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A review of Pb-Sbh(As)-S, Cu(Ag)-Fe(Zn)-Sb(As)-S, Ag(Pb)-Bi(Sb)-S
and Pb-Bi-S(Te) sulfosalt systems from the Boranja orefield,
West Serbia
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Abstract. Recent mineralogical, chemical, physical, and crystallographic investigations of the Boranja ore-
field showed very complex mineral associations and assemblages where sulfosalts have significant role. The
sulfosalts of the Boranja orefield can be divided in four main groups: (i) Pb-Sb(As)-S system with +Fe and
+Cu; (ii) Cu(Ag)-Fe(Zn)-Sb(As)-S system; (iii) Ag(Pb)-Bi(Sb)-S; (iv) and Pb-Bi-S(Te) system. Spatially,
these sulfosalts are widely spread, however, they are the most abundant in the following polymetallic deposits
and ore zones: Cu(Bi)-FeS Kram-Mlakva; Pb(Ag)-Zn-FeS, Veliki Majdan (Kolarica—Centralni revir—Kojici);
Sb-Zn-Pb-As Rujevac; and Pb-Zn-FeS,-BaSO, Bobija. The multi stage formation of minerals, from skarn-
hydrothermal to complex hydrothermal with various stages and sub-stages has been determined. All hydro-
thermal stages and sub-stages of various polymetallic deposits and ore zones within the Boranja orefield are
followed by a variety of sulfosalts.
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AncrpakT. [locanaiima MHHEPAJIONIKa, XeMHjCKa, TEOXEMHjCKa 1 Kpuctanorpadcka npoydaBarma IoKasa-
Ja cy Iia ce y pyxHoM noJby bopame jaBibajy BeoMa CIIOKEHE MHHEpaJHE acoLUjalHje U napareHese, riue y
BEHIM TIOMMETAINYHAM MHUHEpaj3anijaMa JOMUHHIPAj)y MHHEpain u3 rpyne cyndocomn. Cynpoconn u3
pyzHor nosba bopame Mory ce nopenutu y yetupu Behe rpyme: (i) cuctem Pb-Sb(As)-S, ca +Fe u £Cu; (ii)
cucreM Cu(Ag)-Fe(Zn)-Sb(As)-S; (iii) cuctem Ag(Pb)-Bi(Sb)-S; (iv) cuctem Pb-Bi-S(Te). Ose cyndoconu cy
MPOCTOPHO BEOMa pacrpocTparmbeHe, MejyTuM, oHe Cy Haj3acTyIJbeHHUje y clienehuM moimMeTannaHuM Jie-
xuituma u pynauM 3oHama: Cu(Bi)-FeS Kpam—Munaksa; Pb(Ag)-Zn-FeS, Benuku Majnan (Konapuna—Llen-
tpanuu pesup—Kojuhn); Sb-Zn-Pb-As Pyjesaw; Pb-Zn-FeS,-BaSO, bobuja. YTepheHo je BumieeranHo cTpa-
pame MUHepala, TJie IIpBa OJIroBapa CKapH-XUIPOTEPMATHOM a JpyTa CJI0KEHOM XHAPOTEPMaTHOM, ca Behum
Opojem craaujyma u noacraaujyma. CBH CTaJujyMH U HOACTaMjYMU XUIPOTEPMaIHE eTale Y MHHEPAIHUM
acolyjanyjama pa3InIuTHX NOIUMETATNYHUX JISKHUIITA U PYIHUX 30Ha, TpaheHn cy 1ojaBoM MIMPOKeE JIerese
CynOCOTHNX MUHEpAA.

Introduction ly represents semi-metal such as As, Sb, Bi and rarely
Ge, or metals like Sn and rarely In; and S is S or rarely

Sulfosalts are complex sulfide minerals with the Se or/and Te (ANTHONY et al. 1990; MOELO et al.
general formula: A, B, S,; where A represents a metal ~ 2008). Formerly, it was believed that the sulfosalts
such as Cu, Pb, Ag, Fe and rarely Hg, Zn, V; B usual- were salts of complex hypothetical thioantimonic or
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thioarsenic acids (e.g., HSbS,, H gAs,S;5, H3AsS;3).
X-ray diffraction (XRD) analyses indicate that the
crystal structures of Pb-Sb-As-S sulfosalts are based
on structural fragments of simpler compounds such as
galena (lead sulfide; PbS) blocks and stibnite (antimo-
ny trisulfide; Sb,S;) sheets (WERNICK 1960). No
encompassing theory has been evolved to rationalize
many of these curious compounds. The complexity of
many of the structures evidently results from them
having crystallized at low temperatures and the conse-
quent high degree of ordering of the metal atoms.
Syntheses of such compositions at higher temperature
usually result in structures simpler than the complicat-
ed low-temperature forms. There are about 200
known sulfosalts (MOELO et al. 2008).

These minerals were formed under the mutual influ-
ence of different sulfantimonide, sulfarsenide, sulfsta-
nate, sulfbismuthinide, etc. anions (e.g. SbS,!,
As,S 518, AsS33, Bip,Sg6), with metal ions (e.g., Cul™:
2t Aglt, Fe?t, Pb2"). These reactions occur only in
mineralized solutions with increased alkalinity and
high concentration of H,S. Deposition of miargirite
AgSbS,, pyrargyrite Ag;SbS; and stephanite AgsSbS;
occur during mutual influence of sulfantimonide anions
with Ag!*. Interactions between already deposited sul-
fides (galena, chalcopyrite, etc.) and mineralized solu-
tions (ascendant and/or descendent) may result in the
formation of younger sulfosalts. The typical example of
the reaction crystallization is contact between galena-
chalcopyrite with sulfantimonide solutions when bour-
nonite PbCuSbS; was deposited. The corrosive reaction
is characteristic for influence of sulfantimonide soluti-
ons along galena surfaces thus creating wool-like varie-
ty boulangerite Pb,Sb;S,; and/or semseyite PbySbgS,;
(RAMDOHR 1980; ANTHONY et al. 1990). Moreover,
decrease of temperature and pressure led to decomposi-
tion of high-temperature solid solutions when two or
more stable sulfosalts phases were formed. This is parti-
cularly visible in Pb-Ag-bearing sulfbismuthinide when
complex exsolutions with lamellae structures were
deposited (i.e., phases along the lillianite-gustavite solid
solution Pb3Ble6-AngBl3S6) (COOK 1997)

Although under exceptional circumstances some
sulfosalts may constitute Ag ores (i.e., proustite, py-
rargyrite, and stephanite), and other species have con-
stituted Ag ores (in minor amounts), Hg, Tl, As, and
Sb (i.e., boulangerite, livingstonite, enargite, and ten-
nantite-tetrahedrite groups), their economic importan-
ce is sometimes significant (Ag in the Pb-concentrate)
and sometimes trivial. Aside from mineralogical cu-
riosities, the sulfosalts are of interest because their
electronic properties are related to those of semicon-
ductors (CHVILYOVA et al. 1988).

