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Determination of the optimal technological regime and parameters
of the cyanidation process of the flotation concentrate obtained
after the enrichment of resistant gold-bearing ores
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Abstract. As a result of comprehensive studies of the material composition of the flotation concentrate and the forms of
gold presence, it was established that the chemical composition of the concentrate is 55.17% represented by lithophile compo-
nents with the mass fraction of 55.17%. The main ones are silica and alumina with mass fractions of 36.4% and 8.26%, respec-
tively. Ore mineralization of the flotation concentrate is represented by pyrite with the mass fraction of 40.7%. It has been
established that gold in the flotation concentrate sample is present in native form. The bulk of gold grains is represented by
particles with a size of 10-38 microns - 82.89%. About 63% of gold is in free form. The proportion of closed grains is 9.23%.
The main mineral in the flotation concentrate sample, associated with gold, is pyrite — 25%. The portion of gold associated
with quartz is 3.07%. For industrial operation, sorption type of cyanidation of flotation concentrates with a consumption of
Norit RO 3520 activated carbon in an amount of 10% of the volume of the liquid phase is recommended as the optimal mode.
The parameters for sorption cyanidation of flotation concentrate have been established: flotation concentrate size — P80 10
microns; sodium cyanide concentration — 0.1% (sodium cyanide consumption — 2.3 kg/t); pH — 10.5; pulp density — 40% (sol-
id); duration of the process is 24 hours. With the established parameters, relatively high, at least 86%, extraction of gold into
the solution was achieved.
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Received: 25 July 2025
Accepted: 16 October 2025
Available online: 31 October 2025

1. Introduction The characteristics of the ore dictate the choice of the
correct cyanidation process design. Gold ores within a geo-
logical province/region (even the same deposit) may have
different mineral components, different mineral concentra-
tions and degrees of alteration or oxidation.

Gold in ores and concentrates is often found in combina-
tion with non-ferrous metals (Cu, Pb, Ag). Applying cyanide
to these types of ores can present some difficulty as the varie-
ty of minerals present in these ores can make the application
of cyanide unfavorable. This type of ore includes gold depos-
its in Central Kazakhstan with a content of 1-1.5 g/t gold. The
complex nature of these ores necessitated pre-treatment op-
erations using gravity and cyanidation flotation. Production is
characterized by low gold recovery. In addition, the choice of
the optimal concentration of sodium cyanide, which is used as
a leaching reagent, requires clarification.

The reserves of rich and easy-to-process gold ores in Ka-
zakhstan are being depleted, and ores belonging to the cate-
gory of refractory ores are being involved in processing. The
persistence of ores may be due to the fine dissemination of
gold in carrier minerals, chemical depression of gold at the

All over the world, the gold content in ore deposits is de-
creasing, and their mineralogy is becoming more complex
and complex. Despite this, the process of producing gold by
cyanidation remains dominant for many years due to the
selectivity of cyanide to gold, the simplicity and efficiency of
the process [1-4]. Today, the industry is adjusting its meth-
ods for extracting gold from ores and its enrichment products
(concentrates, tailings), using more efficient processes and
technologies.

For effective cyanidation leaching of refractory and/or
complex ores, pre-treatment prior to leaching is necessary.
When sulfides are present, they often prevent the cyanide
from making physical contact with the gold particles, thereby
preventing the gold from dissolving. Conversely, for ores
containing carbonaceous matter, dissolved gold in the leach
solution can be re-adsorbed to carbonaceous species, a pro-
cess known as preg-robbing, which also interferes with gold
recovery. To solve these problems, pre-treatments are used,
which increase costs and technical requirements for the pro-
cess flow [3, 4].
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stage of metallurgical processing, or the presence of organic
compounds that are active towards dissolved gold.

An important problem in the processing of refractory gold
ores is the extraction of ultrafine gold, which is encapsulated
in sulfide minerals and is difficult to extract by traditional
methods. Minor concentrations of «invisible» gold, as estab-
lished in [5], usually contain pyrrhotite, chalcopyrite, bornite
and galena. Work [6] shows that finely dispersed gold can be
associated not only with sulfide, but also with rock-forming
minerals. The most common carrier minerals of «invisible»
gold are arsenopyrite and arsenic pyrite. The gold content of
arsenopyrite depends on its morphological variety [7].

In work [8], based on studies of the gold content of arse-
nopyrite in gold-sulfide deposits in Kazakhstan, it is shown
that due to the high sorption activity of the carbonaceous
substance, metallurgical processing of flotation sulfide con-
centrate is impossible when the Au/Corg ratio is <8 g/kg. If
the ratio is not met, additional gravitational enrichment of
concentrates is required.

Due to the unique structure of the carbonaceous sub-
stance, the question related to the particular component and
which one has increased sorption activity towards dissolved
gold remains poorly understood. The high sorption activity
of carbonaceous matter has a significant impact on the tech-
nology of processing ores and concentrates using flotation,
pyro- and hydrometallurgical methods [9, 10].

A promising method for extracting ultrafine gold from re-
fractory ores due to its enlargement may be the processing of
feedstock and enrichment products using various physical
and energetic methods of influence [11-14]. However, these
methods have not been widely used in practice.

For gold ores of Central Kazakhstan, cyanidation of cur-
rent flotation concentrates containing refractory minerals and
carbonaceous substances, the presence of which causes a
«slowdown» of the kinetic patterns of leaching and a de-
crease in gold recovery, has a particular relevance from a
technological and environmental point of view. Processing of
these materials by cyanidation entails high consumption of
cyanide and increased costs [15, 16].

The importance of studying this issue is enhanced by the
fact that in the scientific literature there is only a limited
number of information devoted to the study of gold extrac-
tion based on the specific properties of the ore. In addition, in
publically known works it was not possible to achieve high
gold extraction from such ores.

In this article, based on a comprehensive study of the ma-
terial composition of flotation concentrate obtained from the
beneficiation of ore in Central Kazakhstan, the influence of
the concentrate size, sodium cyanide concentration and
leaching duration on gold recovery in the cyanidation process
is investigated.

2. Materials and methods

For laboratory hydrometallurgical studies, a flotation
concentrate with a gold content of 17.9 g/t was used, ob-
tained after gravity-flotation enrichment of ore from a depos-
it in Central Kazakhstan.

The material composition of flotation concentrate was
studied using optical and electron microscopic mineralogical
studies. Chemical, assay, X-ray spectral and sieve analyzes
were performed.

The chemical composition of the flotation concentrate
was determined using optical emission (ICP90, ICP40 anal-
yses) and atomic absorption methods of analysis. To increase
the reliability of the gold content results, direct assay analy-
sis was carried out on four parallel samples.

Determination of the mineral composition of flotation con-
centrate samples was carried out using a complex of various
studies, including: diffractometric, quantitative mineralogical
analyses, optical study of heavy fractions and mapping of
products on a Quanta FEG-650 F electron microscope as part
of the automated mineralogical complex Qemscan.

The study of gold forms for the presence of large gold
particles in the flotation concentrate was carried out using an
Olympus SZX-7 stereomicroscope. To conduct research, a
sample of flotation concentrate was divided into size classes
using the sieve analysis method. From each size class, % part
was submitted for assay analysis; briquette sections were
made from the second part. The study of briquette sections
was carried out using an automated mineralogical complex
Qemscan based on an electron scanning microscope. The
parameters of the complex were configured to search for
valuable minerals (SMS — Specific Mineral Search), map-
ping was performed in automatic mode.

Laboratory hydrometallurgical studies were carried out
using cyanide leaching in bottle-type agitators. External view
of laboratory stands with agitators shown on Figure 1.

Figure 1. Laboratory stand for conducting study on agitated
leaching

To assess the level of sorption activity of the flotation
concentrate sample, tests were performed to determine the
PRI index (preg-robbing index) analytical method. Agitated
cyanidation of the flotation concentrate was carried out on
material subjected to fine grinding in a ball mill to a particle
size of P80 71 and 45 microns, as well as ultrafine grinding
to a particle size of P80 30, 20, 10 and 7 microns.

Ultrafine grinding was carried out in a Netzsch IsaMill
M4B laboratory mill, the general view of which is shown in
Figure 2. In the test the feed charge with beads size 2.8 mm
was used: 60% 2.5-2.8 mm; 30% 1.8-2.0 mm; 10% 1.4-1.6
mm; solid content of the feed was ~43%, quantity of grind-
ing cycles — 8.

Grinding was carried out in the following mode: mass of
crushed material — 200 g; loading of grinding medium —
72.5% of the mill volume; pulp density during grinding —
55.25% solid; impeller rotation speed — 1300 rpm.
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Figure 2. General view of Netzsch IsaMill M4 bead mills

Estimated specific energy consumption when grinding
flotation concentrate from an initial size of 80% 150 microns
to a size of 80% 10.1 um was 81.5 kWh/t.

To determine the optimal leaching parameters, tests were
carried out with different sizes of grinded concentrate under
cyanidation conditions without loading sorbent and sorption
type leaching, with different concentrations of sodium cya-
nide, and process duration with the purpose of studying the
dynamics of leaching.

During the tests, NaCN concentration was monitored as
well as pulp pH. The cyanidation products were subjected to
atomic absorption (solution) and assay (cake, coal) types of
analysis.

3. Results and discussion

3.1. Study of the material composition of flotation con-
centrate

The chemical composition of the flotation concentrate,
determined by optical emission (ICP90, ICP40 analyses) and
atomic absorption analyzes is presented in Table 1.

Table 1. Chemical composition of flotation concentrate

Element | Mass fraction, % Element Mass fraction, %
SiO, 36.40 Stotal 22.90
Al O3 8.26 Squit <0.25
CaO 1.50 Pb 0.015
K,O 1.12 Zn 0.048
Na,0O 3.00 Cu 0.059
MgO 1.28 As 0.087
MnO 0.06 Sb 0.0066
P,0; 0.07 Ba 0.022
TiO, 0.18 Co 0.012
Corg 0.26 Cr 0.0017
Cotal 0.83 Ni 0.021
CO, 3.04 Sr 0.014
Feuotal 20.60 Ag, g/t 2.90
Fequr 18.90 Au, g/t 17.30

To increase the reliability of the result on gold content, its
determination was carried out on four parallel samples using
direct assay analysis. The established average gold content
(17.47 g/t) based on the gold content in four samples, g/t:
16.8; 17.2; 18.2 and 17.7 showed good correlation with the
result given in Table 1.

The chemical composition of the flotation concentrate is
represented mainly by lithophile components with the mass
fraction of 55.17%. The main ones are silica and alumina
with mass fractions of 36.4% and 8.26%, respectively.

The total proportion of oxides of alkali and alkaline earth
metals, with a significant predominance of sodium oxide
3.0%, is ~6.90%.

3.2. Mineral composition of flotation concentrate

The mineral composition of the flotation concentrate is
shown in Table 2.

Table 2. Mineral composition of flotation concentrate

Mineral, group of minerals Mass fraction in sample, %
Rock-forming minerals

Plagioclases 26.0
Quartz 18.0
Mica (sericite, chlorite) 9.0
Carbonates 5.0

Gypsum, anhydrite, jarosite -
Ore-forming minerals

Pyrite 40.7
Sphalerite, galena, altaite 0.1
Faded ore, chalcopyrite 0.3
Arsenopyrite 0.1
Iron hydroxides 0.5
Accessory minerals
Titanium minerals, apatite 0.3
Total 100

From Table 2 it is clear that the mineral composition of
the flotation concentrate samples consists of 58% rock-
forming minerals. Ore minerals are represented mainly by
pyrite 40.7%. Other sulfides are noted in the samples in
amounts of tenths of a percent.

3.3. Forms of gold presence

The analysis of the forms of gold presence in the flotation
concentrate sample was performed sequentially. First, using
the Olympus SZX-7 stereomicroscope, an initial study was
conducted to identify large, visible gold particles. Then, a
more detailed study of the gold's forms was carried out using
an electron microscope. The initial analysis did not reveal
large visible gold particles. It was found that the bulk of the
gold in the flotation concentrate, namely 99.96%, is repre-
sented as native gold. The remaining insignificant fraction
(0.04%) of gold was found in the form of tellurides of vari-
ous compositions. Due to the extremely small number of
tellurides, the technological and mineralogical characteristics
were studied only for native gold.

