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skarn-replacement Cu(Ag,Bi)-FeS polymetallic deposit. The identified phases include 3-domeykite, Ni-bearing
koutekite and (Ni-Sb)-bearing a-domeykite. (Ni-Sb)-bearing Cu-arsenides are associated with nickeline, arsen-
ical breithauptite, chalcocite, native Ag, native Pb and litharge. Pyrrhotite, pyrite, chalcopyrite, cubanite,
bismuthinite, molybdenite, sphalerite, galena, Pb(Cu)-Bi sulfosalts and native Bi, as well as minor magnetite,

gﬁg:,vr?]r:;kite scheelite and powellite are associated with the sulfide paragenesis. The electron microprobe analyses of the
Ni-bearing koutekite (Ni-Sb)-bearing Cu-arsenides yielded the following average formulae: (Cuy73,Nio.17,F€0.03,A80.01)5 2.04(-
(Ni-Sb)-bearing a-domeykite AS0.98,5b0.05,50.02) 3= 1.06-3-domeykite (simplified formula (Cuy.7,Nio2)5-29AS1.1); (Cus.40,Nita0.Fe011)5201(-
Arsenical breithauptite AS1.94,5b0.13,.50.02) 5" 208-Ni-bearing  koutekite  (simplified formula  (Cu34Nijs)y-40As241); and
Nickeline CU1'97(Ni0,93,F30,03)Z 1,01(A50,81'Sb0,22)2 1,03—(Ni—Sb)—bearing a—domeykite (51mp11ﬁed formula CleNiAS). The

Boranja ore field Rietveld refinement yielded the following unit-cell parameters for S-domeykite and Ni-bearing koutekite: a =

7.1331(4); c = 7.3042(5) A; V = 321.86(2) A® and a = 5.922(4); b = 11.447(9); c = 5.480(4) A; V =

371.48(5) A3, respectively. Ore geology, paragenetic assemblages and genesis of the Mlakva deposit are discussed

in detail and the Cu-As-Ni-Sb-Pb mineralization has been compared with similar well-known global deposits.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Cu-Ni-bearing arsenides and alloy-like compounds generally
belong to the sulfides, arsenic sub-class, because As has very similar
crystallochemical properties to S (Dana, 2008). Until now, there are >
10 defined natural Cu- and Ni-arsenides (algodonite CugAs, o- and 3-
domeykite CusAs, koutekite Cup,As-CusAs;, etc.) and (maucherite
Nij;Asg, nickeline NiAs, rammelsbergite NiAs,, etc.) (Ramdohr, 1980).
Breithauptite is a Ni-antimonide mineral with the simple formula
NiSb. It occurs in hydrothermal calcite veins associated with Co-Ni-Ag
ores (Anthony et al., 1990).

Copper and Ni, adjacent elements in the Periodic Table of Elements,
when alloyed form a complete solid solution series. One can expect that
the mechanical properties of the ternary alloy with As will prove similar
to those of Cu-As alloys (As bronze), which, when compared with Cu-Sn
alloys (Sn bronze), exhibit high hardness combined with high ductility
(Lechtman, 1996). In nature, only minerals from the Cu-As and Ni-As bi-
nary system are determined, while minerals from the Cu-Ni binary sys-
tem do not exist (Subramanian and Launghlin, 1988). The Cu-Ni binary
system is a simple isomorphous system with indications of clustering of
atoms at ~50 at.% Niand T < 350 °C (Gupta, 2000). Depending upon the
relative amounts of As and Ni present, the color can range from pale yel-
low to bright yellow (Uhland et al., 2001).

Cu-Ni-bearing arsenides are deposited as fine and complex spherical
and/or kidney-like aggregates, composed of two or more intimately
intergrown individuals of various dimensions (mm-pum-nm). This
greatly complicates their determination, even by an Electron Micro-
probe. In addition, the closeness of the chemical composition of these
minerals contributes to their similar optical and other physical proper-
ties, which makes even more difficult their individual identification
(Ramdohr, 1980). According to the reflectance spectra, these alloy-like
minerals are between galena (R~42%) and pyrite (R~53%)
(Makovicky and Johan, 1978).

Occurrences and mineral systems of Cu-Ni bearing arsenides world-
wide are few and include: Cerny Diil, Krkono3e, Bohemia, Czech
Republic (Johan, 1958, 1960, 1961, 1985), the Mohawk N° 2 mine,
Mobawk, Keweenaw Co., Michigan, USA (Moore, 1971), the Anarak Dis-
trict, central Iran (Tarkian et al., 1983), Cu-mineralized sandstone in
Kazakhstan (Abulgazina et al,, 1991).

Copper-arsenides and arsenates are not rare in sulfide deposits, and
have been discovered in the following locations: Chile, Bolivia, Mexico,
USA, Canada, Sweden, Austria, Czech Republic, France, Germany, Great
Britain, Iran, and several other occurrences (Pierrot et al., 1974;
Iglesias and Nowacki, 1977; Picot and Ruhlmann, 1978; Paar and
Meixner, 1979; Anthony et al., 1990; Sarp and Cerny, 2001; Cerny
et al., 2003). They are commonly placed in supergene zones of primary
Cu-sulfide deposits. Domeykite, the most abundant Cu-arsenide, was
first discovered in Cu mines in Chile. Domeykite has two polymorphic
modifications: cubic a-domeykite is stable at temperatures <225 °C;
hexagonal 3-domeykite is stable in the range from 225 to 827 °C. In na-
ture, 3-domeykite occurs usually in high-temperature hydrothermal
deposits in association with kutinaite, 16llingite, and dyscrasite
(Chvilyova et al., 1988). The phase Cus_4As, has two modifications.
The high-temperature cubic form decomposes peritectically to (3-
domeykite and native arsenic between 340 and 360 °C. If quenched,
the high-temperature phase transforms at 315 °C into a low-
temperature, orthorhombic modification identical to koutekite (Juza
and von Benda, 1968; Liebisch and Schubert, 1971; Picot and Vernet,
1967). Other Cu-arsenides with Ag and Au are very rare, and occur in
low-temperature hydrothermal deposits as products of supergene al-
terations of Cu-sulfides (Hak et al., 1970).

Native metals and their alloys (Au, Ag, Bi, As, AuTe, AuAg, NiSb, and
AsSb) are common in the polymetallic deposits of the Boranja ore field
(Radosavljevi¢, 1988; Radosavljevic-Mihajlovic et al, 2007;
Radosavljevic et al.,, 2014). The present study focuses on the new min-
erals of (Ni-Sb)-bearing Cu-arsenides within the skarn-replacement

hydrothermal ores from the Mlakva Cu(Ag,Bi)-FeS polymetallic deposit.
A special review is given on their paragenetic relationships, and the ge-
netic significance of mineral associations as indicators of ore formation
conditions. Mineralogical, chemical and crystallographic data of 3-
domeykite, Ni-bearing koutekite, (Ni-Sb)-bearing a-domeykite, arsen-
ical breithauptite, and nickeline are also discussed in detail.

2. Geological setting and metallogeny of the Boranja ore field

The Podrinje metallogenic district (PMD) belongs to the Serbo-
Macedonian Metallogenic Province (SMMP) and includes several small-
er ore fields: Boranja (Serbia), Cer (Serbia), and Srebrenica (Bosnia and
Herzegovina) (Jankovi¢, 1990). The Boranja ore field (BOF) covers an
area of about 200 km?. It consists of Paleozoic, Mesozoic, and Tertiary
rocks (Fig. 1). The Paleozoic is represented by Carboniferous sediments,
mostly slates and sandstones of low-grade metamorphism, as well as by
limestones (the “Drina Series”). The Mesozoic complex consists of Trias-
sic, Jurassic and Cretaceous rocks, mostly slates, limestones, volcanic
sediments, mafic and ultramafic rocks. The Mlakva deposit, situated
on the SE margin of the Boranja Oligocene granodiorite intrusive
(Karamata, 1955; Delaloye et al., 1989; Steiger et al., 1989), belongs to
the Dinaridic granitoid suite of Late Paleogene — Early Neogene age
(Cvetkovic et al., 2000, 2004), and is situated on the border of three ter-
ranes - the Jadar block terrane, the Vardar zone composite terrane and
the Drina — Ivanjica terrane (Karamata and Krsti¢, 1996; Karamata
et al, 1990).

