclusions of Pb–
multilayer wavy needle–like to dotted micron to sub–μm inclusions of Pb–Sb sulfosalts
lar, needle–like and dotted micron to submicron inclusion of Pb–Sb sulfosalts and galena
regate composedof prismatic crystals of berthierite (strong bireflectance from light creamy
n— galena, sl— sphalerite (slI, slII, slIII— sphalerite of I, II and III generation), PSs— Pb–Sb



Fig. 4. SEM-BEI photomicrographs of textural characteristics of sphalerite III from the Čumavići deposit: a) an aggregate composed of spongy sphalerite (gray), galena and Pb–Sb sulfosalts
(light gray); b) a spherical–spongy sphalerite (dark gray) accompanied by Pb–Sb sulfosalts (shades of gray) and galena (white); c) a cataclastic aggregate of sphalerite (gray)with wavy–
colloform inclusions of Pb–Sb sulfosalts and galena (white), cemented by quartz (black); d) fibrous micron to submicron inclusions of Pb–Sb sulfosalts (white) in sphalerite; e) fibrous
micron to submicron inclusions of Pb–Sb sulfosalts (white) in sphalerite; f) an assemblage of micron-size sphalerite (dark gray matrix) → galena (white) → Pb–Sb sulfosalts (light
gray). Abbreviations: gn— galena, sl — sphalerite, PSs— Pb–Sb-sulfosalts.
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high–temperature parts of the ore veins at the SOF (Olovine, Vitlovac,
Čardaklije, etc.). EPMA yielded an almost ideal stoichiometric chemical
composition for marcasite, while pyrite is characterized by elevated As
content (up to 2.08 wt.%).

Only moderate amounts of chalcopyrite are present. The mineral is
mostly associated with sulfosalts (e.g., bournonite and boulangerite),
as well as with gold are rare Ag–Ge-minerals. EPMA yielded an ideal
stoichiometric chemical composition for chalcopyrite with some
analyses displaying elevated Ga content (up to 0.70 wt.%). Individual
Ga-minerals have not been determined.

Stibnite occurs throughout the SOF, notably in the Northern and
Northwest ore system. In some ore veins within the Čumavići
polymetallic deposit, it is the main Sb–mineral, forming massive and
fibrous aggregates cemented by quartz. The amount of stibnite in the
Table 2
Average EPMA of sulfosalts from the quartz–sphalerite–galena–sulfosalts and chalcopyrite–Ge

Mineral (n) S Mn Fe Cu

Berthierite (4) 29.85 0.51 12.72 –
(apfu) 3.99 0.04 0.98
Geocronite (1) 18.13 – – –
(apfu) 23.02
Boulangerite (2) 18.86 – – –
(apfu) 11.03
Semseyite (12) 19.32 – – –
(apfu) 20.99 – –
Bournonite (4) 19.79 – – 13.11
(apfu) 3.01 1.01
Jamesonite (13) 21.54 – 2.61 –
(apfu) 13.94 – 0.97
Plagionite (2) 20.94 – – –
(apfu) 16.85
Pyrargyrite (5) 18.14 – 0.87 2.35
(apfu) 3.00 0.08 0.20
Andorite (4) 22.18 – 0.42 –
(apfu) 6.02 0.07
Ag(Au)-bearing tetrahedrite (2) 21.47 – 4.98 13.52
(apfu) 12.95 1.73 4.12
Ag(Fe)-bearing tetrahedrite (4) 23.50 – 6.27 25.82
(apfu) 13.03 2.00 7.22
Ag(Zn)-bearing tetrahedrite (3) 23.88 – 1.32 29.33
(apfu) 13.03 0.41 8.07

Note: (n) number of analyses; – below detection limits (b ~0.3 wt.%); EPMA— EDS-analytical
ore is, however, significantly lower than that of berthierite. Quantitative
EDS analyses yielded stoichiometric chemical compositions, without
presence of any other element. Geodes are characterized by idiomor-
phic radial stibnite crystals (Zebec, 1982).

Gudmundite occurs in regular small crystals embedded in quartz ma-
trix. It is a rare phase present in the sphalerite–berthierite mineral associ-
ation and is accompanied by marcasite, safflorite, arsenopyrite and
pyrargyrite.

Acanthite is associatedwith chalcopyrite, Ag–Ge and Pb–Sb sulfosalts.
It is often intergrownwith chalcopyrite, which indicates that this mineral
was probably exsolved from pre–existing polybasite. EPMA yielded fol-
lowing chemical composition: (Ag1.80,Cu0.11,Fe0.02,Pb0.02)∑1.95S1.05.

Safflorite, determined only microscopically, is very rare and occurs
with marcasite, arsenopyrite, and sulfosalts in a quartz matrix.
–Ag–Au-sulfosalts mineral assemblages (in wt.%).

Zn As Ag Cd Sb Pb Au Total

– – – – 56.78 – – 99.86
2.00 7

3.44 – – – 18.10 59.99 – 99.66
2.14 6.05 11.79 43
– – – – 25.41 55.95 – 100.22

3.91 5.06 20
0.51 – – – 27.56 52.34 – 99.73
0.27 – 7.89 8.80 38
– – – – 24.38 42.56 – 99.84

0.98 1.00 6
– – – – 35.24 40.43 – 99.82

6.01 4.05 25
– – – – 38.24 40.54 – 99.84

8.10 5.05 30
– – 54.70 0.85 22.78 – – 99.69

2.69 0.04 0.99 7
– – 11.71 – 41.84 23.44 – 99.59

0.94 2.99 0.98 11
0.96 – 32.34 – 25.25 – 1.12 99.64
0.28 5.80 4.01 29
– – 16.61 – 27.55 – – 99.75

2.74 4.02 29
6.11 – 11.08 – 28.21 – – 99.93
1.63 1.80 4.05 29

system; (apfu) atoms per formula unit.