The Boranja orefield (BOF) is well-known since
the Roman Empire and Medieval times and is still
important factor of modern mining in this part of Ser-
bia. Significant research began during the second half
of the 20t century. Comprehensive mineralogical,

crystallographic, geochemical and petrological stud-
ies yielded important results in defining mineral com-
positions of the mineralizations and surrounding rocks
(e.g. KARAMATA 1955; RADUKIC 1960; Tomi¢ 1962;
BORODAEV 1978; JANKOVIC 1978; RADOSAVLIEVIC et
al. 1982). This study shows a synthesis of previous
research of sulfosalts with revisited and new data.

Materials and methods of study

Polished sections were prepared for reflected-light
microscopy and FElectron Probe Micro—analyses
(EPMA), following standard preparation and polish-
ing steps (Picor & JoHAN 1982). The Carl-Zeiss
polarizing microscope, model JENAPOL-U equipped
with 10x, 20x, 50x, 100x (oil immersion) objectives
and a system for a photomicrography (“Axiocam 105
color” camera and “Carl Zeiss AxioVision SE64 Rel.
4.9.1.” software package with ,,Multiphase” module).

EPMA were performed on a JEOL JSM-6610LV
scanning electron microscope (SEM) connected with
an INCA energy-dispersion X-ray analysis unit; EDX
analytical system. An acceleration voltage of 20 kV
was used. The samples were coated with gold. The
following standards and analytical lines were used:
FeS, (FeKa, SKa), ZnS (ZnKoa, SKa), Mn (MnKa), Ni
(NiKa), Co (CoKa), Cu (CuKa), InAs (AsKa,), InSb
(SbLa), SnO, (SnLa), Ag,Te (AgLa), CdS (CdLa),
HgS (HgMa), PbS (PbMa), and Bi (BiMa). EDX
detection limits were 26 ~ 0.3 wt% (counting time 60
sec). General formulae were calculated according to
ANTHONY et al. (1990).

Occurrence and geological settings

The Podrinje metallogenic district (PMD) belongs
to the Serbo-Macedonian Metallogenic Province
(SMMP) and includes several smaller orefields: Bora-
nja (Serbia), Cer (Serbia), and Srebrenica (Bosnia and
Herzegovina) (VANBEL 1978; JANKOVIC 1990). The Bo-
ranja orefield (BOF) covers an area of about 200 km?2.
It is situated on the SE margin of the Oligocene grano-
diorite pluton of Boranja (DELALOYE et al. 1989;
STEIGER et al. 1989), which belongs to the Dinaridic
granitoid suite of the Late Paleogene — Early Neogene
age (CVETKOVIC et al. 2000), and is situated on a bor-
der of three terranes — the Jadar block terrane (FILI-
POVIC 2005), the Vardar zone composite terrane and
the Drina—Ivanjica terrane (KARAMATA & KRSTIC
1996; KARAMATA et al. 1997).

It consists of Paleozoic, Mesozoic, and Tertiary for-
mations (Fig. 1). Paleozoic is represented by Carbo-
niferous sediments, mostly slates and sandstones of
low-grade metamorphism, and limestones (“the Drina
series”). Mesozoic complex consists of Triassic, Ju-
rassic and Cretaceous formations, mostly slates, lime-
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stones, volcanic sediments, basic and ultrabasic rocks
(Smmi¢ 1957; Bokovic 1985; NEUBAUER 2002).

Mineralization of the BOF is concentrically distrib-
uted around the Tertiary granodiorite of Boranja (Fig.
1). Around the intrusion, in the skarn alteration halo,
several small Fe deposits occur (magnetite and pyr-
rhotite), and less frequently Bi, W and Mo deposits
(Velika Reka, Vranovac). The Cu(Bi)-FeS Kram-Mla-
kva ore zone belongs to small Cu polymetallic skarn
deposits (Fig. 1). Outwards the granodiorite, the
Pb(Ag)-Zn Veliki Majdan ore zone consists of ore
bodies embedded in carbonates on the contact with
quartz latite and Paleozoic slates (Fig. 1). The main
mineral association includes pyrrhotite, pyrite, spha-
lerite, galena, chalcopyrite, and Pb(Ag)-Sb sulfosalts
in lesser amounts (CIKIN ef al. 1983).

The outermost halo hosts several Sb deposits (Fig.
1). The most important are situated in the Brasi-
na—Zajaca—Stolice-Dobri potok intrusive-volcanic
zone with the following leading ore elements Sb, Pb,
Zn, Fe, Ba, and F; in the Rujevac—Crvene stene—Vuja-
novica—Brezovica volcanogenic-sedimentary zone of
Diabase-Chert Formation (DCF) with the following
metals: Sb, Pb, Zn, Fe, As, Ba, and Hg. The ore bod-
ies occur as irregular pipes and lenses in silicified
Carboniferous limestones (BORODAEV 1978; JANKO-
vIC 1979; Burickovic 2005).

Minerals of the BOF were deposited in several suc-
cessive stages, which together correspond to a single
regional-scale mineralization event that is related to
the subvolcanic-plutonic intrusions of the Boranja
magmatic complex. This is well demonstrated by the
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Fig. 1. Detailed geological and metallogenic map of the BOF (modified according to Basic Geological Map of Serbia,
1:100,000). Upper left corner shows exact location of BOF within Serbia (MONTHEL ef al. 2002).
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zonal arrangement of several metallic mineral associ-
ations (Fe-Cu(Bi)—> Pb(Ag)-Zn— Sb(As)-Pb-Zn—
CaF,(Pb-Zn), with increasing distance from the
Boranja granodiorite (RADOSAVLIEVIC et al. 2013A).