The BOF consists of a large number of sulfide deposits with Pb, Zn, Sb,
Cu, Bi and Mo. Small magnetite deposits are connected to the skarn
(pyrometasomatic) stage (Fig. 1). Skarns of Ca-type were formed
along contacts of the Triassic limestones and the Boranja granodiorite
intrusive. The most important deposits of the BOF are: Brasina-Zajaca-
Stolice Sb-ore zone; Veliki Majdan Pb(Ag)-Zn-FeS,, Ravnaja Pb-Zn-
CaF, and Rujevac Sb-Pb-Zn-As. Minerals of the BOF were deposited in
several successive stages, corresponding to a single regional-scale min-
eralization event genetically related to the subvolcanic-plutonic intru-
sions of the Boranja magmatic complex. This can be best
demonstrated by the zonal arrangement of several mineral associations
[Fe-Cu(Bi) — Pb(Ag)-Zn — Sb(As,Pb-Zn) — CaF,(Pb—Zn)], with in-
creasing distance from the Boranja granodiorite (Radosavljevic et al.,
2013).

The Mlakva deposit is situated on the southern slopes of Jagodnja
Mountain, 115 km to the SW from Belgrade, in the village of Crn¢a locat-
ed 9 km SSW from Krupanj (Fig. 1). The Cu mineralization, hosted in the
contact-metamorphic zone of Boranja granodiorite, was formed by the
intrusion of granodiorite magma into the sediments of the Diabase-
Chert Formation (DCF). Within this mineralization, two close ore-
bearing areas, the Mlakva and Kram mining sectors, have been recog-
nized. The shortest distance between these ore-bearing areas (WSW-
ENE direction) is approximately 500 m (Fig. 1). The younger hydrother-
mal mineralization was deposited during multiphase volcanism in the
pre-existing contact metamorphic zone. These events had influence
on forming polymetallic Cu orebodies of different shapes and sizes.

2.1. Geological settings and description of the Mlakva and Kram mining
sectors

The oldest lithostratigraphic unit, which characterizes the Mlakva
and Kram mining sectors, consists of the DCF kinds, which belong to
the Middle and Upper Jurassic. The DCF by itself is a complex lithological
terrain typical for ophiolitic mélange. It is composed of different sedi-
mentary and metamorphic lithologies (limestones, marlstone,
alevrolytes, metapelite, sandstones, metasandstones, marble, marbled
limestone, quartz sericite schist, chlorite sericite schist, chlorite amphi-
bole schists and albite-chlorite schist) and products of basic and ultraba-
sic magmatism - diabase, spilite, gabbro, gabbro diabase, gabbro diorite,
peridotite, serpentised peridotite, serpentinite and dunite (Fig. 2a).
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Fig. 1. Detailed geological and metallogenic map of the BOF and a position of the Mlakva deposit (modified according to Basic Geological Map of Serbia, 1:100,000). Upper left corner shows

exact location of BOF within Serbia (Monthel et al., 2002).

Development of the Boranja granodiorite massif is related to multi-
stage magmatic activity, which has caused the formation of a large num-
ber of granitoid rocks such as syenite over quartz syenite, quartz mon-
zonite, quartz diorite, granodiorite and other equivalents of granitoid-
magma, whereas in the early stages of igneous activity, lamprophyres
were emplaced (Prelevic et al., 2004).

During Oligocene time granitoid magma intruded the Boranja
granodiorite massif. Volcanic activity caused the formation of dikes
and rare effusion of dacite and andesite into their transitional varieties
of volcanics. Eruption of pyroclastic rocks completed the volcanic cycle
in this area.

In the area of the Mlakva and Kram mining sectors, a large number of
different contact-metamorphic rocks were formed (dependant on the
protolith types and distance from the magmatic intrusions). Skarn
protoliths are olistolithic limestones from the DCF and are more preva-
lent at the Kram location. They occur in several varieties with the most
common being epidosite, pyroxenite, and garnetite rocks with accesso-
ry magnetite, scheelite and powellite (Radosavljevic et al., 2013). With-
in the non-carbonate rocks, the contact-metamorphic zone contains
hornfels, amphibolite, contact-metamorphic diabase, contact-
metamorphic peridotite and other contact-metamorphic rocks. These

rocks are grouped under the general name contact-rocks as shown in
Fig. 2a-c.

In the Mlakva tabular copper deposit, mineral deposition is primarily
by metasomatic replacement in contact-metamorphic altered perido-
tites, hornfels and skarns, with subordinate mineralization in felsic-
equivalent granitoid-magma, which are mostly represented by dacite
and andesite (Fig. 2a). This lenticular swarm is usually formed from sev-
eral closely lying, parallel, thin tabular ore bodies. The directional exten-
sion of the main ore body has been traced for about 250 m, and at
depths ranging from a few tens of meters to a maximum of 100 m.
The thickness of an integral ore body varies from a few decimeters to
a maximum of 16 m as ore zones pinch out along strike at and depth
(Fig. 2b-c). The integral orebody has a WSW-ENE trending direction
and formed as two subparallel tabular bodies, which join below 150 m
in depth (Fig. 2¢). The footwall ore body probably pinches out in the
contact zone with granodiorite. The hanging wall ore body in the miner-
alized zone pinches out, significantly reducing its thickness (Pavlovic,
2014).

Mineralization is commonly disseminated, but may also be com-
bined with, mm-cm thick veinlets having very different spatial orienta-
tions. When the latter occurs, the ore is said to be of the stockwork/
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Fig. 2. a) Schematic geological plan of the Mlakva deposit; b) A-A’ geological profiles of the Mlakva deposit, with the location of sampling of (Ni-Sb)-bearing Cu-arsenides; and c) B-B’

geological profiles of the Mlakva deposit (according to Pavlovic, 2014).

disseminated type as shown in Fig. 2b-c. Massive sulfide ore typically
occurs in the central parts of both the disseminated and stockwork/dis-
seminated mineralization zones. In the Mlakva copper deposit there are
two main ore mineralization types: i) massive sulfide (pyrrhotite-chal-
copyrite-pyrite associated with Ag and Bi); and ii) stockwork/dissemi-
nated (pyrite-chalcopyrite mineralization). The contact between the
massive sulfide and stockwork/disseminated ore is clearly visible, but
the boundary between stockwork/disseminated ore and altered skarn
is arbitrarily established according to a copper content of >0.3 wt%.
The following mineral assemblages were recognized at the Mlakva cop-
per deposit (from early to late): i) garnet-pyroxene with magnetite,
scheelite and powellite; ii) pyrrhotite-chalcopyrite-pyrite and Pb(+
Cu,Ag)-Bi sulfosalts; iii) (Ni-Sb)-bearing Cu-arsenides with native Ag
and Pb; iv) supergene (Table 5).

The most important features of the Kram copper polymetallic depos-
it were reviewed from Radosavljevic-Mihajlovic et al. (2007). Collec-
tively, about 2.8 Mt of ore reserves and resources grading 1.02 wt% Cu

and 11.5 g/t Ag have been outlined within the Mlakva and Kram mining
sectors by 2014 (Pavlovic, 2014).

3. Materials and methodology

Samples were collected from boreholes in the period 2010-2013.
(Ni-Sb)-bearing Cu-arsenides were found only in the BM-7c borehole
at 25.2 m (Fig. 2, profile AA’). Polished sections were prepared for
reflected-light microscopy and Electron Probe Micro-analyses
(EPMA), following standard preparation and polishing steps (Picot
and Johan, 1982). During the polishing process of (Ni-Sb)-bearing Cu-
arsenides kerosene was used in order to prevent oxidation of native
lead. The Carl-Zeiss polarizing microscope, model JENAPOL-U equipped
with 10x,20%,50x, 100 x (oil immersion) objectives and a system for a
photomicrography (“Axiocam 105 color” camera and “Carl Zeiss AxioVi-
sion SE64 Rel. 4.9.1.” software package with ,Multiphase” module). The
pycnometer method (V = 5 mI?) was used for a density measurements
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Table 1
Representative average chemical analyses of the Cu-ores and surrounding altered rocks
from the BM-7c borehole (Figs. 2b and 3a).

wt% a. b. c d. e.

(n) (4) (9) (5) (5) (7)
Cu <0.01 0.06 0.41 1.19 0.07
Bi 0.009 0.004 0.029 0.072 0.003
Pb 0.004 0.003 0.003 0.004 0.001
Zn 0.010 0.010 0.007 0.016 0.005
Fe 16.01 6.59 21.16 25.83 3.44
As 0.008 0.005 0.007 0.003 0.001
w 0.091 0.054 0.009 0.007 0.003
g/t a. b. C d. e.