Fig. 5. Reflected light photomicrographs of textural characteristics of sulfosalts from the Čumavići deposit: a) galena (white) and quartz–carbonate matrix intersected by needle–like
crystals of semseyite (light gray) and boulangerite (dark gray) (oil, //N); b) Jamesonite prismatic crystals and galena (white) in quartzmatrix (black) (oil, //N); c) Ag–bearing tetrahedrite
(dark gray) and younger semseyite (light gray), as cement of pyrite crystals (white) (oil, //N); d) an aggregate of argyrodite (dark pink) intergrown with stephanite (light pink) and
andorite (light gray) (air, //N); e) pyrargyrite (gray) in carbonate matrix (air, //N); f) a trapezoidal cross–section of argyrodite (gray) embedded in carbonate matrix (oil, //N);
g) native gold (light) in a quartz matrix (black) (oil, //N). Abbreviations: gn — galena, py — pyrite, sy — semseyite, Atd — Ag-bearing tetrahedrite, bl — boulangerite, jm — jamesonite,
agd — argyrodite, sp — stephanite, ad— andorite, pr— pyrargyrite, gg— gangue minerals, Q — quartz.

Table 3
Average EPMA⁎ of sphalerite and sulfosalts from the Čumavići deposit (in wt.%).

Mineral (n) S Mn Fe Cu Zn As Ag Cd Sn In Sb Pb Bi Total

Sphalerite I (4) 33.50 0.69 8.48 – 56.82 n.a. – 0.28 0.07 0.03 n.a. n.a. n.a. 99.87
(apfu) 1.004 0.012 0.146 0.835 0.002 0.001 2
Sphalerite II (4) 33.55 0.55 6.54 0.33 58.27 n.a. – 0.35 0.07 0.01 n.a. n.a. n.a. 99.67
(apfu) 1.009 0.010 0.113 0.005 0.860 0.003 0.001 2
Sphalerite III (2) 33.27 0.01 1.31 – 64.56 n.a. – 0.95 – 0.01 n.a. n.a. n.a. 100.11
(apfu) 1.009 0.023 0.960 0.008 2
Bournonite (8) 19.40 – 0.03 12.86 – – – n.a. n.a. n.a. 23.91 43.65 – 99.85
(apfu) 2.99 1.00 0.97 1.04 6
Boulangerite (3) 18.05 – 0.01 0.01 – – 0.05 n.a. n.a. n.a. 25.83 55.85 0.06 99.80
(apfu) 10.77 0.01 4.06 5.16 20
Jamesonite (1) 21.72 – 2.53 – – – 0.16 n.a. n.a. n.a. 35.62 40.07 – 100.10
(apfu) 13.99 0.94 0.03 6.04 4.00 25
Twinnite (2) 21.54 – – – – 4.55 0.01 n.a. n.a. n.a. 33.87 40.49 – 100.46
(apfu) 3.90 0.35 1.61 1.13 7
Polybasite (1) 15.16 – 0.04 2.66 0.08 – 69.91 n.a. n.a. n.a. 10.11 – 1.67 99.63
(apfu) 10.92 0.02 0.97 0.03 14.97 1.92 0.18 29
Stephanite (2) 15.54 – 0.04 0.98 0.06 1.50 65.92 n.a. n.a. n.a. 15.78 – 0.12 99.94
(apfu) 3.84 0.01 0.12 0.01 0.16 4.84 1.03 10
Ag(Bi)-bearing tetrahedrite (2) 22.71 – 5.54 23.38 1.27 0.28 19.56 n.a. n.a. n.a. 26.28 – 0.59 99.61
(apfu) 12.85 1.80 6.67 0.35 0.07 3.29 3.92 0.05 29
Andorite (12) 22.37 – 0.59 0.09 0.01 – 11.90 n.a. n.a. n.a. 41.60 23.17 0.11 99.84
(apfu) 6.02 0.09 0.01 0.95 2.95 0.97 11
Fizélyte (1) 20.93 – 1.49 0.04 – – 8.04 n.a. n.a. n.a. 34.82 34.45 – 99.77
(apfu) 47.60 1.95 0.05 5.43 20.85 12.12 88

Note: (n) number of analyses; – below detection limits (b ~0.01 wt.%); n.a. not analyzed for; EPMA⁎ — WDS-analytical system; (apfu) atoms per formula unit.
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Table 4
EPMA of argyrodite (1–12) from the Čumavići deposit (in wt.%).

Number of analysis S Fe Cu Zn Ge Ag Cd In Au Total

1 17.16 0.32 0.43 – 6.45 75.50 – – – 99.86
2 17.06 0.34 0.72 – 6.56 73.21 – – 1.93 99.82
3 17.18 – 1.23 – 6.28 75.35 – – – 100.04
4 16.98 0.38 1.66 0.72 5.94 72.06 1.46 0.71 – 99.91
5 17.24 0.36 1.66 – 6.46 74.19 – – – 99.91
6 17.21 – 1.73 – 5.88 71.50 1.80 1.80 – 99.92
7 16.97 0.34 2.09 0.52 6.32 70.03 2.63 1.26 – 100.16
8 17.45 – 2.35 0.73 6.26 72.96 – – – 99.75
9 17.19 0.33 2.57 – 5.75 71.52 1.78 0.84 – 99.98
10 17.12 0.34 2.78 – 6.42 71.18 1.94 – – 99.78
11 17.93 1.09 7.38 – 6.44 65.34 – – 1.90 100.08
12 17.19 – – – 6.40 74.62 1.28 – – 99.49
Average 17.22 0.27 2.05 0.16 6.26 72.29 0.91 0.38 0.32 99.86
(apfu) 5.99 0.05 0.36 0.03 0.96 7.47 0.09 0.04 0.02 15
SD (σ) 0.256 0.284 1.855 0.118 0.262 2.795 0.468 0.491 0.021

Note: – below detection limits (b~0.3 wt.%); (apfu) atoms per formula unit; EPMA — EDS-analytical system.
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Arsenopyrite is a rare mineral. It occurs in small idiomorphic crystals in
association with galena, sphalerite, jamesonite, and quartz. It is replaced
by pyrite. Gersdorffite, also rare, often occurs as inclusions in sulfides or
as regular square, hexagonal or octagonal shaped small crystals embed-
ded in a quartz matrix. EPMA yielded following average chemical
composition: (Ni0.82,Fe0.14,Co0.03)∑0.99(As0.93,Sb0.07)∑1.00S1.01.

