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NATIVE GOLD COMPOSITION AND MORPHOLOGY THROUGH THE MINERAL

PROCESSING STAGES AT THE BUCIM COPPER MINE,
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Abstract: The native gold is a common by-product in many Cu-porphyry deposits, although its distribution
and chemistry in many deposit remains not well understood. The aim of this paper is to analyze chemistry and mor-
phology of individual gold grain. In this study we examine the gold chemistry and morphology from mineral processin,
flotation and tailings from Bu¢im deposit. Five grains from the mine level, seven aggregates from the material of
flotation, nine aggregates from the concentrate, three from the canalletes and four aggregates from the tail were subject
of study. Fineness ranging from 805 to 995. Silver is the most common trace constituent in the studied gold grains from
0.27 to 19.24%. The Cu and Fe are common trace constituent that range in average for iron about 2.5% Fe and copper
max. 4% Cu. It is noted that iron and coper as impurities are not present in all tested aggregates. Titanium and tellurium
are present only in one analyzed gold aggregates (2.82%). Studied gold grain appear in various morphological forms,
characterized by more or less rounded edges. Elongated gold grain with rounded edges have been commonly observed,

while flat and anhedral grains are more rarely found.

Key words: gold grains; chemical composition; morphological forms; mineral processing

INTRODUCTION

Porphyry copper deposits are among the larg-
est gold reservoirs in the upper crust and are im-
portant potential sources of gold in low temperature
epithermal deposits (Kerrich, 2000). In porphyry
copper deposits, gold is found in a solid solution in
Cu-Fe and Cu sulphides and as small grains of na-
tive gold usually around the boundaries of bornite,
which in some deposits (e.g. Skouries, Hiau, etc.)
may contain about 1 ppm Au. Chalcopyrite usually
contains less than 1 ppm Au (Kessler et al., 2002).

Studies of the gold bearing porphyry deposits
according to these authors suggest that gold is most
commonly associated with early potassium altera-
tions and is associated with bornite in the form of
inclusions with about 5 to 100 microns in size, in-
side the grains or on the sulphide grains. Gold also
occurs with chalcopyrite in porphyry copper-rich
ores rich in chalcopyrite, especially when there is
lateral chalcopyrite-pyrite phyllite alteration.

Experiments of the Cu-Fe-S-Au system show
that bornite and chalcopyrite may contain about
1000 ppm of gold at typical temperatures for the

formation of porphyry copper deposits of 600 to
700 °C and suggest that the bornite and chalcopyrite
in these deposites are saturated in terms of gold at a
temperature of only 200-300 °C.

This suggests that the maximum dosage of
gold in porphyry copper deposits is probably deter-
mined by the amount of gold that goes into the solid
solution of Cu-Fe sulphides when the deposit is for-
med at high temperature and that gold is usually not
added later from other sources, although it can be
redistributed during cooling or later stages. Experi-
mental data also suggests that high temperature
vapors (600-700 °C) can extract significantly more
gold from the porphyry copper systems than the low
temperature (300 °C) alterations (Kessler et al.,
2002).

Studies of the microchemical and morphologi-
cal features of gold aggregates refer to the combined
use of the chemical composition and the morphol-
ogy of Au-grains to define the mineral bonds, ge-
netic types of mineralization and conditions of pre-
cipitation. The mineral featuress of golden grains in
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combination with chemistry can be used to define
the "microchemical signature", which may indicate
the most likely type of mineralization of the source
(Moles et al., 2011). Such studies are also used in
the studies of placer gold, in order to explain the
physical and chemical changes that occur during the
water transport of the native gold aggregates.
(Chapman et al., 2000, 2010, 2011; Florencia et al.,
2004; Knight et al., 1994, 1999; Nakagawa et al.,

2005; Townley et al., 2003; Tishcenko, 1981; Du-
mula et al., 2001; Mortensen et al., 2004, 2005;
Boneyv et al., 2002).

The most explicit way to examine these fea-
tures of native gold from solid deposits is its sepa-
ration from the ore and the use of appropriate meth-
ods for detailed studies including chemical, physical
and microscopic studies. This research approach was
also applied in these studies of the native gold from
the Bucim porphyry deposit of copper and gold.

THE BUCIM DEPOSIT

This deposit belongs to the Bu¢im—Damjan—
Borov Dol metallogenic zone. Spatially, this ore
zone occupies parts of two geotectonic units: the
Vardar zone and the Serbian-Macedonian zone.
Magmatism in this ore region is characterized by
Tertiary volcanism, for which mineralization of
copper, iron, gold, lead-zinc etc. spatially and par-
agenetically is associated. Magmatism in the Bu¢im
block is represented by subvolcanic-volcanic facies
of latite and trachy-rhyolite in the form of dykes and
necks that are intruded into the crystalline complex
along the faulting zones.

Geological setting

In the geological setting of the Bu¢im deposit,
mainly participate Precambrian metamorphic rocks:
gneiss, mica, amphibolites and Tertiary volcanic
rocks (Rakicevi¢ et al., 1969; Ivanov, 1982). The
most common are the gneisses, which are also the
setting in which the ore mineralization was depos-
ited. Tertiary magmatic rocks are represented by
subvolcanic-volcanic breakthroughs of latite and
andesite-latite around which the ore bodies in the
Bu¢im deposit have been contoured. The age of
these Tertiary volcanic rocks had been determined
from 24.5 to 27.5 Ma (Serafimovski, 1993; Sera-
fimovski et al., 2016) and 24.04 + 0.77 and 24.51 +
0.89 Ma as indicated by chemical-annealing (CA)—
LA ICP-MS zircon dating (Lehmann et al., 2013).
Copper mineralization was located in four ore
bodies: the Central part, Bunardzik, Vr$nik and
Cukar (Figure 1).