Ag 1.2 1.5 3.8 14.4 1.2
Mo 445 44.7 184 3.2 17.2
Sn 191.9 71.2 534 32.0 19.9
Ni 5.1 70.9 51.1 153.2 11.0
Co 55 29.8 29.6 70.2 18.5
Sb 0.6 19 2.7 2.5 0.9

Note: (n) number of analysis; a) limonitized and altered dacite-andesite; b) altered skarn
with a pyrite impregnation; ¢) stockwork/disseminated Cu-ore; d) massive Cu-ore;
e) altered dacite-andesite with a pyrite impregnation.

(in xylene). The reflectance and microhardness measurement were not
performed due to very intimate intergrowths of (Ni-Sb)-bearing Cu-
arsenides.

EPMA were performed on a JEOL JSM-6610LV scanning electron mi-
croscope (SEM) connected with an INCA energy-dispersion X-ray anal-
ysis unit; EDX analytical system. An acceleration voltage of 20 kV was
used. The samples were not coated with carbon or gold due to its natu-
rally good electrical conductivity. The following standards and analyti-
cal lines were used: FeS, (FeKa, SKa), Ni (NiKat), Co (CoKat), Cu
(CuKav), InAs (As Kat), InSb (SbLat), AgoTe (AgLat), PbS (PbMat), and Bi
(BiMat). EDX detection limits are 20-0.3 wt% (counting time 60 s). Gen-
eral formulae were calculated according to Anthony et al. (1990).

All the elements were determined using ICP-AES and ICP-MS
methods (detection limit ~0.05 g/t). X-ray fluorescence spectrometry
(XRF) analyses of the samples with (Ni-Sb)-bearing Cu-arsenides (pow-
der) have been carried out by Oxford Instruments, model Lab-x 3500
(detection limit ~0.009 wt%).

The XRD method was used to determine the mineralogical composi-
tion, unit-cell parameters of the main minerals and to refine
occupancies of mixed Cu/Ni crystallographic sites of 3-domeykite and
Ni-bearing koutekite by the Rietveld method. The XRD patterns of a
powdered sample were obtained using a Philips PW-1710 automated

a A .
As |Au | Bi [Cu|Pb | Zn
" Cross  |geptn|€°r¢ o : 2
altitude o epth | ) | Description of materials ot % et % | % | % | %
644.17
Brecciated skarnwith pyrites
624.]7 ’_ 20.00 80 lmpregnal’lnns
o 2.7 [0.004] 0 [0.032] 0.34 |0.003|0.008
Stockwork/disseminated 4.9 [0.021] 0 [0.027] 0.48 [0.003]0.007
copper ore
4.8 [0.003] 0 |0.009] 0.57 [0.003(0.006
620.67 23.50( 71
Skarn with impregnation and veinlets | -2 [0-004| 0 ]0.002] 0.09 |0.002/0.008
620.17 4.00| 100 | of pyrite and chalcopyrite 4.8 (0,003 0 [0.077] 0.57 |0.003[0.006
8.5 (0.002] 0 |0.169| 0.89 [0.007(0.005
‘ 6.8 10.007) 0 |0.044| 0.82 |10.002]|0.007
The massive sulfide copper
ore 12.3 {0.001] 0 [0.029] 1.36 [0.0020.007
38.7 10.003| 0.2 |0.093] 2.43 [0.007 | 0.05
614.87 29.30| 100
T \, 5.5 [0.003] 0 [0.025]0.45 |0.004]0.013
b c
e log L A
W wt% 100.000
Sn g/t
AA:UD: 10.000
wt!
Pb wt%
Zn wt% 1.000
Fe wt%
Ni g/t 0.100 ()
Co g/t
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i wit!

cuwts
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Fig. 3. a) The geological profile of the BM-7c borehole with sampling places (according to Pavlovi¢, 2014); b) Cumulative distribution of average content of major and minor elements from
the BM-7c borehole; and c) Linear distribution of average content of major and minor elements from the BM-7c borehole.
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Fig. 4. Macroscopic look of a (Ni-Sb)-bearing Cu-arsenide aggregate from the Mlakva deposit (from different angles).

diffractometer with a Cu tube operated at 40 kV and 30 mA. The instru-
ment was equipped with a diffracted beam curved graphite monochro-
mator and a Xe-filled proportional counter. The diffraction data were
collected in the 26 Bragg angle range from 5 to 70°, counting for 0.50 s
(qualitative identification) and from 20 to 80° for 8 s (Rietveld refine-
ment) at every 0.02° step. The divergence and receiving slits were
fixed to 1 and 0.1, respectively. All the XRD measurements were per-
formed at room temperature in a stationary sample holder. The unit-
cell parameters of 3-domeykite, Ni-bearing koutekite, nickeline, native
lead, litharge, chalcocite, as well as occupancies of mixed Cu/Ni sites of
-domeykite and Ni-bearing koutekite were obtained by the full struc-
ture matching mode of the Rietveld method (Rietveld, 1969) using the
MAUD software (Lutterotti, 2009).

4. Bulk ore geochemistry

Copper, Fe, Bi and Ag, locally As, Ni, Mo and W are the most econom-
ic important metals at Mlakva deposit. According to the chemical anal-
yses of the borehole BM-7c (Fig. 2, profile AA’), the composition of the
ore shows variable content of metallic elements (Table 1). The Pb and
Zn contents are extremely low, 0.01 and 0.02 wt%, respectively.

The content of Fe is very variable and ranges from 4.63 to 41.90 wt.%
(average 27.71 wt.%; CV = 56%); CV (coefficient of variation) = (stan-
dard deviation / mean) x 100. The Cu content in the ore composite
ranges from 0.34 to 2.43 wt.% (average 0.88 wt%; CV = 75%). The silver
content ranges from 3 to 39 g/t (average 10 g/t; CV = 112%). The bis-
muth content ranges from 0.009 to 0.169 wt.% (average 0.056 wt.%,
CV = 89%). The average content of W amounts to 0.006 wt.%. The max-
imum content of Au is up to 0.2 g/t, and is almost completely absent in
the ore deposits of the BOF, although it has been found in the Veliki Cip
skarn-replacement Pb-Zn deposit (Fig. 1; Radosavljevic et al., 2008).

Contents of minor- and trace-elements are as follows (minimum
and maximum, in g/t): Be 0.3-1; Cd 0.3-6.1; Ce 1.3-19; Cr 1-337; Cs
1.2-58.8; Ga 2.3-17.1; Ge 0.1-2.6; Hf <0.1-0.2; Hg <0.1-0.1; In
0.4-13.4; La 0.7-9.4; Li 0.4-20.1; Mn 170-1500; Nb 0.1-1.1; P
100-1100; Sc 0.3-4.8; Se 0.3-4.8; Te 0.8-65.4; Ti 500- > 1000; U
0.8-4; V 5-33; Y 1.2-6; Zr 0.5-7.

Cumulative and linear distributions of average contents of main ore
and trace elements in the BM-7c borehole (Fig. 2b) are shown in Fig. 3b—
¢. According to this, Cu, Ag, Bi, Co and Ni are concentrated (>80%) within
the massive and stockwork/disseminated ore, while the W, Sn, and Mo
are the most abundant (>70%) elements in altered skarns and dacite-
andesites. Other elements are scattered within all defined geological

Fig. 5. Reflected light photomicrographs of the pyrrhotite-chalcopyrite-pyrite and Pb(4- Cu)-Bi sulfosalts mineral assemblage of the Mlakva deposit: a) an anhedral pyrrhotite aggregate
embedded into interspaces of silicate matrix (black) (reflected light, air, //N); b) cataclased pyrite aggregates accompanied by chalcopyrite and silicate gangue minerals (reflected light, air,
//N); c) a coarse crystalline chalcopyrite aggregate deposited into interspaces of silicate matrix (reflected light, air, //N); d) an elongated tabular bursaite crystal intersects a pyrrhotite
aggregate (reflected light, air, /N); e) bursaite and cannizzarite as exsolution decomposition products in a bursaite aggregate (reflected light, air, //N); f) aikinite embedded into
interspaces of silicate matrix (reflected light, oil, //N); Mineral abbreviations: Po — pyrrhotite, Cl - chalcopyrite, Py - pyrite, Bs — bursaite, Cz - cannizzarite, Ai - aikinite.
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areas. A correlation analysis was carried out in order to obtain a ratio be-
tween main ore and micro-elements within the Mlakva deposit. Accord-
ing to the Pearson coefficient, the best positive correlation was
determined between the Cu and Ag (r = 0.958).

