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Abstract—This paper presents the results of research aimed at assessing the technological 
feasibility of extracting precious metals from oxidized copper ores from dump No. 39 at the 
Kalmakyr deposit. The total volume of these ores is 74.5 million tons, containing 171,000 tons of 
copper (average concentration of 0.23%), 31.6 tons of gold (grade 0.424 g/t), and 132.2 tons of 
silver (grade 1.77 g/t). The distribution of gold particles of varying sizes was studied, and the 
mineralogical forms of its occurrence were determined. The dependence of the content of the 
fraction smaller than 0.074 mm on the duration of grinding was established, which allowed for 
clarification of the specific features of ore preparation for enrichment. Gravity tests performed on a 
Knelson MD3 concentrator allowed us to determine the optimal parameters for centrifugal 
enrichment of oxidized ores: water consumption for fluidization varied from 1 to 5 l/min, the rotor 
speed was maintained at 1200 rpm, the duration of each test was 3 min, and the solid-to-liquid 
phase ratio was 1:3. Under these optimal conditions, the yield of the finished grade was 7.8%. Gold 
extraction reached 52.2%, copper – 12.45%, and silver – 6%. The study's results on the efficiency of 
gold extraction from cooling copper ore using Knelson centrifugal concentrators. The resulting 
concentrate can be used as a flux for smelting copper concentrates. The novelty of the study lies in 
its comprehensive assessment of the processability of oxidized ores from the Kalmakyr deposit, 
substantiating the effectiveness of their enrichment using centrifugal separation, and clarifying the 
relationships between the degree of grinding and gold distribution. Based on the results of the 
work, a technological scheme was proposed aimed at increasing the extraction of metals from 
oxidized copper ores. The implementation of this technology allows not only the creation of 
valuable components but also the creation of a product with additional value, contributing to the 
sustainable development of science. 
 
Keywords: Oxidized copper ore, Kalmakir deposits, Mineralogical analysis, Ore crushing and 
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1. Introduction  
 
The Republic of Uzbekistan has significant mineral 
reserves: about 6 thousand tons of gold [1-3] and 40 
million tons of copper. This allows the country to 
occupy leading positions in the world in terms of the 
volume of these resources, namely fourth and 
eleventh places, respectively. The Kyzylkum and 
Tashkent regions concentrate the bulk of gold 
deposits, while the Almalyk region primarily hosts 
copper deposits. The annual production volume in 
the country exceeds 100 tons of gold and 150 

thousand tons of cathode copper. In the period from 
2010 to 2019, Uzbekistan exported 687 tons of non-
monetary gold, and in 2020, 100 tons. 

The Government of Uzbekistan [4] forecasts that 
by 2026, the total annual gold production at the 
Navoi and Almalyk Mining and Metallurgical Plants 
(MMC) will exceed 155 t. At the same time, copper 
production at the Almalyk MMC is expected to 
increase to 150 thousand tons per year. In the future, 
the Tashkent region will become a key center of gold 
mining in Uzbekistan. Recent geological studies have 
confirmed the presence of new gold deposits in the 
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Tashkent region [1]. Currently, the Almalyk MMC 
primarily processes sulfide copper ores. Oxidized 
copper ores from the Kalmakyr deposit, both 
compliant and substandard, serve as an additional 
source for extracting copper, gold, and other 
valuable elements. 

In copper-molybdenum ores of the Erdenetiin-
Ovoo (Mongolia) and Kalmakyr (Uzbekistan) 
deposits, copper minerals demonstrate a tendency to 
oxidation processes, unlike molybdenite, which has 
increased resistance to external influences [5-6]. In 
the process of enrichment of complex ores of the 
Kalmakyr deposit, characterized by a high content of 
oxidized copper, flotation requires the use of special 
collecting reagents at the cleaning stage, as well as 
xanthates [7]. The developed process flow chart [8], 
based on the separation of copper concentrate and 
separate enrichment of sand and sludge fractions, is 
the basis for the creation of cost-effective unified 
methods for processing mining waste. 

The use of gravitational separation of gold under 
centrifugal field conditions is a promising method for 
the enrichment of complex copper-bearing ores [9]. 
Considering the significant content of oxidized 
copper compounds in such ores, scientific works 
[10-12] often turn to hydrometallurgical extraction 
methods. However, studies [13-17] demonstrate the 
low economic efficiency of hydrometallurgy, due to 
the low yield of copper and increased consumption 
of sulfuric acid, in connection with which flotation 
enrichment is proposed. The use of complexing 
collectors, such as dithiocarbamates (sodium DEDTC 
and DBDTC), helps to increase the degree of metal 
extraction to 4.5% [18-20]. 