6.2. Sulfosalts

Berthierite, the only iron–sulfantimonite mineral so far identified in
the Čumavići deposit, occurs in needle–like to prismatic crystals
forming interlaced lenticular or nest–like aggregates (Fig. 3 l).
Berthierite sometimes appears to have grown perpendicular to the
cracks in a form of comb structures. Berthierite is most commonly
intergrown with stibnite and sphalerite. Its lath–like crystals often re-
place sphalerite in a form of graphic intergrowths (Fig. 3 g, h).
Berthierite also forms monomineralic ores with a breccia texture
cementedwith chalcedony. Cracks andfissures of berthierite aggregates
were filled with kermesite, valentinite and senarmontite (Radosavljević
et al., 1990). EPMA yielded following chemical composition for
berthierite: (Fe0.98,Mn0.04)∑1.02Sb2.00S3.99 (Table 2).

Lead–Sb-sulfosalts are the most abundant sulfosalts in the Čumavići
deposit and throughout the SOF. The following seven mineral species
were identified: geocronite, jamesonite, boulangerite, plagionite,
semseyite, bournonite, and twinnite (Radosavljević and Dimitrijević,
2001; Rakić et al., 2003; Radosavljević et al., 2013). The Sb/Pb atomic
ratio ranges from 0.3 to 2.0, mostly clustered in the range between 0.8
and 1.5 (boulangerite, semseyite, bournonite, jamesonite). Pb–Sb-
Table 5
Average EPMA of different generations of sphalerite and Pb–Sb-bearing sphalerite II and III fro

Types of sphalerites (n) S Mn Fe Cu Zn

(Zn,Fe)S I (12) 33.33 0.52 9.85 0.20 55.13
(apfu) 1.001 0.009 0.170 0.003 0.812
Cv (%) 2 48 12 332 3
(Zn,Fe)S II (10) 32.82 0.35 5.88 0.03 59.87
(apfu) 0.995 0.006 0.102 – 0.891
Cv (%) 2 39 15 – 3
(Zn,Fe)S III (53) 32.43 0.01 1.36 0.02 63.56
(apfu) 0.999 – 0.024 – 0.960
Cv (%) 1 3592 71 503 2
Average (75) 32.63 0.14 3.32 0.05 61.72
(apfu) 0.999 0.002 0.058 0.001 0.927
Cv (%) 2 334 102 881 5
(Pb + Sb)›ZnS II + III (24) 32.20 0.01 1.44 0.03 62.65
(apfu) 0.999 – 0.025 – 0.953
Cv (%) 1 – 93 488 3

Note: (n) number of analyses; – not detected (b ~0.3 wt.%); (apfu) atoms per formula unit; Cv
sulfosalts occur in association with almost all ore minerals throughout
mineralization sequence. They also form individual aggregates
composed of prismatic, mm–cm-scale acicular and fibrous crystals
(nm–μm) replacing older sulfides (Fig. 4d, e). These minerals were
intimately intergrown with galena and sphalerite (Figs. 3i–k and 4f).
The presence of polysynthetic twinning is characteristic for twinnite–
guettardite. However, according to its optical and paragenetic features
itmost probably belongs to twinnite due to lowAs and high Sb contents.
This mineral is identical to twinnite from the Sb–Pb–Zn–As Rujevac
deposit (Moëlo, et al., 1983; Radosavljević, et al., 2014). EPMA of Pb–
Sb sulfosalts are given in Tables 2 and 3.

The Pb–Ag–Sb-sulfosalts andorite and fizélyite were determined in
the Čumavići deposit, but have not been observed elsewhere in the SOF.
These minerals are relatively abundant and, locally, may be the principal
carriers of Ag in the ore. Andorite, often intergrown with jamesonite,
berthierite and rarely argyrodite, occurs as elongated or tabular aggre-
gates. It is surrounded by stephanite and Ag–bearing tetrahedrite. Its
bireflectance ranges between white–gray to blue–gray, and is character-
ized by red internal reflections. Andorite has higher reflectance than
jamesonite and compared to galena, has approximately the same luster
with bluish tint (Radosavljević et al., 1986). EPMA yielded the following
average chemical composition: Pb0.98(Ag0.96,Fe0.08)∑1.04Sb2.98S6.02
(Tables 2 and 3).

Cu–Ag–Sb-sulfosalts are less widespread in the SOF. Argentian
tetrahedrite, of varying composition, was determined in the Čumavići
deposit. It often occurs in associationwith Ag–minerals, on grain bound-
aries of chalcopyrite and pyrite aggregates, or as individual grains em-
bedded in quartz matrix. Cu–Ag–Sb-sulphosalts are crosscut by Pb–Sb
m the Čumavići deposit, with apfu and CV (in wt.%).

As Cd Sn Sb Pb Total Sb/Pb (apfu)

– 0.09 0.10 0.04 0.63 99.89 –
– 0.001 0.001 – 0.003 2
– 82 125 – 30
0.05 0.03 – 0.16 0.54 99.73 0.5
0.001 – – 0.001 0.003 2
– – – – 107
0.01 0.43 0.01 0.31 1.75 99.89 0.3
– 0.004 – 0.003 0.009 2
– 93 725 91 28
0.01 0.32 0.02 0.24 1.41 99.86 0.3
– 0.003 – 0.002 0.007 2
1061 127 453 135 34
0.02 0.54 – 0.72 2.32 99.93 0.5
– 0.005 – 0.006 0.011 2
– 84 – 47 18

coefficient of variation (in %); EPMA— EDS-analytical system.
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sulfosalts mainly jamesonite and semseyite (Fig. 5c). EPMA yielded the
following chemical compositions: i) Ag(Au)–bearing tetrahedrite
(Ag5.80,Cu4.11,Au0.11)∑10.02(Fe1.73,Zn0,28)∑2.01Sb4.01S12.95 (Table 2); ii)
Ag(Fe)–bearing tetrahedrite (Cu7.22,Ag2.74)∑9.96Fe2.00Sb4.02S13.03
(Table 2); iii) Ag(Zn)–bearing tetrahedrite (Cu8.07,Ag1.80)∑9.87(-
Zn1,64,Fe0.41)∑2.05Sb4.05S13.03 (Table 2); iv) Ag(Bi)–bearing tetrahedrite
Fig. 6. Chemical variation of sphalerite expressed as a) Zn vs. Fe for the three generations of sp
sphalerite II and III compared to those from Pb(Fe)–Sb sulfosalts; (apfu)— atoms per formula
(Cu6.67,Ag3.29)∑9.96(Fe1.80,Zn0.35)∑2.15(Sb3.92,As0.07,Bi0.05)∑4.04S12.85
(Table 3).