Ore mineralization

The primary mineralization in the Bu¢im ore
deposit consists of major useful minerals: chalcopy-
rite followed by chalcocite, magnetite, native gold,
gold minerals and accompanied minerals. Such are:
pyrite, hematite, molybdenum and other rare miner-
als such as selenium and bismuth (Serafimovski,

1990; Serafimovski et al., 2006). Native gold and
golden tellurides were determined, too. Spatial dis-
tribution and the way of occurences of gold at the
Bucim deposit were studied by several researchers
(Cifliganec, 1986, 1993; Serafimovski, 1992; Sera-
fimovski et al., 2016).
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Fig. 1. Generalized geologic map of the Buc¢im ore deposit
and its particular ore bodies:
1) Central body; 2) Vr$nik; 3) Cukar; 4) Bunardzik

Studies have shown that gold occurs in associ-
ation with copper minerals such is chalcopyrite,
where it does not appear as classical adhesion, but
in the form of inclusions, droplets and rod-like
shapes. Also, gold occurs with pyrite, usually as a
binder material around small pyrite aggregates. A
small part appears in the form of a fixed grain with
the magnetite. The most often it occurs in the form
of agglomerated grains with the waste minerals, and

Geologica Macedonica, 32 (1), 59-74 (2018)
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often these minerals make a boundary around the
gold or in the form of veinlets that cut across the
gold. Literature data of porphyry copper deposits
studies (Batu Hijau Indonesia; Kessler et al., 2002)
indicate that the most common gold in the quartz
veins bound to sulfides or as native gold along the
quartz or silicate grains boundaries. It can also be
called "invisible gold" (in the structure of sulfides).
From the performed studies (Pavicevi¢ et al., 1982)
on samples from the Central part ore body were ob-
tained certain findings that indicate some of the fea-
tures of the gold minerals.

The sampled material originates from the drill-
holes from which polished sections were made and
some of them are selected for a detailed study under
an electron microprobe. The results showed that
gold is present as native gold, in form of telluride
and is most often related to chalcopyrite or more
precisely about 95% of the native gold and telluride
were found within chalcopyrite. The dimensions of
the gold are very small, 5-10 microns (0.01-0.005
mm), and some of them could not be analyzed under
the electron microprobe. The results of the per-
formed analysis of the natural gold are given in Ta-
ble 1.

Table 1

Chemical composition of natural gold aggregates
within the polished sections (%)

Probe Au Fineness Ag Cu Sn Fe Te V
2 89.7 922 75 24 03 1.1
6 85.7 870 127 23 1.0 03
34 923 909 92 27 1.3 0.1
56 933 942 57 16 02 14
98  86.2 897 98 24 04 1.1 04

99-1 87.8 895 103 2.0 1.0
99-2 894 894 105 24 02 13
99-3 893 893 10.7 2.4 1.1

99-4 972 982 1.7 09 04 4.0

The results showed that native gold belongs to
the group of moderate high grade gold (6 aggregates
of gold), while two aggregates fall into the group of
high-grade gold with a 901-950 probability and one
belongs to the group of very high-grade gold. The
silver content ranges from 1.7-12.7%. As for the
impurities, the presence of copper is dominant in all
samples with concentrations ranging from 0.9 to
2.7% Cu followed by iron with much lower concen-
trations, usually about 1% Fe. Telluride, tin and va-
nadium are very rarely present and in very low con-
tents 1%. In addition to native gold, the gold in
Bucim occurs in the form of electrum (sample 5)
and pecite (sample 6), as can be seen from the Table
2 (Serafimovski, 1992).

Table 2
Quantitative X-ray microanalysis of minerals
of gold from the Bucim deposit (%)
Probe  Au Ag Cu Fe Te
1 92.06 560 157 0.62 -
84.66 15.34 - - -
86.00 13.90 0.46 - -
80.30 18.68 0.35 0.87 -
72.53 2542 126 0.68 -
26.84 41.09 0.52 - 31.23

AN L B W N

Studies conducted in 1993 at the Central ore
body confirmed the fact that gold most often occurs
as a native gold, closely related to the chalcopyrite,
in part with pyrite, magnetite and quartz. The gold
contents within the chalcopyrite are variable, in the
earlier generations they are higher compared to the
smaller concentrations in the younger generations of
chalcopyrite (Cifliganec et al., 1994). According to
the data from the laser spectral microanalysis, the
concentration of gold in the chalcopyrite was from
0.01 to 300 g/t Au and it was distributed irregular-
ly. Gold in chalcopyrite occurs as thin inclusions of
native gold and intergrowths in some crystal struc-
tures as atomic and finely dispersed.

MATERIALS AND METHODS

The sampling that was carried out for the pur-
poses of this study was systematically organized to
cover all phases of the processing of the porphyry
ore in the Bu¢im mine. For this purpose, firstly, the
primary ore was sampled from the open pit mine
Buc¢im, where a sample was taken from the mine
level 555/540 (Figure 2-a) for the formation of

Geologica Macedonica, 32 (1), 59-74 (2018)

artificial schlich, which was further processed
according to the scheme.

The next phase of sampling was carried out
within the flotation of the Bu¢im mine, and the sam-
ples were taken from the active flotation cells where
the flotation concentration of the primary ore was
carried out (Figure 2-b), the next samples were
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taken from the concentrate immediately after com-
pletion of the flotation process of the primary ore
(Figure 2-c). In the next phase, the slug was treated
after the exit from the flotation. The first artificial
samples were taken from the canalette through
which the pulp from the flotation was transferred to
the flotation tailing dam (Figure 2-d). The last sam-
ples were formed on the flotation tailing itself
(Figure 2-¢). Of all the samples whose sampling
position was photographed in Figure 2, the neces-
sary quantities of material (minimum 10 kilograms
from the primary ore up to about 1 kg of flotation
cells) were taken, which were further treated with a
schlich procedure. Namely, each probe, depending

on the quantity and nature of the material, was
treated with the schlich method through a procedure
for production of an artificial schlich. The obtained
technical schlichs in the further procedure were
treated for the magnetic separation of the magnetic
fraction. Both derived fractions were examined
under a stereoscope-binocular. Gold grain size was
measured by the SEM.

