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A bstra ct: High-sulphidation epithermal gold has been determined and studied in the Plavica de-
posit, which is an integral part of the Kratovo-Zletovo volcanic area. Epithermal gold and associated min-
eral phases have been determined in silicified tuff, secondary quartzite, quartz-pyrite-enargite veins and
mainly disseminated within an altered, but mostly silicified volcanic setting. Beside gold within this acid-
sulphate volcanic environment was determined the presence of contaminated pyrite, zinc-tetrahedrite,
enargite, and certainly seligmanite regularly and commonly present copper association led by chalcopy-
rite, followed by bornite, chalcocite, covellite, as well as slightly higher temperature associations of ar-
senopyrite and molybdenite. Most of these accessory sulphide mineral phases within this study were ob-
served under state of the art polarized optical microscope, and the electron microprobe, which results are
presented in detail in this paper. For illustration we want to emphasize that in pyrite were found increased
concentrations of copper and zinc and less silver, then enargite with increased zinc concentrations (0.24—
7.56 Zn), antimony (0.46—1.33% Sb) and silver (0.09-0.54% Ag) , tennantite with increased iron (0.21—
1.55% Fe), zinc (6.24-9.06% Zn) and silver (0.08-0.87% Ag), while within the molybdenite elevated
concentrations were detected for sulfur and iron.

Key words: gold; Plavica; mineral phases; composition; high-sulphidation

INTRODUCTION

The Plavica deposit is well known to the local
and regional community. Namely, exploration and
exploitation history of the Plavica deposit (in the
central parts known as Zlatica) reaches back to
Roman times that were undertaking large-scale
mining and processing of copper from pyrite-enar-
gite veins as well as limited exploitation of silver
and lead. Also, limited mining took place here dur-
ing and after the so called ‘Turkish’ era (15"-17"
centuries) when gold was extracted for production
of coins. In the 20" century, the British company
Selection Mines Ltd carried out some exploration
in the area and further exploitation of enargite
veins took place between 1934 and 1936 (with
more than 2800 m of underground exploration
workings). Quite an intense programme of explora-
tion and drilling was undertaken by the Zletovo

mine and the Geological Survey in the decades
following the Second World War (1945-1952;
1961-1962 and 1963-1974). Based on those ex-
plorations an extensive programme prepared was
by the Geological Survey and RIK “Sileks” and
realized in the period 1976-1986 (with respectable
30,325 m of exploration drilling). From the late
1980s, there have been several, further, exploration
programmes for Cu and Au by foreign mining
companies (e.g. Cominco, Cyprus Amax, Minorco,
Goldfields, Rio Tinto, European Minerals) with the
emphasis more on Au associated with the periph-
eral silica bodies. The latest exploration in the
Plavica concession area was performed during the
period 2011-2014 by the Australian company
Genesis Resources International Ltd. All those ex-
plorations contributed to creation of intensive pro-
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fessional and scientific database where we would
like to point out the workings of Pendzerkovski et
al. (1960), Mijalkovi¢ and Pesi¢ (1966), Jankovié
(1967), Markovi¢ (1971), Panti¢ et al. (1972), Ris-
ti¢ and Klajn (1973), Stojanov (1974, 1980), Bili-
bajki¢ and Bilibajki¢ (1978), Petkovi¢ and Romi¢
(1977), Ivanov and Denkovski (1978, 1980), Raki¢
(1978, 1982), Jankovi¢ et al. (1980), Mudrini¢

(1982, 1986), Drovenik et al. (1983), Bogoevski
and Raki¢ (1985), Stojanov and Serafimovski
(1990), Serafimovski (1990, 1993), Stojanov et al.,
(1995), Tomson et al. (1998), Serafimovski and
Raki¢ (1998, 1999), Stefanova (2005), Alderton
and Serafimovski (2007), Stefanova et al. (2007),
Volkov et al. (2010) and Stefanova et al. (2013).

GEOLOGY

We have to emphasize that the geological set-
ting of the Plavica deposit as well as its structural-
tectonic features are just part of the very complex
Kratovo-Zletovo volcanic area where dominate
volcanic rocks, intensive hydrothermally altered,
brecciated and tectonically moved in different di-
rections. Beside emphasized fault tectonics within
the Plavica area dominate ring-like structures and
structures of dyke intrusions as a direct product of
Tertiary magmatism and its pulsation character.

In the geological setting of the Plavica deposit
participate mainly volcanic and volcano-sedimen-
tary rocks, which exact determination is complex
due to intesive presence of hydrothermal altera-
tions. However, with numerous lithostratigraphic
and petrographic studies it was confirmed that in
the geological setting of this deposit participate
ignimbrite, stratified volcanic tuff and breccia,
dacito-andesite and their pyroclasts as well as
quartzlatites that the most often occur as break-
troughs.

