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Abstract: The study has established that flotation concentrates with different gold content obtained by processing iron-oxidized
low-sulfide gold-copper ore have an almost identical chemical composition with the rock-forming elements. Changes in gold content
correlate with changes in the concentrations of Cu, Pb, Zn, S, As, C — there is an increase in the content of these components from
a flotation concentrate poor in gold to a flotation concentrate with a higher gold content. The main minerals of copper and iron have
been determined, the main part of which is oxidized. Phase analysis showed that the main part of gold in concentrates is in free form,
and intergrown with copper minerals as well. Laboratory studies determined equal optimum time for leaching gold with cyanide for all
flotation concentrates, regardless of gold content. At the same time, the extraction of copper into the solution is about 13-20 %. Optimum
concentrations of sodium cyanide have been determined. It is recommended to continue research for reducing the consumption of
sodium cyanide and releasing by-products in the form of high-quality copper concentrate.
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Annomauus: ViccnenoBaHUSIMU OTIPENIEIeHO, YTO (DJIOTOKOHIIEHTPATHI C pa3IMYHBIM COEPKaHMEM 30J10Ta, TTOTydeHHBIC TIPU TIepe-
paboTKe XKeJe300KUCIEHHON MaoCyIb(UIHON 30JI0TO-MEAHOMN Pyabl, UMEIOT MPAKTUYECKU UIEHTUUYHBIA XMMUUYECKUI COCTaB MOpPO-
JI000pa3yIoLINX 2JIEMEHTOB. BbIsIBJIeHa KOpPETSILIUS MEXKIy UBMEHEHUSIMU COJIEPXKaHMsI 30JI0Ta U M3MeHeHueM KoHleHTpaiuii Cu, Pb,
Zn, S, As, C - yBeJMYeHME COEPXKAHUI STUX KOMIIOHEHTOB OT (hJIOTOKOHLIEHTpaTa OeTHOTO 1O 30JI0Ty K (DIIOTOKOHLEHTpATy ¢ Oosiee
BBICOKUM COJIEp>KaHUEM 30J10Ta. YCTAaHOBJIEHbI OCHOBHbBIE MUHEDPAIbl MEIU, KeJie3a U3 KOTOPbIX OCHOBHAsI YaCThb HAXOAUTCSI B OKMC-
JIeHHOi1 (popme. Da30BbIM aHAIM30M OIPEAEIEHO, YTO OCHOBHASI YaCTh 30J10Ta B KOHLIEHTPATaX HAXOAUTCSI B CBOOOIHOI (hopMe, Takxke
B CPOCTKaxX ¢ MMHepajgaMu Meau. JJabopaTopHBIMM UCCIEAOBAHUSIMU OTIPEIEICHO OAMHAKOBOE ONTUMAIBHOE BpeMsI BBIILIETaYMBaHMS
30J10Ta LIMAHUIOM TS BCeX (PIIOTALIMOHHBIX KOHIIEHTPATOB HE3aBUCHMO OT COAepKaHuUsI 30510Ta. [1pu 3TOM M3BJIeUeHEe MU B paCTBOP
nopsiaka 13-20 %. OnpeneneHbl ONTUMAaTbHbIC KOHIICHTPALIMY IIUaHuIa HaTpusl. IS CHYDKEHUS pacxoa IMaHuIa HaTpUsl Y BBIICTICHMS
MOMYTHOH MPOAYKLIMY B BUJI€ BBICOKOKAUYECTBEHHOIO MEIHOTO KOHLIEHTpaTa, pEKOMEHIYETCS TTPOBEICHUE TOMOJTHUTEIbHBIX UCCIIEH0-
BaHUIA.

Karoueswie cao6a: proTOKOHIICHTPAT, M3BJICUECHUE, IIMaHUPOBaHNE, KOHLIEHTPALIMS, BbllleauiBaHe, KUHETHKA
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Introduction

old is known to be an inert metal. Utilization of oxygen in
Ggold cyanide leaching produces a water -soluble cyanide

complex, therefore the amount of cyaniding reagent is
a determining factor in gold leaching. To ensure optimal gold
leaching, a certain amount of free cyanide in the pulp is necessary,
which depends on the nature of the gold —bearing rock.