Figure 3 shows the granulometry of gold grains present in
the flotation concentrate.
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Figure 3. Granulometric characteristics of gold
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The bulk of the valuable component consists of particles
ranging in size from 10 to 38 microns, the total proportion of
which reaches 82.89%. The number of small particles not
exceeding 2 microns is insignificant and does not exceed
1.73%. In the size range from 2 to 10 microns, the gold con-
tent ranges from 2.88 to 5.22%. The results of the mineral
associations of gold in the flotation concentrate sample, pre-
sented in Table 3, show that the background includes free
gold and gold with a partially free surface. Thus, 69.15% of
the grains of the valuable component have access of the
solution and reagents to the grain surface.

Table 3. Mineral associations of gold

Mineral, group of minerals Mass fraction of gold, %

Background 69.15
Quartz 3.07
Mica 0.11
Chlorite 0.60
Feldspars 0.05
Tellurides 0.86
Pyrite 25.03
Chalcopyrite 0.35
Galena 0.004
Sphalerite 0.11
Arsenopyrite 0.03
Faded ore 0.62
Accessory minerals 0.03
Total: 100

The main mineral associated with gold in the flotation
concentrate sample is pyrite. The ratio of such intergrowth’s
accounts for 25.03% of the metal. In contact with quartz, the
proportion of gold is 3.07%. In intergrowth with other min-
erals, the share of gold is tenths and hundredths of a percent.
The established patterns are clearly illustrated by fragments
of the map of gold mineral particles in the flotation concen-
trate sample and associations of gold with various minerals,
shown in Figure 4.

Thus, the results of studies of the material composition of
the flotation concentrate show that its chemical composition
is represented by lithophilic components with a mass fraction
of 55.17%. The mass fraction of silica and alumina in them is
36.4% and 8.26%, respectively. The total proportion of alkali
and alkaline earth metal oxides, with a significant predomi-
nance of sodium oxide 3.0%, is ~6.90%. The ore-forming
components are represented by iron and sulfur, where iron
predominates in the sulfide form. The proportion of sulfur is
22.90%. The mineral composition of the flotation concen-
trate samples is 58% composed of rock—forming minerals in
the following proportions: plagioclases — 26%; quartz — 18%;
Mica — 9% and carbonates - 5%.

Ore mineralization of the flotation concentrate is repre-
sented mainly by pyrite with the mass fraction of 40.7%.
Other sulfides are observed in tenths of a percent. Iron hy-
droxides make up 0.5% of the total sample mass.

It has been established that gold in the flotation concen-
trate sample is present in native form. The ratio of gold in the
form of tellurides of various compositions accounts for no
more than 0.04%. The bulk of gold grains is represented by
particles with a size of 10-38 microns - 82.89%. About 63%
of gold is in free form. The proportion of closed grains is
9.23%. The main mineral in the flotation concentrate sample,
the gold is in association with, is pyrite — 25%. The ratio of
gold associated with quartz is 3.07%. Tenths and hundredths
of a percent of the total mass of native gold have been estab-
lished in intergrowth with other minerals.

a
R 3
B Quartz £ Gold @ Sphalerite
Bl Mica @l Tellurides @ Arsenopyrite
Bl Chioride [ Pyrite @ Faded ore
) carbonates W Chalcopyrite [ Accessory minerals
B reldspars ) Galena @ Oxides/Fe hydroxides

(c) (d)

Figure 4. Map of gold mineral particles in a flotation concen-
trate sample and photographs of gold grains in association with
various minerals: (a) — Pyrite (py) with inclusions of feldspar (fs)
and native gold (gd) in association with lead mineral (altaite
(alg)); (b) — Native gold (gd) in association with quartz (q), chal-
copyrite (chp), faded ore (fd); (c) — Pyrite (py) with gold inclusions
of variable composition (native gold (gd), nagiagite (ng));
(d) — Free grain of native gold (gd)

It should be expected that the resistance of gold to the cy-
anide process will be due to the presence of oxidized films
on the surface of the metal and its association with car-
bonates and minerals insoluble in aqua regia.

3.4. Determination of sorption activity index (PRI test) of
flotation concentrate

The level of sorption activity was assessed analytically by
calculating the PRI (preg-robbing index). The method for
determining the sorption activity index consists in analyzing
the amount of gold extracted into the solution during cyani-
dation and the remaining amount in the solution after cyani-
dation, when a certain amount of gold in the form of a cya-
nide complex was previously added to the solution. Thus,
each PRI test consists of two parts:
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1. Cyanidation of a sample of the test material in a pure
gold-free solution;

2. Cyanidation of a sample of the test material in a solu-
tion previously saturated with gold to a certain concentration.

For each part of the PRI tests, 100 g of pre-ground con-
centrate was used to a coarseness of P80 71, 30 and 10 mi-
crons. Cyanidation was performed in the mode without
sorbent loading with the following parameters: test duration
— 1 hour; pulp density — 33.3%; initial concentration of
NaCN - 0.3%; concentration of NaOH — 0.1%.

A gold concentration of 1.71 mg/l was previously created
in the solution for the second part of the PRI tests.

After a set cyanidation time, the solution was filtered out
and the concentration of gold in it was determined by atomic
absorption method. The sorption activity index was calculat-
ed using the formula:

PRI = 2 X 171 + 2'([Au]solution 1= [Au]solution 2)’ (1)

where: PRI is sorption activity index; [Au]solution 1 1S CON-
centration of gold in the solution of the first part of the test,
mg/l; [Au]soluion2 18 concentration of gold in the solution of
the second part of the test, mg/l.

Based on the calculated values of the PRI index sorption
activity was assessed using the following criteria:

— PRI = 0 — the material does not have sorption activity;

— 0 < PRI < 1.0 — the material has low sorption activity;

— 1.0 < PRI < 2.5 — the material has moderate sorption ac-
tivity;

— 2.5 < PRI < 3.4 — the material has high sorption activity.

The results for determining the sorption activity index are
shown in Table 4.

Table 4. Results of the sorption activity index (PRI)

Concentrate grind- [Au]sotution 1, [Au]sotution 2, Assessment of

ing size Pgy, microns mg/l mg/l sorption activity
71 0.25 0.05 Very high
30 0.38 0.12 Very high
10 0.51 0.28 Very high

Analysis of the obtained data shows that the studied con-
centrate has a very high sorption activity at all degrees of
grinding. The PRI index significantly exceeds 3.4 for all three
fractions, which indicates a strong «preg-robbingy effect.

An increase in the degree of grinding leads to a slight de-
crease in the PRI index, although it remains in the range of
«very high» sorption activity. This may be due to an increase
in the surface area of the material with finer grinding, which
contributes to a more intensive absorption of gold.

The high sorption activity of the concentrate can signifi-
cantly reduce the efficiency of the cyanidation and gold ex-
traction process. The material actively absorbs gold from the
cyanide solution, preventing it from passing into solution and
further extraction.

To increase the efficiency of gold extraction from this con-
centrate, it is necessary to apply methods aimed at reducing or
blocking sorption activity. Such methods include pretreatment
with activated carbon, the addition of special depressant rea-
gents, or the use of higher concentrations of cyanide. The
choice of the optimal method depends on the specific charac-
teristics of the material and the process conditions.

In this work, Norit RO 3520 activated carbon was used as
a sorbent.

3.5 Cyanidation of flotation concentrate of various sizes

The experiments were carried out in two modes — in the
cyanidation mode without loading the sorbent and in the
sorption cyanidation mode with the addition of activated
carbon Norit RO 3520. The experimental conditions and
parameters of agitation cyanidation of the flotation concen-
trate are presented in Table 5.

Table 5. Parameters of agitated cyanidation of flotation con-
centrate

Parameter Unit Measurement
Sodium cyanide concentration % 0.2
pH - 10.5
Pulp density during cyanidation % solid 40
Coal loading (only for sorption % of liquid 10

type of cyanidation) phase volume
Activated carbon
Norit RO 3520

hour 24

Type of sorbent -

Leaching duration

Agitation cyanidation of the flotation concentrate was car-
ried out on the material obtained after fine grinding in a ball
mill to a size of PS80 71 and 45 microns and ultrafine grinding
in a bead mill to a size of P80 30, 20, 10 and 7 microns.

The results of cyanidation tests for flotation concentrate
at different grinding sizes are shown in Table 6.

Table 6. Results of cyanidation of flotation concentrate at dif-
ferent grinding sizes

Reagent consumption, kg/t = Au content, g/t

Material size NaCN . . Au recovery,
. B inthe ina
P, microns considering the CaO %
total . feed = cake
residue
Cyanidation without sorbent loading
71 3.3 0.7 1.5 7 60.89
45 3.8 1.1 1.5 8.4 53.07
30 3.9 2 1.4 17.9 5.2 70.95
20 3.8 1.8 1.4 ’ 4.2 76.54
10 3.9 2.1 1.4 3.4 81.01
7 3.9 22 1.5 3.4 81.01
Sorption type cyanidation
71 35 1.2 2 5 72.07
45 39 1.3 2 4.7 73.74
30 3.9 1.8 1.9 179 33 81.56
20 3.8 2 1.9 ’ 3 83.24
10 3.9 2.1 2 24 86.59
7 4.4 3.1 1.9 2.4 86.59

The results presented in Table 6 show that the flotation
concentrate is favorable in relation to the process of agitated
cyanidation. The recovery of gold from a concentrate with a
particle size of P80 71 microns during cyanidation without
loading a sorbent was 60.89%, and with sorption type cyanida-
tion — 72.07%. A comparative analysis of the results of direct
and sorption type cyanidation in the studied range of changes
in P80 size from 71 to 7 pm indicates the presence of sorption
activity of the flotation concentrate. Figure 5 visualizes the
dependence of gold recovery on the size of the material.

Grinding the concentrate from a particle size of P80 71
microns to a particle size of P80 45, 30, 20, 10 and 7 microns
allows increasing gold recovery in the sorption mode of
cyanidation by 1.68%, 9.5%, 11.17%, 14.53% and 14.53%
(abs.), respectively. At the same time, the gold content in the
cake, compared with cyanidation without sorbent loading, is
reduced by 0.3 g/t, 1.7 g/t, 2.0 g/t, 2.6 g/t and 2.6 g/t (abs.),
respectively.
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Figure 5. Dependence of gold recovery on flotation concen-
trate size

The maximum extraction of gold into the solution (86.6%)
is achieved when the particle size of the flotation concentrate
P80 is 10 microns. Finer grinding of the concentrate does not
lead to an increase in gold extraction. Considering this fact, in
subsequent experiments, the particle size of the flotation con-
centrate was fixed at the level of P80 10 microns.

As shown in Figure 5, with a comparable concentrate par-
ticle size, the gold recovery rates obtained in two different
modes after the leaching process are significantly different.
This highlights the importance of conducting additional stud-
ies to determine the sorption properties of the concentrate.

3.6 Effect of sodium cyanide concentration on gold recov-
ery during cyanidation of flotation concentrate

To explore the possibility of reducing cyanide consump-
tion during cyanidation of flotation concentrate, leaching
tests were performed at different concentrations of sodium
cyanide in solution: 0.3%, 0.2%, 0.15% and 0.1%.

Tests were carried out in sorption mode on material with
a particle size of P80 10 um. The pulp density during leach-
ing is 40% solid. Sorption type cyanidation was carried out
with coal loading in an amount of 10% of the volume of the
liquid phase. Leaching duration is 24 hours. The test results
are presented in Table 7.

Table 7. Results of sorption type cyanidation of flotation con-
centrate at different concentrations of sodium cyanide in solution

Concentration Reagent consumption, kg/t = Au content, g/t Recovery
NacN in the in
NaCN, % total considetring Cao feed a cake Au, %
the residue
01 23 1.7 1.9 2.4 86.59
) 2.3 1.7 1.9 2.5 86.03
0.15 2.8 1.6 1.9 2.4 86.59
2.8 1.6 1.9 17.9 2.6 85.47
02 3 1.6 1.6 ’ 2.4 86.59
) 3 1.6 1.6 2.4 86.59
03 4.5 1.5 1.6 2.4 86.59
’ 4.5 1.6 1.7 24 86.59

An increase in the concentration of sodium cyanide in so-
lution does not affect the extraction of gold into solution
(Table 7). The average values of gold extraction in the con-
sidered range of NaCN concentration changes (from 0.1 to
0.3%) practically remain at the same level and are: 86.03% —
at NaCN = 0.1% and 86.59% — at NaCN = 0.3%.