Ignimbrite of dacite-andesite composition are
present on NE slopes of the Plavica (Trnjak, Go-
lak, Ramna Niva) and in one wide band envelope
southern slopes of the Plavica. They are repre-
sented by grey-green to reddish color and compo-
sition variable at short distances (andesite-dacite-
quartzlatite). Due to their structural setting and in-
clusion of some older rock some authors named
them as ignimbrites. Sometimes propylitized and
intensive hydrothermally altered when tectonically
crushed these rocks are known for the presence of
numerous lead-zinc ore veins. This quite well fits
Plavica deposit into the explanation that although
the most high-sulfidation deposits are generated in
calc-alkaline andesitic-dacitic arcs characterized by
near neutral stress states or mild extension, few
major deposits may also occur in compressive arcs
characterized by the suppression of volcanic activ-
ity (Sillitoe and Hedenquist, 2003), as it is shown
in the text that follows, also.

Volcano-sedimentary rocks (stratified tuff)
are well spread on the northern margins of the

Plavica in an elongated belt starting from Slegovo
village and ending to the east, near the Siroka
Padina locality. Their presence points out that
some of the volcanic stages occurred in submarine
or sublacustrine conditions. They have well pro-
nounced layering and rapidly changing different
kinds of tuffogenous and terrigenous material (tuf-
fogenous sandstone, conglomerate, tuffogenous
claystones, sandstones, pieces of different volcan-
ics). These rocks are sometimes hydrothermally
altered, mainly, along the cracks and fissures.

Propylitized dacite-andesite rocks are the rock
counterparts of former composition strongly hy-
drothermally altered and spread over northern
slopes of the Plavica (Rajkovac, Golak, Trnjak)
and southern part of the Maric¢anski Rid.

Hydrothermally altered andesite rocks were
determined in western and southwestern margins
of the Plavica. They are andesites, which were sig-
nificantly altered (saved fenocrystals and some
colored compounds), that easily can be classified
as biotite-hornblende andesite. Also, at the Plavica,
as it was mentioned earlier, can be found numerous
intensive hydrothermally altered rocks (andesite,
dacite, latite, pyroclasts), which sometimes can be
extensivelly mineralized by Cu, Ag, Au, Pb, Zn
and Mo.

Quartzlatites were determined at several lo-
cations (Karac, Dogandziski Kamen, Plavicki Po-
tok). In general they occur as neck, stock and dyke
forms that breakthrough the adjacent dacite-ande-
site or their tuff counterparts. These rocks are built
of cryptocrystalline quartz, K-feldspar with pheno-
crysts of sanidine, biotite and quartz and character-
ized by porphyry structure and massive texture.

Dykes are common at several places, espe-
cially on the northern margin of the Plavica area,
where they breakthrough the dacite-andesite and
pyroclasts.

Silex-secondary quartzite in the central part of
the Plavica have a significant distribution. They
build the highest parts of the Plavica and stick out
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of the ground in the form of chops and occur in
two elongated zones: northern and southern. To-
wards the east these silex ore bodies contain sig-
nificant amounts of alunite that gradually turns into
alunite quartzite. It is interesting to note that the
Silex-secondary quartzite except traces of sul-
phides contained in itself and some quantities of
gold (0.1-3.0 g/t Au). Their transition towards the

surrounding rocks are usually not sharp and they
gradually transform into the surrounding rocks in
form of more or less pronounced silification.

At the highest parts of the Plavica at several
locations there are increase quantities of diluvial
sediments (Beglicki Livadi and Dolno Kadiski) in
streams of northern slopes and remains of the an-
cient river terraces.

METHODOLOGY

The morphology and composition of gold and
associated minerals were studied on a JEOL SEM
JSM-6010PLUS InTouchScope at the Faculty of
Geology and Geography, Sofia University, Bul-
garia. The JEOL SEM JSM-6010PLUS InTouch-
Scope had the following features: resolution in
High Vacuum mode of 4 nm (20 kV), 8 nm (3 kV),
15 nm (1 kV) and Low Vacuum mode of 5 nm (20
kV) BSE, accelerating voltage of 500 V to 20 kV,
magnification ranged from x5 to x300,000 it had
LV detector with multisegment BSED (as a stan-

dard) and optionally equipped with LV-SED, while
LV pressures were from 10 to 100 Pa. The LGS
type stage was equiped with Eucentric goniometer
(X=80mm, Y=40 mm, Z=5 mm — 48 mm) R =
360° (endless) possible tilt =10 + 90° (by compu-
ter-controlled 2 or 3-axis motor drive). The stan-
dard EDS system (silicon drift detector technolo-
gy), which included possibilities for spectral map-
ping, multipoint analysis, automatic drift compen-
sation. The JEOL was equiped with 3D Three Di-
mensional Image Software MP — 45030 TDI, also.

MINERALIZATION

Morphology of ore bodies

Since the preparation of the first elaborate for
calculation of ore reserves in the Plavica-Zlatica
deposit (Terzi¢ et al., 1986) has been determined
that beside extensive exploration workings it is
hard to explain the spatial position of the minerali-
zation, its boundaries in regards to adjacent host
rocks and size of the ore deposit. This fact have
been confirmed by extensive, disseminated miner-
alization, where distribution of particular ore com-
ponents and their quantitative ratios are very vari-
able at short distances.