Gold cyanidation is slow, the leaching rate increases with time,
but after reaching a certain value, its increase will slow down. The
optimum leaching time and the reaction rate of gold with cyanide
also depend on the nature of the gold-bearing rock [1-6].

Currently, gold recovery plants have methods and techniques
that allow direct cyanidation of gold-containing concentrate with
copper, iron, etc. minerals. The capabilities of such technologies
are determined by the nature and magnitude of the depressant effect
of copper minerals on the cyanidation process. The depressant
property is characterized by: "cyanidity" and the reducing capacity
of the studied material entering cyanidation process. Cyanidity
also depends on the concentration of active (free) cyanide and the
duration of leaching [7-10].

Studies have shown that cyanidation process at low sodium
cyanide concentrations requires a longer leaching time, but ensures
high gold extraction rates with lower total solvent consumption.
Gold recovery plants when processing ores (concentrates) with
cyanide properties, such as oxidized copper ores [11-14], use this
method.

Research objective: to determine the conditions for cyanidation
of flotation concentrates with different gold content, ensuring its
maximum extraction.

Research object: flotation concentrates of enrichment of iron-
oxidized low-sulfide gold-copper ores.

Research methods and materials

An Olympus BX51 microscope equipped with a SIMAGIS
2P-3C digital camera and specialized Mineral C7 software were
used for a mineragraphic description of concentrates in briquetted
and polished samples. The material and mineral composition was
studied using the analytical complex of IVS JSC, equipped with a
VEGA 3 LMU (TESCAN) scanning electron microscope with an
INCA X-MAX energy-dispersive microanalysis system, as well as
using a D2 PHASER X-ray diffractometer.

Fire assay and fire assay-atomic absorption analysis was
performed to establish the gold content in the initial flotation
concentrates.

In order to study the size-classification of gold, the studied
products were sifted and the content of noble metals in each class
was established.

Cyanidation of each type of concentrate was carried out in two
parallel experiments under the following conditions: cyanidation
time 72 hours; solid content in the pulp 25% by weight; sodium
cyanide concentration 2 g/l; pH=10.5-11.5.

Duringthe leaching process, the specified NaCN concentration
was maintained by adding a concentrated sodium cyanide solution,
and the pH was maintained by adding lime milk to the pulp. At
the end of the experiment, the sodium cyanide consumption was
calculated per ton of the initial material.

To record the kinetics of gold leaching during the experiment,
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intermediate samples of the solution were taken after 2, 4, 6, 8, 12,
18, 24, 36, 48 and 72 hours. The solutions were analyzed for gold
and copper content. The optimum leaching time was determined
based on the kinetics data.

After the end of the experiment, the solid precipitate was
separated on a vacuum Nutsche filter, washed three times with
fresh water until a neutral reaction, dried to a constant weight at a
temperature of 105-110 °C and analyzed for residual gold content.

Discussion

The chemical composition of the flotation concentrates
obtained from the original ore sample is presented in Table 1.

Table 1/ Tabauya 1
The chemical composition of the flotation concentrates /
Xumuueckuii coctaB (IOTOKOHLEHTPATOB

Content, % / Copepxanue, %
Element / | Concentrate | Concentrate | Concentrate | Concentrate
IneMeHT Ned/ Ne2/ Ne3/ Ned/
KoHuentpar KoHuentpar KoHuenTpar KoHuentpar

Ne1 Ne 2 Ne 3 Ne 4
Cu 1,32 1,35 1,17 1,12
Pb 0,1 0,06 0,04 0,024
Zn 0,19 0,07 0,051 0,025
Fe 28,5 28,5 29 28,7
S 0,67 0,3 0,23 0,12
Co < 0,001 < 0,001 < 0,001 < 0,001
Ni < 0,001 < 0,001 < 0,001 < 0,001
Mn 451 4,47 4,44 4,24
Si0, 27,9 28,5 29,5 31,7
AlO, 6,55 6,71 6,49 5,98
Ca0 1,18 1,12 1,14 1,09
K,0 2,07 1,98 2,03 1,95
Na,0 0,38 0,35 0,36 0,38
MgO 0,65 0,3 0,27 0,26
Mo 0,0029 0,0021 < 0,002 < 0,002
As 0,032 0,022 0,013 0,004
Sb 0,0019 < 0,002 < 0,002 < 0,002
Hg 0,00012 0,00008 0,00004 0,000009
C 0,38 0,28 0,24 0,15