Silver–(Bi)–bearing tetrahedrite from the Čumavići deposit was
described by Radosavljević et al. (1986). Almost all argentian
tetrahedrite studied here show variable contents of Zn (b0.3–6.11
wt.%), Fe (1.32–6.27 wt.%), Ag (10.60–33.44 wt.%), and Au (b0.3–2.23
halerite; b) Zn vs. ∑Fe + Sb for sphalerite II and III; c) Sb/Fe and Sb/Pb atomic ratios in
unit.



Table 6
The correlation matrix between macro and micro elements in sphalerite of all three
generations according to atoms per formula unit (apfu) (75).

R2 Fe Cu Zn Cd Sb

Cu −0.231
Zn −0.968 0.084
Cd −0.710 0.229 0.657
Sb −0.294 0.446 0.236 0.366
Pb −0.332 0.114 0.272 0.366 0.466
∑Fe + Sb −0.972

Note: (n) number of analyses.
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wt.%). Ag/(Ag + Cu) and Fe/(Fe + Zn) ratios range from 0.2 to 0.6 and
from 1.0 to 0.2, respectively.

Ag–Sb-sulfosalts are widespread in the SOF, predominantly in the
Northern and Northwest ore systems. Stephanite, polybasite, and
pyrargyrite were observed in the Čumavići deposit. Compared to
andorite, stephanite is an extremely rare Ag–bearing mineral in the
deposit. Fine–grained stephanite often occurs with andorite and is
accompanied by polybasite and Ag–bearing tetrahedrite. Needle–like
intergrowths of stephanite with andorite and argyrodite were also
observed (Fig. 5d). Stephanite is characterized by moderate light–pink
to dark–reddish bireflectance. Pyrargyrite most commonly occurs along
with quartz in fissures (Fig. 5e). Polybasite, usually intergrown with
other sulfides and sulfosalts, is dull gray–whitewith no distinct pleochro-
ism andmoderate anisotropy. Dark red internal reflections are noticeable
only in oil. EPMA yielded the following mean mineral compositions:
pyrargyrite (Ag2.69,Cu0.20,Fe0.08,Cd0.04)Σ3.01Sb0.98S3.00 (Table 2); polybasite
(Ag14.97,Cu0.97,Zn0.03,Fe0.02)Σ15,99(Sb1.92,Bi0.18)Σ2.10S10.92 (Table 3);
stephanite (Ag4.84,Cu0.12,Fe0.01,Zn0.01)Σ4.98(Sb1.03,As0.16)Σ1.19S3.84
(Table 3).

Germanium–Ag sulfosalts are rare minerals in polymetallic deposits
worldwide (Wang, 1978; Kuhs et al., 1979; Onoda et al., 1999; Paar
et al., 2004). Argyrodite was determined in the Čumavići deposit for
the first time in the present study. This mineral accompanies Cu–Ge–
Ag–Au mineral associations in the form of isometric trapezoidal or
rectangular grains (Fig. 5f). Argyrodite occurs also rarely in up to
Fig. 7. SEM cathodemode images (a, c) and the same BSEI motif (b, d): a) strong cathodolumine
play any cathodoluminescence effect, c) weak cathodoluminescence corresponds to quartz, sph
Q — quartz, sl — sphalerite.
100 μm–sized elongated aggregates, in which andorite forms rims on
acicular crystals of stephanite (Fig. 5e). The luster of argyrodite is
moderate, similar to argentian tetrahedrite. Very weak bireflectance
with gray–pink to dirty–pink effects is noticeable. Argyrodite crystals
with increased Au content have gray–purple to dark gray bireflectance.
Anisotropy is weak; hardness is low, but slightly higher than galena and
significantly lower than Ag(Fe)–tetrahedrite. EPMA data shows small
amounts of Cu (up to 4.05 wt.%), Cd (up to 2.63 wt.%), Zn (up to 0.73
wt.%), and Fe (up to 1.09 wt.%) and the following mean composition:
(Ag7.47,Cu0.36,Cd0.09,Fe0.05,Zn0.03,Au0.02)Σ8.02(Ge0.96,In0.04)Σ1.00S5.99
(Table 4).

Argyrodite from the Čumavići deposit contains significant amounts
of In (up to 1.80 wt.%), an economically important element throughout
the SOF that is more usually present in sphalerite I (Table 3). From the
calculated chemical formula for argyrodite, In would appear to
substitute for Ge.

6.3. Native metals

Both native gold and native silver were determined in the Čumavići
deposit. Native gold occurs only within Ag(Au)–Ge and Ag–Pb–Sb
sulfosalts in association with chalcopyrite, arsenopyrite, marcasite,
and pyrite. It also occurs as isolated grains (up to 10 μm)within a quartz
matrix (Fig. 5 g). EPMA yielded the following chemical composition
(Au0.91,Ag0.09)Σ1.00 (four analyses). Native silver is rare and occurs as
exsolutions within argentian tetrahedrite.

6.4. Tungstates

Hübnerite is present in minor amounts, unevenly distributed in
the deposit. It occurs in association with sphalerite, berthierite and
quartz as thin, elongated crystals up to several cm in size which are
commonly brecciated and cemented by quartz. Hübnerite was first
mentioned by Kubat (1963), and later described in detail by
Bermanec et al. (1988). EPMA of hübnerite yielded the chemical
formula (Fe0.62,Mn0.38,Ca0.03)∑1.03WO4.
scence corresponds to anglesite, weaker to quartz, while sphalerite aggregates do not dis-
alerite aggregates do not display any cathodoluminescence. Abbreviations: al— anglesite,
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6.5. Gangue minerals

The main gangue minerals are quartz, chalcedony, and carbonates
[Mn–siderite (Mn0.59,Fe0.36,Ca0.04,Mg0.01)∑1.00CO3 and rhodochrosite
(Mn0.88,Fe0.08,Ca0.04,Cu0.01)∑0.99CO3; the average Fe/Mn atomic ratio
in Mn-siderite and rhodochrosite is 0.61, and 0.09, respectively].