However, potential of that widely altered and
mineralized area is indisputable and defining the
various morphological types mineralization will
likely to go in phases, as it was confirmed by re-
cent research on the northeastern parts of the
Plavica deposit there have been found gold epi-
thermal mineralization of high sulfidization related
to sinter-secondary quartzite, oxidized breccias and
stratified tuffs.

In general, the ore mineralization within the
Plavica deposit, is deposited in empty spaces in
fault-crack systems, veins, veinlets and metasoma-
thically has been impregnated in adjacent hydro-
thermally altered volcanic rocks. Mineralization of
impregnated type is the most common near the
cracking systems.
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Mapping has revealed the presence of con-
centric, arcuate fractures around the Plavica de-
posit, suggesting the presence of a small caldera
~1,5 km across. The presence of a caldera is also
strongly supported by the circular form of the out-
crop patterns and geomorphology (Figure 1). In
addition, there are abundant fractures with a NW-
SE, ENE-WSW and E-W strike, and some indica-
tion of a radial distribution. It is these fractures in
the central parts that host the metallic mineraliza-
tion.

The mineralization occurs in four distinct set-
tings: (i) stockwork and disseminated Cu-—Au
(+Mo, Ag) mineralization occurs in the central and
deepest part of the system. It is present over an
area of 6 km? and was still reported at depth in the
deepest drill hole (950 m below surface); (ii) veins
of quartz, pyrite, sphalerite and enargite (£ gold)
occur at intermediate levels and appear to be su-
perimposed on the stockwork. Old workings in the
Zlatica area followed these enargite veins for dis-
tances up to 200 m and show that they had a thick-
ness from 0.7 to 5 m and a content of Cu around
2% and Au at 1 ppm. They seem to occur where
the NW-SE structures intersect E-W veins, mostly
in the northern part of the deposit (Figure 1) (iii)
silica bodies occur peripheral to the central zone.
These bodies consist of quartz plus some opal and
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are sub-vertical in orientation. Both massive and
‘vuggy’ silica occurs, the former being widespread
in the Crn Vrv region where it is quarried for in-
dustrial purposes. These bodies have a maximum
development at depths of 100 m but extend to
greater depths where they taper out (usually at 400
m). They contain elevated gold levels (sometimes
from 1 to 10 ppm) as well as alunite, jarosite, na-
tive sulphur and kaolinite. The silica bodies appear
to be related to E-W fractures (Figure 1) and
crosscut both the stockwork and the enargite veins.
In some places, the silica bodies are themselves cut
by breccias containing angular silica clasts (iv)
around the margins of the caldera, there are small
veins with enrichments in Pb and Zn (up to 1%
combined Pb-Zn). As such, they bear some simi-

larity to the larger Pb—Zn veins worked in the
nearby Zletovo mine, but are much smaller. There
are also some U-rich veins, although their exact
relationship with the Plavica system is unclear. We
would like to point out that the detailed exploration
performed by the Genesis Resources International
DOOEL Skopje, which study was concentrated
mostly in the northeastern part of the Plavica de-
posit (mineralized area known as Plavica-Zlatica)
and hill top where dominate secondary quartzites.
Those extensive exploration activities defined one
new Cu-Au mineralization type where dominate
epithermal gold of high sulfidation with represe-
ntative elongated lens-like ore bodies, which fol-
lows the structural controlling forms (Figure 1).
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Fig. 1. Geological cross section through the Plavica deposit, eastern Macedonia with a display of morphological form
of particular gold ore bodies (Serafimovski et al., 2014)
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From the geological cross-section (Figure 1)
can be seen the very specific form of occurrence of
the ore mineralization in comparison to up to date
known types of vein and impregnation mineraliza-
tion.

Mineralogy and alteration

The mineralogy of the Plavica deposit is
complex and several paragenetic stages have been
suggested (Ivanov and Denkovski, 1978). The lat-
est data about the mineralogical composition of the
Plavica deposit can be found in detailed electron
microprobe study of Serafimovski (1993), where
the mineral presence and their association has been
brought to an higher level of knowledge. Also,
later findings of Serafimovski and Raki¢ (1998,
1999), Alderton and Serafimovski (2007), Stefano-
va et al. (2013) and Serafimovski and Tasev
(2013), contributed to a better understanding of the
mineral composition of the Plavica mineral de-
posit.

With up to date studies has been confirmed
that within the PLavica-Zlatica deposit can be
found the following ore minerals: pyrite, pyr-
rhotite, chalcopyrite, magnetite, rutile, scheelite,
hematite, molybdenite, galena, sphalerite, bornite,
enargite, native gold, melnikovite, tetrahedrite,
tennantite, chalcocite, digenite, covellite, proustite,
native copper, malachite, azurite, and some other.
The latest study have confirmed presence of selig-
mannite, luzonite, famatinite, petzite, bogdanovite,
bezsmertnovite, sylvanite, pearceite, bilibinskite
etc. (Serafimovski and Tasev, 2013). Of the non-
metallic minerals the most common were quartz,
calcite, siderite, oligonite, chalcedony etc.