The golden aggregates found were separated
manually. Such segregated gold aggregates were
subjected to further laboratory processing. A scan-
ning electron microscopy (SEM) was used to deter-
mine the morphological characteristics as well as
the chemical composition of the gold.

Fig. 2. Position of the sampling points for monitoring of gold in the Bu¢im mine processing
a) Panoramic image of the northern part of the open pit mine Vr$nik with microlocation where microsample was taken
for artificial schlich (mine level 555/540). b) Illustration of a flotation cell from the Bu¢im mine, a site of flotation sampling.
¢) Illustration of a concentrate in the flotation of the Bu¢im mine with locations of samples taken from the concentrate.
d) Illustration of the sampling of the canalette through which the pulp moves in the vicinity of the Bu¢im mine.
e) Illustration of the sampling of the hydrotailing at the Bu¢im mine flotation dam.

Geologica Macedonica, 32 (1), 59-74 (2018)
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RESULTS AND DISCUSSION

The latest study was carried out on ore origi-
nating from the Vr$nik mine, from a milled material
prepared for flotation, from the flotation material,
from the channels where flotation waste material
flows into the flotation dam and from the flotation
tailing dam. The performed study of morphology
(shape and size) and the chemical composition of
the gold aggregates showed certain differences.

Primary gold from the open pit mine level.
For the examination of the primary gold, the mate-
rial from the open pit mine level 600/615 was taken
and an artificial schlich was prepared. After gently
agitated in water the heavier fraction sinked to the
bottom of the pan. That heavier material was sub-
jected to laboratory treatment, whereby the golden
aggregates found were manually separated. The
gold aggregates, a total of five, found in the mate-
rial, are characterized by a small size ranging from

SEM HV: 20 kv SEM MAG: 415 x i 1 ;

WO: 15.00 mm Det: SE 100 pm WD: 13.00 mm Det: SE
View field: 457 pm _ Date{svaly]: 1277118

B1. Rounded elongated gold grain

WEGA3 TESCAN| SEM HV: 20 kv ‘ SEM MAG" 015 x IJ_I_I_LL.J
| 100 pm
View flatd: 437 pm  Datepmvery): 122118

B2. Elongated, partially rounded gold grain

about 100 microns to about 490 microns. These
aggregates were further subjected to morphological
and chemical analysis.

Studies have shown that the form of the found
gold aggregates is irregular, with the edges being
rounded. The aggregates Bl and B2 are character-
ized by an elongated shape, B3 is characterized by
irregular rounded form. The surface of aggregates
B4 and B5 shows porosity (Figure 3). Such a porous
surface in primary gold can be explained as a result
of the dissolution of silver, or as a result of direct
precipitation of gold with high purity (Petrovskaya,
1973; Groen et al., 1990). According to Bonev et al.,
2002, such structure in the golden aggregates of the
Celopek deposit is not due to the extraction of silver,
but is probably formed during the primary dendrite
growth. Morphological analysis of aggregates can
define specific conditions that are directly related to
the mechanism of crystallization of primary gold.

VEGAS TESCAN|
View fieid: 318 pm  Dategmidry): 1221716

B3. Golg grain showing irregular rounded form

B4. Rounded spherical gold grain with porous surface

BS5. Golg grain showing irregular rounded porous
surface partial flattened

Fig. 3. Morphology of gold aggregates from material taken from the open pit mine level 555/540.
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The golden aggregates found were also ana-
lyzed from the aspect of chemistry as well. Each
golden aggregate was analyzed in the rim parts and
in the central parts in order to determine whether
there is a zonation in the distribution of silver as an
admixture (Table 3). Fineness in gold aggregates
can be seen in Figure 4.

Table 3

Chemical composition of gold aggregates of
material from the open pit mine level 555/540 (%)

Au  Fineness Ag Fe Ti Te Cu

Center 98.94 0.58 0.48 -
Bl Rim 9940 995 0.37 0.24
Mean 99.17 0.47 048 0.24
Center 99.53 0.06 0.02
B2 Rim 99.30 997 0.49 0.21
Mean 9941 0.27 0.11
Center 98.21 0.75 0.68 0.35
B3 Rim 96.22 979 341 0.37 -
Mean 97.21 2.08 0.52 0.35
Center 99.00 0.26 0.75 -
B4 Rim 9927 996 0.34 0.22 0.18
Mean 99.13 0.30 0.48 0.18
Center 92.83 7.11 0.06
B5 Rim 99.89 963 0.11
Mean 96.36 3.61 0.06
1000
980
960
940
B1 B2 B3 B4 B5

Fig. 4. Plot of fineness in gold aggregates from samples taken
from the open pit mine level 555/540

As can be seen from the plot there is no zona-
tion in relation to the distribution of silver as a min-
eral impurity in the gold aggregates. There is a uni-
form distribution of gold and silver. The gold aggre-
gates of this primary gold are characterized by high
purity ranging from 963 to 997 (Table 3). This
chemical composition turns this gold into a group of
very high-grade gold (Zakharova, 1994).

Of the other impurities, silver is found with
medium content of 0.27 — 3.61% Ag, or an average
content of 1.34% Ag. Iron with medium content
ranging from 0.27 to 3.61% Fe and average content
of 0.29% Fe. Copper is much lower among content
ranging from 0.06 to 0.35% Cu, and an average of
0.19% Cu.