7. Sphalerite chemistry

EPMA trace and minor element data for various generations of
sphalerite from the Čumavići deposit are shown in Tables 3 and 5.
Sphalerite shows significant variation in the content of Mn (up to
2.18 wt.%), Fe (up to 12.12 wt.%), Cd (up to 1.48 wt.%), Cu (up to
1.56 wt.%), Sn (up to 0.53 wt.%), In (up to 0.11 wt.%), As (up to 0.54
wt.%), Sb (up to 1.62 wt.%), and Pb (up to 3.08 wt.%). Gallium, Ge,
Ag, and Bi were below detection limits (b0.3 wt.% EDS, b0.01 wt.%
WDS).
Fig. 8. Spot, area, and line EPMA of minor and trace elements in sphalerite of different generati
panied by the related graphs of Fe, Cd, Sb, and Pb distribution; d) area analyses of Pb–Sb sulfosa
different zones of two generations of sphalerite (darker zones belong to sphalerite I (analytica
three generations of sphalerite (lighter areas belong to sphalerite I corresponding to an increa
III (lighter areas correspond to an increased contents Cd, Sb, and Pb); h) spot analyses of Pb–S
InKα and SnKα in sphalerite I (gray) in association with galena (white) and quartz (black) (BE
The content of minor elements in sphalerite I, obtained by MSA are
(in ppm): Be = 6, B = 2, F = 5, Na = 80, Al = 50, Si = 80, P = 20,
Cl = 300, K = 1000, Ti = 70, V = 1, Cr = 40, Co = 30, Ga = 2, Rb =
4, Sr = 30, Y = 1, Ag = 90, In = 8, Sn = 500, Sb = 200, W = 20,
Bi = 0.1, Th = 0.01. Lithium, Mg, Sc, Ba, Hg and Tl were determined
qualitatively. Germanium, Se, Br, Zr, Nb, Mo, Ru, Rh, Pd, Te, I, Cs, REE,
Hf, Ta, Re, Os, Ir, Pt, Au, and U were not detected. Calcium, Mn, Cu, Zn,
As, Pb and Cd concentrations are N0.1 wt.%. MSA data were normalized
to Fe content of 9.59 wt.% (obtained by AAS).

The Na/K atomic ratio in sphalerite I at the Čumavići deposit is 0.14,
similar to other sphalerite throughout the SOF (always b1)
(Radosavljević, 1988). It should be emphasized that the alkali metals
most probably occur in the form of sub-μm-scale daughter minerals
within fluid inclusions.

Minimum and maximum values of atomic ratios in sphalerite of all
three generations yielded the following chemical composition:
(Zn0.78–0.99,Feb0.01–0.21, Mnb0.01–0.04,Cub0.01–0.02,Pbb0.01–0.01,Cdb0.01–
ons (see also Table 7): a–c) spot-line analyses of Pb–Sb zones in sphalerite I and II accom-
lt fibers and a sulfosalt–free sphalerite surface (sphalerite III); e) spot and area analyses of
l spots 25 and 29), a lighter zones belong to sphalerite III); f) spot and area analyses of all
sed content of Cu and Sn); g) Compositional variation across colloform–zoned sphalerite
b sulfosalt fibers and a sulfosalt–free sphalerite surface (sphalerite III); i) line analysis of
I + line WDS).



Table 8
XRPD data for sphalerite and galena from Čumavići.

Sample characterization

Name (chemical, mineral) Sphalerite/galena
Empirical formula ZnS/PbS
Source/preparation Natural mineral

Technique

Radiation type, source X-rays, Cu λ value used 1.54060 Å Kα1/1.54439 Kα2

Monochromator diffracted beam graphite monochromator
Detector (film, scint. etc.)
Instrument description
(type, slits)

Proportional
Vertical diffractometer
Divergence slit 1°
Receiving slit 0.1 mm
Soller slit 1°
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0.01,Sbb0.01–0.01)∑0.97–1.03S0.97–1.03 (indium is below 0.001). The
chemical formula of sphalerite I, II and III is as follows (Table 5):

– sphalerite I (Zn0.812,Fe0.170,Mn0.009,Cu0.003,Pb0.003,Cd0.001,Sn0.001)
∑0.999S1.001;

– sphalerite II (Zn0.891,Fe0.102,Mn0.006,Pb0.003,Sb0.001,As0.001)∑1.005S0.995;
– sphalerite III (Zn0.960,Fe0.024,Pb0.009,Cd0.004,Sb0.003,)∑0.999S0.999.

The content of trace– and minor–elements in sphalerite is in the
following order: Fe N Pb N Cd N Sb N Mn N Sn N As N In. Variations of
trace– and minor–elements in sphalerite occur along growth zones
(Figs. 7d and 8a), and along colloform (Fig. 8b, c), needle–like
(Fig. 8d), and/or fibrous textures (Fig. 8 h).
Instrumental profile breadth 0.10 °2θ temp. (°C) 25 ± 1
Specimen form/particle size
Range of 2θ
Specimen motion

Edge loaded powder/ b10 μm particle size
From 4 to 80 °2θ
None

Unit-cell data Sphalerite Galena

Unit-cell parameters a = 5.412(1)Å, V = 158.49(9)Å3,
Z = 4, Dx = 4.08 g/cm3

a = 5.934(1)Å,
V = 209.0(1)Å3,
Z = 4, Dx = 7.60 g/cm3

Formula wt.
Crystal system
Space group

97.47 g/mol
Cubic
F 4 3m (216)

239.27 g/mol
Cubic
Fm 3 m (225)

Table 7
EPMA of micro-elements in sphalerite and sulfosalts from Fig. 8 (in wt.%).