The common presence of copper minerals,
especially the high-sulfidation state sulfosalts enar-
gite-luzonite (White et al., 1995), as well as rela-
tively high-sulfidation state minerals tennantite-
tetrahedrite (Barton and Skinner, 1979), was the
factors leading us to classify deposit as high-
sulfidation type. Also, only scarce sphalerite and
arsenopyrite confirmed our conclusion about the
type of the deposit.

High-sulfidation mineralization in the Plavica
deposit is characterized by the presence of high-
sulfidation-state sulfide assemblages dominated by
pyrite, sulfosalts (enargite + luzonite), digenite,
bornite and lesser covellite, chalcocite, chalcopy-
rite, tenantite-tetrahedrite and molybdenite. Traces
of colusite (Cu-Sn-V-As-Fe sulfide), sphalerite and
galena have also been reported (Serafimovski,
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2014) quite similar to genetically same deposits
worldwide (Madera, 2000). The most common
copper sulfides display a very distinctive replace-
ment sequence from bornite — digenite — chal-
cocite — exsolution covellite.

Pyrite is by far the most abundant ‘ore’ min-
eral present but chalcopyrite, sphalerite, tennan-
tite—tetrahedrite and enargite are also abundant.
Gold occurs as small grains dispersed in sulphides
(pyrite, chalcopyrite, enargite, galena). Zoning and
replacement textures are common, pointing to nu-
merous, discrete, mineralizing events. Petrographi-
cal and textural studies suggest the following main
stages of mineralization:

(i) pyrrhotine, pyrite, chalcopyrite;

(i1) magnetite, hematite, rutile, scheelite;

(ii1) molybdenite, chalcopyrite, pyrite, sphale-
rite, native gold, tetrahedrite, enargite, bornite;

(iv) enargite, bornite, chalcocite, chalcopyrite,
pyrite, galena, sphalerite, tetrahedrite, tennantite,
luzonite, selligmanite, proustite, pearceite

(v) calcite, barite, siderite (including the Mn-
variety, ‘oligonite’), hematite (after magnetite —
‘martite’).

Features of gold in the Plavica deposit

In regards to the mineralization specifics in
this part of the studied Plavica deposit of special
curiosity is a gold-bearing mineralization that oc-
curs in a variety of morphological forms and spa-
tial presence of native gold and Au-Ag-tellurides.
Sometimes native gold can be found along quartz
veins of peripheral parts where present are Fe-hy-
droxides, too. In oxidized parties with dominant
Fe-oxide and hydroxide parageneses besides fron-
tal silification often appear later quartz-limonite
veins within oxidized breccias, and for transformed
Fe-hydroxide aggregates in a such manner (mag-
netite-hematite-martite-limonite) are related inter-
esting flake-like gold aggregates (Figure 2).

In the another case there are individual grains
and eclongated aggregates where gold indicates
double regular form and resembles a lot to a poly-
hedron gold. Also, gold occur as flake-like to
worm-like agregates within the limonite-goethite
matrix and as a disseminated native gold within
regular quartz crystal. Quite often, within the brec-
ciated and silificied rocks, mostly limonitized, can
be observed later quartz cavities filled with gold
and electrum (Figure 3). These are known as red
breccias that macroscopically are fractured and
limonitized where in those limonitized parts occur
native gold of micron size.
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Fig. 2. Microphotograph of single horseshoe-like native gold
grain within quartz cavity, enclosed within quartz-Fe hydrox-
ide vein (Plane polarized light. Magnif. x 400 II).

In some intensely silicified parts where relic
pyrites occur were determined telluride of gold and
silver (Figure 4), which themselves contain ele-
vated concentrations of arsenic, that causes their
polyhedron appearance. In similar areas, but this
time directly in aggressively silicified parts was

Y Aw- \o-le

o '
s b,

Fig. 4. Microphotograph of multiphase Au-Ag-telluride
with certain impurities of arsenic in quartz-pyrite vein
(Plane polarized light. Magnif. x 400 II).

A special curiosity in regards to gold were de-
termined late idiomorphic quartz crystals that en-
closed usually several gold grains (Figures 6, 7),
where gold is diverse in size and form (droplet-
like, irregular worm-like up to gold druses).

Very representative micromorphological forms
of elongated native gold aggregates can be seen on
the rims of the quartz-limonite caverns, where
sometimes gold is acompanied by sylvanite. Also,

50 pm
gk .

Fig. 3. Microphotograph of individual lens-like electrum
grain within silica-limonite matrix at the contact with quartz
cavity (Plane polarized light. Magnif. x 400 II).

determined presences of individual grains of native
gold in the half-moon like form (Figure 5). Also, in
such silicified parties sometimes appear typical
gold-bearing forms with representative yellow
color, which are usually followed by scattered in-
dividual micron size grains.