Compared with the analysis of gold made on
gold aggregates from the central ore (Table 1), the
gold aggregates from Vrs$nik, which were the sub-
ject of the latest study, are characterized by much
greater purity. This means that the gold aggregates
differ in their "microchemical signatures".

Study by Moles, et al., 2013, shows that some
"microchemical signatures" can be diagnostic for
the appropriate types of Au mineralization, while
other such signatures can be associated with a num-
ber of geological parameters, as chemical precipita-
tion areas are repeated. The notion that a "different
signature" does not have to be equated with a "dif-
ferent style of mineralization" or even a "different
mineralization event" has profound implications for
how microchemical signatures are seen.

For example, gold-copper oxisulfides may be
related to primary hydrothermal ores and is present
in the form of inclusions in gold and in micro-
fractures within tetrahedrite, while the second type
of oxisulfides can be formed during weathering of
tetrahedrite-rich ores and associates with cuprite,
malachite and limonite. Analysis of the data shown
in this study shows that, in a number of samples, the
atomic ratio (Au+Cu+Ag)/S is close to either two or
one, which may indicate the existence of copper and
gold phases, similar to the binary sulfides of silver
and gold such as uytenbogaardtite (AgszAuS,),
petrovskaite (AgAuS) etc.

Knight et al. (1999), suggests in its researches
that the existence of a difference in golden fineness
((Au/Aut+Ag)=x1000) can indicate different phases,
changes between phases or differences in a phase of
mineralization. However, as pointed out by Henley
(1975), the calculation of the fineness does not take
into account the small proportions of other elements
which may be present. Also, the true fineness should
be distinguished from "apparent fineness" which is
derived from gold and silver assays of whole-ore
samples and which may differ from the true fineness
of the native gold if other gold- or silver-bearing
minerals are present in the ore. The fineness of gold
and its relation to the genesis of gold deposits has
been studied by numerous workers (Harris, 1990).
According to Knight et al. (1999), the homogeneity
and the range of values at last may be in accordance
with gold from mesothermal sources. Also, certain
minerals (Tauson et al., 2017) can be formed both
in hypogene and supergene conditions, and their
precursors are solid solutions (Ag,Au).S with a
primitive cubic unit cell, stable in the conditions of
formation of the main-stage mineralization at 220—
250°C. Thus, the problem is not formation, but
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preservation of Au-Ag sulfides, especially under
oxidizing environment, in associations with sulfates
and hydroxides in supergene conditions (Palyanova
et al., 2014). The data obtained indicate that the sur-
face of the native gold from an epithermal deposit
has a complex structure: thin Ag- and S-enriched
layer may be followed by a ~30—60 nm thick layer
containing SiO; as a protective coating for Ag,Au
sulfides, causing compositional discrepancies
(Tauson et al., 2017).

According to Morrison et al., 1991, gold ag-
gregates showing a homogeneous alloy composition
indicate uniform precipitating conditions. Such ag-
gregates, although often, but not exclusively, are re-
lated to orogenic precipitation of gold as a result of
the same Au (HS) evaluation mechanism, e.g. H,S
is lost through sulphidation of lateral rocks. In com-
plex deposition settings, some porphyry and epi-
thermal systems include transport of gold from two
types of complexes — chloride complexes and bisul-
phide complexes, and precipitation of the metal
through pH change, redox change, temperature
change, and interaction with surrounding rocks.

Gold aggregates in material prepared for
flotation. Laboratory had shown that large-scale
gold (50-60% of the total gold in the ore) is released
by rough grinding of ore by finishing up to 53%.
Only a small part of the gold about 5% is obtained
from a class of size less than 10 microns. Also, stud-
ies have shown that the largest use of gold, up to
74%, in the harsh copper concentrate, was achieved
in the rough grinding of the ore, i.e. at the final of
about 46% minus 0.074 mm. For other finishes, the
use of gold is reduced.

After gentle water panning and rinsing of this
roughly brittle material that was prepared for flota-
tion with our study, 9 gold aggregates were found.
Dimensions of the golden aggregates found, unlike
the gold originating from storey block, are larger
and ranged from 300 microns to 1.4 mm (Figure 5).

When it comes to the shape of the golden ag-
gregates found in the flotation material, it can be
said that the elongated shape (F6 and F9) is present,
where part of the grains are spliced (F1 and F4), then
the irregular shape in which the grains are rounded
or partially rounded edges (F2). On the surface of
some grains, a porous structure (F3, F5, F8) was ob-
served, which was also observed in the analyzed
gold grains from the material of the open pit mine
level.

The study of the chemical composition of the
gold aggregates (Table 4) showed that it is a native
gold which is characterized by a lower purity com-
pared to the gold aggregates that originated from the
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material of the open pit mine level. Gold content
here ranges from 81 to 97% Au or average content
of 86-95% Au. It can be seen (Table 4) that most of
the investigated gold aggregates can be found in the
group of very high-grade gold with contents of 951—
998, and much less in the group of high-grade gold
with a purity of 900-950 (Figure 6). Only one golden
aggregate belongs to the group of moderate high-
grade gold (800-899). Of the present impurities,
silver appears in higher content that reach up to 10%
Ag (F7), and in two aggregates, titanium and telluri-
um appear as impurities. It is also noticed that the
copper as an admixture is not present in all aggre-
gates. Silver from impurities, is the most common,
with an average content of 1.88—10.44%. The distri-
bution of the gold and silver contents is given in
Figure 6.