EDS 1 2 3 4 5 6 7 8 9 10 11

Mn – – – – – – – – – – –
Fe 0.84 1.41 2.27 1.22 0.34 3.50 4.98 3.10 2.55 2.29 1.85
Cu – – 0.41 – – – – – – – –
Cd 0.87 – 0.82 1.21 – – – – – – –
Sn – – – – – – – – – – –
Sb – – – – – 0.47 – 0.66 0.64 0.91 –
Pb – – – 1.84 2.40 1.97 – – 1.81 2.51 1.18
Sb/Pb
(apfu)

– – – – – 0.4 – – 0.6 0.6 –

Sulfosalts / / / / / G / / F F /

EDS 12 13 14 15 16 17 18 19 20 21 22

Mn – – – – – – – – – – –
Fe 1.63 0.63 0.61 0.32 0.33 0.42 0.57 1.39 1.46 1.83 2.30
Cu – – – – – – – – 0.26 – –
Cd – 0.28 0.95 1.15 1.16 1.02 0.44 – 0.26 – 0.45
Sn – – – – – – – – – – –
Sb – 0.34 0.50 0.41 0.30 0.90 0.64 0.46 1.18 – –
Pb 1.28 2.07 2.98 2.17 1.48 1.79 2.81 2.36 2.52 1.95 1.34
Sb/Pb
(apfu)

0.3 0.3 0.3 0.3 0.9 0.4 0.3 0.8 – – 0.7

Sulfosalts G G G G S G G B / / F

EDS 23 24 25 26 27 28 29 30 31 32 33

Mn – – 0.64 – – – 0.59 – – – –
Fe 2.19 1.70 6.30 0.74 0.43 0.36 6.45 0.59 9.16 9.06 3.30
Cu – – – – – – – – 1.56 0.58 –
Cd – – – 0.69 1.29 1.48 – 1.43 0.20 – –
Sn – – – – – – – – 0.28 0.39 –
Sb 2.48 – – – – 0.48 – 0.57 – – –
Pb 6.01 – – 2.31 2.02 2.20 – 2.66 2.00 1.67 1.8
Sb/Pb
(apfu)

– – – – – 0.4 – 0.4 – – –

Sulfosalts / / / / / G / G / / /

EDS 34 35 36 37 38 39 40 41 42 43 44

Mn – – 0.10 – – – – – – – –
Fe 0.57 6.54 0.41 0.40 0.51 0.43 3.11 1.15 1.80 0.96 0.59
Cu – 0.33 – – – – – – – – –
Cd 0.38 – 1.26 1.16 0.38 0.84 – 0.35 – – –
Sn 0.25 – – – – – – – – – –
Sb – – 0.67 1.06 – – – 1.22 0.44 16.5 20.22
Pb – 1.21 2.28 2.62 1.74 – 1.69 2.71 2.44 37.6 45.69
Sb/Pb
(apfu)

– – 0.5 0.7 – – – 0.8 0.3 0.7 0.8

Sulfosalts / / G F / / / B G F B
WDS 45 46 47 48
Mn 0.08 0.06 0.14 0.08
Sn 0.40 0.61 0.32 0.70
In 0.01 0.07 0.01 0.11

Note: EDS— analytical system;WDS— analytical system; – below detection limits (b~0.3
wt.% for EDS and b~0.01 for WDS); (apfu) atoms per formula unit; possible Pb–Sb
sulfosalts according to Sb/Pb (apfu): G geocronite (0.4), F falkmanite (0.7), B boulangerite
(0.8), S semseyite (0.9); / undefined.
Threemajor groups of sphalerite are distinguished on the basis of Fe
content, corresponding to the previously defined mineralization stages
(Fig. 6a). A correlation analysis was carried out in order to determine
major and minor–elements and their interrelationships.

In addition, a nearly perfect Sn vs. In correlation (R2 = 0.975), and a
strong negative Sn vs. Mn correlation (R2 = −0.722) was determined
in sphalerite I. Also, a good negative Fe vs. Cd and positive Zn vs. Cd
correlation (Table 6, Fig. 6b) were determined in all three sphalerite
generations. It should be emphasized that a Sb vs. Cu correlation
(R2 = 0.446) has not been determined suggesting that Sb is not incor-
porated in the crystal structure of sphalerite via coupled substitution
(e.g., 2Zn2+ ↔ Cu+ + Sb3+), but present as micro–inclusions of
sulfosalts. Contrary to this, an excellent correlation between the Cu
and In in Cu–In-bearing sphalerite offers indirect proof for the coupled
substitution 2Zn2+ ↔ Cu+ + In3+, which allows indium to enter the
sphalerite structure (Cook et al., 2012).

On the basis of Sb and Pb contents, there are light areas in sphalerite
II and III containing only Pb (most commonly), both elements, and/or
without both elements (Tables 3 and 5, Fig. 8a–c). Lead–Sb-bearing
sphalerite is usually Fe-poor (II and III generation). The Sb/Pb atomic
ratio varies in the range from0.3 to 1.5, similarly to ratios corresponding
to geocronite and jamesonite (Fig. 6c), suggesting the presence of
submicroscopic inclusions of the above sulfosalts in sphalerite. It is
also possible that part of the submicroscopic sulfosalts is in the form
of stibnite, indicated by the ideal negative Zn vs.∑Fe + Sb correlation
Table 9
Comparison of calculated and observedXRPDdata of galena and sphalerite from Čumavići.

h k l Irel (%) Galena Sphalerite Irel (%)

d(obs) (Å) d(calc) (Å) d(obs) (Å) d(calc) (Å)

1 1 1 37 3.4308 3.4262 3.1248 3.1245 88
2 0 0 56 2.9626 2.9672 2.7059 2.7059 11
2 2 0 36 2.0962 2.0981 1.9133 1.9133 67
3 1 1 20 1.7888 1.7893 1.6317 1.6317 8
2 2 2 8 1.7139 1.7131 1.5607 1.5622 40
4 0 0 6 1.4835 1.4836 1.3523 1.3529 5
3 3 1 5 1.3624 1.3614 1.2418 1.2415 11
4 2 0 10 1.3273 1.3270 1.2108 1.2101 9
4 2 2 9 1.2110 1.2113 – – –



Table 10
Dependence of the a unit–cell parameter on FeS portions (mol%) in sphalerite from
Čumavići in comparison to literature data (FeS portions in sphalerite of this study was
calculated).