The study [19] proposed a technology for 
enriching mixed copper ores that allows obtaining a 
gravity concentrate with a gold content of 50.5 g/t 
with an extraction of 23.57%, as well as a copper 
concentrate containing 19.06% copper with an 
extraction of 66.7%. Copper-containing waste is 
often characterized by a high content of gold and 
silver, which makes it an additional source for the 
extraction of valuable metals.  

There are various technological processes for 
processing such materials [21—28]. 

 

2. Materials and Methods 
 
To assess the effectiveness of gravity enrichment of 

gold-bearing ore, the GRG analysis method was used 

in [29-31]. The total gold extraction level exceeded 

41%. The best extraction results were observed at 

the beginning of the process, when the particle size 

reached 1.6 mm, and at the end, with a particle size 

of 0.071 mm. 

Researchers have developed a method for 

processing polymetallic ores that uses gravity 

concentration to recover gold [32-34]. When using 

the gravity method, gold recovery into the initial 

gravity concentrate varied from 27.57% to 36.48%, 

and silver—from 14.79% to 22%. The data obtained 

indicate the prospects of using the processing 

technology with preliminary gold separation by the 

gravity method. 

Research object. The object of study was ores 

located in dumps №39 of the Kalmakyr deposit, 

located within 2-4.5 km from copper processing 

plant No. 2 (CPP-2). The total volume of these ores is 

74.5 million tons, containing 171 thousand tons of 

copper (average concentration of 0.23%), 31.6 tons 

of gold (content of 0.424 g/t) and 132.2 tons of silver 

(concentration of 1.77 g/t). The dumps with oxidized 

ore are located at a distance of 2 to 20 km (Figure 1). 

The presented work is devoted to the study of 

various forms of gold occurrence in oxidized copper 

ores mined at the Kalmakyr deposit. The main 

objective is to determine the possibilities of 

extracting copper compounds and precious metals 

using gravity concentration to process samples 

extracted from dump No. 39, whose confirmed 

reserves are estimated at 1.5 million tons of ore. 

 
Figure 1: Location of dumps of the Kalmakyr deposit 
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3. Results and Discussion 
 

The study of gold occurrence forms and phase 
analysis allowed us to determine the type of gold in 
oxidized copper ores of the Kalmakyr deposit using 
an electron microscope and the method of rational 
analysis. Electron microscopy revealed the presence 
of native gold, electrum, kuestellite, and petzite. Gold 
in the sample is mainly presented in the form of 
nuggets with a fineness varying from 700 to 1000 
units, which characterizes it as low, medium, high, 
and very high purity gold. The average gold fineness 
is about 890 units. The main impurity is silver; 
sometimes tellurium is found. In addition to native 
gold, petzite and, less commonly, electrum and 
kuestellite were found in the oxidized ore. Most 
grains are small particles ranging in size from 0 to 2 
µm (51.6%) (Figure 2). Grains ranging in size from 2 
to 8 µm account for 18.56%. The maximum size of 
gold particles reaches 20 µm. "Large" metal particles, 
ranging in size from 15 to 20 µm, account for 
29.84%. Free gold accounts for 13.86%.  

Most of the valuable metal is in the form of 
completely closed inclusions (55.85%). Gold 
particles with an open surface or a degree of 
disclosure from 30 to 60% were not found. A 
significant proportion (29.84%) falls to rich, 
practically disclosed gold particles. In other 
categories, the content of noble metal particles 
ranges from 0.19 to 0.25%. 
 

 
Figure 2: Distribution of gold particles by size in a 

sample of oxidized copper ore, dump No. 39 

 

 
Free Au (gd), partially intergrown with CuFeS2 

(chp) 

 
Inclusion of Au(gd) in Ag3AuTe2(pz) 

 
Inclusions of Au (gd) and PbS (gn) in FeS2 (py). 
FeS2 in intergrowth with iron oxides (hox Fe) 

 
Au (gd) in association with PbS (gn) and 
Cu5FeS4 (bo) as an inclusion in FeS2 (py) 