Table 4

Chemical composition of gold aggregates
from material prepared for flotation (%)

Au Fineness Ag Fe Ti Te Cu

Center 90.78 6.90 231 - - -
F1 Rim 9497 953 221 - 282 - -
Mean 92.87 45 231 282 - -
Center 94.96 .56 1.92 - 156 -
F2 Rim 9645 980 220 135 - - -
Mean 95.70 1.88 1.63 - 1.56 -
Center 95.29 471 - - - -
F3 Rim 8930 922 1070 - - - -
Mean 92.29 77 - - - -
Center 95.00 393 1.07 - - -
F4 Rim 91.71 953 530 299 - - -
Mean 93.35 4.6 203 - - -
Center 97.61 239 - - - -
F5 Rim 86.97 957 556 397 - - 349
Rim 93.76 418 125 - - 0.81
Mean 92.78 41 261 - - 215
Center 92.13 7.87 - - - -
F6 Rim 90.11 922 7.52 138 - - 099
Mean 91.12 7.69 138 - - 099
Center 95.42 458 - - - -
F7 Rim 93.07 952 476 095 - - 122
Mean 94.24 4.67 095 - - 122
Center 90.66 852 0.83 - - -
F7> Rim 81.4l1 891 12.36 430 - - 193
Mean 86.03 1044 2.56 - - 193
Center 93.67 6.33 - - - -
F8 Rim 91.88 927 8.12 - - - -
Mean 92.77 722 - - - -
Center 93.91 3.04 3.05 - - -
F9 Rim 96.78 972 2.39 083 - - -
Mean 95.34 271 194 - - -
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F5.1. Gold grain showing elongated, flattned
partially rounded surface features

SEM HV: 20 kW SEM MAG: 308 x

WD: 15.00 mm Det: SE 100 pm
View field: §13 ym _ Date{midiy): 1178614

F3. Porous partially rounded gold grain

SEM HV: 20 kV SEM MAG: 221 x VEGA3 TESC. SEM HV: 20 kV SEM MAG: 313 x SEM HV: 20 kV SEM MAG: 111 x VEGA) TESCAN]
WD: 15.00 mm Det: SE 200 pm WO: 15.00 mm Det: SE 108 pm. WD: 15.00 mm Det: SE
View field: 856 pm  Date{midly): 1170814 View field: 606 pm  Date(midiy): 1170814 View field: 500 pm  Datefmidly): 110814
F4. Elongated, flattened, partially FS5. Irregular porous partially rounded F6. Elongated, partially rounded
rounded gold grain gold grain gold grain

SEM HV: 20 KV SEM MAG: 213 x VEGAJ TESCAN

WD: 15.00 mm Det: SE 200 pm
View fald: 838 ym _ Dale{midly): 11/08114

WO: 15.00 mm Det: SE 200 pm
View Neld: 715 ym _ Datemidly): 1106114

SEM HV: 20 KV SEM MAG: 265 x L VEGAI TESCAN| SEM HV: 20 KV seMmaG: 219 x | VEGAJ TESCA

WD: 15.00 mm Det: SE 200 pm
View field: 884 pm  Date{midly): 1170614

F7 and 7. Gold grains with well rounded edges F8. Golg grain showing irregular rounded F9. Elongated, partially rounded
and corners porous surface gold grain

Fig. 5. Morphology of gold aggregates from material prepared for flotation

In regards to some other impurities, iron is
commonly represented with an average of 1.38 —
2.56% Fe. Copper, titanium, and tellurium are pre-
sent only in some of the tested aggregates with con-
tents less than 3%.

Bearing in mind the fineness of the golden ag-
gregates (Table 2), are classified in the group of
very high-grade gold (Zakharova, 1994), which is
characterized by the fineness of 951-998 (F1, F2,
F4, F5, F7, F9) and gold with high grade from 900
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fo 950 (F3, F6, F8). In addition, a certain zonation
in the distribution of silver as a mineral impurity can
be observed in those aggregates.

F3 F4 F8 F9

F5 F6 F7 F7'

1000

980
960
940
92
90
88
86
840
F1

F2

o O O o

Fig. 6. Plot of fineness in gold aggregates from material
taken from the flotation

In aggregates that are characterized by lower
fineness, the center of gold aggregates is with higher
content of silver than the rims of the aggregates.
Gold-rich rims are very commonly observed in gold
grains from placers and oxidized zones of gold
deposits worldwide. Many researchers believed
that the grain rim (in contrast to the grain core) does
not reflect the gold grain composition of the original
hypogene source (Svetlitskaya et al., 2018). While
in the higher-grade aggregates the situation is re-
versed, the rims of the aggregates are more rich in
silver. According to Svetlitskaya et al., 2018, alt-
hough gold grains with such zonality are poorly
documented in the literature, they can be found in
research. Such grain zoning where silver increase
from core to margin is rarely observed and seems to
be attributed exclusively to an increase of the Ag/Au
ratio in solution during the gold grains growth. This
zoning type is common for epithermal environ-
ments (Desborough et al., 1971, and Carrillo Rosua
et al., 2002, in Svetlitskaya et al., 2018).

Compared to the golden aggregates of the ma-
terial from the mine level, it can be seen that the pu-
rity of gold decreases and the silver and iron con-
tents as the admixture increases. Also, certain zona-
tion of silver, which phenomenon is missing in the
gold from mine level material.

Gold aggregates from concentrate material.
Two samples were taken from the material from the
concentrate in which 28 grains were found in total.
For some of these aggregates chemical composition
and forms of gold aggregates were analyzed. From
the analyzed grains it can be seen that the irregular
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elongated shape of gold aggregates with rounded
sides prevails (K1.2,K1.3,K2.4,K2.3,K2.5, K2.7).
Fewer aggregates are golden aggregates with a
composite rounded shape (K1.1, K2.1 K2.9). The
size of the grains ranges from about 120 microns to
about 300 microns (Figure 7).

The chemical composition analyses (Table 5)
of these gold aggregates showed that it is a native
gold where the average gold content ranges from
80.58 to 97.22% Au, or the average gold content in
all investigated gold aggregates is 88.21% Au.