Literature Kullerud (1953) This study

a (Å) 5.424 5.421 5.419 5.417 5.415 5.412(1)
FeS (mol.%) 41.4 34.2 27.9 22.4 17.5 9.2
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(Fig. 6b). Berthierite was not detected within Pb–Sb-bearing sphalerite
with Sb/Fe atomic ratio up to 1.2 (Fig. 6c).

The Pb–Sb-bearing sphalerite does not display effects of
cathodoluminescence (Fig. 7a, c). Quartz veinlets show weak, while
anglesite displays strong effects of cathodoluminescence (Fig. 7a). This
somewhat confirms the hypothesis that most of the Sb and Pb in
sphalerite is related to submicroscopic Pb–Sb sulfosalt inclusions.
Besides Pb, Sb, and Pb–Sb in sphalerite we also detected in Fe–rich
sphalerite I, zones enriched in Cu and Sn (Fig. 8f, Table 7), and In and
Sn (Fig. 8i, Table 7).

The absence of correlation of Pb with other elements confirms the
hypothesis that lead in sphalerite is related to the presence of submicro-
scopic galena and sulfosalts inclusions. In an analogous study, Pačevski
et al. (2012) concluded on the basis of TEM and EPMA data that Pb–
bearing pyrite from the Čoka Marin Cu–Pb–Zn–Au deposit, Serbia, can
be attributed to nano–inclusions (b50 nm) of sulfosalts of Pb-(±As,
Ag, Cu).

8. X-ray powder diffraction analysis

X–ray powder diffraction (XRPD) was used for identification and
calculation of unit–cell parameters of sphalerite (III generation) and
galena from Čumavići deposit. Results are presented in Tables 8–10.
XRPD data of the analyzed sphalerite and galena are given in Table 8
and a comparison between calculated and observed XRPD data of sphal-
erite and galena are shown in Table 9. In comparison to the published
unit-cell parameter data for sphalerite (Kullerud, 1953) of, the analyzed
sample from the Čumavići deposit belongs to a Fe–poor variety
(Table 10, Fig. 9). Literature unit–cell data for sphalerite show an ideal
linear dependence, which can be calculated by the equation y =
5.40861 + 0.00037·x. According to this, the FeS portion and other
minor– and trace–elements in analyzed sphalerite amounts to
9.2 mol%. The unit–cell parameter of galena is in excellent agreement
with the literature data (JCPDS card no. 05-0592, 1953; Noda et al.,
Fig. 9.Dependence of thea unit–cell parameter onmol% FeS in sphalerite III fromČumavići
(black dots–literature data (Table 10), the red cross marks the position of the sphalerite III
unit–cell a parameter of the analyzed sample).
1987; Noda et al., 1983; Berger et al., 1985; Faizullina et al., 1983a,b).
The dependence of the a unit–cell parameter on FeS portions (mol%)
in sphalerite from Čumavići in comparison to the literature data are
given in Table 10 and Fig. 9.

9. Discussion

9.1. Micro and trace element distributions in sphalerite

Antimony and lead in the studied sphalerite are in the form of
isometric or fibrous micro– to nano–scale inclusions of Sb–Pb-bear-
ing minerals. Furthermore, Sb and Pb are in the form of thin wavy
ribbons composed of galena or Pb–Sb sulfosalts. These textural com-
binations are numerous in sphalerite II and III (Fig. 7d). Cook et al.
(2009), analyzed sphalerite from 26 deposits worldwide, similarly
concluded that elevated Pb, Sb, and Bi contents in sphalerite were
the result of micro– to nano–scale inclusions, and not of isomor-
phous substitution in the crystal structure. However, minor amounts
of Sb and Pb likely substituted for Zn2+ in the sphalerite structure, as
can be postulated by the form (and chemistry) of different bright
zoned areas (Figs. 3b and 8a–c, e). These effects are also visible in
reflected light, regularly as rhythmic bands with numerous yellow
to reddish internal reflections (in oil, Fig. 3i–k). Similar reddish
effects were observed in sphalerite from the Au–Cu polymetallic
deposits Palai-Islica (Spain) (Carrillo-Rosua et al., 2008). Different
types of sphalerite have significant amounts of minor and trace
elements, such as Cu (up to 1.34 at.%), Sb (up to 0.67 at.%), Sn (up
to 0.31 at.%), Ge (up to 0.29 at.%), Cd (up to 0.24 at.%), In (up to
0.18 at.%), Mn (up to 0.15 at.%) and Ga (up to 0.12 at.%). Among
them, Sb, Sn, Ga, Ge and In are proportional to Cu content, and the
following charge–balanced coupled substitutions have been demon-
strated: Sb3+ + Cu+ + Cu2+ ↔ 3Zn2+; Sn4+ + 2Cu+ ↔ 3Zn2+;
2Ge2+ + Ga3+ + 2Cu2+ + Cu+ ↔ 6Zn2+ (Carrillo-Rosua et al.,
2008). Moreover, increasing intensity of color of sphalerite from
the Force Crag Pb–Zn deposit, England, depends on the enrichment
in Cu, Fe, Sb, Ag, and Pb (Dickinson and Pattrick, 1987). TEM studies
revealed these trace–element–rich zones of sphalerite contained
precipitates of tetrahedrite–like composition, and are a possible
cause of the coloration in sphalerite. However, similar color bands
enriched in Cu, Sb, Ag, and Pb occurring in colloform sulfides from
the Silvermines orebody, Ireland, was found to be devoid of precipi-
tates, suggesting in this case, the accommodation of these trace ele-
ments into sphalerite structure (Dickinson and Pattrick, 1987). In
addition, Maslennikov et al. (2009) confirmed that Sb, As, and Pb en-
richment in sphalerite is attributed to submicroscopic galena-
tetrahedrite inclusions, whereas the Co and Mn likely substitute for
Zn2+ in the structure. According to Ye et al. (2011) LA–ICP–MS
time-resolved depth profiles for sphalerite from a number of Chinese
deposits confirm the presence of elements such as Co, In, Ge, Ga, and
Cd in solid solution, and also that Ag, Sn, Tl, and Sb are likely present
within the crystal structure.