Fig. 5. Microphotograph of half-moon like single
native gold grain within silicified matrix
(Plane polarized light. Magnif. x 400 II).

individual grains of native gold occur in quartz
veins or quartz caverns or their marginal sections
(Figures 8, 9). Here it is worthwhile to mention
that there can be seen micron size grains of native
gold occuing in typical teardrop shapes representa-
tive for higher levels of the epithermal ore-bearing
system.

At some particular locations gold occur in
large and beautiful aggregates (Figure 9), which
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are outside the veinlets, but within silicified parts.
We would like to want to emphasize that the gold
in these parts is varied in shape and size, but the
most representative are allotriomorphic aggregates
and especially feathery-like form aggregates. At
some places in relic grains of idiomorphic pyrite
idiomorphic is found some native gold in it. Few
times we noticed presence of native gold in repre-

Fig. 6. Microphotograph of well developed native gold
druse and individual gold grain in later quartz crystal
(Plane polarized light. Magnif. x 630 II)

Fig. 8. Microphotograph of individual grain of native gold
with representative droplet-like form, within quartz vein
(Plane polarized light, Magnif. x 400 II)

Composition of some major mineral phases

Also, we made efforts to confirm analytically
some of the minerals present within the ore mineral
association in the Plavica deposit. Our preliminary
results have confirmed enargite, molybdenite and
pyrite compositions under the electron microprobe
at the Faculty of Geology and Geography, Sofia
University, Bulgaria.

Geologica Macedonica, 28 (2), 149-163 (2014)

sentative two-phase and multifaceted idiomorphic
aggregates and forms. This kind of native gold is
characteristic of certain polymetallic stages with
high presence of arsenic generated low temperature
epithermal zones related to predominantly inten-
sive silification of volcanic rock or characteristic
secondary quartzite.

Fig. 7. Microphotograph of small grains of native gold
within crystalline quartz in brecciated silica-limonite
matrix (Plane polarized light, Magnif. x 630 II).
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Fig. 9. Microphotograph of alotriomorph aggregates
of native gold at the margin of quartz cavern
(Plane polarized light. Magnif. x 630 II)

L

Enargite

Some of the enargite mineral grains, deter-
mined under the polarized optical microscope
LEICA DMP 4500 equipped with digital still cam-
era and complementary software LEICA LAS
(Figure 10), have been analyzed under the micro-
probe (Figure 105, points 1-4; Figure 120, point 1)
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Fig. 10
a) Microphotograph of complex, massive externally and internally corroded quartz-pyrite-enargite-famatinite aggregate, which en-
closes chalcopyrite and sphalerite as well as latter chalcocite, covellite and other sulphosalts (Plane polarized light. Magnif. x 200 II);
b) SEM microphotograph of Zn-enargite (points 1 and 2) and enargite (points 3 and 4) mineral grains
(Backscattered electrons (BSE), Magnif. x 1600)

The chemical composition of enargite, as it is
shown in Table 1, have shown slight discrepancies
from the stoichiometric enargite composition
(Cu3AsS,) in standards.

Namely, in points 1 and 2, close vicinity of
sphalerite and chalcopyrite, to analyzed enargite
grains caused certain impurities in form of Zn and
Fe to occur in its composition, substituting part of
copper positions. Although the analysis of point 3
was quite close to the standard ones, the point 4
indicated slightly increased presence of antimony.

Tablel

Chemical composition of Zn-enargite
(points I and 2) and enargite (points 3, 4 and 5)
from the Plavica deposit

Element Chemical analysis (%)

1 2 3 4 5

Cu 40.90  40.76 46.54 46.48  48.69

Fe 1.12 0.97 0.24 0.15 1.37
Zn 6.00 7.56 0.24 - -
Ag 0.46 0.54 0.09 0.13 -

As 19.55  19.86 17.77 17.21 16.81
Sb 0.55 0.46 1.08 1.33 -

S 29.60  29.51 34.14 3460  33.09

> 98.18  99.60  100.10  99.90  99.96

Note: Analysis 1 — (Cu,.s7Fe0.0sZ1035)3.00A81.0253.08
Analysis 2 — (Cuy s7Feq.08Zn0.35)3.18A81.0653.77
Analysis 3- CU2_39ASO_91S4_19
Analysis 4 — Cu, 57(Aso.086Sb0.03)S421
Analysis 5 (MRD-OOZ) - (Cu2,94Fe0,1 |)3,00AS(},33$4,]5

Tennantite

Although relatively scarce, tennantite was de-
termined in several samples during the optical mi-
croscope study (Figure 11a) and electron micro-
probe analyzer (Figure 11b). Microscopic observa-
tions in regards to occurrence of tennantite in sam-
ples from the Plavica deposit in the best manner
were confirmed by electron microprobe analyses
(Table 2).