Figure 3: Forms of gold occurrence in minerals 
 

In the studied sample, gold is present in the form 
of individual elements and granules with a partially 

exposed surface; about 26.71% of gold particles are 
capable of interacting with various solutions and 
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chemical compounds. The main mineral 
accompanying gold is pyrite. A significant proportion 
of gold (50.36%) was found in the form of 
conglomerates with pyrite. Complexes of gold with 
chalcopyrite and iron oxides make up 10.34% and 
6.29%, respectively. An insignificant amount of gold 
is found in compounds with other minerals. Electron 
microscopic analysis established the most typical 
examples of gold grains' relationship with various 
minerals (Figure 3). A detailed phase analysis of gold 
in an averaged sample was carried out to clarify the 
various forms of gold occurrence and how it 
interacts with ore minerals and host rocks. Rational 
analysis was carried out on a representative sample 
of material with a particle size of less than 2.0 mm. 
To more accurately determine the degree of gold 
extraction, the analysis included a step-by-step 
amalgamation, starting with the initial particle size, 
with further grinding of the material until the 
content of the -0.071 mm class was reached in 60% 
and 95%, respectively. Gold in minerals occurs in 
various forms: in native form (extracted by 
amalgamation), as visible inclusions, in a form 
accessible for cyanidation after preliminary 
treatment with hydrochloric acid, in combination 
with sulfides, and as minerals and quartz resistant to 
the effects of aqua regia (Table 1). 

Amalgamation of material with a particle size of up 

to -2 mm ensures the extraction of only 5.88% of 

native gold present in the ore. Finer grinding, in 

which 60% of the particles are smaller than 0.071 

mm, allows for an additional extraction of 7.84% of 

the valuable metal. A further increase in the degree 

of grinding to 95% of the -0.071 mm class 

significantly increases the extraction of native gold—

by 17.65%. Thus, the total amount of native gold in a 

mixed sample of oxidized ore with a particle size of 

95% of the -0.071 mm class does not exceed 31.37%. 

Gold in the form of open intergrowths makes up a 

significant part - 56.86% of the total content. It was 

found that a total of 88.24% of the precious metal is 

in a form that can be directly cyanided. Hard-to-

recover gold in the ore, which is difficult to process 

with cyanides, is mainly in the form of acid-soluble 

layers (5.88%). The amount of gold contained in 

minerals and quartz resistant to the effects of aqua 

regia is estimated at 3.92%. Small gold particles 

enclosed within sulfide compounds make up 1.96% 

of the total volume. Consequently, the total share of 

"refractory" gold, which cannot be directly extracted 

by cyanidation, reaches 11.76%, which is equivalent 

to a gold content of 0.06 g / t. 

 
Table 1. Results of phase analysis of gold in a sample of oxidized copper ore from dump № 39 

Forms of gold occurrence and the nature of its connection 
with ore and rock-forming minerals 

Distribution of gold 
g/t % 

In the form of open intergrowths with ore and rock-forming components 0,29 56,86 
Total in cyanidable form 0,45 88,24 
Free, extractable by amalgamation at a size of -2.0 mm 0,03 5,88 
Free, extractable by amalgamation with regrinding to a size of 60% -0.071 mm 0,04 7,84 
Free, extractable by amalgamation with regrinding to a size of 95% -0.071 mm 0,09 17,65 
Total free gold with a clean surface 0,16 31,37 
In acid-soluble films 0,03 5,88 
Finely disseminated in sulfides 0,01 1,96 
Finely disseminated in minerals insoluble in aqua regia and quartz 0,02 3,92 
Total 0,51 100,00 

 

 
 

Figure. 4. Technological scheme of metal extraction 
from oxidized copper ores of the Kalmakyr deposit 

Based on these data, it can be stated that oxidized 
copper ore from dump No. 39 of the Kalmakyr 
deposit (Almalyk MMC JSC) is of interest for gravity 
enrichment. However, the increased copper 
concentration (0.47%) may complicate the use of 
this technology. 

Experimental methodology. The gravity 
concentration method is widely used in the mining 
industry worldwide to extract useful minerals and 
components from ores and their processing 
products. Before conducting gravity studies using 
screw and centrifugal separators, the parameters of 
the corresponding equipment were carefully 
analyzed [35-38]. The standard methodology [39-
43] was used to study the possibility of extracting 
metals from process samples of dump No. 39 of 
oxidized copper ores of the Kalmakyr deposit using 
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the gravity concentration method. Laboratory 
experiments were carried out using the process flow 
chart developed for extracting metals from oxidized 
copper ores of the Kalmakyr deposit (Figure 4). 