SEM spot and line profile analyses of Pb–Sb-bearing sphalerite
from the Čumavići deposit confirmed that there is no regularity in
the occurrence of Pb and Sb. These elements concentrate in light
areas, above and below visible parallel wavy ribbons accompanied
with galena and Pb–Sb sulfosalts (Fig. 8a–c). These zones are usually
composed of several rhythmic bands (lighter and darker), where
bands closer to the center are enriched with galena, while those
peripheral are enriched in Pb–Sb sulfosalts. Zones enriched in Fe
and variable content of Sb were found along sphalerite aggregate
boundaries (Fig. 8a–c). Finally, increased amounts of Mn, Cu, Sn,
and In, as well as of Cd, Sb, and Pb are characteristic for sphalerite I
and for sphalerite II and III, respectively (Tables 3 and 5). Besides
enrichment in Fe, Pb, Cd, Sb, Mn, Sn, As, and In, micro- to
submicro-scale inclusions of quartz are also characteristic for Pb–
Sb bearing sphalerite (black dots in Fig. 8d).
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9.2. Variation in sphalerite composition within the Čumavići deposit

Sphalerite from the Čumavići deposit crystallized from medium– to
low–temperature hydrothermal solutions, which were rapidly precipi-
tated in faults and fissures within volcanic rocks. There are three gener-
ations of sphalerite: sphalerite I and sphalerite II corresponds to Fe-rich
(12.0–19.2 and 4.7–8.4 mol% FeS, respectively), while sphalerite III are
Fe–poor (0.3–3.8 mol% FeS). Colloform zoned areas occurring in central
parts of Pb–Sb bearing sphalerite show tendency towards hexagonal
forms (Fig. 8 g). This observation suggests possible initial crystallization
of wurtzite from gels, which later recrystallized into sphalerite.
Moreover, colloform textures of sphalerite aggregates point at recrystal-
lization. Sphalerite I (Fig. 8e) is overgrown by colloform zones of Pb–Sb
sphalerite II and III (Fig. 8 g) suggesting here that it was partly corroded,
dissolved and remobilized by hydrothermal solutions. This supports the
hypothesis that these solutions changed, with occasional influx of Fe
and Pb–Sb.

Similar processes happened in several Pb–Zn–Cu–Sb deposits in
Rheinisches Schiefergebirge (Germany). The oldest generation of sphal-
erite is overgrown by various Pb–Sb sulfosalts (Wagner and Cook,
1998). According to these authors, sulfosalt–rich solutions altered
early sphalerite, thus newly creating Zn- and Fe-poor solutions, from
which sphalerite II crystallized. In this way, various structural and
textural modifications were formed, which further led to the complexi-
ty of ore deposition in the veins.

9.3. Environmental impact

Estimated ore reserves of the SOF are 50 million tonnes; the
Čumavići deposit contains around 600,000 tonnes (Čobić, 1978). No
mining currently takes place due to technological issues but the
Čumavići deposit is considered a valuable future resource because of
the rare and critical metal associations. Knowing the compositional
variation present in sphalerite is of great importance since it is the
main zinc source. Understanding the distribution of Pb and Sb in
sphalerite will impact on mineral processing (e.g., flotation, gravity),
and can help explain unsatisfactory results (Kubat, 1995). This is also
the case for the Rujevac Sb(As)–Pb–Zn polymetallic deposit, where
elevated Hg contents in sphalerite occur (Radosavljević et al., 2012).
From the aspects of environmental protection, hydrometallurgy is
probably the most suitable process for extraction of a large number of
ore metals (Zn, Pb, Sb, Ag, Au etc.) from zinc concentrates. This issue
will be the subject of future work.

10. Conclusions

1) Sphalerite, occurring in four generations in the SOF, was deposited
from hydrothermal solutions over a wide temperature range from
400 to 100 °C (Dangić, 1982). Sphalerite that crystalized at the end
of the hydrothermal process differs in chemical composition from
the earlier generations, notably with respect to Fe content. High–
temperature sphalerite contains from 15 to 22 mol% of FeS, and
often has increased contents of Mn, Cu, Sn, and In. Sphalerite
deposited at low temperatures has FeS contents from b1 to
5 mol%, and increased contents of Cd, Pb and Sb.

2) Sphalerite from Čumavići displays an extraordinary range of
chemical composition. Significant amounts of Pb and Sb have been
detected — between 0.10–3.08, and 0.02–1.62 wt.%, respectively. A
large part of these elements are in the form of inclusions, while
only a small part is substituted for Zn2+ in the crystal structure of
(Pb–Sb)-bearing sphalerite (light zoned areas on the SEM images).
These effects are also visible in reflected light, regularly as rhythmic
bands with numerous yellow to reddish internal reflections.

3) Sphalerite has its own specifics within the SMMP. According to
genetic and chemical composition, sphalerite from the SOF is the
most similar to those from the Rogozna (Radosavljević et al., 2015)
and Sasa orefields (Strmic-Palinkas et al., 2013). Sphalerite displays
a range of genetic, paragenetic and geochemical characteristics
across the PMD, and these differences are directly related to the
different types of magmatism and lithological environments. In the
SOF, ore–bearing solutions were generated from the Srebrenica
intrusive–volcanogenic complex (Radosavljević et al., 2013),where-
as in the BOF they originated from subvolcanic–plutonic intrusions
of Boranja. Specific sphalerite compositions are a response to the
local setting in which ore minerals were deposited. Unlike SOF, ore
deposits within the BOF formed exclusively in silicate–carbonate–
rich environments. In the BOF, sphalerite is associated with skarn
and high–temperature hydrothermal substages, containing elevated
FeS (up to 22 mol%), Mn and Cu; In and Sn are almost absent. Low–
temperature sphalerite has increasing contents of Cd, Hg, As, In and
Ga (Radosavljević et al., 2012).

4) Within the Ag–bearing tetrahedrite series, Ag content increaseswith
elevated Fe/(Fe+Zn) atomic ratios, and is the highest in Au–bearing
tetrahedrites. This regularity points to a high activity of Ag and Au in
the low–temperature hydrothermal substage, when rare Ag–Pb–Sb,
Ag–Sb, Ag(Au)–Cu–Sb and Ag(Au)–Ge sulfosalts were deposited.
This mineral association is unique for the whole SOF because Au
concentrations are of economic significance. The deposit represents
a rare morphogenetic type of epithermal gold mineralization within
the SMMP.
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