The Bobija polymetallic barite-sulfide deposit is
situated in East slopes of Sokolske Mnt., which is
some 15 km to the NE away from Ljubovija. The
deposit itself consists of complex geological composi-
tion mainly built of Paleozoic and Mesozoic sedi-
ments (JANKOVIC 1990). The Bobija deposit is com-
posed of massive barite and sulfide FeS,-Pb-Zn-Cu
elongated lens-like ore bodies. Massive barite ore bo-
dies are consisted of 50 to 90 wt% of BaSO, (RAaDO-
SAVLIEVIC et al. 2013B).

Mineralogy of sulfosalts

The sulfosalts of the BOF can be divided in the four
main groups: (i) Pb-Sb(As)-S system, with +Fe and
+Cu — zinkenite, fiiloppite, plagionite, robinsonite, bou-
langerite, jamesonite, bournonite, twinnite, geocronite
and gratonite; (i) Cu(Ag)-Fe(Zn)-Sb(As)-S system —
tetrahedrite, tennantite, and Ag-bearing tetrahedrite;
(iii) Ag(Pb)-Bi(Sb)-S system — pyrargyrite, diaphori-
te, freieslebenite, Sh-bearing schirmerite, Ag-bearing
nuffieldite, and fizelyite; (iv) Pb-Bi-S(Te) system — bur-
saite, cannizzarite, cosalite, aikinite, ustarasite, and te-
tradymite. Spatially, these sulfosalts are widely
spread, but they are most abundant in the following
polymetallic deposits and ore zone: Cu(Bi)-FeS
Kram—Mlakva, Pb(Ag)-Zn-FeS, Veliki Majdan (Ko-
larica—Centralni revir—Koji¢i), Sb-Zn-Pb-As Rujevac,
and Pb-Zn-FeS,-BaSO, Bobija (Fig. 1). Most of them
are lead gray with a metallic luster, brittle and difficult
to distinguish without using XRD method and
Electron Microprobe analyses (EPMA).

Their mutual structural and textural characteristics
are complex, and characterized by small grain size
(<5-100 pm), which beside intergrowths (effects of
reaction and/or corrosive processes, high-temperature
exsolution products, etc.) additionally makes it diffi-
cult to single it out for crystallographic (XRD) and
chemical (spectrochemical and mass spectrometric)
investigations. Chemical composition of the minerals
was calculated according to ANTHONY et al. 1990.
Besides so far determined sulfosalts, new minerals
from the Pb-Ag-Bi-Sb-S system could be discovered
(RADOSAVLIEVIC 1988).

Sulfosalts of the Pb-Sbh(As)-S system,
with £Fe and £Cu

This sulfosalt group is most abundant occurring in
almost all deposits and mineralizations of the Boranja
orefield. Sulfosalts of Pb-Sb(As) composition are the
most common in the Rujevac polymetallic Sb-Zn-Pb-

As deposit. In this deposit Pb was characteristically
deposited after Sb (BORODAEV 1978), which geneti-
cally deviates from other Sb deposits and occurrences
within the SMMP. There are various of sulfosalts
belonging to the sphalerite-Pb-Sb(As) sulfosalt-As
mineral assemblage, which are very dominant. So far,
the following sulfosalts have been determined: zin-
kenite — Pbyg 93(Sb1g 94,83 08)522,02542.02; fiiloppite —
Pb; 56(Sb7.01,A81.07)55.08S 15,065 Plagionite — Pbyg;
(Sb7‘29, ASO.76)28.OZSI7.OO; robinsonite (‘7), twinnite —
Pb0.97(sb1'42,ASO'60)22'0284'00; and gratonite (detemli-
ned only microscopically, RADOSAVLIEVIC 1988; 2012).

The most abundant sulfosalt of the sphalerite-Pb-
Sb(As) sulfosalt-As mineral assemblage is zinkenite.
It was first discovered by JANKOVIC et al. (1977) and
MOELO et al. (1983), and later supplemented by new
data by RADOSAVLIEVIC (1988), ZARIC et al. (1992),
RADOSAVLIEVIC (2012), RADOSAVLIEVIC et al. (2012),
and RADOSAVLIEVIC et al. (2014a). It occurs in the fol-
lowing mineral association: Pb-Sb(As) sulfosalts,
sphalerite, arsenopyrite, realgar, duranusite, native As,
stibarsen, dolomite, and quartz. It occurs as tabular,
needle- and wool-like fibrous individuals (plumosite),
forming larger individual aggregates mostly in the
interstices of the quartz matrix. Its central zones are
locally replaced by plagionite. Moreover, zinkenite
intensively intersects, penetrates and overgrowths cat-
aclased sphalerite aggregates (Fig. 2f). It also contains
inclusions of quartz and duranusite. When replacing
crystal aggregates of older stibnite, it is often penetrat-
ed and overgrown along its edges by dolomite
metacrysts. Twinnite is characterized by polysynthet-
ic twinning and commonly occurs as the youngest sul-
fosalt along the edges of stibnite, lesser plagionite.
Although it is mentioned in the literature (JANKOVIC et
al. 1977), robinsonite was not confirmed in our study.
In addition, according to PRUSETH et al. (1997), robin-
sonite is unstable at temperatures below 300 °C, con-
firming its absence in this deposit.

Besides major elements, EPMA of sulfosalts usual-
ly show presence of As (up to 8.00 wt%), Ag (up to
0.04 wt%), Cu (up to 0.03 wt%) and Fe (up to 0.01
wt%). Hg, Zn, Cd, Bi and Tl were not detected
(RADOSAVLIEVIC 2012).

Pb-Sb(As) sulfosalts, associated to the Veliki Maj-
dan ore zone, include: jamesonite — Pb; go(Fe; oo,
Cug01)51.015b6.00S 14.00; boulangerite — Pbs 15Sby 15
S1.83; geocronite — Pbyy1(Sbs 05,A87 74)55 79523 .00
(Fig 2a); bournonite — Pby 5oCu 09(Sbp 94,A80.06)51.00
S3.00; As-bournonite — Pb 5o(Cug 97,F €0 02)50.99(Sbo 545
Asg 48)s1 0252 99; and accompanying the pyrite-galena-
sphalerite mineral assemblage (DIMITRUEVIC & RAKIC
1978; RAKIC ef al. 1984; RADOSAVLIEVIC et al. 1993;
RADOSAVLIEVIC et al. 2013a).