Content, g/t / Cogepxanwue, r/t

Au 42,3 33,1 22,5 8,79

Concentrates with different gold content have similar chemi-
cal composition of rock-forming elements. Thus, the SiO, content
varies within 27.9 to 31.7%; AL O, 5,98-6,55 %; K,O 1,95-2,07 %;
CaO0 1,09-1,18 %. The iron and manganese content in the samples
is practically equal: Fe (28.5-29.0%); Mn (4.24-4.51%).

An increase in gold content noticeably correlates with the
changes in the concentrations of Cu, Pb, Zn, S, As, C - the con-
tent of these components increases with the increase of gold in the
concentrate from poor to a concentrate with a higher gold content.

According to the granulometric composition (Table 2), more
than 90% of the concentrates are represented by a size of less than
45 microns.
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Table 2 / Tabauya 2
Granulometric composition of flotation concentrates /
[panynomeTpuyeckuii coctas ()IOTOKOHLEHTPATOB, NONYYEHHbIX
M3 UCXOAHOW Npo6bl, Mccneayemoii pyabl

Concentrate | Concentrate | Concentrate | Concentrate
Grain size, Net/ Ne2/ Ne 3/ Ned /
mm / Knaccbl | KoHuewtpat | Koxuewtpat | KoHuewtpat | KoHueHTpat
KPYMHOCTH, MM Ne 1 Ne 2 Ne 3 No4
Recovery, % / Bbixog, %
0,071 2,89 0,93 2,81 6,90
-0,071+0,045 2,58 1,78 2,78 517
-0,045 94,53 97,28 94,42 87,92
Initial 100,00 100,00 100,00 100,00

Gold classification by size (Table 3) shows a high concentration
of gold in the +45 microns class, which indicates the presence of
large gold (more than 70 microns) in these products. The main part
of gold is concentrated in the -45 microns class, its distribution in
this product is 60-70%.

The results of X-ray phase analysis are presented in graphical
form (Fig. 1) (See the color insert on page 66) as diffraction pat-
terns where the main mineral phases are marked. The main min-
eral phases of the concentrates are quartz, clay-micaceous miner-
als, iron oxides (goethite, hematite), and minerals of the feldspar
group. Sulfide minerals are represented by chalcopyrite, pyrite
(marcasite), covellite, and less often bornite. Sphalerite, galena,
bornite, and minerals of the fahl ore group are found as occasion-
al particles. The total share of sulfide minerals decreases from the
concentrate with a higher gold content (No. 1,42.3 g /t) to alower
one (No. 4, 8.79 g / t) and is from 1.5% abs. (concentrate No. 1)
to 0.4% abs. (concentrate No. 2). Graphite grains occurred as oc-
casional particles.

The results of studies of copper phase composition (Table 4)
show that the content of copper in the oxidized form is (80.3-
85.2% rel.) and is represented by copper carbonates: malachite,
azurite and a small amount of chrysocolla.

Primary copper sulfide (chalcopyrite) is 13.3-16.7% (rel.).
Secondary sulfides are presented by covellite, chalcocite (Fig. 2,
3), less often bornite and are 1.3-3% (rel.).

Phase analysis of gold in concentrates is presented in Table 5.

As can be seen from the table, the main part of gold is in free
form and intergrown with minerals (74.4 -78.9% rel.), 19.4-22.8%
(rel.) of gold is associated with copper minerals.

MINERAL PROCESSING

The results of mineragraphic studies of concentrates showed
that the size of free gold particles fluctuates within 100-120 mi-
crons, but the majority of the detected gold particles are 20 to 70
microns in size. Free gold particles are mostly of a dendritic shape,
often elongated in one direction or, on the contrary, almost iso-
metric (Fig. 2).