Table 5

Chemical composition of gold aggregates
of concentrate material (%)

Au Fineness Ag Fe Ti Te Cu

Center 83.24 16.76 - - - =
K1.1 Rim 7792 805 2208 - - - -
Mean 80.58 1942 - - - -
Center 95.29 4.71 - - -

K1.2 Rim 97.51 964 2.49 - - - -
Mean 96.40 3.6 — - -

Center 89.14 1086 — - -
K1.3 Rim 83.93 874 1391 216 - — -
Mean 86.53 1238 216 - - -

Center 87.28 1272 - - - -
K1.4 Rim 8397 856 16.03 — - - =
Mean 85.62 1437 - - -

Center 87.46 991 263 - - -
K2.1 Rim 86.71 884 1274 055 - — -
Mean 87.08 1132 159 - - -

Center 96.75 3.25 — - -
K23 Rim 97.70 972 2.30 - - - -
Mean 97.22 2.77 — - - _

Center 88.91 997 1.12 - — —
K25 Rim 77.80 842 21.09 112 - — -
Mean 83.35 1553 112 - - -

Center 85.32 14.68 — - - _
K27 Rim 89.88 876 10.12 - - - =
Mean 87.6 124 — - -

Center 88.38 1095 067 - - -
K29 Rim 90.67 898 9.33 - - - =
Mean 89.52 10.14 0.67 - - -
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K1.1: Gold grain showing complex K1.2: Elongated, flattned, partially K1.3: Irregular elongated gold
partially rounded surface morphology rounded gold grain grain partly rounded

seuv W s was
5,58 e e s e

K1.4: Rounded elongated gold grain K.l: olé longated, flattned, K2.2: Elongated, flattned, partially
showing minor abrasion polishing partially rounded gold grain rounded gold grain

K2.3: Rounded elongated 4: Iegu ar elongated gold .S: Irregular elongated gold
gold grain grain rounded grain rounded

oY SEMMAG a4 |

K2.7: Irregular elongated gold
grain rounded grain rounded partially rounded surface morphology

K2.9: Gold grain showing complex
partially rounded surface morphology

Fig. 7. Morphology of gold aggregates from a material taken from a concentrate in the gold aggregates with reduced gold content, we
have an increase in the content of silver whose contents range from 2.22 to 19.42% Ag or an average content of 11.32% Ag.
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On the Figure 8 we can see the distribution of
silver in the gold aggregates. The distribution of
silver is relatively uniform. Only in a few aggrega-
tes there is small silver enrichment in the central
parts and it can be said that the zonality is poorly
expressed.

1200
1000
800
600
400
200

0
K1.1 K1.2 K1.3 K1.4 K2.1 K2.3 K2.5 K2.7 K2.9

Fig. 8. Plot of fineness in gold aggregates from material
sampled from the concentrate

Of the other impurities in the gold aggregates,
only iron is present (only in half of the analyzed ag-
gregates) with an average content of 1.38% Fe,
while the titanium, tellurium and copper are not pre-
sent at all in the gold aggregates of this material.
According to the fineness of the gold aggregates
which varies from 805 to 972, it can be said that
only one sample belongs to the group of very high-

SEM HV: 28 WV
WO 15.00 mm

4. Elongated, partially rounded gold grain

6. Flattned gold grain with rounded edges

grade gold (951-998), while the rest fall into the
group of moderate high-grade gold (800-899)
(Zakharova, 1994). As can be seen from the data
provided, the purity of gold compared to the
previous gold aggregates is further reduced.

Golden aggregates from material taken
from the canalettes. In the canals, after the flotati-
on processing of the concentrate, gold aggregates
were also found. These are, in fact, golden aggre-
gates glued along the walls of the canals that move
the material from flotation to the tailing. From the
large number of gold aggregates, only three grains
were analyzed (Figure 9).

Most of the gold aggregates of this group are
characterized by an elongated irregular shapes,
which also permeate structures, mostly with par-
tially rounded edges. There are also present flat
shapes with well-rounded and sharp edges. Accord-
ing to Bulatovi¢ et al., 2000, gold and its alloys dur-
ing crushing take various forms: plate, corpuscles,
scales, etc. Gold particles that are characterized by
sharp edges tend to unravel the air bubbles that re-
sult in gold loss during the flotation process. On this
basis, it can be said that the gold found in the chan-
nels is actually the "lost" gold in the flotation pro-
cess.

SEM HV: 20 KV SEM MAG: 388 1
WD: 15.00 mm Dat: 5§
View fisd: 488 pm _ Date{midiy): 110814

7. Irregular dendritic gold grain

Fig. 9. Morphology of golden aggregates from material sampled from the tailing flow channels
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The size of tested aggregates ranges from
about 300 up to 700 microns. Most of the golden
aggregates from the tailing flow channels are char-
acterized by a flat shape. According to studies, the
flattening of the grains grows with the increase in
the length of the transport (Knight et al., 1999;
Youngston and Craw, 1999; Tishcenko, 1981, etc.).
This assumption that the flattening is related to
changing the shape of the grains during sediment
transport is not generally proven, since the presence
of flattened forms in the primary sources is noticea-
ble (Bonev et al., 2002).

From the chemical analyses (Table 6) it can be
seen that two of the grains are with gold content
ranging from 92 to 93% Au, and a silver content
ranging from 3.0 to 7.34% Ag (falls into the group
of high-grade gold). The fineness in gold aggregates
is given in Figure 8. In the golden aggregate Ne 2 in
the peripheral parts were detected high iron (16.64%
Fe) and copper contents (18.6% Cu) compared to
the central part of the aggregate. Titanium and
tellurium as secondary elements are not present in
these particular specimens.

Gold aggregates from material sampled
from the tailing. In the material that was sampled

from the tailing, 17 gold aggregates were found.
Some of these gold aggregates were used for further
laboratory study. Studies of the morphology of the
gold aggregates (Figure 10) showed that these
grains are characterized by irregular shapes with
well-rounded sides where the porous structure of the
surface of the aggregate was observed J1.5).