The most abundant sulfosalt of the Veliki Majdan ore
zone is jamesonite. It occurs as short-prismatic crystals,
deposited in the interspaces of chalcopyrite and calcite
aggregates. Bournonite most frequently occurs at the
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grain boundaries between galena and chalcopyrite
replacing galena (Fig. 2b). It is Ag-free, and contains
As from 0.5 to 7.7 wt%. As-bearing bournonite also
occurs in the epithermal Au-Te vein system of the
Sacarimb deposit in Romania (CIOBANU et al. 2005).
EPMA data yielded stoichiometric composition, with-
out presence of any other element except As.

Besides these Pb-Sb sulfosalts, new analyses con-
firmed presence of a Sb-member with the highest Sb
content (46.4-46.7 wt%) in the Centralni revir locali-
ty within the Veliki Majdan ore zone. EPMA yielded
following average crystallochemical formula of fiilop-
pite Pb; 1,Sb; 9755 (3 analyses). It is deposited in
interspaces between pyrite grains in short prismatic
forms (Fig. 2c). Unlike fiiloppite from the Rujevac
polymetallic deposit, this one is As-free.

Sulfosalts of the Cu(Ag)-Fe(Zn)-Sb(As)-S
system

Tetrahedrite is a Cu-Sb sulfosalt mineral with fol-
lowing average crystallochemical formula:
(Cu,Ag);o(Fe,Zn),,Sb,S 5. It is the Sb end-member of
the continuous solid solution series with As-bearing
tennantite. Other elements also substitute in the struc-
ture, most notably Fe and Zn, along with less common
Ag, Hg and Pb. Bismuth also substitutes Sb, and Bi-
bearing tetrahedrite or annivite is a recognized variety.

Tetrahedrite-group minerals occur in coarse crys-
talline aggregates only within the Veliki Majdan ore
zone. These minerals are closely related to chalcopy-
rite and bournonite, forming part of the galena-spha-
lerite mineral assemblage. Furthermore, they usually

Fig. 2. Reflected light and SEM (BSE) photomicrographs of different sulfosalts within the BOF: a. Galena overgrown by geo-
cronite and needle-like boulangerite — Kolarica (SEM); b. Galena overgrown by bournonite and wooly boulangerite — Cen-
tralni revir (SEM); ¢. Needle-like crystals of fiilloppite embedded in dolomite matrix — Centralni revir (SEM); d. Intergrowth
of tetrahedrite with galena which is almost completely replaced by bournonite in pyrite matrix — Kolarica (SEM); e. Col-
loform formations of tennantite-tetrahedrite with zoned pyrite embedded in barite matrix — Bobija (SEM); f. Sphalerite over-
grown by needle-like zinkenite — Rujevac (reflected light, air, II N); g. Ustarasite inclusions in galena embedded in pyrite
matrix — Kolarica (SEM); h. Elongated and curved lamellae of Ag-bearing nuffieldite embedded in pyrite — Kolarica (SEM);
i. Intergrowth of bursaite with cannizzarite with needle-like inclusions of tetradymite — Kram (reflected light, oil immersion,
II N). Mineral abbreviations: Gn — Galena, Ge — geocronite, Bl — boulangerite, Br — bournonite, F1 — fiilppite, DI — dolomite,
Th — tetrahedrite, Py — pyrite, Tn-Th — tennantite-tetrahedrite, Bt — barite, SI — sphalerite, Zk — zinkenite, Ut — ustarasite,
Nf — nuffieldite, Bs — bursaite, Cn — cannizzarite, Td — tetradymite.
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cement older cataclastic pyrite aggregates. Tetrahedri-
te-group minerals rim galena aggregates and are also
replaced by boulangerite. According to both, optical
observations and measurements in polished sections
(microhardness and reflectance spectra) and chemical
analyses, two types of tetrahedrite-group minerals can
be recognized (RADOSAVLIEVIC ef al. 1986).

EPMA data showed that they belong to the Fe-bearing
tetrahedrite  —  (Cuy 17,480 60)59.77(Fe1 52,210 60,
Cdp 02)52.14(Sb3 60,480 27)53.87513.23 and Ag-bearing
tetrahedrite  —  (Cuy 43,A8; 16)59.58(Z01 13 Fey g,
Cd0.02)22.24Sb4‘16SI3.02 solid solution series. Micro-
hardness of tetrahedrite-group minerals increases with
increasing content of Fe and decreasing content of Ag.
Tetrahedrite fills cracks and fissures within cataclastic
pyrite. Tetrahedrites show variable contents of Zn and
Fe (2.2-4.2 and 3.4-5.4 wt%, respectively), whereas
some grains contain up to 13.1 wt% Ag. Ag-bearing
tetrahedrite is characterized by a Ag/(Ag+Cu) atomic
ratio between 0.33 and 0.34. The tetrahedrite-group
minerals display Sb/(Sb+As) and Zn/(Zn+Fe) ratios
between 0.89 and 1.00 and between 0.27 and 0.31,
respectively.

Besides these tetrahedrite-group minerals, new
analyses confirmed presence of a Sb-end-member
with the lowest Ag content (0.8-1.1 wt%) in the
Centralni revir locality (Veliki Majdan ore zone).
EPMA analyses yielded following average crystallo-
chemical formula: (Cu9.855Ag0.16)210.01(21’1146
Feo~53)21~99Sb4.01813_00 (4 analyses). It usually CI'yStal—’
lizes along galena grain boundaries in a form of elon-
gated crystals, overgrown by bournonite (Fig. 2d).
Tetrahedrite shows uniform content of Zn and Fe
(5.1-6.0 and 1.5-2.2 wt%, respectively). Zn/(Fe+Zn)
atomic ratio amounts between 0.73 and 0.76, which
corresponds to the variety with a higher Zn content.

The mineralogical investigation confirmed that the
Bobija deposit consists of a simple mineral associa-
tion composed of sulfides, sulfosalts (tetrahedrite-ten-
nantite group), native Ag, barite and gangue minerals.
Tetrahedrites are significantly abundant in the ore.
According to the optical features they generally corre-
spond to tennantite, and partly to tetrahedrite. These
minerals are often in association with pyrite, spha-
lerite, and galena but in a lesser extent. Colloform
grains of tetrahedrite-tennantite composition are not
rare, and are separated from pyrite and sphalerite in
the assemblage (Fig. 2e). Occurrence of disperse
pyrite in tetrahedrite surfaces when it completely
changes its optical features is not rare. Central parts of
these aggregates are sometimes seized by zoned
pyrite.