To prepare for analysis, 100 kg samples were 
selected, which were then crushed to achieve a 
fraction with a particle size of 70% less than 0.074 
mm (200 mesh). Grinding was carried out using a 
ball mill MShL-14K, and the duration of each 
experiment was from 4 to 6 min. After gravitational 
enrichment in a screw separator, the obtained 
products were separated by sedimentation and 
filtration. The liquid component was dried in a 
laboratory drying cabinet SNOL-3.5.3-I41 at a 
temperature of 105-110 °C. After drying, the 
residues were manually crushed in a porcelain 
mortar. Then, abbreviated analytical samples 
weighing 100 g were collected, which were 
subsequently crushed in a vibratory grinder IVS-4 
(75T-DRM) and hermetically packed for subsequent 
analysis. 

The elemental composition of the samples was 
determined by chemical analysis, in accordance with 
the MVI Oʻz OʻU 0501:2010 method, using an Analyst 
200 spectrometer. In addition, semi-quantitative 
spectral analysis was performed with the BRA-135F 
X-ray fluorescence spectrometer. 

Knelson equipment is highly respected among 
mining enterprises due to its durability, ease of use, 
and noticeable improvements in metallurgical 
processes. Knelson concentrators, operating in a 
periodic unloading mode, are leaders among 
centrifugal gravity devices used in this area. Feed 
fluidization creates optimal conditions for material 
separation, ensuring process stability and reducing 
equipment wear from abrasive particles. Continuous 
discharge concentrators effectively separate a 
significant portion of fine particles from the 
incoming material and are not subject to clogging, 
which distinguishes them from other centrifugal 
concentrators. 

Knelson concentrators are recognized worldwide 
and have been installed on more than eight types of 
processed ores (gold-bearing sulfides, tin, tungsten, 
talc, scrap metal, ferrochrome, copper, and 
chromite). Their advantages include low energy 
consumption, low capital and operating costs, and a 
small footprint, allowing the technology to be 
integrated into existing systems to improve 
recovery. 

Such concentrators are integrated into existing 
production lines and are characterized by high 
productivity relative to the occupied volume. The 
concentration unit can be implemented in a unique 
dual design, allowing two different concentrate 
streams to be obtained simultaneously. Separation of 
primary and secondary concentrates allows for 
individual processing of each of them to achieve 
maximum process efficiency. 

In laboratory conditions, gravity enrichment 
experiments were conducted on a Knelson MD3 

concentrator with various process parameters. To 
optimize the fluidization water consumption based 
on the analysis of the target component content in 
the enrichment products, experiments were 
conducted under the following conditions: the water 
consumption for fluidization varied from 1 to 5 
l/min, the rotor speed was maintained at 1200 rpm, 
and the duration of each test was 3 min (Figure 5).  
The best indicators were recorded at a water 
consumption rate of 3 l/min. 

Water for fluidization creates a "pseudoiquidized 
layer" in the concentrator bowl. At low water 
consumption, light minerals are not washed out, and 
the concentrator begins to take in a lot of foreign 
material. At a water consumption of 2.5-3.0 l/min, 
the concentrate yield is 4.8% and the Au content in 
the concentrate reaches 2.5 g/t. A further increase in 
water consumption leads to an increase in the 
product yield, but selectivity decreases, and some 
heavy minerals are carried away to the tail. 

 
Figure 5: Results of determining the optimal water 

flow rate for fluidization 
 
The obtained analysis results (Figure 6, 7) were 

subjected to analytical processing. Optimum 
indicators were observed with the following 
parameters: the volume of water used for 
fluidization was within 3.0 l/min, the rotor speed 
was half of the maximum (50%), and the solid-to-
liquid phase ratio was 1:3. Under these optimal 
conditions, the yield of the finished class was 7.8%. 
At the same time, gold extraction reached 52.2%, 
copper—12.45%, and silver—6%. 

At low rotor speeds (g-force), heavy ore grains go 
into tails, and lighter minerals are drawn into the 
concentrate. At too high a speed, concentrate quality 
improves, but the equipment becomes clogged, and 
losses in the drain increase. G-force 800 rpm is 
optimal for most oxidized ores, while the maximum 
gold is extracted into concentrate. 