The results indicate that flotation concentrate particle size
is a more significant factor than the cyanide concentration
used to determine the percentage dissolution of gold parti-
cles. At a cyanide concentration of 0.1% in solution, gold

recovery was 86.32% (average). Increasing the concentration
above a given limit only slightly increases recovery. This
indicates that increasing the cyanide concentration above
0.1% does not have a significant effect on the rate of gold
dissolution, and may even slow it down [17]. In addition, an
increase in the content of metal cyanide complexes in the
solution can complicate the cyanidation process and signifi-
cantly increase the cost of gold production [18].

An increase in gold recovery with a decrease in the size
of the flotation concentrate is fully explained by an increase
in the contact surface area for leaching reactions to occur
[19]. The obtained results convincingly show that the P80
concentrate size of 10 microns and the sodium cyanide con-
centration of 0.1% are the best combination of the concen-
trate cyanidation process providing a high gold recovery of
86.59%.

3.7. Effect of cyanidation process duration on gold
extraction from flotation concentrate

Agitation cyanidation of the flotation concentrate was car-
ried out in sorption mode on a material with a grain size of
P80 10 microns at a constant concentration of sodium cyanide
equal to 0.1%. The duration of the process was: 8, 12, 16, 20,
24, 32, 40 and 48 hours. The pulp density during leaching is
40% solid, pH =10.5. The acidity level was maintained at
10.5 by adding lime. The results of the concentrate cyanida-
tion tests at different process times are shown in Table 8.

Table 8. Results of cyanidation of flotation concentrate at dif-
ferent process durations

Duration Reagen]:] Zgr;\?umption, kg/t Au content, g/t | Recovery
pro;iess, considering | CaO in the in the Au, %
. Total . feed cake
the residue
8 1.9 1 1.9 2.6 85.47
12 1.9 1.4 1.9 2.6 85.47
16 1.9 1.6 1.9 2.5 86.03
20 1.9 1.6 1.9 179 2.4 86.59
24 2.4 1.7 2 ' 2.4 86.59
32 2.6 1.9 2.4 2.4 86.59
40 2.7 2.2 2.4 2.5 86.03
48 2.7 2.2 2.4 2.5 86.03

An analysis of the data obtained shows that the majority
of gold is extracted in the first 8-12 hours of cyanidation,
reaching 85.47%. Increasing the processing time to 32 hours
has little effect on gold recovery, leading only to an increase
of 1.12% (abs.).

To ensure the stability of technological parameters during
the industrial processing of flotation concentrate obtained
from stubborn ores of Central Kazakhstan, it is recommend-
ed to carry out cyanidation for at least 24 hours, which will
allow 86.59% of gold to be extracted into the solution.

A further increase in the duration of cyanidation, as studies
show, is not economically feasible. The cost of reagents, ener-
gy consumption and depreciation of equipment in this case
exceeds a slight increase in gold extraction. Therefore, optimi-
zation of the cyanidation process should be aimed at maintain-
ing optimal conditions during the first 24 hours, ensuring max-
imum speed and completeness of gold extraction.

The key factors influencing cyanidation efficiency are
cyanide concentration and the pH of the medium. Maintain-
ing the optimal acidity of the solution in the pH range of
10.5-11.5 contributes to the stable formation of soluble cya-
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nide complexes of gold. The cyanide concentration should be
sufficient to maintain the dissolution process, but not exces-
sive, in order to avoid reagent loss and the formation of un-
desirable by-products.

Thus, in order to achieve optimal results in cyanidation of
flotation concentrate from stubborn ores in Central Kazakh-
stan, it is necessary to carefully monitor and maintain opti-
mal technological parameters during the first 24 hours of the
process. This will ensure stable and economically profitable
extraction of gold.

4. Conclusions

The flotation concentrate obtained from gold-bearing ore
mined in Central Kazakhstan is a promising raw material for
the extraction of gold by cyanidation. However, an analysis
of the component composition of the concentrate and the
forms of gold finding indicates potential difficulties in ex-
tracting stubborn forms, especially from sulfide minerals.
This concentrate demonstrates favorable characteristics for
the process of agitation cyanidation.

The determination of the PRI index showed that the ma-
terial has a very high sorption activity in relation to gold. The
PRI indices for the concentrate with P80 particle sizes of 71,
30, and 10 microns were 5.02, 4.08, and 3.66, respectively.

When cyanidation of a concentrate with a particle size of
P80 71 microns without the use of a sorbent achieved gold
recovery at the level of 60.89%. The use of sorption cyanida-
tion with the addition of activated carbon made it possible to
increase gold extraction to 72.07%.

A decrease in the particle size of the concentrate from P80
71 microns to P80 45, 30, 20, 10 and 7 microns, compared
with cyanidation without the addition of activated carbon,
leads to an increase in gold extraction in the sorption regime
by 1.68%, 9.5%, 11.17%, 14.53% and 14.53% (abs.), respec-
tively. At the same time, the gold content in the cake decreases
by 0.3 g/t, 1.7 g/t, 2.0 g/t, 2.6 g/t and 2.6 g/t (abs.).

For industrial applications, sorption cyanidation of Norit
RO 3520 activated carbon flotation concentrate is recom-
mended under the following optimal conditions: particle size
of the flotation concentrate — P80 10 microns; coal consump-
tion of Norit RO 3520 — 10% of the volume of the liquid
phase; concentration of sodium cyanide — 0.1%; consump-
tion of sodium cyanide — 2.3 kg/t; pH — 10.5; density the
pulp content is 40%; the duration of the process is 24 hours,
which ensures the extraction of gold into solution at a level
of at least 86%.

Optimization of the sorption cyanidation process using Nor-
it RO 3520 activated carbon and ultrafine flotation concentrate
grinding opens up new horizons for improving the efficiency of
gold extraction. Reducing the particle size to P80 10 microns
significantly increases the surface area available for interaction
with cyanide and sorbent, which, in turn, contributes to a more
complete release of gold from the mineral matrix.

The choice of Norit RO 3520 activated carbon as a
sorbent is due to its high adsorption capacity and kinetic
characteristics that are optimal for extracting gold from cya-
nide solutions. Maintaining the optimal concentration of
sodium cyanide at 0.1% ensures the necessary concentration
of cyanide ions for complexation with gold, while the con-
sumption of sodium cyanide 2.3 kg/t is economically feasible
and environmentally acceptable.

Maintaining the acidity of the solution at pH =10.5 is
necessary to ensure the stability of cyanide complexes and
prevent cyanide hydrolysis. The pulp density of 40% is op-
timal to ensure good mixing and contact between the solid
and liquid phases. The 24-hour process duration provides
sufficient time to achieve maximum gold recovery.

The application of the proposed optimal conditions en-
sures the achievement of gold recovery in solution at a level
of at least 86%, which significantly exceeds the indicators
achieved by cyanidation without the use of a sorbent. This
leads to a decrease in the gold content in the cake and an
increase in the overall economic efficiency of the gold ex-
traction process from the gold-bearing ores of Central Ka-
zakhstan.
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KypaMbiHaa ajaTbiHbI 0ap KeH/IepPiH 0abITKAHHAH KeiliH aJIbIHFAH
(IOTOKOHLEHTPATTHI IUAHAAY NMPOLECIHIH OHTANIBI TEXHOJIOT HAJIBIK
PEXKMMIH KOHE NMapaMeTpPJIepiH allKbIHIAY
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Annarna. OIOTOKOHIIEHTPATTHIH 3aTTHIK KYPaMbIH YKOHE alThIHHBIH Ta0bUTy HBICAHJAPBIH KEIICH I 3ePTTEy HOTHKECIH/IE
KOHIICHTPATTBIH XUMHSUIBIK Kypambl 55.17%-ra nuroduibii KOMIOHEHTTEPMEH YCHIHBUIFAHBI AHBIKTAJJIbI, OJap/IbIH
Maccanslk yieci 55.17% xypaiiabl. Onapapie Herisrinepi coiikecinme 36.4% sxone 8.26% Maccanslk yiaectepi 0ap KpeMHHH
JMOKCHJII KOHE TJMHO3eM Oonbin TaObuiagsl. DIOTOKOHIEHTPATTHIH KEHAI MHUHEpaJiaHybl NMUPUTIICH YCHIHBUIFAH, OHBIH
MaccanbiK yieci — 40.7%. DIOTOKOHIIEHTPAT YITICIHACTI aaThiH TaOUFU TypAe OOJATHIHBI aHBIKTAIABI. AJTHIH IOHICPIHIH
Herisri Oemiri 10-38 MM — 82.89% Typaabl. ANThIHHBIH InamamMeH 63%-b1 epkin Kyiae. JXKaObik monmepaiy yieci 9.23%
KYpaupl. ANTBIH acCOIMANMUTaHFaH (DJIOTOKOHIICHTPAT YJTICIHACTI HEeri3ri MUHepal — mupHuTt - 25%. KBapiineH OaiiaHbICThI
anTeiHHBIH yieci 3.07% Kypaiiipl. OHepkacinTe NaijanaHy YIIIH OHTAMbI peXXUM peTiHae cyiblK ¢aza keneminiH 10%
mommepinge Norit RO 3520 GenceHuipiireH Kemip IIBIFBIHEL 0ap (IOTOKOHIEHTPATTHI COPOLMSUIBIK UAHAY YCHIHBLIA/IBI.
DIIOTOKOHIIEHTPATTHl COPOLMSUIIBIK HAHAAY MapaMeTpiepl Oenrimerai: (IoTaursuTbIK KOHIEHTPATTHIH ipiiri - P80 10 Mxwm;
HATpUH MaHUAiIHIH KOHIEeHTpawsicel — 0.1% (HaTpuil nuaHUAIHIH WHFEHBL — 2.3 Kr/T); pH — 10.5; mynbnaHbIH THIFBI3ABIFEI -
40% (xaTThI); MPOILECTIH Y3aKThIFBI — 24 caraTr, OCNTIIEHIeH MapaMeTpiepnae JKOFapbl, epiTiHaire keminae 86% anTbIHIBI
O ary KOJ KEeTKI3IIi.

Hezizei ce3z0ep: anmvliH, romoKonyeHmpam, YuaHoay,
COPOYUSLTBIK YUAHOAY.
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OmnpenesieHne ONTUMAJIBLHOTO TEXHOJOTHYECKOTO PeKUMA
U MapaMeTpoB NMpouecca NUAHUPOBAHUSA (UIOTOKOHLIEHTPATA,
MOJIY4YE€HHOI'0 10cJIe 000raleHus1 YIOPHBIX 30JI0TOCOEPHKAUX Py
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AHHOTanus. B pe3ynpraTe KOMIUIEKCHBIX HCCIIEI0BaHMI BEIIECTBEHHOIO cocTaBa (UIOTOKOHIEHTpaTa U (hopM HaxoXKIe-
HUSI 30710Ta YCTAaHOBJICHO, YTO XUMHUYECKHI COCTaB KOHIEHTpaTa Ha 55.17% mnpencTtaBiaeH MUTO(UIBHBIMA KOMIIOHEHTAMH,
MaccoBasi 107 KOTOPBIX cocTaBisieT 55.17%. OCHOBHBIMU M3 HUX SABJISIOTCS KPEMHE3EM M IIMHO3EM C MAaCCOBBIMH JOJISIMU
36.4% u 8.26%, cooTBeTcTBeHHO. PynHas MuHepaiu3aiys (GpIoTOKOHIEHTpaTa MpeACTaBieHa MUPUTOM, MacCoBasl IOl KOTO-
poro cocrasisieT 40.7%. YcTaHOBJIEHO, 4TO 30JI0TO B IPoOe (PIOTOKOHIEHTpaTa MPUCYTCTBYET B caMOpOIHOM Gopme. OCHOB-
Has Macca 3epeH 30J10Ta IpejcTaBieHa yactuuamu pazmepoM 10-38 mxm — 82.89%. IMopsiaka 63% 30510Ta HAXOAUTCS B CBO-
6omHOM Buze. Jlons 3akphITHIX 3epeH coctaBisieT 9.23%. OCHOBHBIM MHHEpalIoM B TpoOe (IOTOKOHIEHTpaTa, ¢ KOTOPBHIM
30JI0TO HAXOJIUTCSl B aCCOLMAMH, SBisgeTcs muput — 25%. Jloms 30510Ta, acCOLIMUPOBAHHOTO € KBapiieM, coctasiisieT 3.07%.
J171s1 IPOMBIIIUIEHHOH SKCIUTyaTallK B KAYECTBE ONTHMAIFHOTO PEKMMa PEKOMEHTyeTcs COPOIIMOHHOE [IHaHNPOBaHKE (IIOTO-
KOHIIEHTpaTa ¢ pacxoxoM akTuBuposanHoro yrist Norit RO 3520 B kommdectBe 10% oT o6bema xuIKoH (as3pl. Y CTaHOBICHBI
rapamMeTpsl COpOIMOHHOTO IMAaHMPOBAaHHUA (PIOTOKOHILEHTpATa: KPYIHOCTH (UIOTAIIMOHHOTO KoHmeHTpara — P80 10 Mkm;
KoHUeHTpanust nuanuaa Hatpus — 0.1% (pacxox nnanuaa Hatpus — 2.3 kr/t); pH — 10.5; mutotHOCTS Mysbnel — 40% (TBEpmO-
Tr0); MPOAOIDKUTEIBHOCTH Tporiecca — 24 4. IIpu ycTaHOBIEHHBIX IapaMeTpax AOCTUTHYTO BBICOKOE, He MeHee 86%, n3Biede-
HHE 30JI0Ta B PacTBOP.