5. Ore mineralogy

The ore composition in the Mlakva deposit is as follows: sulfides
(pyrrhotite, pyrite, marcasite, chalcopyrrhotite, chalcopyrite, cubanite,
mackinawite, valleriite, covelline, chalcocite, arsenopyrite,
bismuthinite, molybdenite, sphalerite, and galena), arsenides and anti-
monides (B-domeykite, Ni-bearing koutekite, (Ni-Sb)-bearing o-
domeykite, arsenical breithauptite, nickeline), sulfosalts (bursaite,
cannizzarite, aikinite), native metals (bismuth, silver, lead), oxides
(magnetite, hematite, rutile, anatase, and litharge), tungstates and

molybdates (scheelite, powellite), and gangue minerals (quartz, sili-
cates, calcite, apatite, malachite, azurite, Cu-limonite). The main ore
minerals are briefly described by their genetic status and paragenetic re-
lations in the mineralization cycle.

5.1. Pyrrhotite-chalcopyrite-pyrite and Pb(+Cu)-Bi sulfosalts mineral
assemblage

Pyrrhotite occurs in various amounts (from 10 to 90 wt%) as tabular
and elongated aggregates (Fig. 5a). The final transformation of pyrrho-
tite through secondary changes in marcasite and pyrite resulted in typ-
ical “bird's eye” structure. EPMA shows that pyrrhotite has up to
0.04 wt% Co, up to 0.18 wt% Ni, and up to 0.2 wt% Cu (Radosavljevic,
1988).

Fig. 6. Reflected light and SEM photomicrographs with an X-ray elemental mapping of Cu-Ni-Sb-bearing arsenides, native Ag and Pb, and chalcocite of the Mlakva deposit: a) 3-domeykite
(light pink) surrounded by Ni-bearing koutekite (violet greyish), native Pb (black), chalcocite (dark bluish grey), a-domeykite (intensive pink) (numbers 1-13 mark analytical spots;
reflected light, air, //N); b) the framed motif from Fig. 6a, with analytical spots (SEM-BEI); c-h) an X-ray elemental mapping from the Fig. 6a-b; i) a SEM image of the Fig. 61 motif
(Tables 2 and 3, numbers 14-18 mark analytical spots, SEM-BEI; j) a-domeykite rim (intensive pink) around Ni-bearing koutekite (violet greyish) and native Pb (black) with a droplet
of native Ag (reflected light, oil, //N); k) substitution of As-bearing breithauptite (dark pink) with c-domeykite (light pink) accompanied with chalcocite (dark grey) in koutekite matrix
(violet grey), (reflected light, oil, //N); 1) 3-domeykite (light pink) surrounded by Ni-bearing koutekite (violet greyish), native Pb (black), chalcocite (dark bluish grey), c-domeykite (in-
tensive pink) (numbers 14-18 mark analytical spots; reflected light, air, //N) ; Mineral abbreviations: b-D - 3 -domeykite (1, 4, 12, 17), a-D - ae-domeykite (3, 5, 6, 15), Ko — Ni-bearing
koutekite (2, 16); Br — arsenical breithauptite (13), Ni — nickeline (11), Ca - chalcocite (7, 18), Ag - native silver (9, 10), Pb — native lead (8), Li - litharge (14).
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Pyrite is the dominant sulfide mineral in the deposit. It is mostly a
product of hydrothermal transformation of pyrrhotite. Minor pyrite
was deposited directly from hydrothermal solutions when associated
with younger chalcopyrite and sulfosalts (Fig. 5b). It is usually over-
grown by idiomorphic arsenopyrite crystals. EPMA show that pyrite
contains up to 0.03 wt% Co, up to 0.01 wt% Ni, up to 1.5 wt¥% As and up
to 0.07 wt% Cu (Radosavljevic, 1988).

Chalcopyrite represents the principal ore mineral in the deposit
(Fig. 5c). It is associated with pyrrhotite, pyrite, magnetite, and
Pb(Cu)-Bi sulfosalts, and occurs as coarse-grained aggregates, or re-
places earlier silicates, oxides, and sulfides. It contains numerous sphal-
erite and Cu-bearing pyrrhotite star-shaped intergrowths. Cubanite,
mackinawite, covelline and valleriite fill cracks and fissures in chalcopy-
rite aggregates. Arsenopyrite, molybdenite, sphalerite and galena are
rare.

Sulfosalts associated with the pyrrhotite-chalcopyrite-pyrite miner-
al assemblage are represented by lillianite homologue (bursaite),
cannizzarite and aikinite. Bi-sulfosalt aggregates were embedded in a
garnet-pyroxene matrix. Bursaite forms complex intergrowths with
other sulfosalts, and fills cracks and fissures between pyrrhotite, chalco-
pyrite and silicates (Fig. 5d). Locally, it occurs in lath-like grains, triangu-
lar sections and polysynthetic lamellae. In comparison with other
accompanying Pb-Bi sulfosalts, it is harder, and often contains inclu-
sions of native bismuth as an exsolution decomposition product. Opti-
cally, it is identical to bursaite from the Kram and Kolarica deposits
(Radosavljevic-Mihajlovic et al., 2007). Cannizzarite reflectance is mod-
erately high, but lower than bursaite (Fig. 5e). Bireflectance is distinct,
light grey to creamy, anisotropy is strong, similar to bursaite, and hard-
ness is considerably lower (similar to galena). Aikinite is the least abun-
dant sulfosalt. It occurs in the form of elongated crystals, located in the
silicate interstices in association with chalcopyrite (Fig. 5f). Hardness
is the highest of all sulfosalts of this group. Bireflectance is distinct in
air, (strong in oil), light yellow to grey. Anisotropy is also distinct in
air (rather high in oil).

5.2. (Ni-Sb)-bearing Cu-arsenides mineral assemblage with native Ag and
Pb

The (Ni-Sb)-bearing Cu-arsenides mineral assemblage with native
Ag and Pb appears in a form of spherical masses, precipitated in the fis-
sures and hollows of the massive sulfide ore, overall size the space up to

16 cm. (Figs. 3b and 4). It is isolated with thin layer a milky-white clay-
carbonates powder from massive sulfide ore. These mineral assem-
blages were determined only in the BM-7c borehole, and this is the
first occurrence within the BOF, PMD, and SMMP.

The (Ni-Sb)-bearing Cu-arsenides occur in aggregates with botryoi-
dal and massive texture composed of rounded grains (Fig. 4). Generally,
well-developed crystals are extremely rare (Uytenbogaardt and Burke,
1985). The color of the fresh fracture of the ore is tin white to pale yel-
lowish. These minerals easily oxidize to give the effect of tarnish
(brown) and finally iridescence. The streak is steel grey with metallic
luster. They are a good conductor of heat and electricity, but not mag-
netic (700 gauss). Measured specific density of (Ni-Sb)-bearing Cu-
arsenide aggregate amounts to 8.06 & 0.02 g/cm°.

XRF chemical analysis powder sample and quantitative EDX analysis
of defined areas on polish section of (Ni-Sb)-bearing Cu-arsenides
(Fig. 6i), are presented in Table 2. According to these analyses they are
practically identical confirming the homogeneous chemical composi-
tion of the principal elements (Cu, As, Ni, Pb, Sb and Fe) in the micro
(~0.1 mg) and macro (10 g) samples of (Ni-Sb)-bearing Cu-arsenides,
which is conditioned by very intimate intergrowths of these minerals.
In addition, there is a noticeable content of Ag = 0.19, Bi = 0.11, and
Sn = 0.13 wt% and other elements (Table 2).

The (Ni-Sb)-bearing Cu-arsenides occur in rounded and irregular
grains of various sizes, accompanied by chalcocite, nickeline, arsenical
breithauptite, native silver, native lead, and litharge (Fig. 6a, 1). Their re-
flectance is high, and on the basis of color impression two main mineral
phases can be distinguished: 3-domeykite and koutekite. When ex-
posed to air these minerals quickly oxidize in blue or purple tinge.

The most abundant mineral among (Ni-Sb)-bearing Cu-arsenides is
B-domeykite. It commonly occurs as fine oval to circular grains from 10
to 150 pm (Figs. 6a, 1). Color is light creamy with a pink tinge (stronger
in oil immersion). It has relatively high reflectance (R-45%).
Bireflectance and the effects of anisotropy are commonly covered with
irisation. The atomic proportions of each element were calculated on
the basis of empirical formula (CusAs). EPMA yielded an average
crystallochemical formula: (Cuy71,Nig 16,F€0.03,A80.01,Pbo.01)3s 2.92(-
AS0.99,5b0.06:50.02) 5" 1.07 (4 analyses). It is characterized by increased
contents of Ni (0.26-6.00 wt%), Sb (2.00-2.60 wt%), Fe (<0.3-
1.20 wt%), and Ag (<0.3-1.61 wt%) (Tables 3 and 4).