Fig. 2. Free gold particles in flotation concentrates. (Reflected light) /
Puc. 2. CBO6OAHbIE 3010TMHBI B (DNIOTOKOHLIEHTpaTax. (OTpaXKeHHbIil CBET)

The results of mineralogical analysis revealed that gold forms
the main intergrowths with Fe hydroxides and, less frequently, with
chalcopyrite.

Gold intergrown with iron hydroxides has a wide range of
sizes: from fine inclusions measuring 2-3 um to oval and dendritic
ones measuring 20-50 um (Fig. 3).

The results of phase analysis show that about 20% of gold is
associated with copper minerals. Gold particles in the form of in-

Table 3 / Tabauya 3

Gold classification by flotation concentrates Grain-size /
Pacnpenenenue 30n0Ta no Knaccam KpynHoCTH hnoTaLUMOHHbIX KOHLEHTPATOB, NONYYEHHbIX U3 UCXOAHOI NPo6bI

Concentrate Net / Konyentpat Nei Concentrate No2 / KoHuentpatr | Concentrate No3 / Konuentpat | Concentrate Nod / KoHuentpar
Size, mm / No2 No3 No4
KpynHocts, MM | Recovery, % / Recovery, % / Recovery, % / Recovery,%/ | Au,g/t/
Bbixopg, % LT Bbixog, % LT Bbixog, % A Boixog, % r/t
+0.045 5.5 211.1* 2.7 402.1* 5.6 136.5* 121 28.8*
-0.045 94.5 32.54 97.3 22.8 94.4 15.76 87.9 6.04
Initial / VicxoaHas 100.0 42.3 100.0 33.1 100.0 225 100.0 8.79
Recovery, % / Recovery, % / Recovery, % / Recovery, % /
Bbixog, % Bbixon, % Bbixoa, % Bbixon, %
+0.045 27.28 32.99 33.87 39.58
-0.045 72.72 67.01 66.13 60.42
Initial / NcxopHas 100.00 100.00 100.00 100.00
Note: *Au content is pre-calculated / [Ipumedanue: *conepkaHne Au — pacieTHOE
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Table 4 / Tabauuya 4
Phase analysis of copper in flotation concentrates / ®a3oBblit aHanu3 Meaun B (hNOTALUOHHBIX KOHLEHTPATaX
Concentrate Ne1 Concentrate No2 Concentrate No3 Concentrate No4
Metal speciation in the sample / ®opma N_Iasso , N_Iasso . Iv_lasso . Iv_lassn .
HAXOXJEHUA MeTanna & npoGe fraction,% / | Rel%/ | fraction,% / | Rel%/ | fraction,% / | Rel%/ | fraction,% / | Rel%/
MaccoBas 0TH.% Maccosas 0TH.% MaccoBas 0TH.% Maccosas 0TH.%
nons, % nons, % nons, % nons, %
Copper content in free oxidized minerals / Cog. 071 538 0.70 53 0.6 529 6.45 549
MeAN B CBOGOAHBIX OKWUCEHHBIX MIHEpanax
Copper content in associated oxidized minerals / 0.35 265 043 318 0.36 307 3.40 303
Cop. Meay B CBSI3aHHBIX OKNCIEHHbIX MUHEpanax
Copper content in secondary sulfides / Coa. megu 0.04 3.0 0.03 20 0.02 20 045 13
BO BTOPUYHBIX CyNbhmaax
Copper content in primary sulfides 0.22 16.7 0.18 13.3 017 14,5 1.51 13.5
Initial / VcxopHas 1.32 100.0 1.35 100.0 117 100.0 1.12 100.0
Table 5 / Tabauya 5
Phase analysis of gold in flotation concentrates / ®a30Bblit aHanu3 3010Ta B (PNOTALUOHHBIX KOHLEHTPATaxX
Sonetetl/ Gone- M2y Conc.Ne3 /K-TNe3 |  Cong. Ned / K-T Ned
Form of gold occurrence / ®opma HaxoXpeHus 30n0Ta K-T Not K-1 Ne2
git/r/t % git/r/t % g/it/r/t % git/r/t %
Free gold and gold in aggregates / 3onoto cBo60fHOE 1 29 85 746 9194 744 1508 76,0 5.43 78.9
30/10TO B CPOCTKAX
Gold associated with copper / 301070 accounnpoBaHHoe C 9.15 98 6.61 994 414 206 133 194
MWUHepanamm meam
Gold coated with films and minerals soluble in hydrochloric
acid / 301070, NOKPbLITOE NAEHKAMMW U B MUHEpanax, 1.07 2.67 0.94 3.18 0.69 3.43 0.12 1.74
PacTBOPUMbIX B CONSIHOM KucnoTe
Initial / NicxopHas 40.0 29.5 20.1 6.88