Knrouesvie cnosa: sonomo, ¢pnomoxonyenmpam, yuanuposanue, yuamuo HaAmMpus, KOHYEHMPayus, aKMUSUPOBAHHbIIL
Y207b, COpOYUOHHOE YUAHUPOBAHUE.
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Abstract. The article presents the results of a comprehensive study of the acoustic, damping, and vibration properties of
newly cast steels alloyed with vanadium, chromium, and manganese. The relevance of the work is determined by the growing
industrial need to reduce impact noise and vibration generated during the operation of machinery, mining, and metallurgical
equipment. Increased acoustic loads lead to accelerated wear of components, reduced reliability of units, and adverse effects on
workers, which makes the search for new materials particularly important. The study includes an analysis of literature data on
existing noise-reduction methods and demonstrates the advantages of using alloys with enhanced internal damping compared
to traditional structural materials. The experimental part was carried out by modeling impact processes using specialized meas-
uring equipment that made it possible to record sound pressure levels, frequency spectra, and vibration decay rates. Special
attention was paid to the influence of chemical composition, phase structure, and grain morphology on the acoustic characteris-
tics of the steels. It was established that the optimal combination of alloying elements promotes the formation of a structure
that provides more efficient vibration attenuation. The results obtained can be used in the development of new materials and
protective components aimed at reducing industrial noise and increasing equipment durability.
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1. Introduction

Reducing noise levels in the environment is one of the
pressing tasks of modern science and technology. Among the
various sources of acoustic impact, industrial noise occupies a
special place, the level of which has increased significantly in
recent years due to the widespread introduction of high-
performance machines and mechanisms, as well as an increase
in the operating speeds of equipment. The most common and
harmful type of industrial noise is mechanical noise of impact
and impulse origin, whose levels can reach 120 dB [1-5].

Impulse and impact noises are widespread in metallurgy,
mechanical engineering, and transportation. Their unex-
pected impact can cause stress reactions, increased blood
pressure, rapid breathing, arrhythmia, and decreased mental
performance. Therefore, the problem of reducing impact
noise is considered one of the priority areas of research relat-
ed to improving the reliability and safety of machines and
mechanisms.

Modern noise control methods include sound insulation,
noise source shielding, sound absorption, vibration absorp-
tion, increasing structural rigidity, using damping devices
and materials, and rational equipment placement. However,
these approaches often involve an increase in the weight,
size, and cost of machines, as well as a reduction in the man-
ufacturability of structures. In particular, the use of non-

© 2025. R.Zh. Abuova, A.V. Bondarev, G.A. Burshukova
ryskena@mail.ru; abondarev88(@gmail.com; gzzi@mail.ru

metallic sound-absorbing materials (rubber, polyurethanes,
plastics) is limited by their low strength and thermal stability,
which makes them unsuitable for high temperatures and
aggressive environments typical of the metallurgical and
machine-building industries [2, 3].

In this regard, the use of metallic materials with enhanced
damping properties that can effectively reduce the level of
sound emission at its source is of particular interest. Such
materials are distinguished by their simplicity of design,
stability of properties when the frequency of vibrations
changes, high strength, wear resistance, and a wide range of
operating temperatures. Nevertheless, the damping mecha-
nism of metal alloys has not been fully studied, and attempts
to establish a functional relationship between the loss coeffi-
cient and other physical and mechanical characteristics have
not yet yielded conclusive results.

The most promising for research are low-alloy structural
steels used for the manufacture of critical machine parts —
shafts, axles, gears, bushings, and couplings. These materials
include 16Cr4 (AISI 5115), 20Cr4 (AISI 5120), 20MnCr5
(AISI 8620), and 16CrV4 (AISI 6150), which are distin-
guished by their combination of strength, wear resistance,
and toughness after heat treatment.

This study examines the acoustic and damping properties
of new low-alloy steels alloyed with manganese, chromium,
and vanadium. Vanadium, being a constant component of
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most steels, significantly affects the nature of non-metallic
inclusions and microstructure, while chromium and manga-
nese contribute to increasing the strength and damping char-
acteristics of the material [1, 5].

The aim of this work is to establish the patterns of influ-
ence of vanadium, chromium, and manganese alloying on the
acoustic and damping properties of steels used under impact
and friction loads, with the goal of developing materials that
reduce impact noise in mechanical engineering.

For many decades, research into reducing industrial noise
and vibration has attracted the attention of researchers in the
fields of mechanical engineering, materials science, and
acoustics. The problem of impulse and impact noise generat-
ed by modern high-speed equipment is particularly acute.
Analysis of the literature shows that the level of impact noise
in industrial conditions can reach 110-120 dB, which signifi-
cantly exceeds acceptable health standards [6, 7].

According to [8-12], standard industrial sound level me-
ters do not provide sufficient accuracy when measuring
short-term sound pulses, since their integration periods do
not meet the requirements for recording instantaneous peak
values. To correctly measure impulse noise affecting the
hearing organs, it is necessary to use devices with a constant
integration time of about 20 us, capable of recording peak
sound pressure. Studies [13] have shown that even short
sound pulses with an amplitude of up to 140 dB can cause
damage to the hearing organs, despite their subjectively per-
ceived lower volume.

In mechanical engineering and metallurgy, the source of
intense impact noise is the collision of machine parts and
mechanisms, for example, in pipe rolling mills, where the
sound level reaches 110-118 dB [14]. In this regard, active
research is being conducted to develop materials and struc-
tures with enhanced damping properties that can effectively
absorb acoustic energy.

The most widely used methods of noise reduction are
sound insulation, shielding, sound absorption, and vibration
damping [15-19]. However, each of these approaches has
significant drawbacks: increased machine dimensions, re-
duced compactness of structures, increased metal consump-
tion, and more complicated operation. The use of special
damping devices increases the cost and complicates the
maintenance of equipment, and the rational placement of
noisy units requires significant capital investments in the
reconstruction of existing workshops.

The use of non-metallic materials (rubber, plastics, poly-
urethanes) as sound-absorbing elements is limited by their
low strength and thermal stability, which makes them unsuit-
able for use in high-temperature conditions and aggressive
environments. Therefore, increasing attention is being paid to
metal alloys with a high coefficient of internal friction, which
have the ability to dissipate the mechanical energy of vibra-
tions into heat.

The literature notes that high-damping alloys often con-
tain chromium, manganese, and vanadium as the main alloy-
ing elements [1, 2]. Manganese increases viscosity and fa-
tigue resistance, chromium contributes to the strengthening
of ferrite without reducing plasticity, and vanadium improves
the microstructure and regulates the amount of non-metallic
inclusions that affect sound attenuation. According to [4],
there are more than three thousand grades of steel containing
chromium, which confirms its versatility as an alloying ele-
ment for alloys with high damping properties.
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Research [5] have examined alternative methods for im-
proving damping characteristics, including changing the
geometry of metal surfaces and creating bimetallic composite
materials (45 steel-copper MT, X18H10T steel-AMGS alloy,
X18H10T steel-copper M1, etc.) obtained by hot rolling and
explosion welding. These materials have shown high effi-
ciency in noise absorption, but their production is technolog-
ically complex and expensive.

Despite the results achieved, the problem of creating eco-
nomical, strong, and durable materials with high internal
damping remains unresolved. In particular, the damping
mechanisms in low-alloy steels used in mechanical engineer-
ing, as well as the influence of vanadium alloying on their
acoustic and physical-mechanical properties, have not been
sufficiently studied. This circumstance determines the rele-
vance of the present study, aimed at finding patterns that
ensure a reduction in impact noise by optimizing the compo-
sition of steels and the structure of the material.

2. Materials and methods

Standard steels for castings of grades 16Cr4 — AISI 5115,
20Cr4 — AISI 5120, 20MnCr5 — AISI 8620, 16CrV4 — AISI
6150), used for shafts, axles, gears, and couplings, alloyed
with chromium, manganese, and vanadium, whose mechani-
cal characteristics are given.

Scrap metal, ferroalloys, waste from our own production,
and armored iron were used as metal charge materials. A
RelTEC crucible induction furnace was used for smelting.
Sheet metal made of 10 steel served as the starting material.
Alloying was carried out with 97.6% metallic manganese,
77.5% FeSi, and 99.98% metallic nickel. Synthetic cast iron
with a carbon content of 3.9% served as a carbon-containing
additive. The steel was cast into a metal mold measuring
210x 115 x 115 mm.

Based on research into equipment for studying the acous-
tic proprieties (sound level, sound pressure level) of steels, a
device was used for comprehensive research into the acoustic
and vibration properties of plate and tubular steel samples,
with further modernization. The operational scheme of the
setup is shown in Figure 1.

Figure 1. Device for comprehensive acoustic investigation [13]:
1 — capron threads; 2 - frame; 3 — sample plate; 4 — frame stand; 5 —
inclined plane; 6 — ball impactor; 7 — vibration sensor of the Bruel
& Kjer sound level meter; 8 — Bruel & Kjer sound level meter model
2204 with octave filter model 1613; 9 — S-18 oscilloscope; 10— load;
11 — ball receiver; 12 — «Octava 1014» sound level meter; 13 — frame
stands; 14 — microphone of the «Octava 101A» sound level meter;
15 — screw for securing the impactor stand
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The ball impactor 6 was placed on the inclined plane 5,
down which it rolled and then freely fell onto the geometric
center of the plate sample 3. The ball impactor 6 rebounds
from the plate sample and is caught in the ball receiver 11.
The sound generated as a result of the collision between the
ball impactor 6 and the sample 3 is recorded using the «Oc-
tava-101A» sound level meter 12.

The plate sample 3, while vibrating in the capron
threads 1, causes vibrations that are measured by the Model
2204 apparatus 8 from the company «Bruel&Kjer». The
tension of the sample using the capron threads 1 is stable
because the load 10 controls the tension force.

The height of the ball's fall is adjusted using the screw for
securing the impactor stand 15. The complex consisting of
the fastening of the sample 3 and the ball impactor 6 is fixed
to the frame 2, which is secured by stands 3 at the required
height above the floor.

For the purpose of measurement, ball impactors
(SHKh15) made of steel with diameters of 7 mm (1.40 g), 8
mm (2.09 g), 9 mm (2.97 g), and 11 mm (5.55 g) were used.

The study of steel plate samples (50 x 50 x 5) mm was
carried out on the installation. The mass of the ball, the den-
sity of the sample, the distance from the point of impact to
the sample, and the thickness of the sample are interrelated
by the following ratio:

m{4.6-p-1-h%, (1)

where m is the mass of the sample plate, g; p is the densi-
ty of the sample plate material, g/cm?; / is the distance from
the point of impact to the nearest edge of the sample plate,
cm; 4 is the thickness of the sample plate, cm.