Table 2

Chemical composition of tennantite
from the Plavica deposit

Element Chemical analysis (%)
1 2 3 4

Cu 41.04 39.67 40.58 40.76
Fe 0.86 1.55 0.21 0.54
Zn 7.56 8.99 9.06 6.24
Ag 0.47 0.08 0.87 0.47
As 19.72 15.51 20.30 19.96
Sb 0.55 5.43 0.88 0.39
S 29.76 28.73 29.01 29.62
> 99.96 99.96 100.91 97.98

Note: Analysis 1 — (Cug47Fe020Zn1 70 AS0.06)11.45(AS3.865b0.06)3.92513.63
Analysis 2 — (Cuy 40F€0.06Z12.10)11.56(AS3.148b0.60)3.745 13.43
Analysis 3 — (Cu32Zn3.07)11.39A84.29513.32
Analysis 4 — (Cuo.63Zn.48)11.11A83.99513.90
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@)

Fig. 11.
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b)

a) Microphotograph of colloformly corroded tennantite within quartz-limonite matrix. (Plane polarized light, Magnif. x 200 II);
b) SEM microphotograph of tennantite from the Plavica deposit (points 1, 2. 3, 4). (Backscattered electrons (BSE), Magnif. x 1900)

As may be seen from the Table 2, tennantite
composition is not quite stoichiometrically ideal
due to decreased copper, iron and arsenic values at
the expense of increased concentration of zinc.
Here we would like to give an accent to the fact
that the presence of tennantite within this part of
the Plavica deposit, beside its importance in re-
gards to mineralogical diversity, stress out that
there were two metal stages, an early Cu-rich, Au-
poor stage, dominated by enargite-luzonite, and a
late Au-rich, Cu-poor stage, associated with inter-
mediate-sulfidation-state sulfides such as tennan-
tite-tetrahedrite and chalcopyrite, and telurides as it
was confirmed for genetically similar deposits el-
sewere (e.g., El Indio, Lepanto; see Arribas, 1995).
The transition from quartz-alunitepyrite alteration
to enargite-pyrite and finally to tennantite-tetrahed-
rite, indicates that the fluid progressively became
more reduced and less acid.

Pyrite

Also, our study included the most common
ore mineral within the Plavica deposit, pyrite (Fig-
ure 12).

The analysis of the most common within the
Plavica deposit, pyrite, in general have shown
close to the standard values (Table 3).

However, as it can be seen from the results
above, there are slight discrepancies from the al-
most ideal stoichiometric values of pyrite due to
narrow range of copper impurities in the mineral
composition (0.24 — 3.99% Cu) as well as zinc im-
purity that reaches up to 1.69% Zn. Copper likely
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entered the structure of pyrite through a coupled
substitution, as well as zinc, too (Chouinard et al.,
2005).

Molybdenite

Although hard to find, luckily we managed to
find molybdenite in few of the studied samples
from the Plavica deposit (Figure 13a,b,c; Table 4).

Analyzed composition of this molybdenite
shows slight discrepancy from the stoichiometric
values (Frondel and Wickman, 1970) due to small
increase of sulfur and iron and decrease of molyb-
denum (Table 4).

The presence of molybdenite points out that
this sample came from the high-temperature zones
within the Plavica mineralized system, which roots
can be traced down to the certain intrusion as men-
tioned for similar genetic type deposits elsewhere
(Arribas, 1995).

Ag-sulfides

Silver-bearing sulfides are extremely rare in
the Plavica deposit, which is quite common for
deposits of the same genetic type elsewhere (Hol-
ley, 2012). Although nearly 24 bright BSE spots
were examined in a total of 8 samples through an
EMP analyses, only one slightly less than 1 pm
grain of Ag-bearing sulfide was detected (Figure
14).

During EMP analysis, Fe, Ag, and S were de-
tected in this particular grain (Table 5), with an
approximate ratio of 1Ag : 7Fe : §S.
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Fig. 12
a) SEM microphotograph of pyrite from the Plavica deposit (point 001; analysis 8) (Backscattered electrons (BSE), Magnif.x 100);
b) EDS spectrum of the pyrite from the Plavica deposit (point 1; analysis 8);
¢) SEM microphotograph of pyrite from the Plavica deposit (point 002; analysis 9) (Backscattered electrons (BSE), Magnif. x 100);
d) EDS spectrum of the pyrite from the Plavica deposit (point 002; analysis 9);
e) SEM microphotograph of pyrite from the Plavica deposit (point 003; analysis 10) (Backscattered electrons (BSE), Magnif. x 100,
). EDS spectrum of the pyrite from the Plavica deposit (point 003; analysis 10);

Table 3
Chemical composition of pyrite from the Plavica deposit
Element Chemical analysis (%)
1 2 3 4 5 6 7 8 9 10
Fe 4793 4383 4276  44.04 44.06 44,22 4320  45.62 43.55 46.72
Cu 0.24 0.30 0.43 0.42 0.42 0,44 0,78 0.00 3.99 0.00
S 51.79 5554 56.76 55.50 55.46 55,30 55,60 52.78 52.52 52.78
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.00 0.00
> 99.96  99.67 99.95 100.00  89.94 99,96 99,58  100.09  100.06 99.5