clusions in chalcopyrite have drop-shaped forms of precipitation
and small sizes (5-10 pum) (Fig. 4). According to the electron mi-
croscopic study, native gold signs in concentrates have a constant
silver admixture from 7.4 to 29.5%, which averages 13.6% Ag [15-
16].

Fig. 3. Gold intergrown with iron hydroxides in flotation concentrates.
Reflected light, nicols /
Puc. 3. 3010T0 B CPOCTKAx C ruapoOKCMAAMN Xene3a B POTOKOHLEHTpaTax.
OTpaXKeHHbI CBET, HNKONN
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Fig. 4. Gold inclusions in chalcopyrite. Concentrate No. 1 (42.3 g/t), obtained
from the original sample. Reflected light, nicol. /
Puc. 4. BkntoyeHus 30n0ta B xanbkonupute. KoHueHTpar Nel (42,3r/7),
NONYYEHHbIA U3 UCXOLHON NPO6bI. OTPaXKEHHbIN CBET, HUKOMN

The results of studies of the optimum time for leaching gold
from flotation concentrates with different gold contents are
presented in Fig. 5 (See the color insert on page 66).

Gold leaching kinetics for each type of concentrate (average
values from 2 parallel experiments (fig.6) (See the color insert on
page 66) shows that copper extraction into the leaching solution
varies from 13 % to 20 % (table 6).

According to the kinetic curves of cyanidation of concentrates
with different gold content, the optimum leaching time for
all products is 24 hours. The kinetics of copper leaching from
concentrates with different gold content shows a constant increase
in copper concentrations in the solution for each product during
the entire leaching process. When cyanidating concentrates with
different gold content, the copper concentration in the solution

Mapkwerigepns n Hegpononb3oBanne Ne 6, Hoabpb-/lekabpp 2024 r.



correlates with the copper content in the initial product. The
maximum copper recovery into the solution is (19.63%), which
corresponds to cyanidation of the concentrate with the maximum
gold content (42.3 g/t).

To determine the optimal concentration of sodium cyanide
when leaching flotation concentrates with different gold
content the above method was used for cyanidation under
the same conditions, except for the concentration of sodium
cyanide (g/1: 0.5, 0.75, 1.0, 1.5). To record the kinetics of gold
leaching, samples of the solution were taken in 2, 4, 6, 8, 12,
18 hours.

Table 6 / Tabauua 6
Extraction of copper into the solution when leaching flotation
concentrates with different gold content /
W3Bneyexre meau B pacTBOpP NPU BbILLENAYUBAHUN
(hNOTOKOHLEHTPATOB C Pa3NNYHLIM COlEPKAHNEM 30M10Ta

Content of gold Content of copper | Extraction of
in the initial in the initiate copper into the
Experiment code / | concentrate,g/t/ | concentrate,% / | solution, % /
Lndhp onbiTa Copepxatue Copepxanue W3Bneyenne
30/10Ta B UCXOAHOM | MEAM B MCXORHOM meau B
KOHLEHTpare, r/T KOHLEeHTparte, % pactBop, %
A 8,79 1,12 13,04
2 22,5 1,17 15,11
3 33,1 1,35 15,43
L4 42,3 1,32 19,63

The optimum concentration of sodium cyanide for leaching
flotation concentrates was chosen according to the data on the
residual gold content in cyanidation tailings and the specific
consumption of cyanide.

Fig. 7 - 10 graphically present combined diagrams of the
dependence of gold extraction and sodium cyanide consumption
on the specified concentration of NaCN for each concentrate. The
histogram columns show gold extraction, and the graph shows the
specific consumption of sodium cyanide per gram of gold.