The width and length of the sample plate must be 5 times
greater than its thickness. An experimental plate with dimen-
sions of 50x50x5 mm meets these characteristics.

The sound pressure levels were measured in octave fre-
quency bands ranging from 31.5 to 31 500 Hz, and the vibra-
tion acceleration levels were measured in the range from 31.5
to 31,500 Hz. The sound level was adjusted according to the
«A» scale, and the overall vibration acceleration level was
adjusted according to the «Lin» characteristic.

The ZG-10 sound generator was used to calibrate the
sound signal studies. Corrections for changes in the sound
signal depending on atmospheric pressure were made using
a PF-101 pistonphone. A constant air temperature and hu-
midity were maintained in the laboratory. Acoustic meas-
urements were calculated as the arithmetic mean of five
measurements [13]. The sound pulse generated by the colli-
sion of the sample under study with the striker was record-
ed using a storage oscilloscope, after which it was photo-
graphed and the damping parameters were determined:
logarithmic decrement, sound attenuation rate, relative
scattering, and internal friction.

3. Results and discussion

When developing high-damping alloys, one of the main
criteria is that there should be no significant reduction in
strength properties. Therefore, one of the reasons for choos-
ing chromium, manganese, and vanadium as alloying ele-
ments for iron-carbon alloys was that, among the main alloy-
ing elements (the most commonly used), these elements
strengthen ferrite more than others (Table 1).

Table 1. Chemical composition and mechanical properties of the studied steels

Chemical composition, % by weight

Steel grade C Si Mn Cr
16Cr4 0.12-0.18 0.17-0.37 0.4-0.7 0.7-1.0
20Cr4 0.17-0.23 0.17-0.37 0.5-0.8 0.5-0.8

20MnCr5 0.15-0.21 0.17-0.37 0.9-1.2 0.9-1.2
16Crv4 0.12-0.18 0.17-0.37 0.4-0.7 0.8-1.1
BO-1 0.23 0.15 0.9 1.7
BO-2 0.15 0.25 0.99 1.3
BO-3 0.28 0.2 0.51 1.2
BO-4 0.13 0.17 0.45 1.5

Mechanical properties

\Y% Other elements Nﬁ;a %5 % v ] /[é';l ) Nﬁ’,a
- <0.035 S; 700 12 45 70 500
- <0.035 P; 800 11 40 60 650
- <0.30 Cu; 900 10 40 - 750
R <0.3 Ni 750 13 | 50 80 550
0.47 0.035 S; 650 12 | 35 70 520
0.42 0.035 P; 720 10 40 75 580
0.56 0.35 Cu; 810 15 | 45 71 680
0.51 0.4 Ni 880 11 50 78 720

Note: g, is tensile strength, MPa; &5 is relative elongation after rupture on five-fold length specimens, %;  is relative reduction in area after rupture, %;

a, is impact strength, J/cm?; g; is yield strength, MPa.

The lack of modern acoustic equipment capable of meas-
uring peak values of impulse sound signals was an obstacle
to solving this problem. In this study, sound pressure levels
were studied during impact excitation of various alloys using
a modern Octava-101A sound level meter, which allows
measuring the peak value of a pulsed sound signal that char-
acterizes the initial impact effect with a maximum sound
pressure duration of 7=20 ps. The secondary effect of the
collision was recorded on the «Impulse» scale with an inte-
gration time of 7=35 ms. This time characterizes the aver-
age time of sound perception by human auditory organs. To
determine the time of registration of the impact sound pulse,
the sound pressure levels and sound levels were studied on
the same alloys with an integration time of 7-35 ms and a
peak sound pulse delay of 20 ps. Table 2 shows the sound
levels and sound pressures of alloys at different integration
time constant values of the equipment used.
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As can be seen from Table 2 when measuring a sound
signal with a duration of 7= 20 us, which practically charac-
terizes the instantaneous value of the impact sound pulse, the
sound pressure levels for all the alloys studied are close to
each other regardless of the chemical composition and type
of heat treatment of the samples.

The sound levels of all alloys at this integration time are
the same and amount to 125 dBA. Exceedance of peak sound
pressure levels above the values on the «Impulse» scale was
detected across the entire frequency range and averaged 15
dB, with a difference in sound levels of 13 dBA. However,
Table 4 shows that the sound pressure levels at 7= 35 ms for
alloys BO-1 and BO-2 at a frequency of 8.16 kHz do not
differ from the peak values of the sound signal at 7'=20 ps.
The reason for this is apparently the increased elastic modu-
lus values for these steels.
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Table 2. Average values of sound levels and sound pressure levels of experimental alloys after various types of heat treatment and at

different sound pulse integration times

Sound pressure levels, dB, in octave bands with geometric mean

nﬁlllll(l))};r Intef;i:on frequencies, Hz Type of heat treatment Souggjlfvel,
500 1000 2000 4000 8000 16000
BO-1 35 ms 62 67 63 88 112 112 normalization 111
BO-1 20 ps 76 85 97 105 121 120 normalization 125
BO-2 35 ms 56 63 68 87 112 113 normalization 112
BO-2 20 ps 77 84 97 105 120 119 normalization 125
BO-3 35 ms 70 73 75 79 98 102 normalization 109
BO-3 20 ps 76 84 96 105 119 125 normalization 125
BO-4 35 ms 56 63 64 81 110 97 quenching, low tempering 100
BO-4 20 ps 76 84 97 107 113 113 quenching, low tempering 125
16Cr4 35 ms 50 69 73 78 107 112 quenching 110
16Cr4 20 ps 77 84 97 105 121 119 quenching 125
20Cr4 35 ms 68 69 77 91 110 107 normalization 113
20Cr4 20 ps 82 86 97 107 125 121 normalization 125

While the chemical composition and type of heat treatment
had virtually no effect on peak sound and sound pressure lev-
els, changing the thickness of the sample from 5 to 4 mm
contributed to an average increase in these properties of 3 dB.

Based on the results of the experiment, it can be conclud-
ed that the sound pressure levels 35 ms after collision charac-
terize the dissipative properties of the colliding parts. The
attenuation of sound vibrations in metal materials in our
experiment over 35 ms ranges from 3.5 to 17.5 dBA at a
sound attenuation rate of 100 to 750 dB/s, respectively. The
acoustic properties were measured on a newly created setup.

Figure 2 show the average values of sound levels and
sound pressure levels in octave bands of geometric mean
frequencies of the studied steels after normalization.

140
120 % $ i
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80

sound emission, dB

500

1000 2000 4000 8000 16000 A

frequency, Hertz

] 6Cr4 ww—20Cr4 20MnCr5 16CTVA s 50 -1 s 50 -2 enms B 0 - 3 e B 0-4

Figure 2. Average values of sound levels and sound pressure
levels of the investigated steels after normalization

As can be seen from Figure 2, the peak of the SPL is at
frequencies of 8000 and 16000 Hz (112-116 dB). The mini-
mum of the SPL is at a frequency of 250 Hz (50-54 dB).

The sound levels of the alloys studied vary between 110
and 116 dBA. The «loudest» alloys during collisions are
16Cr4 (116 dBA), 18XT (114 dBA), and 20Cr4 (113 dBA).
The BO-4 damping alloy stands out from all other alloys due
to its low sound level (100 dBA) and relatively low sound
pressure levels. The reason for the high damping properties
of the BO-4 alloy (0.13% C; 0.17% Si; 0.45% Mn; 1.5% Cr;
0.51% V, the rest being iron) after normalization is structural
damping due to the formation of large metal grains.

The above-mentioned alloys, after cementation and sub-
sequent quenching and low tempering, exhibit increased
damping properties compared to normalization. As can be
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seen in Figure 3, the maximum sound pressure levels in the
octave bands of mean geometric frequencies are also at 8000
and 16000 Hz (95-110 dB). The minimum levels are at 250-
500 Hz (50-58 dB).

120

100

sound emission, dB

500 1000 2000 4000 8000 16000 A

frequency, Hertz

o1 6Cr4 ew——20Cr4 20MnCr5 16CTV4 e B0 -] s B0 -2 e 50 -3 e 5 0-4

Figure 3. Average values of sound levels and sound pressure
levels of the investigated steels after carburizing, quenching, and
low tempering

Figure 3 clearly shows how the sound pressure levels
change after normalization, carburizing followed by quench-
ing, and low tempering. After carburizing followed by
quenching and low tempering, the sound pressure levels of
the alloys decrease by 4-8 dBA compared to normalization.

The BO-4 alloy is characterized by minimum sound lev-
els (96 dB(A)) and sound pressure levels in octave frequency
bands.

After cementation followed by quenching and low tem-
pering, the sound pressure levels of the alloys decrease by (4-
8 dBA) compared to normalization.

Figure 4 shows the microstructures of samples BO-3 and
BO-4, respectively, after thermomechanical treatment for
three cycles.

Figure 4. Microstructure of samples BO-3 (a) and BO-4 (b)
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The effect of manganese content within the range of 0.5-
1.0% on the acoustic properties of alloys is not noticeable.
Although according to data, manganese and manganese-
based alloys have high damping capacity at low and high
deformation amplitudes (¢ =7-40%), in Fe-Mn alloys -C
alloys, the damping capacity is mainly determined by the
carbon content and the influence of manganese on phase
transformations.

Manganese, dissolving in ferrite and combining with car-
bon to form carbides, increases the hardness and strength of
steel. Due to the fact that in the presence of manganese,
transformations shift to lower temperatures and eutectoid
forms at lower carbon concentrations, the structure of man-
ganese steels is less differentiated. By causing significant
supercooling and increasing the stability of austenite during
isothermal transformation and in the upper and lower mar-
tensite temperature ranges, manganese contributes to the
formation of large amounts of residual austenite and the
possibility of a-phase formation. Since manganese forms
carbides that are easily soluble in austenite, the steels under
study, even with slight overheating (900-950°C, 1 hour in the
furnace), had large and coarse grains, both in hypoeutectoid
and hypereutectoid steel. However, the formation of large
coarse grains led to an improvement in the damping capacity
of the steel.

4. Conclusions

Based on experimental studies of the acoustic properties
of alloyed steels, it has been established that sound pressure
levels during impact excitation depend mainly on the struc-
ture and thickness of the sample, while the chemical compo-
sition and type of heat treatment have less influence on peak
sound values. When measuring peak pulses with a duration
of 20 ps, the sound pressure levels for all the steels studied
are practically the same and amount to about 125 dBA,
which corresponds to the instantaneous effect of collision.

Measurements taken at an integration time of 35 ms
showed that the sound pressure values obtained characterize
the dissipative (damping) properties of the alloys. The atten-
uation of sound vibrations in metallic materials over 35 ms is
3.5-17.5 dBA at an attenuation rate of 100-750 dB/s, which
reflects the difference in the ability of alloys to absorb acous-
tic energy.

The alloy BO-4 (0.13% C; 0.17% Si; 0.45% Mn; 1.5%
Cr; 0.51% V, the rest being iron), which exhibited the lowest
sound level of 96-100 dBA after normalization and cementa-
tion followed by quenching and low tempering. The in-
creased acoustic resistance of this alloy is explained by struc-
tural damping caused by the formation of a coarse-grained
microstructure.

It has been shown that alloying steels with vanadium,
chromium, and manganese improves their elastic and damp-
ing characteristics without significantly reducing their
strength properties. It has also been established that increas-
ing the manganese content within the range of 0.5-1.0% does
not have a noticeable effect on acoustic characteristics, but
contributes to the formation of residual austenite and im-
proves viscosity.