EPMA confirmed that tetrahedrite from Bobija is of
As-Sb composition with Ag, Hg, and Mn in small
amounts (0.7-1.8 wt%, < 0.3-2.2 wt%, and < 0.3-0.5
wt%, respectively). The average EPMA yielded fol-
lowing crystallochemical formula: (Cug g5,Ag0 16)x9.93

(Zn 55,Feg 64,HE0 10, Mg 02)52.01(AS2.60,Sb1 38)53.08

S13.00 (RADOSAVLIEVIC ef al. 2013b). The Sb/(Sb+As)
atomic ratio ranges from 0.21 to 0.43 corresponding
to a variety with an increased content of tennantite
component. These minerals show variable contents of
Zn (4.3-6.0 wt%), and Fe (1.7-3.5 wt%). The
Zn/(Fe+Zn+Mn+Hg) atomic ratio ranges between 0.5
and 0.7, which corresponds to a variety with an
increased Zn content.

Sulfosalts of the Ag(Pb)-Bi(Sb)-S system

This group belongs to Ag-rich sulfosalts (pyrar-
gyrite family) and ternary sulfosalts (freieslebenite
family) (MOELO et al. 2008). Within the Veliki Maj-
dan ore zone, pyrargyrite was determined only micro-
scopically, embedded in carbonate matrix accompa-
nied with galena (RADOSAVLIEVIC 1988).

According to RADOSAVLIEVIC et al. (2013a), Ag con-
tent incorporated in the structure of galena amounts to
approximately 15 wt%, while the rest is in a form of
micron (“visible’’) and/or submicron (“invisible™) parti-
cles of Ag minerals. The following Ag minerals
diaphorite, fizélyite, freieslebenite, schirmerite, and
Ag-bearing tetrahedrite were determined qualitatively
into the insoluble residue using XRD method.

Ore microscopic and EPMA investigations con-
firmed presence of schirmerite in the Veliki Majdan
ore zone (Kolarica locality). It is determined as Sb-
bearing schirmerite with a following average crystal-
lochemical formula: (Ag1.96’Feo.96)22.91Pb6.ll(Bi5.98’
Sbo 84)56.82518.16 (5 analyses).

Besides schirmerite, in the same locality a sulfosalt
with a following chemical composition was deter-
mined (in wt%): S (16.99-17.05), Fe (0.45-2.38), Ag
(5.52-6.27), Sb (2.83-6.80), Pb (33.42-36.84), Bi
(33.56-36.57). Cu, As and Te are below a detection
limit <0.3 wt%. It usually cements cracks and fissures
of pyrite crystals and/or is deposited in them, mostly
forming a very fine lamina or bent “comb-like” lamel-
lae up to 100 pm in length (Fig. 2h). Luster is moder-
ately high (~35-45 %), microhardness is higher than
galena with noticeable pale gray to gray-violet bire-
flectance. According to optical and chemical character-
istics this sulfosalt was defined as Ag-bearing nuffield-
ite with a following average crystallochemical formula:
Pb,(Ago.72:F€0 30)51.02(Sb0.54:Pb0.24:B10 21)51,00B12.0056.98
(4 analyses). According to these analyses Cu has been
completely substituted by Ag and Fe (MOELO et al
1997; PRSEK et al. 2006).

Sulfosalts of the Pb-Bi-S(Te) system

This group belongs to lillianite homotypic series.
The definition and crystal chemistry of this homolo-
gous series were presented by MAKOVICKY (1977) and
MAKOVICKY & KARUP-M@LLER (1977a, 1977b).
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Sulfosalts occurring in the Kram-Mlakva ore zone
are related to the pyrite-chalcopyrite mineral assem-
blage, and are represented by: bursaite - (Pb, g1,Feg o3,
Cug.08,A80.16)55.08B13 87(S10.99: T€0.06)x11.05: canniz-
zarite - (Pb3,OS:AgO,02)23,07B14,OOSS,93; cosalite -
(Pby 95,Cug,08)52.03(Bi; 92,5b0 01)51.9355.055 aikinite -

(Cug.97,F€0.02)50.09(Pbo 95,AL0.05)51.03B10.9553.035
ustarasite (Pby 15,A80.02)51.20(B13 70.Sb7.15.Cuig g6

FeO.02)25.96S9.84; and tetradymile (Bi1'83,Pb0.07,
Cugo)x191T€1 995 1o- These cannot be mutually ma-
croscopically distinguished owing to their very small
grain-size. Aggregates were embedded in garnet-cal-
cite matrix. Well-developed crystals have not been
observed, only spherical and spindle-like forms up to
10 um in length. In addition, fewer occurrences of
these sulfosalts were also determined in the Kolarica
locality (Veliki Majdan ore zone), associated with
pyrrhotite-sphalerite-galena mineral assemblage (RaA-
DOSAVLIEVIC-MIHAILOVIC et al. 1998, 2007; RADOSA-
VLIEVIC et al. 2013a).

Bursaite is characterized by complex intergrowths
that appear along cracks and fissures of chalcopyrite
and silicates in a form of lath-like grains (Fig. 2i). In
comparison to the other accompanying Pb-Bi sulfos-
alts, it is harder. It often contains inclusions of native
Bi as exsolution products. According to MOELO ef al.
(2008), bursaite has been discredited as a mineral
species. From the Sn-W deposit (Shumilovskoe local-
ity) MOzZGOVA et al. (1988) described an almost iden-
tical mineral to the one from the Kram-Mlakva ore
zone. In their detailed mineralogical work on bursaite
and cannizzarite the authors proposed that bursaite
should be retained as an intergrowth of two lillianite-
related phases, each with distinct unit-cell parameters.
The EPMA composition, which represents a compos-
ite of two phases, indicates a Pb deficiency (n= 3.83).
Minerals of bursaite composition from four known
localities (Uludag-Turkey, Shumilovskoe-Russia,
Cofer-Virginia, and Kram-Mlakva-Serbia) still have a
problem of unsolved crystal structure. However, our
new evidences, led to confirm that bursaite is un-
doubtfully a distinct mineral. Unfortunately, numer-
ous attempts to determine the crystal structure using
XRD on both single-crystal and powdered samples
from the Kram—Mlakva ore zone were not successful,
due to a very low crystallinity degree (RADOSAVLIE-
VIC-MIHAJLOVICet al. 2007).