Koutekite occurs as cement to oval B-domeykite and native lead
(Fig. 6¢c-e). As a rule, 3-domeykite is overgrown by koutekite. These
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Fig. 7. Rietveld refinement plot of the concentrate sample of (Ni-Sb)-bearing Cu-arsenides from the Mlakva deposit.



Table 2

Chemical analyses of the (Ni-Sb)-bearing Cu-arsenide aggregate obtained by different chemical methods (in wt%).

Pb

Sn

Te

cd

Mn

Fe

Bi

Ag

Co

Ni

Sb

As

Cu

9.88
9.8

0.13
n.d.

0.08
n.d.

0.01
n.d.
0.24 x 0.03 = 0.0072 mm>; W

0.04
n.d.
024 mm?* V

1.15
1.0

04 x 0.6

0.11
n.d.

0.19
n.d.

0.05
n.d.

7.10
7.0

2.70
2.8

27.95

26.9
Note: n.a. not analyzed; n.d. not detected (<0.3 wt%); 1. - XRF analyses (Se <0.009 wt%, Au and Zn not detected); 2. - Quantitative EDX analyses (SA

mg).

49.00

n.a.

50.9

1.8
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0.058

3:

0.0072 mm® x 8.06 mg/mm

intimate intergrowths of two minerals make an impression of a micro
pseudo-brecciated structure. Among (Ni-Sb)-bearing Cu-arsenides,
koutekite has the lowest reflectance; violet-grey color with a bluish
tinge. Bireflectance and anisotropy are not visible. The atomic propor-
tions of each element were calculated on the basis of empirical formula
(CusAsy). EPMA gave an average crystallochemical formula:
(Cus.40,Ni1 40,F€0.11)5-4.91(AS1.94.5b0.13,50.02) 5200 (2 analyses).
Koutekite is characterized by the high contents of Ni (17.40 to
17.61 wt%) and increased contents of Sb (2.90-4.00 wt%), and Fe
(1.20-1.50 wt%) (Tables 3 and 4).

a-domeykite, occurs in a form of rims around koutekite or in con-
tacts with native silver and lead (Fig. 6j). Compared to all present (Ni-
Sb)-bearing Cu-arsenides it has the highest reflectance; intensive
pink-orange color. Bireflectance and anisotropy are not visible. The
atomic proportions of each element were calculated on the basis of em-
pirical formula (CusAs). EPMA gave an average crystallochemical for-
mula: Cuq.97(Nig.os,Feo.03) s 1.01(AS0.81,5b0.22) 5" 1.03 (4 analyses). It is
characterized by the high contents of Ni (20.11 to 21.73 wt%) and Sb
(8.40-10.30 wt%) (Tables 3 and 4).

Breithauptite is rare and occurs in small grains (up to 10 pum)
(Fig. 6k). Its reflectance is close to Cu-arsenides with strong
bireflectance of bright orange to pale pinkish color effects (Fig. 6k).
EPMA gave an average crystallochemical formula:
(Nio.g3,Cug.18,Fe0.01,Pbo.02) 5~ 1.04(Sbo.61,AS0.35) 5 0.96 (ONe analysis). Due
to relatively high contents of As, it is described as arsenical breithauptite
(Table 3). It is possible that small portions of Cu and As in arsenical
breithauptite were resorbed from Ni-bearing koutekite.

Nickeline, the youngest of all arsenides, commonly occurs along fis-
sures and cracks in 3-domeykite aggregates or concentrates in contacts
of native lead and (Ni-Sb)-bearing Cu-arsenides (Fig. 6c-e). Its reflec-
tance is slightly higher than Cu-arsenides, with noticeable bireflectance
of yellow-pink to pale brownish pink color effects (Fig. 6k). EPMA gave
an average crystallochemical formula: (Nige6,Cuo22.F€0.15)51.03(-
AS0.93,5P0.03,50.01) 3" 0.97 (0ne analysis). Due to the increasing content of
Cu, Fe and Sb (Table 3), this nickeline differs from genetically similar oc-
currence in South-Western Serbia, Rogozna ore field (Radosavljevic
et al,, 2015).

Native lead is commonly coated with its oxides (dark zones, Fig. 6a, j,
and 1). Native silver is either embedded in it, or in a form of rims sur-
rounding native lead grains (Fig. 6g). Native lead always occurs in the
form of spindles, droplets and blebs (Fig. 6a—-f). EPMA gave an average
crystallochemical formula: (Pbggs,Cug.01,00.03)50.99 (One analysis)
(Table 3). Similarly to the Mlakva deposits, it was also found in
Australia, USA, Argentina, Austria, Poland (Anthony et al., 1990; Carr
et al., 2008; etc.).

Native silver generally occurs as fine intergrowths in boundaries of
native lead oval grains or near the contact of native lead and Cu-
arsenides. (Fig. 6j). EPMA gave an average crystallochemical formula:
(Ag0.89,Pbo,07,Ni002,Sbo.02) 5~ 1.00 (two analysis) (Table 3).

The only sulfide in this mineral assemblage is chalcocite. It usually
occurs in elongated or irregular droplets, with characteristic
polysynthetic lamellae and strong bireflectance (Fig. 6k). According to
EPMA an average crystallochemical formula is as follows:
(Cuy s8,Feo.06.Pbo.01,Nip.01) 3" 1.9651.04 (two analyses) (Table 3).

5.3. Genetic features of the Mlakva Cu deposit and the Cu-As-Ni-Sb-Pb
mineralization

Mlakva can be classified as a Ca-type skarn-replacement hydrother-
mal deposit. It consists of large masses of calcite-garnet-pyroxene and
pyroxene-amphibole rocks with magnetite, scheelite and powellite.
The high-temperature hydrothermal stage is divided in several sub-
stages. Deposition order of minerals in the Mlakva Cu deposit is report-
ed in Table 5. The high-temperature hydrothermal pyrrhotite-
chalcopyrite-pyrite and Pb(4- Cu)-Bi sulfosalts mineral assemblage is
composed of minerals of low-sulfidation state (pyrrhotite, Fe-rich
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Table 3
Representative EPMA of 3-domeykite, Ni-bearing koutekite, Ni-Sb-bearing a-domeykite, chalcocite, native Ag, native Pb, and litharge from Fig. 6a and | (in wt%).
N° 0 S Fe Ni Cu As Ag Sb Pb Total Minerals
1 - 0.30 1.00 3.97 63.90 27.67 - 2.60 - 99.44 [3-domeykite
- 0.30 0.60 4.03 64.57 27.88 - 2.60 - 99.98 [-domeykite
- - - 0.26 64.04 28.02 1.61 236 3.30 99.59 [3-domeykite
- 0.30 1.20 6.00 63.75 27.00 - 2.00 - 100.25 [3-domeykite
3 - - 0.58 21.07 46.08 22.24 - 9.78 - 99.73 a-domeykite
5 - - 0.50 21.27 44.29 23.70 - 10.30 - 100.16 a-domeykite
6 - - 0.70 21.73 45.45 21.72 - 10.30 - 99.90 a-domeykite
15 - - 0.70 20.11 47.27 2342 - 8.40 - 99.90 a-domeykite
7 - 21.19 2.54 0.64 73.59 - - - 1.84 99.80 Chalcocite
18 - 21.00 1.30 0.40 77.50 - - - - 100.20 Chalcocite
9 - - - 0.91 - - 84.54 3.19 10.86 99.50 Native Ag
10 - - - 1.01 0.35 - 82.54 1.77 13.44 99.11 Native Ag
2 - 0.30 1.50 17.40 46.35 3147 - 2.90 - 99.92 Ni-bearing koutekite
16 - - 1.20 17.61 4591 30.81 - 4,00 - 99.53 Ni-bearing koutekite
8 0.40 - - - 1.10 - - - 98.80 100.30 Native Pb
11 - 0.21 6.14 28.58 10.09 51.57 - 3.01 - 99.60 Nickeline
14 6.20 - - - 0.50 - - - 93.40 100.10 Litharge
13 - - 0.17 29.17 7.03 15.63 - 44.62 2.68 99.30 Arsenical breithauptite

Note: N° number of analysis (analytical spot in Fig. 6a and 1); - not detected (<0.3 wt%); Bi and Co contents <0.3 wt%.

sphalerite) deposited from low alkaline fluids (e.g. presence of pyrrho-
tite, Fe-rich sphalerite; according to Einaudi et al.,, 2003). The change of
pH and Eh conditions, as well as the sulfidization of pre-existing sulfides
led to hydrothermal paragenetic sequence of pyrrhotite — marcasite —
pyrite (Ramdohr, 1980). Change of pH and temperature when the depo-
sitional environment become more alkaline led to deposition of
sulfosalts with Bi, Pb and +Cu (bursaite, cannizzarite, aikinite,
Mozgova et al., 1987; Radosavljevi¢-Mihajlovic et al., 2007).