Table 6

Chemical composition of golden aggregates of
material from tailing flow channels (%)

Au  Fineness Ag Fe TiTe Cu

Center 96.13 3.87 - - - _
I Rim 89.18 926 10.82 - - = -
Mean 92.65 7.34 - - — _
Center 97.31 2.69 - - - _
2 Rim 6242 963 233 1664 - — 18.60
Mean 79.86 3.00 16.64 - - 18.60
Center 93.19 478 203 - - -
3 Rim 93.06 944 6.06 088 - -— -
Mean 93.12 546 145 - - -

SEM WV 20V SEM MAG: 1.12 kx L VEGAJ TESCAN|
= 50 pm

WD: 15.00 mm Det:

View field: 170 pm _ Datejrvary): 1106114

Fig. 10. Morphology of golden aggregates from material sampled from the tailing
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The size of the grains ranges from about 100 to
200 microns. These gold aggregates are the smallest
in size compared to all previously found and studied
gold aggregates. Apart from the size of these aggre-
gates, there is a noticeable curvature of the edges.
This crushing and rounding of aggregates arise as a
result of the "transport" of aggregates in the process
of processing this material to the final destination-
the tailing, and due to the fact that gold has a small
hardness.

The chemical analysis was made of four of the
golden aggregates found (Table 7). From the Table
7 it can be seen that it is a native gold where the
contents range from 83 to 95%. The silver content
range from 4 to 16.24%. Fineness of gold ranges
from 837 to 956, which means it can be turned into
a group of moderately high-grade (JL.8, JI.1) and
high-grade gold.

Table 7
Chemical composition of gold aggregates
of tail material (%)
Au Fineness Ag Fe Ti Te Cu
Center 85.93 1407 - - - -
J1.1 Rim  81.59 837 1841 - - - -
Mean 83.76 1624 - - - -
Center 94.71 448 081 - - -
J1.5 Rim  85.75 930 9.11 1.08 — — 4.06
Mean 90.23 6.79 094 - - 4.06
Center 96.31 369 - - - -
J1.6 Rim  94.90 956 510 - - - -
Mean 95.60 439 - - - -
Center 88.91 11.09 - - - -
J1.8 Rim 87.11 888 11.01r - - - 1.88
Mean 88.01 1105 - - - 1.88

The fineness in the analyzed aggregates is
given in Figure 11. Of the remaining impurities
there are the iron in one gold aggregate with an
average content of 0.94% Fe and copper in two gold
aggregates with contents of 1.88% and 4.06% Cu.
The table shows that there are somewhat higher
contents of silver in the two aggregates than in the
peripheral parts, while in the other two aggregates it
is not noticeable. These data, however, are not
enough to draw a conclusion on the existence of
zonation.

If the correlation between the golden aggre-
gates is made, it can be concluded that the golden
aggregates derived from a flotation material have
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the largest dimensions from 300 microns to 1.3 mm.
The elongated shape prevails, where sharp edges of
the aggregates are observed. According to the re-
port, the aggregates (6) that belong to the group of
very high-grade gold (950 — 998) prevail, 3 aggre-
gates fall into the group of high-grade gold (901 —
950) and only one aggregate is moderately high-
grade (850 — 900). Of the remaining impurities, iron
prevails in almost all gold aggregates the second is
copper, while titanium and tellurium are present in
only two aggregates.

980
960

940
920
900
880
860
840
820
800
780
760
1 2 3 J1.1 J15 Ji1e6 J1.8

Fig. 11. Plot of fineness in the gold aggregates of material
sampled from the tailing (J1.1-J1.8)
and tailing flow channels (1-3)

As this material passes through the process of
flotation, certain changes in gold aggregates are also
noted. The size of the gold aggregates in the mate-
rial of the concentrate is smaller, i.e. ranges from
120 up to 300 microns. The shape of the golden ag-
gregates also changes, i.e. the elongated shape
dominates but with much more radiant edges. The
fineness which now amounts to most of the gold
aggregates (7 aggregates) to 900 and only two
grains are at last over 951. The other impurities can
be noted that their content drastically changes, that
is, the iron is most present while there is no presence
of copper, tellurium and titanium.

In the aggregates that were found in the tailing
material, the irregular forms dominate. These are
smaller aggregates compared to the previous, with a
size of 100—200 microns. Two of these aggregates
belong to the group of high-grade (930 and 956) and
two aggregates are moderately high-grade (850—
900). The impurities in the studied aggregates are
the least represented compared to the previous ones.
The iron was detected only in one aggregate, while
the copper in two aggregates is present. Titanium
and tellurim were not detected at all.

Gold in the Bu¢im deposit as a whole is char-
acterized by high purity without any characteristic
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zonality in relation to the content of silver as an ad-
mixture in gold aggregates. The remaining impuri-
ties — copper, iron, titanium and tellurium, are of very
low contents or sometimes were not detected at all.

Study of the impurities that may be present in
the homogeneous gold, showed that in some por-
phyry deposits, the native gold that was associated
with sulphide minerals contained higher copper
content than free gold (Kessler et al., 2002). The sil-
ver content is higher in gold that it is associated with
chalcopyrite than that is related to the bornite, while
the content in free gold is between these two con-
tents. From our study it may be seen that the con-
tents of copper and silver vary in a wide range that
can indicate that these gold aggregates may origi-
nate from gold associated with chalcopyrite, but as
native gold, too.

Morphological forms of gold from the open pit
mine level are likely to reflect the conditions of the
environment in which the gold aggregates crystal-
lized. The size and shape of the rest of the gold de-
pends on the length of the process, but also on the
changes that occur in the process of crushing and
grinding the ore during the preparation of the mate-
rial in the flotation process. Apart from the forms,
the application of reagents during flotation certainly
has an impact on the chemical composition of the
native gold. This means that as the material moves
during the processing, starting from the crushed ma-
terial through the concentrate to the golden aggre-
gates, there are changes related to the size of the
gold aggregates, their shape and the chemical com-
position.