Cannizzarite reflectance is moderately high, but
lower than bursaite (Fig. 2i). Reflection pleochroism
is distinct, light gray to creamy. The anisotropy is
strong, similar to bursaite, and hardness is consider-
ably lowered (similar to galena). According to optical
(reflectance, bireflectance, anisotropy) and physical
(hardness) characteristics the investigated sulfosalt
corresponds to cannizzarite. It is determined on a
basis of optical, crystallographic and chemical meas-
urements (RADOSAVLIEVIC-MIHAILOVIC et al. 2007).
Cosalite is less abundant than bursaite and canniz-

zarite. It occurs along sulfosalt aggregate rims as
“jaggy” intergrowth forms. It is white, very similar to
galena with trace of cream. Reflection pleochroism is
weak and distinct only in oil, light gray to light green.
The anisotropy is noticeable, but very distinct in oil
with strong illumination. Reflectance and hardness
are lower than in bursaite and cannizzarite (RADOSA-
VLIEVIC 1988).

Aikinite is the least abundant. It occurs in a form of
elongated crystals, in a contact with bursaite and chal-
copyrite. Hardness is the highest of all sulfosalts of this
group. It is white with a light tint of cream. Reflection
pleochroism is distinct in air, in oil very striking, light
yellow to gray. Anisotropy is also distinct in air, in oil
rather high. It is determined on a basis of optical and
chemical measurements (RADOSAVLIEVIC 1988).

Ustarasite occurs only in the Kolarica locality (Ve-
liki Majdan ore zone) mostly as mutually parallel thin
needle-like crystals (up to 100 pm in length), and ra-
rely as rhombohedral crystals embedded in older gale-
na and carbonate matrix (Fig. 2g). It is an exsolution
product of galena and Bi-Sb-Ag complex compounds.
Bireflectance is noticeable, /N strong luster like gale-
na, 1 N darker with gray tint (quite to that of falkman-
ite), microhardness similar to cosalite, and anisotropy
is strong without internal reflections (RADOSAVLIEVIC
et al. 2013a).

Tetradymite also occurs in sulfosalt aggregates in
form of fine needles. It is white, with faint yellowish
tinge (Fig. 2i). Bireflection is weak, hardly visible at
grain boundaries, light yellow to creamy. The aniso-
tropy is distinct, and reflectance is high (R ~ 60 %). It
is determined on a basis of optical and chemical meas-
urements (RADOSAVLIEVIC-MIHAJLOVIC ef al. 2007).

General genetic and
paragenetic characteristics

Temperature of deposition of Pb-Zn mineral associ-
ations in the BOF range from 480-160 °C (RADOSA-
VLIEVIC et al. 2012). Galena and sphalerite of this ore-
field were formed in high-, middle- and low-tempera-
ture hydrothermal stage, while Pb-Zn mineral associa-
tions of the Pb(Au)-Zn-FeS, Veliki Cip and CaF,-Pb-
Zn Ravnaja deposits unquestionably correspond to the
high- (480 °C) and low-temperature hydrothermal stage
(230 °C), respectively. In addition, the Pb(Ag)-Zn-FeS,
Veliki Majdan ore zone corresponds to the temperature
range from 450 to 370 °C that is between high- and
medium-temperature hydrothermal stages. Temperatu-
re decreases moving further from the Tertiary granodi-
orite of Boranja according to the following sequence:
Kolarica—Centralni revir—Koji¢i. Moreover, in the Ra-
vnaja deposit, NIKOLIC & GATTER (1986) determined
two temperature intervals of formation of fluorite
(275245 °C and 205-160 °C), and density of fluids
(0.98-0.80 g/cm?). In addition, temperature range of
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deposition from 280 to 160 °C was obtained on quartz
and sphalerite from the Sb-Pb-Zn-As Rujevac deposit
using cryometric method (MUDRINIC 1984).

Judging by the look of the exsolution structures of
various compositions established in all levels of ore
deposits, the temperature of crystallization of all skarn,
high-, and middle-temperature hydrothermal associa-
tions was identical to formation of isometric coarse-
crystalline grain-like structures. However, low-temper-
ature hydrothermal associations characterize fine-
grained colloform and gel-like textures with regular
appearance of recrystallization (RADOSAVLIEVIC 1988).

Based on paragenetic relations into the polymetal-
lic deposits of the BOF, the beginning of crystalliza-
tion is connected to the low partial pressure fS,, and
deposition of low sulfidization minerals (pyrrhotite,
Fe-rich sphalerite, tetrahedrite group of minerals, Pb-
Sb and Pb-Bi sulfosalts, etc.). Minerals of high sul-
fidization (transformation of pyrrhotite into pyrite,
pyrite, Fe-poor sphalerite, antimonite, realgar, etc.)
began to crystalize with temperature decrease, partial
pressure fS, increase, and spatial distancing from the
Tertiary granodiorite of Boranja. Deposition areas
were carbonates (mostly Triassic limestones) and sili-
cates (dacite, andesite, slates), but in a lesser extent
(RADOSAVLIEVIC et al. 2013a).

Silver is important and genetically significant metal
which content varies from 10 to 820 g/t in the BOF. Its
transport was achieved by polysulfide solutions
enriched with Pb, Bi, Sb, and As. However, a possibil-
ity of carbonate-bicarbonate and halogen complex
solutions should not be excluded. The best correlation
is between Ag and Pb (r=0.828 significant at the 95 %
confidence level), while among other elements it does
not exist. This is expected since galena is the main
Ag-bearing mineral, while occurrence of Ag minerals
(Ag-tetrahedrite, pyrargyrite, electrum, and native
Ag) is limited (RADOSAVLIEVIC 1988). Besides Ag,
typomorphic elements as Bi and Sb are significantly
abundant in galena. Complex investigations of galena
from various deposits yielded that it frequently occurs
in a form of isostructural solid solutions with diapho-
rite, fizélyite, freieslebenite, and schirmerite (e.g.
WERNICK 1960; ONTOYEV & KORSAKOVA 1967; HoDA
& CHANG 1975; WANG 1999; CHUTAS et al. 2008).

Crystallization of minerals in the BOF occurred in
several successive stages, which together correspond
to the unique mineralization cycle. According to the
deposited minerals it can be concluded that hydrother-
mal solutions descend from common magmatic cham-
ber connected to the Tertiary granodiorite of Boranja
(RADOSAVLIEVIC et al. 2013a).