Thus, the developed and researched vanadium-containing
low-alloy steels have an optimal combination of strength and
damping properties, which allows them to be recommended
for use in mechanical engineering in the manufacture of parts
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subject to shock and vibration loads (gears, axles, shafts,
couplings, etc.).
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XpoM BaHAIMIl MApraHeUIeH JerupJeHIeH KaHa 0aJKbITbLIFaH
00JIaTTAPABIH AKYCTHKAJBIK KACHETTEPIH 3epTTey
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Anngarna. Makanaga BaHaaud, XpOM JKOHE MapraHell 3JIEMEHTTEPIMEH JICTIpJICHIeH jKaHa OajKbIThIIFAH OOJATTapIbIH
aKyCTHKAJIBIK, JeMII(pepiK *KoHe MIpUIIiK KacHeTTEePiH KEeIIeHI 3epTTey HOTHXkKeaepi KenripiireH. XKyMbICTBIH ©3eKTimiri
OHEPKACINTIH MalllMHa )Kacay, Tay-KeH jKOHEe METaJUTyprusl *aOAbIKTapblH Maiilaiany Ke3iHAe TYbIHIAWTBIH COKKBI ITYbl MEH
JUPLT IEHTeHiH TOMCHICTY KaXKCTTUTITIHIH apTybIHA OalIaHBICThL. AKYCTUKAJIBIK XKYKTEMENICPIiH KOFaphUIaybl OOIIICKTEeP IiH
Te3 TO3YbIHA, KOHIBIPFBLUTAPIBIH CCHIMIUTITIHIH TOMECH/ICYIHE JKOHE KYMBICIIBIIAPFa KaFBIMCHI3 oCepIiepre oKele i, Oy )kaHa
MaTepHaniapasl i3/eyAl epeKile cypaHbIcKa e eTeal. 3epTrey OapbIChIHIA MIyAbl OOJABIPMAay IbIH KOJIAHBICTAFHl dIicTepi
OoifpIHIIa oneOM JepeKTepre Tajjay >KYPTi3UImi JKOHE IOCTYpJli KYPBUIBIMABIK MaTepUaliIapMeH CalbICTBIpFaHia iMiKi
nemridepi JKOFapbl KOPBITIIANAPABI TAHAaTaHyAbIH apTHIKIIBUIBIKTAPEl KOPCETLIAl. OKCHEPUMEHTTIK OOk IBIOBIC
KBICBIMBIHBIH JICHTeHiH, JKUUTIK CIIEKTPiH jkKoHEe TepOeNiCTepAiH bIAbIpay KbUIIAMABIFBIH TYCipyre MYMKIHIIK OepeTiH apHaiibl
eJIIIey >KaOIBIFBIH KOJAaHa OTHIPHII, COKKBI IIPOIIECTEPiH MOJENBACY HETI3iHAE OpbIHAANAB. XUMUSIIBIK KYpaMHBIH, (a3allbiK
KYPBUIBIMHBIH JKOHE aCThIK MOP(QOJIOTHSICHIHBIH OO0NaTTap/blH aKyCTHKaIbIK CHUIAaTTaMalapblHA dcepiHe epeKlle Hazap
aymapeuiaabl. Jlerupreyini 3JIeMEHTTEpPIiH OHTaWIbl yiteciMi TepOemicTepal THIMOIPEK COHAIPYAI KaMTamachl3 CTETIH
KYPBUIBIMHBIH KaJIbIITACybIHA BIKIAT €TETiHI aHBIKTAJIbI. AJIBIHFAH HOTH)KEJICP OHIIPICTIK IIyAbl a3aiTyFa )KOHE YKa0IbIKTHIH
OEpIKTIriH apTThIpyFa OarbITTaJFaH KaHa MaTepUaJIIap MEH KOPFaHbIC AJIEMEHTTEPIH d3ipiiey Ke3iH e naijaaaHblTybl MyMKiH.

Hezizzi co30ep: cokkbl uiybl, Oemngpepixk Kacuemmep, aKyCmMuKaIblK OHIMOUIIK, 6AHAOUTIMEH e2ipiey, MOMEH Jle2ipAeHeeH
bonammap, 0blObIC WLIZAPYOLL OICEHOCMm)Y.
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I/ICCJICHOBaHI’Ie AKYCTHYECCKHUX CBOJMCTB HOBBIX BbIILJIABJIEHHBIX
CTaHEﬁ, JErHPOBAaHHBIX XPOMOM BaHAAUEM MapraHueM

P. K. AGyosa'", A.B. bonnmapes’, I'.A. Bypmrykosa'
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AHHoTanus. B cTaTbhe mmpencTaBiieHb pe3yIbTaThl KOMIUIEKCHOTO UCCIIENOBAHMS aKyCTHUECKUX, AEMIUPYIOMIHUX 1 BHO-
PaLMOHHBIX CBOMCTB HOBBIX BBIIUIABICHHBIX CTANEH, JISTHPOBAaHHBIX BaHAIHEM, XPOMOM M MapraHueM. AKTYaJbHOCTb PabOTHI
00yCIIOBIIEHa BO3paCTaOIIEeil TOTPEOHOCTHIO TPOMBIIUIEHHOCTH B CHIDKEHUH YPOBHSI YAapHOTO IIyMa M BUOpaIHii, BO3HHUKa-
IOIHUX IpPH 3KCILUTyaTallu MAlIMHOCTPOUTECIIbHOT'O, TOPHOPYAHOI'0 U METAJIITYPIru4€CKOro O60pyZ[OBaHI/IH. [ToBbIIIEHHBIE aKy-
CTHYCCKHE HArpy3Kd MPHUBOIIT K YCKOPCHHOMY H3HOCY JeTajed, CHIDKCHHIO HaI&KHOCTU arperaTtoB M HEOIarompuUsTHOMY
BO3/ICHCTBUIO Ha pabOTHHMKOB, YTO JIeJIae€T IMOWCK HOBBIX MaTepualioB 0COOCHHO BOCTpeOOBaHHBIM. B xoxe mccnemoBaHus
MIPOBEAEH aHAIU3 JIUTEPATypPHBIX JAHHBIX 110 CYIIECTBYIOIIMM METOAaM HIyMOIIO/IABIEHHS U IPOAEMOHCTPUPOBAHBI IIPEUMY-
IIECTBa HCIIOJIb30BAHMS CIUIABOB C IMOBBIIIEHHBIM BHYTPEHHUM JEMI(HUPOBAHHEM IO CPaBHEHHIO C TPAJWIMOHHBIMH KOH-
CTPYKLMOHHBIMH MaTepraliaMH. DKCIIEpIMEHTAIbHAsI 9acTh BBIOJIHIACH HA OCHOBE MOJICIIMPOBAHMS YAAPHBIX IPOLECCOB C
NPUMEHEHHEM CIIeHUaIM3UPOBAHHOTO M3MEPHUTENBHOIO 000PYIOBAaHUS, MO3BOJIAIOIICTO (UKCHPOBAaTh YPOBEHH 3BYKOBOTO
JIaBJICHUS], YaCTOTHBIH CIIEKTP W CKOPOCTH 3aTyxaHus Kojebannii. Ocoboe BHIMaHNE yIEICHO BIMSHUIO XMMUYECKOTO COCTa-
Ba, (pa30BOl CTPYKTYpHI U MOPQOJIOTHH 3epHA Ha aKyCTHYECKHE XapaKTePUCTHUKH CTaleH. YCTaHOBJICHO, YTO ONTHMAIBHOE
COYETaHUE JICTHPYIOUINX AJIEMEHTOB CHOCOOCTBYET (POPMHPOBAHHUIO CTPYKTYpHI, oOecreunBaronieii 6onee 3pdexTuBHOE Ta-
nreHue koneGanuid. [loydeHHBIE pe3ynbTaThl MOTYT OBITH UCIIONB30BAaHbI IPH Pa3pabOTKe HOBBIX MATEPHANIOB M 3aIJUTHBIX
DJICMCHTOB, HAIllpaBJICHHBIX HA CHUKCHUEC ITPOU3BOJACTBECHHOI'O IIyMa U MOBBIIICHUE JTOJITOBEYHOCTH 060py;:[013aH1/m.

Knrouesvie cnosa: yoapnuviii wiym, oemngupyrowjue ceoticmea, aKycmuyeckue Xapakmepucmuxu, 1e2uposanie anaouem,
HU3KONIe2UPOBAHHbIE CINAJIU, CHUICEHUE 36YKOUSTYYEHUSL.
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Abstract. Designing and selecting a mining technology scheme for ore body conditions is complex because it depends on
many factors. The technology schemes need to ensure efficiency and safety in the production process. Therefore, it is neces-
sary to propose solutions to improve the mining technology scheme to exploit ore bodies to meet the current production re-
quirements at underground mineral mines of the Vinacomin — Minerals Holding Corporation. Based on the current mining plan
and mining technology design scheme of the Vi Kem Copper Mine, the authors conducted a survey, analysis and evaluation,
thereby proposing solutions to improve the mining technology scheme for ore bodies at the Vi Kem Copper Mine and selected
an area in the mine to conduct design calculations for the proposed solution. To achieve the research results presented in this
article, the authors used methods such as data collection, analysis and synthesis, field surveys, analysis of results and evalua-
tion, combined with theoretical approaches to calculate the experimental design area. The proposed options to improve the
mining technology diagram are highly feasible when applied. There is a high possibility of applying mechanization in techno-
logical stages, increasing productivity and production efficiency of the mine, increasing ventilation capacity, and improving
labor safety. The improved technology is basically the same as the preparation plan of the old mining technology diagram.
However, each item will be optimized to increase the application of mechanization, bringing about production efficiency and
labor safety. The research results show high feasibility when applying the improved technology diagram. Technical calcula-
tions show that the mining capacity of each chamber is 1.76 times higher, and labor productivity is nearly 3 times higher than
the current technological scheme.

Keywords: mining technology, solution, ore body, improvement, supplement, Vi Kem Copper Mine.
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1. Introduction gas content in the mining area, the impact of mining on the
surface works, as well as the conditions of the rock mass
such as primary stress state, mechanical strength, layering,
degree of cracking, properties of cracks.

The selection of an appropriate mining technology
scheme is important because it affects the following issues:

— mineral recovery and ore impoverishment;

— the level of development of the necessary tunnels;

— capital requirements and operating costs;

— the type of necessary equipment selected and applied,

— cycle time and sequence of operations;

— annual mine production (tons/year);

— potential risks and occupational safety.

Actual mining operations at ore mines show that the col-
lapse of rock blocks after mining ore blocks has caused de-
formation and tunnel collapse incidents, posing potential
safety risks to people and equipment that may occur when
mining ore bodies, especially at thick and steep ore bodies.

Today, many studies are related to designing mining
technology diagrams, optimization, numerical modeling,

The Vinacomin — Minerals Holding Corporation is the
only national management unit assigned to manage and ex-
ploit major mineral mines (including all ore mines) in Vi-
etnam. With the distribution characteristics and location of
the ore bodies, the underground mining method has been
applied in several mines, such as: Vi Kem Copper Mine in
Lao Cai province; Cho Dien Zinc-lead mine in Thai Nguyen
province; Lang Hit Zinc-lead Mine in Thai Nguyen province;
Tay Nam Nui Phao Tin Mine and Cuc Duong Zinc-lead
Mine in Thai Nguyen province. Vi Kem Copper Mine is one
of the mines belonging to the Vinacomin — Minerals Holding
Corporation. This is also one of the large underground min-
ing ore mines in Vietnam.

Many mining technology diagrams and systems can be
selected and applied to each specific ore body condition in
different mines. However, to select a suitable mining tech-
nology scheme, it is necessary to analyze and evaluate the
influencing factors, the main factors include thickness, slope
angle of the ore body, stability of the ore body, mining depth,
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assessments, and proposals for reasonable mining solutions
for ore bodies in different mines and conditions. Some typi-
cal studies on development and solutions of ore mining tech-
nology [1, 2], studies related to forecasting models, the im-
pact of mining technology on ore quality [3-6], improvement
and development of ore mining technology [7-11], studies on
ore mining technology in complex conditions, intelligent and
automatic mining technology [12-17], forecasting blasting
vibration and optimizing ore mining design [18-21], geologi-
cal forecasting models of ore bodies [22-27], studies on as-
sessing geological conditions and ore exploration [28-31],
stability assessment of stopping operations and transportation
equipment performance in ore mining [32-35].