The main ore metals of the Mlakva deposit, derived from a common
magmatic source, which is considered to be granodiorite of Boranja, are
Cu, Fe, Bi and Ag, and locally As, Ni, Mo and W (Table 1; Raki¢, 1962). Ac-
cording to 8534 isotopic analyses of stibnite from the Rujevac Sb-Pb-Zn-
As deposit (Fig. 1), ranging from + 0.03 to — 1.97%., average — 0.54%o,
sulfur from sulfides, sulfarsenides, and sulfosalts is of magmatic origin
(Mudrini¢, 1984). Minor fluctuations of 6S>* are a function of crystalliza-
tion temperatures. If low-temperature hydrothermal ore-fluids had a
magmatic origin, it can be assumed that the high-temperature ore-
fluids had a common origin. This was previously confirmed by a

paragenetic analysis of Pb-Zn mineral associations within SMMP
(Raki¢, 1962). Temperatures of deposition of Pb-Zn mineral associations
in the BOF range from 480 to 160 °C. Galena and sphalerite genesis
spans all high- to low-temperature hydrothermal stages, while the Pb-
Zn mineral associations of the Veliki Cip and Ravnaja deposits corre-
spond to the high- (480 °C) and low-temperature hydrothermal stages
(230 °C), respectively. In addition, the Veliki Majdan ore zone corre-
sponds to a temperature range from 450 to 367 °C that is between
high- and medium-temperature hydrothermal stages (Radosavljevi¢
et al,, 2012). Temperatures of ore formation gradually decrease moving
further away from the Boranja granodiorite according to the following
sequence: Mlakva — Kram — Kolarica — Centralni revir — Kojici (Fig. 1).

The mineralization of (Ni-Sb)-bearing Cu-arsenides with Pb and Ag
was precipitated in the fissures and hollows of the massive sulfide ore.
It was determined only in samples from the BM-7c borehole (Fig. 2, pro-
file AA’). Its presence is unexpected, and its genesis unclear, however,
ore relationships at Mlakva suggest the following processes may have
played a role in their formation:

Table 4
Representative average EPMA and atomic proportions of 3-domeykite, a-domeykite and koutekite from different deposits (in wt3%).
Locality (n) Mineral S Fe Ni Cu As Ag Sb Pb Total
Mlakva, Serbia' 4 B-domeykite 0.30 0.70 3.57 64.07 27.64 0.40 293 0.83 99.82
Cerny Duil, Czech Republic? 6 B-domeykite n.d. 0.17 n.d. 70.09 29.39 0.03 n.d. n.a. 99.68
Mlakva, Serbia' 4 a-domeykite* n.d. 0.58 21.07 46.08 2224 n.d. 9.78 n.d. 99.73
Mohawk, USA> 2 a-domeykite n.a. n.a. n.d. 71.00 28.60 n.a. n.a. n.a. 99.60
Wasserfall, France® ? a-domeykite 0.06 n.a. n.a. 71.16 28.27 n.a. 0.12 n.a. 99.61
Mlakva, Serbia' 2 Ni-bearing koutekite 0.15 1.35 17.51 46.13 31.14 n.d. 345 n.d. 99.73
Cerny Dtil, Czech Republic? 5 koutekite nd. 0.05 nd. 67.05 33.22 0.03 nd. na. 100.36
Daluis, France* ? koutekite n.a. n.d. n.a. 68.20 32.50 n.a. n.a. n.a. 100.70
Wasserfall, France* ? koutekite n.a. 0.10 n.a. 67.98 31.60 na. n.a. na. 99.77
Kazakhstan® 2 koutekite na. na. n.a. 66.79 33.44 na. n.a. na. 100.23
apfu A/B
Mlakva, Serbia' B-domeykite 0.02 0.03 0.16 2.71 0.99 0.01 0.06 4 2.73
Cerny Dtil, Czech Republic? B-domeykite 0.01 2.96 1.05 4 2.74
Milakva, Serbia’ a-domeykite* 0.03 0.98 1.97 0.81 0.22 4 2.83
Mohawk, USA® a-domeykite 2.98 1.02 4 2.92
Wasserfall, France* a-domeykite 2.99 1.01 4 2.96
Mlakva, Serbia’ Ni-bearing koutekite 0.02 0.11 1.40 3.40 1.94 0.13 7 235
Cerny Dtil, Czech Republic? koutekite 493 2.07 7 238
Daluis, France* koutekite 4.98 2.01 7 2.48
Wasserfall, France* koutekite 0.01 5.01 1.98 7 2.53
Kazakhstan® koutekite 4.91 2.09 7 235

Note: n.d. not detected; n.a. not analyzed; (n) number of analysis; apfu atoms per formula unit; * - Ni-Sb-bearing c-domeykite; A = ¥Cu + Fe + Ni + Ag; B = TAs + Sb + S; A/B atomic

ratio; 'this study; 2Johan, 1985; *Moore, 1971; “Anthony et al., 1990; *Abulgazina et al., 1991.
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Table 5
Deposition order of ore and gangue minerals within the Mlakva deposit (according to
Radosavljevi¢, 1988, updated by this study).

Stages Minerals

Pyrometasomatic (skarn) Calcite I - garnet (andradite) - pyroxenes —
epidote - chlorite

Magnetite I - scheelite — powellite - rutile -
anatase - pyrite | — quartz |
High-temperature hydrothermal Pyrrhotite I - cubanite - chalcopyrite I -
sphalerite I — Cu-bearing pyrrhotite —
aikinite - bismuthinite - quartz Il

Calcite II - bursaite - cannizzarite - native
bismuth - magnetite II

Arsenopyrite - sphalerite Il - galena -
molybdenite - quartz III

Marcasite - pyrite Il - hematite
B-domeykite - Ni-bearing koutekite —
chalcocite - native Pb - native Ag

Transformation (hypogene)

Thermal melting (?) or
high-temperature
hydrothermal

Low-temperature hydrothermal  (Ni-Sb)-bearing c-domeykite (?) - arsenical

breithauptite - nickeline

Mackinawite - valleriite - covelline -

litharge — malachite - azurite - limonite

Supergene

(1) Hydrothermal crystallization of Cu-bearing arsenides is possible
only under highly reduced conditions, where f5*~ and f0?~ are
at minimum value, while Cu and As concentrations in ore-
bearing solutions are high (Brookins, 1986). Arsenopyrite from
the Mlakva deposit, as the principal As mineral is insignificant,
but it tends to form small isolated monomineral pockets. Based
on literature data (Vink, 1996), arsenopyrite is stable in an alka-
line environment under strong reducing conditions. With in-
creased acidity, however, it becomes unstable, producing
metallic arsenic (As®) and Fe?™ ions. Precipitation of Cu-
bearing arsenides begins with influx of hydrothermal solutions
enriched in Cu.

(2) The great impact on precipitation of Cu-bearing arsenides had
relic organic matter widespread in sediments of DCF
(Radosavljevic et al., 2013). Similarly, arsenic from Saualpe
(Austria) was transported as oxidic As>** complexes and was re-
duced to As® in the breccias, where reducing conditions are also
indicated by the widespread occurrence of graphite (God and
Zemann, 2000). In the study published by Johan (1985) the au-
thor comes to the same conclusions for the Cerny Dl deposit
(the Czech Republic). According to Johan (1985), hydrothermal
deposition of Cu-bearing arsenides was influenced by organic
matter (methane).