Conclusions

The areal extent of the SMMP covers around
30,000 km? in the territory of Serbia and extends over

the three major geotectonic units: the Vardar ophiolite
zone, the Serbo-Macedonian massif, and the inner
Dinarides. It covers a small part of eastern Bosnia and
Herzegovina (B&H), larger parts of Serbia and the
Former Yugoslav Republic of Macedonia (FYRM),
and also extends towards Bulgaria and Greece. The
SMMP contains numerous volcanic-intrusive com-
plexes of calcalkaline and shoshonitic affinity. These
igneous complexes are directly associated with the
development of numerous deposits and metal occur-
rences; primarily as Pb, Zn, Sb, then Cu and Mn, and
to a lesser extent Fe, Bi, Ag, Hg, U, Sn, and W.
Polymetallic deposits of the BOF are genetically
connected to the Tertiary granodiorite complex. It
consists of a large number of Pb-Zn and Sb sulfide
deposits, and in a lesser extent Cu, As, Bi and Ag.
Magnetite deposits of lesser importance, connected to
Ca-skarn stage, were formed along the contact of
Triassic limestones and quartz diorite. Minerals of the
BOF are characterized by very diverse types and are
consisted of sulfides, sulfosalts, native metals, wolfra-
mates, molybdates, oxides, silicates and hydroxides.
The sulfosalts of the BOF can be divided in four
main groups: (i) Pb-Sb(As)-S system, with +Fe and
+Cu; (i1) Cu(Ag)-Fe(Zn)-Sb(As)-S system; (iii)
Ag(Pb)-Bi(Sb)-S system; (iv) Pb-Bi-S(Te) system.
These are most abundant in following polymetallic
deposits and ore zones: Cu(Bi)-FeS Kram—Mlakva,
Pb(Ag)-Zn-FeS, Veliki Majdan (Kolarica—Centralni
revir-Koji¢i), Sb-Zn-Pb-As Rujevac, and Pb-Zn-FeS,-
BaSO, Bobija. Among over a hundred ore and rock-
forming minerals from this area a considerable number
of new minerals from the aspects of supplementing sys-
tematics of mineralogy of Serbia have been discovered.
Pb-Sb sulfosalt mineral assemblages are wide-
spread throughout SMMP, where following orefields
and ore zones are distinguished by its diversity:
Kopaonik (Raji¢eva Gora, Belo Brdo, Rogozna, etc.),
Kratovo—Zletovo, Toranica, Sasa, Bu¢im, AlSar, etc.
(e.g. JANKOVIC & ZARIC 1980; JANKOVIC 1993; SER-
AFIMOVSKI & ALEKSANDROV 1995; ALEKSANDROV ef
al. 1990A; ALEKSANDROV et al. 1990B; SERAFIMOVSKI
et al. 1990; SERAFIMOVSKI et al. 2006; SERAFIMOVSKI
et al. 2013; SERAFIMOVSKI ef al. 2015; RADOSAVLIEVIC
& DIMITRIZIEVIC 2001; VOUDOURIS et al. 2008; RADO-
SAVLIEVIC & STOJANOVIC 2013; RADOSAVLIEVIC et al.
2014B). Besides the BOF, similar Pb-Bi(Sb) sulfosalt
mineral assemblages have been determined in the
Central Serbia, the Sumadija Metallogenic District,
Rudnik orefield (StojaNovIC et al. 2006) and Golija
orefield (STAJEVIC & ZARIC 1984). According to the
mineral compositions, they are close to the Uludag
orefield, Bursa Province, Turkey (VAN DER KAADEN
1958; MAKOVICKY & KARUP-M@LLER 1977), the
Stanos shear-zone related deposit, Chalkidiki, North-
ern Greece (VOUDOURIS et al. 2013), and in the Trepca
deposit, Stari Trg, Kosovo, Serbia (KOLODZIEICZYK et
al. 2015), belonging to the Alpine metallogenic belt.
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Also, these mineral assemblages are very similar to
the Larga hydrothermal systems in Romania (Carpa-
thian-Balkan metallogenic province - Cook & CIOBA-
NU 2004). Moreover, in comparison to the other met-
allogenic district within the SMMP, the mineral asso-
ciations of the BOF are distinguished by a variety of
Ag(Pb)-Bi(Sb) sulfosalts.
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Pe3nme

IIpernien cyadgocosHe rpyne MuHepasa y
Pb-Sb(As)-S, Cu(Ag)-Fe(Zn)-Sb(As)-S,
Ag(Pb)-Bi(Sb)-S u Pb-Bi-S(Te)
CHCTEMHMA ca pyAHor no/ba bopame,
3anagna Cponja

¥V Cpricko-MaKkeTOHCKO] METAIOT€HETCKOj MPOBHH-
uuju (CMMII), koja mpocTopHO 3axBara MamH €0
Ucroune bocue, Behe nemose CpOuje n Makenonuje,
Y HacTaBJba Aajbe mpeMa byrapckoj u ['pukoj, jaBspajy
ce OpojHe M TPOCTpaHE Mace BYJIKAHO-TUTYTOHCKHX
KOMITIeKca KaJiKo-alikaiaHe Marme. [loBpmmHa Buxo-
Bor paszsuhia y Cpouju usaocu oko 30.000 km? u mpo-
CTHpE Ce MPEKO TPU KPYITHE TEOTEKTOHCKE jEIIMHHUIIE:
VYuyTtpawwu Junapuau, Bapnapcka TeKTOHCKa 30Ha
u Cpricko-MakeJoHCKa mMaca. Y BE3M ca OBHM Mar-
MaTCKUM KOMIUTEKCUMA, TUPEKTHUM WU HHIAPEK-
THUM, JIONIUIO je IO CTBapama OpPOjHHUX IIEXKHINTA H
mmojaBa MeTaina, y nmpBoM peay Pb, Zn, Sb, 3arum Cu,
Mn, y mamoj mepu Fe, Bi, Ag, Hg, U, Sn u W.