Note: Analysis 1- Fel_0351_97; Analysis 2— Feong]_n; Analysis 3 (Feo_g()CUO,()l)o_ngz_og; Analysis 4 — (Feo_93CuO_01)0_9452>06
Analysis 5 — (Feg.0aCuo.01)0.95S2.05; Analysis 6 — (Fe.04Cuo.01)09552.01; Analysis 7 — (Fe.03Cu0.01)0.9252.07;
Analysis 8 — (Feo_ggznqo])g‘gzsl‘gg; Analysis 9— (FeoA33CuO‘07)0_glslA98; Analysis 10— F60A98S1.97
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Fig. 13
a) Microphotograph of rod-like aggregates of molybdenite in quartz matrix (Plane polarized light, Magnif.x400 IT)
b) SEM microphotograph of rod-like aggregates of molybdenite and position of analysis
(Backscattered electrons (BSE), Magnif.x1900;
¢) EDS spectrum of the molybdenite from the Plavica deposit

Table 4 Table 5

Chemical composition of the molybdenite

Chemical composition of the Ag-sulfide
(points 1) from the Plavica deposit

from the Plavica deposit

PL-3599.1 Mass Atom Sigma Net  K-ratio Line MRD-002.3 Mass Atom Sigma Net K-ratio Line
% % % %
S 4252 68.72 0.07 2077177 1.253796 K S 50.83  65.59 0.15 165947 0.100167 K
Fe 0.62 058 0.02 9106 0.016237 K Fe 4351 3224 022 48621 0.086695 K
Mo 56.86 30.71 0.21 1419269 1.339991 L Ag 566 217 015 8076 0.007754 L

Total  100.00 100.00 Total ~ 100.00 100.00
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Fig. 14. SEM microphotograph of space fog-like aggregates
of Ag-bearing mineral grain
(Backscattered electrons (BSE), Magnif. x 50000)

Although the precise stoichiometry for the Ag
sulfide grain cannot be determined based on this
analysis, but mineral of appropriate composition
could be Ag-bearing pyrite. However, this fact is
of high scientific importance since it suggests that
the high sulphidation epithermal Au + Ag miner-
alization is deposited from oxidizing, hot acidic
fluids in which S occurs as SO, and so displays
characteristic ore mineralogy and zoned hydro-
thermal alteration. The particular process of forma-
tion, the most probably, places a physical separa-
tion between the source intrusion and epithermal
mineralization (Corbett and Leach, 1998; Serafi-
movski et al., 2014). The ore fluid commonly
breaks into an initial fast travelling volatile-rich
phase and later slower liquid-rich phase. The first
one vent from cooling intrusions and rise rapidly,
within a structure without reaction with host rocks
or ground waters, depressurization resulted in ex-
solution of SO, which then became oxidized to
progressively form a more acidic fluid as it rises to
higher crustal levels, typically within permeable
reactive volcanics or breccias, and so provide char-
acteristic zoned mineral assemblages dominated
by: residual vughy silica, alunite, pyrophyllite-
diaspore, dickite, kaolin to marginal illite. The later
liquid-rich phase commonly deposits Au-Ag min-
eralization with enargite, including the low tem-
perature polymorph luzonite, and pyrite along with
gangue of alunite, barite and local sulphur. In most
instances the later mineralization brecciated the
core vughy silica.

Alteration mineralogy

Alteration of the volcanic rocks is intense in
the centre of the deposit and in the vicinity of the
silica bodies. Four alteration types are dominant,
quite similar as it was shown for deposits else-
where (Meyer and Hemley, 1967):

(i) sericitic alteration, with sericite and quartz,
plus minor titanite, tourmaline, barite and adularia;

(i1) advanced argillic alteration, characterized
by kaolinite, alunite, zunyite, pyrophyllite, dias-
pore and corundum;

(ii1) silicification is widespread, particularly
as massive replacement bodies;

(iv) propylitic alteration.

Most of the volcanic rocks surrounding the
Plavica deposit have been affected and now con-
tain varying amounts of chlorite, epidote, sericite,
calcite, rutile and magnetite. The alteration is
mostly pervasive in nature and not clearly vein-
related. However, a crude zonation of these altera-
tion types appears to be present: the central and
deeper parts exhibit sericitization while the ad-
vanced argillic alteration occurs in the surrounding
areas (including the silica bodies). Mineralization
appears to be more closely related to the argillic
and silicic alteration assemblages. Aforementioned
alteration types and their zonation (especially asso-
ciation alunite-kaolinite-pyrophillite-diaspore) quite
well fit in models proposed for high-sulphidation
epithermal type around the World (Hemley et al.,
1969, 1980; Reyes, 1990). Also, although pyro-
phyllite may form at a temperature <160°C if the
silica concentration were high, its coexistence with
dickite, illite or diaspore could easily suggest pa-
leotemperatures of >200°C (White and Hedenquist,
1995).