The graphs show the expected trend towards increasing NaCN
concentration required to achieve maximum gold extraction with
increasing gold content in the initial concentrate.

The optimum cyanide concentrations were established based on
the results of the studies presented in the diagrams of dependence
of gold extraction into solution and sodium cyanide consumption
on a given NaCN concentration for each concentrate.

Fig. 7. Gold extraction into solution and sodium cyanide consumption depending
on NaCN concentration for concentrate with Au content of 8.79 g/t /
Puc. 7. 13BneyeHne 3010Ta B pacTBOP W pacxoj LaHuaa Hatpus
B 3aBMCMMOCTM OT KoHUeHTpauun NaCN ans KoHueHTpaTa ¢ cogepxxaHnem
Au-8,79 r/t

Mine Surveying and Subsurface Use Ne 6, November-December 2024
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The optimum sodium cyanide concentration for achieving
maximum gold extraction when leaching flotation concentrates
obtained from processing a complex iron-oxidized low-sulfide
gold-copper ore is:

- 0.75 g/1 for a concentrate with a gold content of 8.79 g/t;

- 1 g/1 for concentrates with a gold content of 22.5 g/t and
33.1 g/t;

- 2.0 g/1 for a concentrate with a content of 42.3 g/t.

Fig. 8. Gold extraction into solution and sodium cyanide consumption depending
on NaCN concentration for concentrate with Au content of -22,5 g/t /
Puc. 8. 13BneveHue 3010Ta B pacTBOP 1 PacXof LMaH1aa HaTpus B
3aBNCUMOCTM OT KoHLeHTpaumun NaCN ans koHueHTpaTa ¢ coaepxanuem Au-
225t/

Fig. 9. Gold extraction into solution and sodium cyanide consumption
depending on NaCN concentration for concentrate with Au content
of -33,1 g/t/
Puc. 9. 13BneveHne 30n0Ta B pacTBOP 1 Pacxoj LUMaHuaa Hatpus B
3aBMCUMOCTH OT KOHLeHTpauun NaCN Ans KoHLeHTpata ¢ CoAepXXaHuem
Au-33,1 1/t

Fig. 10. Gold extraction into solution and sodium cyanide consumption
depending on NaCN concentration for concentrate with Au
content of 42,3 g/t /
Puc. 10. V13BneyeHne 30510Ta B pacTBOP W Pacxoj LaHnaa HaTpus B
3aBuUCUMMOCTI OT KoHLeHTpauun NaCN nns KoHLeHTpaTta ¢ cofepxaHuem Au-
4231/t
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Conclusion

1. The objects of the study are flotation concentrates with
different gold content obtained during the processing of iron-
oxidized low-sulfide gold-copper ore, they have almost identical
chemical composition of rock-forming elements. An increase in
the gold content noticeably correlates with the change in the
concentrations of Cu, Pb, Zn, S, As, C — there is an increase
in the contents of these components from a gold-poor flotation
concentrate to a flotation concentrate with a higher gold content.
The copper content varying from 1.12-1.35% is critical for the
subsequent cyanidation of flotation concentrates. Phase chemical
analysis shows that the main part of the copper is in the oxidized
form (80.3-85.2% rel.)

2. According to the granulometric composition more than 90%
ofthe concentrates are smaller than 45 microns. Gold classification
by size shows a high concentration of gold in the +45 micron class,

which indicates the presence of large gold (more than 70 microns)
in these products. The main part of the gold is concentrated in the
-45 micron class, its distribution in this product is 60-70%.

3. The results of phase analysis show that the main part of gold
in concentrates (74.4 -78.9% rel.) is in free form and in aggregates,
19.4-22.8% (rel.) of gold is associated with copper minerals.

4. The optimal leaching time for all concentrates was
determined. It is 24 hours regardless of the gold content.

5. The optimum concentrations of sodium cyanide were
determined to be:

- 0.75 g/1 for concentrates with a gold content of 8.79 g/t;

- 1 g/l for concentrates with a gold content of 22.5 g/t and
33.1g/t;

- 2.0 g/1 for concentrates with a content of 42.3 g/t.

6. To reduce sodium cyanide consumption and to isolate
by-products in the form of high-quality copper concentrate,
additional studies are recommended.
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