Iloppumcka MeTranoreHeTCKa o0JlacT mpumana
CMMII. Mame MeTanoreHeTCKe jeMHUIIE Cy U3BO-
jeHe y okBupy cienehux pyaaux mossa: Lep (CeBepna
Cpbuja), bopama (3amagna Cpb6uja) u Cpebpennia
(Mcrouna bocna). [TomnMeTannyHa nexuImTa y pya-
HOM TI0Jby bopame reHeTcku Cy Be3aHa 3a TepIH-
japHH TpaHOAMOpPUTCKH KoMmIuteke. CacToje ce ox Be-
JuKoT Opoja cynbuaaux Jexumra ca Pb-Zn, u Sb; u
y mamoj Mepu ca Cu, As, Bi u Ag. Mehy muma,
jaBIlbajy ce Mama 3HadajHa JIS)KHUIITa MaTHETHTa, Koja
Cy y Be3u ca CKapHOBCKOM eranmoM. CKapHOBU Cy
KaJIMjCKOT THMa, a (OPMHpAHHU Cy OyX KOHTaKara
TPHjacKNX KpedmhaKa U KBapI[ TUOPUTA. Y PYIHOM II0-
Jby bopame, pynHI 1 HepyIHH MIHEPAIX OIITHKY]Y Cce
BeOMa pa3HOBPCHHM BpCTaMa M CacTojeé ce Of
cynduma, cyadocoiv, CaMOPOIHAX MeTaa, Boidpa-
MarTa, MOIMOaTa, OKCH/IA, CHITUKATa U XUAPOKCHIA.

Mumneparne u3 rpyre cynhocoiu, KOji e jaBlbajy Y
JISKHUINTAMA | TI0jaBaMa pyIaHOT 1oJka bopame, Mory
ce moxenuTH y dyetupu Behe rpyne, ca cienehum mo

cana ogpehennm muHepannMma: (i) cuctem Pb-Sb(As)-
S, ca +Fe n +Cu — nuHKeHUT, (YHUIIONHT, TIATHOHUT,
POOMHCOHUT, OylaHXEePHT, IEMCOHUT, OYpHOHUT, As-
OypHOHHT, TBUHHT, T€OKPOHUT W TpaToHUT; (ii) CH-
creM Cu(Ag)-Fe(Zn)-Sb(As)-S — rterpenpur, Te-
HaHTHT, 1 Ag-terpenpur; (iii) cucrem Ag(Pb)-Bi(Sb)-
S — mupaprupur, audopur, ¢pajciedberut, Sb-mup-
MepuT, Ag-iypunant u ¢usennr; (iv) cucrem Pb-Bi-
S(Te) - OypcanT, KaHWIAPHUT, KO3AIWT, AjKUHUT,
yCTapacuT U TETPaTUMMUT.

Oe cyndoconu Cy MPOCTOPHO HIMPOKO PacIpo-
CTpameHe Yy OKBHPY pyAHOT mojba bopame, mehyTum,
OHE Cy Haj3acTyIUbeHHje y cneaehum mnonmmera-
JUYHUM JIOKUIITAMA ¥ pyaauM 3oHama: Cu(Bi)-FeS
Kpam-Munaxksa; Pb(Ag)-Zn-FeS, Benuku Majnan (Ko-
napuna—Llentpaman pesup—Kojuhn); Sb-Zn-Pb-As
Pyjesaw; Pb-Zn-FeS,-BaSO, bobuja. Ocum oBux, no
ca/ia OTKPUBEHHX CYN(OCOIH, Ca CUTYPHOIIINY ITOCTOjH
BepoBaTHOha OTKpHBama W HOBMX MHHEpalla U3 OBE
Tpyre, a Hapo4YHTO Tpeda OYEKWBAaTH KOZ ITO3HATOT
cynocomHor cucrema Pb-Ag-Bi-Sb-S. On npeko cro-
THHAK ofpeheHNX pyIHUX W HEepyIHHUX MHHepanta Ha
OBOM TIO/IPYy4]jy, OTKPHBEH j€ 1 3HaTaH Opoj HOBUX MU-
HepaJa ca acrieKara JIOMyHhaBamba CHCTeMaTHKe MUHE-
panoruje CpOuje, u mmpe. Y 0BOj CTYIHjU N3JIOKEHA je
CHHTE3a IOCaJallbiX pe3yirara WCTpakhBama Ha
MUHepaluMa Hu3 Tpyme cyindocomu, koja cy Behmm
JIEIIOM TTyOJIMKOBaHa O] CTpaHe ayTopa, MehyTuM, OBJe
Cy JaTH JIOMyHEeHH, a Takohe, 1 HOBU TIO/IAITH.

Pb-Sb cyndoconne MuHepanHe mapareHe3e Haj3a-
CTyIUbeHHje ¢y y ckopo meinoj CMMIL, rme ce mo
CB0jOj Pa3HOJIMKOCTH OBHX MUHEpaja H3/1Bajajy: pya-
HO mosbe CpeOpenune, Komaonwdka pymHa 30Ha
(Pajuhesa Iopa, beno bpno, Llpran, u np.), pynHa
nosba KparoBo-3neroBo, Topanuna, Caca, byuum u
Ammrap (Makenonwuja), u apyra. [lopen pymHor mospa
bopame, cnmuune Pb-Bi cyndocomne munepanne
naparesese yTBpheHu cy y pynHuM nosbuma Pynanka
(IlIymammja) u 'omuje (KonmaoHuk).

[Topen pymaor mosba bopame, cimune Pb-Bi(Sb)
cyndocorHe MHHEpallHE TapareHe3e yTBpheHe cy y
pynauMm mosbma Pymauka u [omumje. [Ipema mune-
paJHOM cacTaBy, OHa Cy y BeoMa CJIHYHE PYIHOM
nospy Yaymar (bypca, Typcka), MuHepanm3ammjama
Ha Cranoc (Xankummku, CeBepHa [puka) U pymHOM
nospy Tpemrga (Crapu Tpr, KocoBo, Cpbuja), koja cy
Takoh)e neo anrcke MerajoreHercke jemuHune. Ta-
kohe, ose Pb(Ag)-Bi cyndoconne MunepamHe mapare-
He3e BEOMa Cy CIMYHE XUAPOTEPMAaTHIUM CHCTEeMHMa
Jlapra y Pymynmju (Kapmaro-6ankancka wmeTtaio-
reHeTcka npoBuHIMWja). Ha kpajy, y mopehemy ca
octamuM obnactuma y CMMII, MuHepadHe acomm-
januje pymHor moJsba bopama omnukyje ce ca jenuH-
CTBEHHUM MHHEpalINMa W BapHjeTeTuMa U3 MoceOHe
rpyne Ag(Pb)-Bi(Sb) cyndocomu.