In Vietnam, due to the conditions and characteristics of
the distribution of ore types in different regions, the mines
are all small, scattered, and not concentrated. Therefore,
investment in research for mining ore mines using under-
ground mining methods is still limited, mainly manual min-
ing, drilling and blasting methods. A few projects are related
to improving drilling and blasting for tunnels [36]; the Vi-
etnam Institute of Mining Science and Technology imple-
ments some projects. In 2024 at the Vi Kem Copper Mine,
ore bodies were exploited using two mining technology dia-
grams, including Ore shrinkage stoping and sublevel stoping
mining technology diagrams. However, according to the
assessment and analysis at the actual site, these mining tech-
nology diagrams have not yet brought about efficiency; some
technological design steps are not reasonable, affecting labor
productivity and mining output, potentially posing a risk to
worker safety. In 2025, according to the exploitation plan,
output still needs to be maintained and increased higher than
in 2024, especially requiring increased output in the follow-
ing years to meet the actual production situation of the Vi
Kem Copper Mine. Thus, the research and improvement of
the mining technology diagram for ore bodies at the ViKem
Copper Mine is urgent for the current Vietnamese mineral
mining industry. The selection of a suitable mining technolo-
gy diagram for ore bodies is essential. It is the basis for the
management agency and the mining mines to choose tech-
nology to ensure safety and improve production efficiency.
This is a study of scientific and practical significance for the
current Vietnamese mineral mining industry. The research
results of the paper are applied to the Vi Kem Copper Mine
of the Vinacomin — Minerals Holding Corporation to exploit
ore bodies with medium to thick thickness to ensure safety
and efficiency in the mining process.

2. Materials and methods

2.1. Study area

The research was conducted at the Vi Kem Copper Mine
in Lao Cai province, Vietnam.

The surface boundary is defined in accordance with Min-
eral Exploitation License No. 1688/GP-BTNMT dated July
12, 2017, covering an area of 155 hectares. The boundary
extends along the exploration axis from geological explora-
tion line 65a (adjacent to the licensed iron ore mining area)
to line 11d, with an average width of approximately 550
meters, ensuring that all mining works are encompassed
within the licensed area.

The depth boundary of the mine is defined at the deepest
reserve level of =90 m. The location of the study area is
illustrated in Figure 1.
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Figure 1. Location of Vi Kem Copper Mine (modified from
137D

The map (Figure 1) indicates the spatial position of the Vi
Kem Mine in relation to nearby settlements and regional
infrastructure, providing a geographical context for study.

2.2. Geological characteristics of the study area

2.2.1. Characteristics of lithological distribution

In the exploration area, the following main types of soil
and rock are identified: cover layer, weathered layer, gneiss-
biotite, granitogneiss, amphibolite, two-mica quartz schist,
metamorphic rocks, and several other rocks interbedded with
the above formations. The cover layer extends across the
entire surface of the exploration area, with a thickness rang-
ing from 5 to 15 m. It consists primarily of red-brown, gray-
brown, and black-brown claystone and gravel. The layer is
soft and friable, prone to landslides when saturated with
water or disturbed by construction activities.

Gneiss-biotite rock interbedded with two-mica quartz
schist occupies approximately 55% of the exploration area.
The rock is gray-white to ash-gray in color, with a medium-
to fine-grained texture, banded structure, and blocky compo-
sition comprising quartz, feldspar, and biotite.

Gneiss-biotite associated with migmatite typically sur-
rounds and hosts the ore bodies. It is hard, brittle, fractured,
and broken, with low engineering stability in fractured zones,
exhibiting a compressive strength below 900 kg/cm?. Rocks
located farther from the ore bodies are generally compact,
less fractured, and display a durable structural integrity.

Metamorphic rocks constitute the principal ore-bearing
formations within the exploration area. Their thickness varies
from 0.5 to 30 m. These rocks are typically gray-black or
blue-black, containing copper mineralization filling fractures
and cavities. Ore-bearing metamorphic rocks are dense,
compact, and less fractured, indicating high compressive
resistance and stable structural characteristics.

Granitogneiss covers about 20% of the exploration area.
It is gray-white, with a granular texture and blocky structure,
composed mainly of quartz and biotite. The formation is
typically located along the margins of ore bodies.

Fractured sections of granitogneiss show a compressive
strength below 863 kg/cm?, whereas intact zones have a
stable structure with compressive strengths reaching up to
2156 kg/cm? in some locations. Additionally, minor occur-
rences of amphibolite, granite, and recrystallized limestone
are observed within the area. These formations are 0.5-5 m
thick, exhibit a blocky structure and granular texture, and are
generally dense and compact.
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2.2.2. Stratigraphic characteristics and physical proper-
ties of soil and rock

Based on the mechanical strength and the results of the
analysis of the physical properties of soil and rock, the rela-
tive stability with water, combined with the naked eye obser-
vation and the ore-bearing characteristics of soil and rock
according to the geological perspective, the soil and rock of
the mine are divided into the following layers.

Layer 1. Rock with poor geological structure.

This layer includes the entire weathered crust extending
over the exploration area. The composition consists mainly
of reddish-brown and gray clay, two-mica quartz schist, and
gray-white to yellow-gray gneiss-biotite. Due to intense
weathering, the material is soft, loose, and highly susceptible
to collapse when exposed to water or subjected to dynamic
construction loads. The layer's average thickness ranges from
5 to 15 m, reaching up to 52 m in some locations.

Layer 2. Rock layer above the ore body.

This layer represents a relatively stable geological struc-
ture, composed mainly of gneiss-biotite, granitogneiss, two-
mica quartz schist, and other interbedded rocks. The thick-
ness of the layers varies between 0.5 and 30 m. The rocks are
slightly weathered, exhibiting cracking and fracturing in
some sections — areas with increased fracturing show poorer
structural stability. Groundwater may be present under slight
pressure within fractures and cavities, but its quantity and
impact on construction activities are negligible.

Layer 3. Ore-bearing rock layer.

This layer consists of metamorphic rocks and migmatized
gneiss-biotite, which form the primary ore-hosting for-
mation. The rocks are dense, compact, and slightly fractured,
displaying granular and banded textures. Most layers are
structurally solid and coherent, although some localized
zones show moderate to intense fracturing.

Layer 4. Rock layer below the ore body.

This layer comprises gneiss-biotite, granitogneiss, am-
phibolite, and lithified limestone. The rocks are generally
solid and compact, with few fractures and a durable geologi-
cal structure, providing a stable foundation for construction
and mining activities.

The average analytical results of physical and mechanical
properties for these layers are presented in Table 1 [38].

Table 1. The average results of the analysis indicators

. . Value

Ne  Indicator names Unit Layer2  Layer3 | Layer 4
1 Humidity:

Dry humidity, Wj, % 0.163 0.163 0.131

Moisture absorption, Wj, % 0.43 0.296 0.295
2 | Porosity, n % 1.136 0.835 0.83
3 Density, V g/cm’ 2.729 2.859 2.788
4 | Weight of volume:

— dry wind, yy, g/em’ 2.701 2.836 2.766

— saturation, y g/em®* | 2711 2.845 2.774

— absolutely dry, y. g/em® | 2.699 2.835 2.764
5 | Compressive strength:

— dry wind, J, kg/cm? 760 1008 1203

— saturation, dy kg/em®>  721.4 960 1150
6  Tensile strength, & kg/cm®  75.82 94.85 109.2
7 | Internal friction angle, ¢ degree = 36.55 37.20 37.31
8  Cohesion, C kg/cm®  138.5 177.8 211.6
9 | Firmness coefficient, /' 7.439 9.046 10.21
10 Soft deformation coeffi- 0.946 0.95 0951

cient, k
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2.3. Mine's field reserves

The underground mine comprises 18 identified copper
ore bodies, designated as TQ1.1, TQ1.2, TQ2.1, TQ2.2, and
TQla.l, TQla.2, TQS.1, TQ7.1, TQ7.2, TQ7a.1, TQ9.1,
TQ9.2, TQ9.3, TQ10.1, TQ11.1, and TQ12.1.

Among these, eight ore bodies — TQI1.1, TQ1.2, TQ2.1,
TQ2.2, TQla.l, TQla.2, TQ5.1, and TQ7.1 — have been
classified as industrial ore bodies with approved reserves.
The remaining bodies have been identified only as copper
ore resources.

The calculation of copper ore reserves and resources was
conducted based on geological data presented in the Addi-
tional Exploration Report of Copper Ore and Minerals in the
Vi Kem Area, Bat Xat District, Lao Cai Province.

The total copper ore reserves (sulfur ore type) amount to
5.154 million tons, of which 0.247 million tons belong to
grade 121 and 4.908 million tons to grade 122. The detailed
reserves of individual ore bodies at the Vi Kem Copper Mine
are presented in Table 2 [38].

Table 2. The reserves of the ore bodies at the Vi Kem Copper
Mine

Ore Ore  Reserve = Volume D Copper Metal
Ne ' body = block thickness, of the ry ore content, reserves,
name area, m’ m block, m? reserves, t -y, t
1 TQLI 163.697 3.51 | 574.194 1900.583 0.66 12.631
2 TQL2 86.188  4.87 | 419.504 1388.559 1.01 | 14.050
3 TQ2.1 52015 294 | 152.675 450390 0.65 @ 2.942
4 TQ22 | 47555 374 | 177765 524405 056 | 2.957
5 TQla.l 18.954 321 | 60.867 | 201.468 091 @ 1.843
6 TQla2 24554 3.65 | 89.740  297.038 094 2792
7 | TQ5.1 18378 296 | 54414 | 160.521 0.50 = 806
8 TQ7.1 26367 277 | 72.948 231245 047 = 1.083
Grade 121 150,60 415 | 74474 246509 088  2.166
Reserve
Grade 122419760 364 1527.632 4907701 075  36.938
Reserve
Total 437708 3.66 | 1602.106 5154210 0.76 @ 39.104

These results were approved by the Mineral Reserves As-
sessment Council under Decision No. 837/QD-HDTLKS,
dated November 4, 2011.

2.4. Assessment of the current status of the mining tech-
nology diagram of the ore bodies

2.4.1. Opening up the mine's field

The Vi Kem Copper Mine is developed through a pair of
inclined shafts for ore transport, material haulage, and mine
ventilation, combined with crosscuts connecting the working
horizons. After the construction of the inclined shaft station
system at level +30, a haulage crosscut is excavated at the
same level toward the TQI.l ore body to establish the
transport horizon for the mine. The central ventilation system
is formed by driving a ventilation crosscut at level +150
toward the TQ1.1 ore body, then excavating a ventilation
tunnel at the same level in the TQ2.1 ore body, thereby com-
pleting the mine’s ventilation horizon.

2.4.2. Mine's field preparation

The mine field is divided into two main areas, the South-
east and the Northwest, separated by the geological line
T.53% Within each area, preparation works are organized
according to ore body groups by excavating transport and
ventilation decline zones and longitudinal levels correspond-
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ing to the transport horizons. The initial preparation phase is
conducted simultaneously at three ore bodies: TQ2.1, TQ2.2,
and TQ1.1, comprising a total of six mining rooms: two at
TQ2.1 (2.1-27-BLQ and 2.1-33-BLQ), two at TQ2.2 (2.2-4-
BLQ and 2.2-10-DVPT), and two at TQI1.1 (1.1-32-BLQ and
1.1-35-BLQ). The rooms are developed according to the
technological schemes of ore shrinkage stoping and sublevel
stoping. Manual drilling and blasting are applied to ore
shrinkage stopping, while mechanized extraction is used for
sublevel stopping. The average mining capacity of each room
using ore shrinkage stoping technology reaches about 45000
t/year, whereas mechanized sublevel stoping can achieve up
to 125000 t/year.

2.4.3. Mining plan and order

The mining sequence of the mine is carried out on the
following principle [39].

With the characteristics of the geotechnical conditions of
the mine, the project mobilizes 08 ore bodies that are quali-
fied to be included in the mining design, the reserves of the
ore bodies are scattered and not concentrated, and the metal
content of each ore body varies. To neutralize the metal con-
tent and ensure that the mining content is brought to the
processing plant evenly in each period, 2 to 3 ore bodies will
be exploited simultaneously in a year. Mobilize and exploit
first areas with certain and favorable geological conditions
(thickness, slope angle, metal content) and mobilize other
areas later.