(3) Finally, according to literature data (e.g. Frost et al., 2002;
Tomkins et al., 2004, 2006; Biagioni et al., 2013), Cu-bearing arse-
nides could be remobilized and concentrated into discrete
pockets in massive sulfide deposits that have undergone meta-
morphism. Theoretically, a polymetallic melt may form at tem-
peratures as low as 300 °C, where orpiment and realgar melt.
However, for many ore deposits, the first melting reaction
would be at 500 °C, where arsenopyrite and pyrite react to

form pyrrhotite and an As-S melt. The melt forming between
500 and 600 °C, depending on pressure, will be enriched in Ag,
As, Au, Bi, Hg, Sb, Se, Sn, Tl, and Te, which Frost et al. (2002)
term low-melting point chalcophile metals. Contact metamor-
phism occurred in the Mlakva and Kram mining sectors
(Karamata, 1955), so that a polymetallic melt is likely in some
parts of the deposit. In addition, thermal effects can be achieved
through local post-mineralization tectonic-fault movements,
thus surrounding the Mlakva deposit during geological history
(Fig. 2b—c). The polymetallic melt and formation of massive min-
eralization of Cu-bearing arsenides can be defined by the follow-
ing processes (Habashi, 1984): i) direct melt reduction
(reduction of Cu arsenate by CHy, CO, H, etc., will yield Cu-As al-
loys); ii) co-melting (secondary oxy-carbonates Cu minerals are
melted together with sulfidic ores of arsenic); iii) cementation
(a mixture of arsenic minerals such as CuFeS,, FeAsS or As;Ss3
with organic matter), during which the formation of Cu-As alloys
is the most abundant.

6. Crystallographic investigations

XRD analysis of the concentrate sample of (Ni-Sb)-bearing Cu-
arsenides from the Mlakva deposit was examined using the Rietveld
method. Mineralogical composition of the analyzed sample is as fol-
lows: B-domeykite, koutekite, nickeline, native lead, litharge and chal-
cocite (a-domeykite and arsenical breithauptite were below detection
limits). The unit-cell parameters of the main minerals from the Mlakva
deposit are shown in Table 6. Mixed Cu/Ni crystallographic sites and oc-
cupancies of B-domeykite and koutekite were refined starting from the
atomic coordinates published by Mansmann (1965) and Liebisch and
Schubert (1971), respectively, in order to obtain whether Ni substituted
Cu in some degree in these crystal structures. The full structure
matching mode of the Rietveld refinement yielded following agreement
factors: Ry = 4.78, R, = 3.71, Rexp = 3.78%. The unit-cell parameters of
(Ni-Sb)-bearing Cu-arsenides are in good agreement with the literature
data. B-domeykite from this study lies between the data published by
Steenberg (1938) and Gukov et al. (1971), however, it has the lowest
calculated density. Koutekite, on the other hand, has smaller unit-cell
parameters, but higher calculated density in comparison to the litera-
ture data (Liebisch and Schubert, 1971). The Rietveld refinement plot
and unit-cell parameters of (Ni-Sb)-bearing Cu-arsenides of the from
the Mlakva deposit are presented in Fig. 7 and Table 7, respectively.
The Rietveld refinement confirmed EPMA that part of Cu was substitut-
ed by Ni. According to the occupancies refined, all three Cu crystallo-
graphic sites of both minerals contain Ni, with presence of a small
number of vacancies in 3-domeykite. The crystallochemical formulae
of B-domeykite and koutekite calculated from the Rietveld refinement
data are as follows: (Cu2.844,Nig.087,00.069)s3AS and
(Cus g63,Nij.137)35AS;, respectively. Based on this analysis, Ni amounts
to 1.96 and 14.44% in 3-domeykite and koutekite, respectively. Refined
occupancies of mixed Cu/Ni crystallographic sites of 3-domeykite and
koutekite from the Mlakva deposit are given in Table 8.

Table 6

Unit-cell parameters of the main minerals from the Mlakva deposit.
Mineral S.G. a(A) b (A) c(A) a(®) B(°) v (°) V(A3
B-domeykite 165 7.1331(4) 7.1331(4) 7.3042(5) 90 90 120 321.86(2)
Koutekite 72 5.922(4) 11.447(9) 5.480(4) 90 90 90 371.48(5)
Nickeline 194 3.6020(6) 3.6020(6) 5.113(2) 90 90 120 57.45(2)
Native Pb 225 4.9408(4) 4.9408(4) 4.9408(4) 90 90 90 120.61(3)
Litharge 129 3.964(2) 3.964(2) 5.043(4) 90 90 90 79.24(2)
Chalcocite 14 15.292(6) 12.073(6) 13.230(6) 90 116.82(4) 90 2179.78(4)

S.G. - space group: 165 - P3c1; 72 - Ibam; 194 - P63/mmc; 225 - Fm3m; 129 - PA/nmm; 14 - P2,/c.
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Table 7

Unit—cell parameters of 3-domeykite and koutekite from the Mlakva deposit in comparison with the literature data.
Mineral a(A) b (A) c(A) Peatc (g/cm?®) V(A% Reference
B-domeykite 7.1331(4) 7.1331(4) 7.3042(5) 8.07 321.86(2) This study
B-domeykite 7.16 7.16 7.33 8.13 32543 1
[-domeykite 7.088 7.088 7.232 8.409 314.66 2
B-domeykite 7.143(3) 7.143(3) 7.324(3) 8.176 323.62 3
B-domeykite 7.102(20) 7.102(20) 7.246(20) 8.36 316,51 4
Koutekite 5.922(4) 11.447(9) 5.480(4) 8.26 371.48(5) This study
Koutekite 5977(1) 11.577(2) 5.491(1) 8.174 379.95 5

1 - Berry and Thompson, 1962; 2 - Steenberg, 1938; 3 - Mansmann, 1965; 4 - Gukov et al.,

7. Discussion and conclusions

In comparison with pyrrhotite-chalcopyrite-pyrite mineral assem-
blage, the (Ni-Sb)-bearing Cu-arsenides are younger (Table 5). The 3-
domeykite crystallized first, thus forming massive aggregates with na-
tive Pb and chalcocite eutectics (Ramdohr, 1980; Craig, 2001). The sta-
bility of B-domeykite lies in a wide interval from 225 to 827 °C
(Chvilyova et al., 1988). It is possible that primary Cu-arsenides were
deposited in a form of high-temperature cubic koutekite, and then
decomposed peritectically to 3-domeykite and native As between 360
and 340 °C. If quenched, the high-temperature phase transforms at
315 °Cinto a low-temperature, orthorhombic modification identical to
koutekite (Juza and von Benda, 1968; Liebisch and Schubert, 1971). Na-
tive As is stable under 230 °C (Heinrich and Eadington, 1986), and at
higher temperatures becomes part of Cu-arsenides, which is the main
reason of non-stoichiometric composition of these minerals (Table 4).
In addition, some quantities of native As reacted with solutions enriched
with Ni2™ and Sb>* cations, thus forming arsenical breithauptite and
nickeline (Fig. 6d-f). Finally, massive aggregates of (Ni-Sb)-bearing
Cu-arsenides in the Mlakva deposit are practically composed of two
minerals (~80 wt%) hexagonal B-domeykite and orthorhombic
koutekite (Fig. 4).

The origin of Ni and Cu within the Cu(Bi,Ag)-FeS associations of the
BOF is most probably from the Vardar ophiolite zone (Dimou and
Papastavrou, 1987; Radosavljevic et al., 2015). The Mlakva and Kram
mining sectors are genetically related to the intrusive complex of
Boranja (Fig. 1). In the Karavansalija, there is also a genetic relation
with the volcanic-intrusive complex of Rogozna (southwestern
Serbia) with the formation of a low grade Cu-Au-(Mo-Pb-Zn)
polymetallic skarn mineralization (Budinov et al., 2015; Radosavljevi¢
et al.,, 2015). This mineralization type is uncommon for Neogene igne-
ous complexes formed along the Vardar ophiolite zone and its rim. Ac-
cording to Jankovi¢ (1995), Cu and Ni in the magma were probably
sourced from the serpentinite basement and surroundings, and were
mobilized during magma ascent through the metamorphic rocks. How-
ever in the Lavrion deposit Greece (e.g. Clemence mine), the
gersdorffite-gold-bismuthinite mineral association is interpreted to be

Table 8
Refined occupancies of mixed Cu/Ni crystallographic sites of 3-domeykite and koutekite
from the Mlakva deposit.

B-domeykite Koutekite

Atom  Wyck. position ~ Occu. (<1)  Atom  Wyck. position ~ Occu. (<1)
Cul 12g 0.9421 Cul 8j 0.7541
Ni1 12g 0.0298 Ni1 8j 0.2459
] 12g 0.0281 - - -

Cu2 4d 0.9578 Cu2 8g 0.8104
Ni2 4d 0.0274 Ni2 8g 0.1896
m] 4d 0.0148 - - -

Cu3 2a 0.9646 Cu3 4b 0.7344
Ni3 2a 0.0254 Ni3 4b 0.2656
O 2a 0.0100 - - -

O - vacancies; Wyck. position - Wyckoff position; Occu. - occupancy.