The results of the conducted studies confirm the 
efficient extraction of gold from oxidized copper ores 
using centrifugal concentrators. When designing a 
technological process for processing such ores, it is 
recommended to include gravity enrichment carried 
out on Knelson MD3 concentrators. 
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An alternative method of processing oxidized 
copper ores based on gravity enrichment allows 
obtaining a product containing gold and copper 
suitable for further use. Recently, the issue of 
processing gravity concentrates directly on site has 
become acute.  

This phenomenon is due to the following: the cost 
of transporting raw materials containing precious 
metals has increased significantly, and existing 
hydrometallurgical methods of processing 
concentrates do not extract precious metals. 

 
Figure 6: Dependence of gold, silver, and copper extraction into finished concentrate on the rotation speed of the 

Knelson MD3 concentrator rotor 
 

 
Figure 7: Dependence of concentrate yield on the duration of the process

It is a mistake to assume that the higher the G-
force value, the more effective the apparatus is for 
extracting fine minerals. All this leads to an increase 
in the cost of gold production and a decrease in 
profits. Of all the known methods for processing 
concentrates containing precious metals, the 
pyrometallurgical method is the most suitable. The 
essence of this method is the collection of precious 
metals in a collector. This method allows, with a 
minimum of costs, to obtain a product with a gold 
content of 70-90%, in which gold and silver are 
concentrated. As a rule, this product can serve as a 
collector (flux) during the smelting of copper 
concentrates in the furnaces of JSC Almalyk MMC 
[44-49]. The use of this process flow chart will lead 
to an increase in gold production volumes. The 
product of gravity enrichment containing gold and 
copper during the smelting of copper concentrates 
will completely pass into matte and be further 
extracted. 

The test for each parameter was carried out in 5-6 
experiments, and the obtained data showed that the 
error of the experiments does not exceed 1%. In 

most cases, Student's t-test is used to determine the 
statistical significance of differences in average 
values. It is usually used both in cases of comparing 
independent samples and when comparing related 
populations [50-53]. For statistical processing of the 
obtained results, the following main numerical 
characteristics were calculated. 

- arithmetic mean value of parameters [54]: 
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From the results of the dispersion analysis of the 

metal extraction value (Table 2), it was established 

that when extracting metals from oxidized copper 

ores, with a probability of 0.9-0.999, deviations from 

the basic value of gold extraction of 52.2% can be 

obtained within ±1.21%, copper 12.45.3 ±8.41%. 

 
Table 2. Results of dispersion analysis of metal extraction value 

Indicators Variance σ2 Standard σ 
Student's coefficients, tα Variation 

coefficient, υ 0,900 0,95 0,98 0,99 0,998 0,999 
Au recovery 1,21 1,1 1,71 2,06 2,49 2,78 3,45 3,72 1,15 

Сu recovery 8,41 2,9 1,7 2,04 2,46 2,75 3,39 3,43 5,94 

 
The obtained data indicate the potential of using a 
centrifugal concentrator for oxidized copper ores. 
The implementation of this technology at enterprises 
such as JSC Almalyk MMC can lead to a significant 
reduction in copper production costs by reducing the 
need for purchased fluxes. In addition, an increase in 
gold extraction volumes will increase the 
profitability of ore processing and strengthen the 
company's position in the precious metals market. 

The Knelson MD3 concentrator is a laboratory 
model, and the obtained results are used to justify 
the technological scheme of processing oxidized 
copper ores, select parameters, evaluate metal 
extraction, and prepare for the transition to 
industrial concentrators. On an industrial scale, the 
Knelson KC-XD (Extra Duty) or Concentrator CVD 
(Continuous Variable Discharge) is used, with a 
capacity of 300-6000 t/min and higher. 

 

4. Conclusions  
 

The results of the conducted studies showed the 
possibility of gold extraction from oxidized copper 
ore using Knelson centrifugal concentrators. The 
optimal process parameters are fluidization water 
consumption - 2.5-3 l/min, rotor speed - 800 rpm, 
process duration - 5 min, and solid-to-liquid phase 
ratio - 1:3. Under these optimal conditions, the yield 
of the finished class was 7.8%. Gold extraction into 
concentrate will be 52.2%. The resulting concentrate 
contains 2.87 g/t of gold and can be used as a flux in 
the smelting of copper concentrates. 

Thus, the proposed method of processing 
oxidized copper ores using gravity concentration is a 
promising direction for increasing the efficiency and 
profitability of mining and metallurgical enterprises. 
The implementation of this technology will allow not 
only the extraction of valuable components but also 
the creation of a product with additional value, 
contributing to the sustainable development of the 
industry. 
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