CONCLUSION

Based on the presented data, several conclu-
sions can be drawn:

— Schlich study showed the presence of gold in
the material of the mine level which is characterized
by size from about 100 microns to about 490 mi-
crons. The shape is mostly irregular with rounded
edges. The gold aggregates of this primary gold are
characterized by high purity ranging from 963 to
997. Of the impurities, silver is present with an av-
erage content of 1.34% Ag, iron with medium con-
tent of 0.29% Fe and copper is represented with an
average content of 0.19% Cu.

— The size of the golden aggregates found from
the material prepared for flotation ranges from 300
microns to 1.4 mm. There are an elongated and irre-
gular shapes. The gold aggregates are of purity
ranging from 810 to 970. Of the impurities the most
represented are: silver with average contents of
1.88-10.44% Ag, iron with average 1.38-2.56% Fe,
while copper, titanium and tellurium are present
only in some of the tested aggregates with contents
less than 3%.

— The gold aggregates of the material taken
from the concentrate are with the grains sizes from
about 120 microns to about 300 microns. The

irregular elongated shape prevail, the gold aggre-
gates with a complex rounded shape are less repre-
sented. The chemical composition of these gold
aggregates has shown that it is a golden gold with
an average gold content of 88.21% Au.

— Studied gold aggregates from a material
taken from the tailing flow channels are with sizes
ranging 300—700 microns. The golden aggregates of
this group are characterized by an elongated irregu-
lar and a spliced form. The fineness of these golden
aggregates is from 926 to 963. The average silver
content ranges from 3.0 to 7.34% Ag. Of the other
impurities are present iron and copper.

— The gold aggregates sizes of the material
sampled from the tailing ranged 100—200 microns.
Grains are characterized by irregular shape. Accord-
ing to the chemical composition, these aggregates
are native gold of high purity ranging from 837 to
956, which means it can be formed in the group of
very high-grade and high-grade gold. The silver
content ranges from 4 to 16.24% Ag. Of the remain-
ing impurities, there are iron in one gold aggregate
with average content of 0.94% Fe and copper in two
gold aggregates with contents of 1.88% and 4.06%
Cu.
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Peszume

COCTAB 1 MOP®OJIOTHJA HA CAMOPOJHOTO 3JIATO
HU3 ®AZUTE HA MUHEPAJIHOTO ITPOLECHUPAILE BO PYIHUKOT 3A BAKAP BYYUM,
PEIIYBJIMKA MAKEJIOHUJA

Buouiera Credanosa, Tonop CepadpumoBcku, I'opan Taces

Unciauiiyiu 3a teonotuja, @axynitieiti 3a UpupoOHu u WexHuuky Hayku, Yuusepsuitein ,,I'oye [enues* so Illinuii,
oya. ,,Ioye [lenueg 89, 2000 LLmiun, Peitybauxa Maxedonuja
violeta.stefanova@ugd.edu.mk

Kityunu 360poBH: 3J1aTHH 3pHa; XEMUCKH COCTaB; MOP(OIIOMIKK (GOPMH; MUHEPATHO MPOLECHPAE

CaMOpOJIHOTO 371aTO € YeCT HyCIpou3BoA Bo MHory Cu-
nop(GUPCKU HAOraJMINTA, HAKO HEroBaTa JUCTPHOYyIHja U Xe-
MHM3MOT BO MHOT'Y HaolaJHWIITa OCTAHyBaaT HEIOBOJHO IPO-
ydenu. Llenta Ha OBOj TpyZ € Ja ce aHAJIM3UPA XEMHCKHOT
coctaB M MopdoIiorujata Ha OAJCNHU 3JIaTHU 3pHa. Bo oBue
NpoydYyBama ce HCIUTYyBAlle XeMH3MOT U Mopdoorujata Ha
371aTOTO BO MHHEPATHHOT Ipoliec, GoTanujaTa U jaloBHHATA
BO Haoramumrero bydum. Bea aHanmusupaHu metr 3pHa of
eTaXHUOT OJIOK, CeAyM arperaTd oj MaTepujajoT 3a ¢uioTa-
1Mja, IEBET arperaTtu oJf KOHIEHTPATOT, TPU Off KaHAJIETUTE U
YEeTHPH arperatu oj jajoBuHara. YucroraTa e Bo paHr of 805
10 995. CpeOpoTo € HajuecT CIOpENeH elNeMEHT M HeroBaTa

cozp>kuHa ce 1BuxH Bo paHr on 0,27 no 19,24%. Cu u Fe ce
cpekaBaT MOPETKO, BO NPOCEK jxene30To oxony 2,5% Fe. a
6akapot MakcuMaiiHO 10 4% Cu. 3abenexaHo e JieKa )ele30To
¥ 0akapoT Kako HEYHCTOTHH HE ce MPHCYTHH Kaj CHUTe
aHanu3upanu arperati. TUTaH U TEIypUyM Ce IIPUCYTHU CaMO
BO €JICH aHaJM3upaH 31maTeH arperat (2.82%). [IpoydyBanure
37IATHH 3pHA Ce T10jaByBaat BO pa3inyHu MOP(OIOIIKH opmH,
KOM Ce KapaKTepU3HpaaT CoO MOBEKe WJIM MOMAJKy 3a00JieHH
paboBu. HajuecTo ce 3abenexann M3I0JDKSHH 3JIaTHH 3pHA CO
3a0051eH1 PaboBH, M0JIeKa CIJICCKAHUTE M aHXEIPATHU 3PHA ce
MOPETKO MPOHAjICHH.
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