1971; 5 - Liebisch and Schubert, 1971.

of magmatic origin, related to dykes of both acidic and basic composi-
tion (Voudouris et al., 2008). Large sedimentary deposits of Fe with Ni,
Co, and Cr of Cretaceous age have been discovered in Serbia (Jankovic,
1990). During the Neogene magma inflow through the ophiolitic mé-
lange within the DCF sediments, ore and post-ore low-temperature hy-
drothermal solutions remobilized Ni from mafic rocks. The Ni content in
massive and stockwork/disseminated Cu ore is about 30 times higher
compared to the surrounding rocks (Table 1; Fig. 3b-c). Small amounts
of Ni originated from massive pyrrhotite, which is largely affected by a
hydrothermal transformation into pyrite and marcasite (Ramdohr,
1980). Hydrothermal solutions enriched with Ni (with constant and
variable activity of As and Sb) circulated along the cracks, pores and fis-
sures thus changing primary mineral composition.

Orthorhombic koutekite reacted with nickeliferous solutions thus
forming Ni-bearing koutekite. Arsenides and antimonides of Ni are the
youngest, filling cracks and fissures of (Ni-Sb)-bearing Cu-arsenides
(Fig. 6d-e). Native Pb did not react with the Ni-Sb-bearing solutions
due to its inertia to these metals (ASM Handbook, 1992). Furthermore,
native Pb entirely expelled Ag on grain boundaries or along contacts
with Cu-arsenides (Fig. 6g).

A simplified deposition order of minerals within the (Ni-Sb)-bearing
Cu-arsenides mineral assemblage with native Ag and Pb is as follows: 3-
domeykite — chalcocite — native Pb — native Ag — Ni-bearing
koutekite — (Ni-Sb)-bearing a-domeykite — arsenical breithauptite —
nickeline — litharge (Table 5). In the Cerny Diil deposit, Fe- and Ni-
bearing arsenides crystallized first (lollingite — nickeline —
pararammelsbergite — chloanthite), and then Cu-bearing arsenides
with Ag (kutinaite — 3-domeykite — koutekite — native Ag — native
As — novakite — CuAs — paxite — chalcocite). According to data pub-
lished by Johan (1985), the Cerny Dl mineralization extends over a
large temperature interval, from about 500 to 100C°. Thus, it differs
from those Cu occurrences, which are undeniably of high-temperature
origin, as for example, Wasserfall in France (Picot and Ruhlmann,
1978). In the Mohawk deposit (Michigan, USA), minerals encountered
and described include a-domeykite, 3-domeykite, algodonite, As-
bearing copper, koutekite, rammelsbergite, pararammelsbergite, and
nickeline (Moore, 1971). According to the author, Ni plays no significant
role in the decomposition and inversion temperatures of the low-
temperature Cu-bearing arsenides since essentially no Ni solid solubility
in B-domeykite and koutekite at 510 °C was detected. The same author
has determined that EPMA on the naturally occurring low-temperature
coexisting As and Ni-Cu-As phases did not afford any detectable evi-
dence for the Ni and Cu-bearing arsenides or Cu in the Ni-bearing arse-
nides. In addition, in the Anarak District (central Iran), Cu-Fe-bearing
sulfides and Ni-Co-bearing arsenides with Bi and U precipitated first
and later Cu-bearing arsenides (Tarkian et al., 1983).

It should be taken into account that Moore (1971) conducted his ex-
periments on samples consisting of finely grinded Mohawk material,
which were heated in a sealed silica tube for seven days at 510 °C, co-
called, “dry sintered”. However, this experiment cannot correspond to
hydrothermal deposition processes of native metals and compounds.
In natural conditions, the most important parameters are solution activ-
ity of given elements in ionic or dispersion nm-compounds (Kolobov
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etal.,, 2001), pH and Eh factors, lithological environments of transporta-
tion and deposition settings, temperatures and pressures of hydrother-
mal processes, etc. (Barton and Barton and Skinner, 1979; Pirajno, 1992;
Vink, 1996; Valyashko, 2008).

The phenomenon called “aging” of mineral associations is an impor-
tant mineralogical constituent when native metals and alloys form mas-
sive aggregates (Mlakva ~30 Ma). (Ni-Sb)-bearing Cu-arsenides have
strong metallic and covalent bonds (Smallman and Bishop, 1999). Mas-
sive aggregates of metals and their compounds during very long period
of time are affected by the diffusion of metals in the solid state phenom-
enon. Diffusion of atoms in solids is an extremely slow process. It is
practically insignificant at room temperature, and becomes noticeable
when the temperature approaches the melting point (Bocquet et al.,
1996; Mehrer, 2007; Hosford, 2006). To fulfil this requirement interdif-
fusion is essential that occurs in materials with different atoms. The
most important precondition is the mutual melting of the elements
(Cu and Ni) or at least partial melting (Sb and Cu), while in the case
where there is no melting diffusion is impossible (Pb and Ni) (Bader
et al., 1995; Christian, 2002). Diffusion of metals and their compounds
occurs: a) through the volume - atoms move through crystals from
one to another crystal lattice or interstitial positions; the activation en-
ergy is higher, the diffusion rate lower; b) by metal grain boundaries
(surfaces) - easier than through the volume, regularity arrangement
of the atoms was violated at metal grain boundaries, smaller packing
density of atoms and a large concentration of defects, the activation en-
ergy is lower, higher diffusion coefficient and mass flow of atoms
(Felberbraun et al., 2011). The movement of atoms is not “continuous”
but, they move “jumping” from one equilibrium position to another
(regular atomic sites), or via interstitial positions. Mechanisms of re-
placement are: i) direct exchange; ii) cyclic exchange; iii) vacancy
mechanism; iv) interstitial mechanism (two ways); v) crowdian
mechanism.

The diffusion of metals in the solid state phenomenon may explain
entrance of Ni into Cu-arsenides and crystallization of Ni-bearing
koutekite (Christian, 2002). The concentration of Ni is the highest on
boundaries of Cu-bearing arsenides, decreasing to the central parts of
grains (Fig. 6d). Nickel is the most abundant in (Ni-Sb)-bearing o~
domeykite, and the least present in 3-domeykite (Table 4). However,
there are indications that (Ni-Sb)-bearing a-domeykite precipitated
from low-temperature fluids enriched with nickel in a near-surface,
low-pressure environment.

The A/B atomic ratio of Cu-arsenides (A = apfuzCu + Fe + Ni + Ag;
B = apfu¥As + Sb + S) is non-stoichiometric (Table 4), and is often
lower than that of stoichiometric. This is a common feature in all
known deposits of (Ni-Cu)-bearing arsenides (Moore, 1971; Tarkian
et al., 1983; Johan, 1985; Anthony et al., 1990; Abulgazina et al.,
1991). The ideal ratio in domeykite (both 3 and «), and koutekite
amounts to 3 and 2.5, respectively (Anthony et al., 1990). Excess of As
in Cu-arsenides is the highest in 3-domeykite, lesser in koutekite,
while in a-domeykite is the smallest (Table 4). Copper arsenides of
the well-known deposits worldwide contain neither Ni nor Sb
(Table 4), due to different genetic origin. These minerals crystallize
later with older mineral assemblages containing Ni-bearing arsenides
(Moore, 1971; Johan, 1985; Abulgazina et al., 1991). The hydrothermal
nickeliferous mineralization at Mlakva occurs in the final mineralization
stages replacing earlier skarn ore stages. It was mostly incorporated in
older koutekite by the metal diffusion phenomenon in the solid state,
and is present throughout the low-temperature hydrothermal stage ac-
companied with high activity of As, Ni, and Sb. The metallogeny of Ni
characterizes all ore fields and metallogenic zones of SMMP, which are
associated with complex multi-component systems (Fe, Zn, Cu, Pb, Sb,
As, Ag, and S) (Raki¢, 1962; Dimou and Papastavrou, 1987; Jankovic,
1990; Serafimovski et al., 2010; Radosavljevic et al., 2015; etc.). Other
mineral assemblages with Ni, As and Sb (excluding Cu) are typical for
the majority of ore fields and zones within the SMMP. The management
of the mines has not been paying enough attention on any other

valuable metal including Ni, but it is believed that plans for the future
will be focused on a detailed study of the nickeliferous mineralization.

Finally, Cu- and Ni-arsenides and other natural alloys were the first
metalliferous materials that the human race used as a replacement for
stone tools in its earliest history of technological beginning (Uhland
et al., 2001).
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