This retrograde alteration sequence formed
during the waning stage of the high-sulfidation
hydrothermal system, and is interpreted to repre-
sent high temperature oxidation by gradual ground
water encroachment during thermal waning of the
hydrothermal system as it was mentioned for ge-
netically similar deposits elsewhere (Rohrlach et
al., 1999). The distribution and characterization of
high-sulfidation mineralization within the various
subtypes of advanced argillic alteration without
any doubts requires more detailed and subtle study.

Supergene processes in the upper part of the
deposit have led to the formation of malachite,
azurite, smithsonite, anglesite, cerussite, hydrated
Fe- and Mn-oxides, chalcocite, digenite, native
copper and covellite.
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CONCLUSION

This study of ore minerals study enriched the
knowledge of the mineral association within the
Plavica deposit, especially in the epithermal part of
high sulphidation where special contribution was
given in definition of morphological features of
epithermal gold. The latest findings during the
electron microprobe analysis gave the compositi-
ons of several representative mineral phases, regu-
lar associates of epithermal gold with their specif-
ics. Enargite have shown increased values of zinc
(0.24-7.56 Zn), antimony (0.46—1.33% Sb), silver

(0.09-0.54% Ag) and iron (0.15-1.37% Fe). Ten-
nantite has been characterized by certain impurities
of iron (0.21-1.55% Fe), zinc (6.24-9.06% Zn)
and silver (0.08-0.87% Ag). Discrepancies from
the ideal composition have shown pyrite, too, due
to increased presence of copper (0.24-3.99% Cu),
zinc (up to 1.69% Zn) and rarely silver (up to
5.66% Ag). Although at lower intensity, the mo-
lybdenum stoichiometry was disrupted to by very
slightly increased sulfur and iron, resulting in de-
crease of molybdenum.
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EnurepmanHOTO 37aTO OX BHCOKAa Cyiaduauzanuja e
KOHCTaTHPaHO M MPOYy4yBaHO BO HaolamuiuTeTo IlnaBuia koe
€ JIeN O]l KpaTOBCKO-3JICTOBCKaTa ByJKaHCKa obnact. Enmrep-
MAaJIHOTO 3J1aTO W NMPUAPYKHUTE MUHEPATHHU a3y ce KOHCTa-
TUpaHU BO cuiudIupaHuTe Ty(HOBH, CEKyHIAPHUTE KBAPLIUTH,
KBapL-ITUPUT-EHAPTUTCKUTE JKUIH M TJIABHO PAaceaHH BO ayTe-
pHucaHaTa, HO HPETEXKHO CWIN(HULIUPaHAa BYJIKAHCKA OCHOBA.
ITokpaj 31aT0TO, BO paMKHTE Ha OBaa KuceJo-cyiaTHa BYII-
KaHCKa CPEAMHA € YTBPJCHO IPHCYCTBO Ha KOHTAMHHHPAHU
[THUPUTH, LIUHKOTETPACAPUTH, CHAPTUTH, CEIMIMAHUTH U CEKa-
KO PeIOBHO MpUCYyTHATa OakapHa acolyjaluja MpeaBoACHa O
XaJIKOIIUPUT, Clie[leHa o OOPHUT, XaJIKO3MH, KOBEJINH, KaKko U
HEIITO ITOBHCOKOTEMIEPATYPHHUTE IPHIAPYKHUIH apCeHO-ITH-
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put u Monubnenut. Hajroiem men on oBue NPHUAPYKHH CYJI-
¢unHN MEHEpaTHU (a3u BO paMKUTE Ha OBHE MPOYyUyBama ce
TPETUPAHU U CO CTYAUCKH ONTHYKH MUKPOCKOI, HO ¥ CO elle-
KTPOHCKA MHUKPOCOHIA, a PE3YJITaTUTE C€ JETAHO MPE3CHTH-
paHU BO paMKHTE Ha OBOj TPyH. 3a WIyCTpalyja cakame Ja
MOTEHIMPaMe JieKa BO IMPHUTHUTE € YTBPACHO 3rOJIEMEHO MpH-
CyCTBO Ha 0akap M LIMHK U MOPETKO Ha cpedpo, BO EHAPTUTOT
ce 3roJieMeHH KoHUeHTpauuute Ha LuHK (0.24-7.56 Zn),
autumoH (0.46-1.33% Sb) u cpebpo (0.09-0.54% Ag),
TEHAHTHTOT € CO 3rOJIEMCHH KOHLIEHTpauuH Ha sxene3o (0.21—
1.55% Fe), muak (6.24-9.06% Zn) u cpebpo (0.08-0.87%
Ag), nonmeka Kaj MOJNHOASHHTOT CaMO HENITO IOKAYeHU
KOHIICHTPALUH Ce OAPEIeHH 32 CyI(QypoT U KEIe30TO.