In a group of ore bodies for the same level, the upper ore
body is exploited first, and the lower ore body is exploited
later. However, depending on the geological structure and the
distance between the ore bodies, the lower ore body can be
exploited first if it does not affect the mining room of the
upper ore body. In an ore body, the upper layer is exploited
first, and the lower layer is exploited later. Reserve areas
near the tunnel protection pillars and constructions are ar-
ranged to be exploited later.

2.4.4. General assessment of the mining technology of Vi
Kem Copper Mine

Currently, the primary mining method applied at the Vi
Kem Copper Mine is ore shrinkage stoping, with geological
ore reserves extracted by this technology amounting to
3.185 million tons, representing 62% of the total mine re-
serves. The remaining 38% of the reserves are mined using
the ore sublevel stoping method. After implementing these
technologies in production, a comprehensive assessment of
the mining technology applied at the Vi Kem Copper Mine
has been conducted, summarized below [39].

— For the ore shrinkage stoping mining technology dia-
gram: applied to ore bodies and blocks with a 1.2 to 3.5 m
ore body thickness.

This is a manual mining technology, low output, very
high risk of unsafety because the ore bodies at Vi Kem Cop-
per Mine are a group of ore bodies and have a vein shape,
many layers, especially the junction between the ore body
and the roof rock, floor rock. In the ore shrinkage stoping
mining technology, workers must stand and work directly
under the ore block, the rock has been affected by drilling
and blasting and cracked above. Implementing temporary
support is relatively complex, and there are no specific stud-
ies and assessments, so there are many potential risks of
falling, rocks, landslides, and unsafe labor.
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The ore shrinkage stoping mining technology diagram is
only applied to ore bodies with a thickness of less than 3.5 m
(no calculation of the roof pressure to choose the appropriate
room width). However, in reality, the thickness of the ore
body at Vi Kem mine is unstable. Many locations form nests,
lenses with local thickness greater than 3.5 m. Therefore,
when working through these areas, the roof or floor of the
ore body is suspended on the side of the storage room. Due
to the separation of layers between the rock and the ore body,
it is easy for the roof and side of the storage room to col-
lapse, causing safety issues and loss of resources during the
mining process.

The construction organization is challenging to carry out as
designed, specifically: the size of the ore after blasting is une-
ven, the ore discharge work is difficult due to the manual de-
sign of the discharge door, so there is a risk of the discharge
door being blocked; when removing the ore, the amount of ore
is uneven, so the floor of the room is uneven, leading to diffi-
culties in organizing the next construction cycle.

—For the ore sublevel stoping mining technology dia-
gram: pplied to ore bodies and blocks with a thickness of 3.5
to 7.8 m, with a length in the mining block direction of a
strike line greater than 300 m.

Manual reverse charge dynamite design calculations are
not feasible (using DK52-64 reverse jumbo, drilling depth
12 m). In reality, there is no investment in jumbo, because
the cross-section of the tunnels has been reduced from 8.4 to
6.5, so the appropriate drilling machine has not been selected
to put into the tunnel. Thus, this technology cannot be ap-
plied to production. In addition, the design has not calculated
or designed mining technology for ore bodies with a thick-
ness greater than 7.8 m.

2.5. Proposing solutions to improve the mining technolo-
gy diagram for ore bodies at the Vi Kem Copper Mine

Based on the analysis and evaluation of geological condi-
tions, hydrogeology and especially the rock structure of the
ore bodies. The selection of mining technology diagram, as
well as the arrangement of excavation of tunnels depends on
factors such as thickness, slope angle of the ore body, stabil-
ity of the ore body, cross-section shape of the tunnel, rock
mass conditions, primary stress state in the rock mass, me-
chanical strength, layering, degree of cracking, properties of
cracks, water content of the rock mass, depth of the tunnel,
impact of mining, surrounding underground works, dynamic
loads (if any), etc. Therefore, analyzing and evaluating influ-
encing factors will help select and improve the mining tech-
nology diagram more effectively.

Based on the current conditions and the actual operational
situation of the mine, the authors propose improvements to the
mining technology diagram of the ore bodies in two main direc-
tions: for the ore shrinkage stoping mining technological scheme
and for the ore sublevel caving mining technological scheme.

2.5.1. Ore shrinkage stoping mining technological diagram

This mining technological scheme is appropriate for ore
bodies characterized by steep dips exceeding 75° and small
thickness. However, several improvements are required to
enhance operational safety, efficiency, and mechanization. In
particular, it is necessary to introduce temporary support
systems, mechanize the drilling and floor-leveling processes,
and improve the handling of hanging rock. The proposed
modifications are as follows.
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First, it is essential to supplement the calculation of rock
pressure in the cutting chamber, including the pressure on the
roof, floor, and working face. These calculations should be
based on a cutting chamber height of less than 2 m and a
width of less than 3.5 m, similar to the methodology used for
tunnel pressure assessment. The results will be the basis for
selecting an appropriate containment and support solution.

Second, a temporary support system must be incorporated
into the continuous blasting shrinkage stoping process. Dur-
ing drilling, creating separation zones in the fractured and
non-cohesive rock mass causes ore fragments to detach and
fall freely toward the drilling area, posing significant safety
risks. Therefore, it is necessary to design and install tempo-
rary reinforcement measures suitable for such conditions.

Third, it is necessary to mechanize the leveling of the cut-
ting chamber floor after each ore extraction and discharge
cycle. The current manual leveling approach proposed in the
design is inefficient and unsafe, as it requires significant
labor and time while reducing productivity. To address this,
the authors recommend using self-propelled drilling rigs and
compact excavators equipped with bucket attachments, long
chisels, or scraper blades to level the chamber floor and as-
sist in removing hanging rock. Given that the geological
conditions at the Vi Kem Mine differ from those at other
sites, the traditional method of poking hanging rock with a
drill bit has proven ineffective.

Finally, it is proposed to design a mechanized ore dis-
charge system employing a hydraulic mechanism or an
equivalent automated solution to replace the manual ore dis-
charge method currently in use. This improvement will pre-
vent frequent ore blockages during unloading operations, re-
duce steel consumption for hopper structures, lower manual
labor intensity, and significantly enhance safety during ore
handling.

2.5.2. Ore sublevel caving mining technological diagram

For the ore sublevel caving mining technological diagram,
several key parameters are proposed to be adjusted and refined
to improve safety, adaptability, and efficiency under the Vi Kem
Copper Mine's specific geological and technical conditions.

First, it is recommended that the stratification height be
recalculated and optimized, selecting a value smaller than
that adopted in the current design. Reducing the stratification
height will improve blasting control, ensure more uniform
ore fragmentation, and enhance the stability of the remaining
rock mass. To implement this, a compact and flexible self-
propelled drilling rig with adjustable drilling angles is pro-
posed, allowing greater precision and adaptability to the
variable geometry of the ore body.

Second, it is necessary to replace the manual ore discharge
method, which is unsuitable for the Vi Kem Copper Mine
conditions. In the sublevel caving method, the blasted ore
fragments are significantly larger than those obtained through
shrinkage stoping, and manual handling of such material is
unsafe and inefficient. Furthermore, after blasting, personnel

Table 3. Characteristics of the selected ore blocks for design area

No Ore body Ore block Ore block Reserve thick-
- name number area, m* ness, m

1 TQ1.1 2-121-1.1 3.691 2.98

2 TQI.1 13-122-1.1 19.373 3.08

3 TQI.1 14-122-1.1 24.109 3.29

Total 47.173

are prohibited from entering the blasted voids to deal with
oversized ore due to safety concerns. Therefore, a mechanized
ore discharge system should be introduced, capable of han-
dling large rock fragments and ensuring continuous, safe ore
flow from the drawpoints without manual intervention.

3. Results and discussion

3.1. Justification and selection of design area

Based on the Vi Kem Copper Mine's current opening-up
and preparation diagram, the selected design area includes ore
blocks 13-122-1.1, 14-122-1.1, and 2-121-1.1 of the TQ1.1 ore
body. These ore blocks are soon scheduled for extraction and
have been accessed through the main haulage crosscut at level
+30, extending from the shaft station to the TQ1.1 ore body.
The corresponding ventilation system for this area is estab-
lished through a ventilation crosscut at level +150 and a venti-
lation incline connecting levels +110 to +150.

The selected reserve blocks are distributed within the ele-
vation range from —50 to +110, between the exploration lines
T.47 and T.50-1. Therefore, the choice of these blocks for
design calculation and trial implementation is entirely con-
sistent with the current mine opening-up layout and devel-
opment plan.

All selected ore blocks belong to steeply dipping ore bod-
ies, with an average dip angle of about 75° and ore thickness
ranging from 2.98 to 3.29 m, averaging 3.1 m. The main
geological and structural characteristics of these ore blocks
are presented in Table 3. In contrast, the longitudinal cross-
section of the reserve block in the selected design area is
shown in Figure 2.
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Figure 2. Longitudinal cross-section of the reserve block in
the selected design area

The rock layer above the ore (roof rock). The rock block
has a relatively stable geological structure, including Gneisbio-
tite, Granitogneis, 2-mica quartz schist, and other rocks inter-
spersed. The layers are from 0.50m to 30m thick.

Volume of the Dry ore Copper  Metal reserves,
block, m* reserves, t content, % t
10.981 36.348 0.46 167
59.697 197.599 0.74 1.469
79.387 262.770 0.47 1.223
150.066 496.717 2.859
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The rock blocks are affected by weak weathering and are
cracked and broken in some places. The cracked and broken
places have a generally poor geological structure. The rock in
this layer contains local pressure water in cracks and holes,
but it is poor and has a negligible impact on the passing con-
struction.

The ore-bearing rock layer includes metamorphic rocks
and micmatized Gneisbiotite. The rock is compressed, has
minor cracking, has a granular structure, scales and a strip-
like structure, and is solid in the block, but has some places
with strong cracking and breaking.

The rock layer under the ore (floor rock) includes
Gneisbiotite, Granitogneis, Amphibol, calcified limestone,
and others. The rocks in this layer are usually solid, with few
cracks, and have a durable geological structure. The average
results of the analytical indicators are shown in Table 1.

The design selection area is currently prepared with a
haulage level at +70 level and a ventilation level at +110
level. Both of these tunnels are dug along the ore body. The
connection between the haulage level of +70 and the main
haulage level of +30 is by a central incline from +30 to +70.
The connection between the +110 and the ventilation level
+150 is by a ventilation incline from the +110 to the +150
levels. Thus, the boundary division diagram of the mining
layer has been formed, which is very suitable for the mining
preparation work. The vertical height of the mining layer is
40m. The length in the direction of a strike line of the design
ore block area is 350 m. The haulage and ventilation levels
are dug with a dome-shaped cross-section, supported by
anchors or without support. The height of the tunnel is 2.5 m,
the width is 3.5 m, and its area is 7.5 m2. The current status
of the haulage and ventilation levels of the design area is
shown in Figure 3.

Figure 3. Current status of the haulage and ventilation levels
in the design area

The preparation of the mining room at these ore blocks
has not been carried out (the room incline has not been dug
yet). Therefore, the preparation according to the proposed
system diagram and mining technology is favorable and is
not affected by the old mining technology diagram (the old
mining technology diagram applied to this condition is the
mining system of the ore shrinkage stoping, the ore extrac-
tion by drilling and blasting, ore recovery through the dis-
charge door onto the trolley at the haulage level of +70 lev-
el). The longitudinal cross-section of the current status dia-
gram of the preparation tunnels and the plan of the prepara-
tion tunnels of the design area are shown in Figures 4 and 5.
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Figure 4. Longitudinal cross-section of the current status dia-
gram of the design area: 1 — ventilation level at +110; 2 — haulage
level at +70
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Figure 5. Plan of the preparation tunnels in the design area:
1 — main haulage crosscut at +30 level to the TQ1.1 ore body; 2 —
ventilation level at +110 of the TQ1.1 ore body; 3 — haulage level
at +70 of the TQI.1 ore body; 4 — haulage level at +30 of the
TQ1.1 ore body; 5 — central haulage brake incline; 6 — crosscut at
+110 level from the TQ1.1 to the TQla.1 ore body; 7 — crosscut at
+70 level from the TQ1.1 to the TQ1a.l ore body

3.2. Selecting a mining technology diagram suitable for
the conditions of the design area

As analyzed above, the system diagram and sublevel cav-
ing are selected in the design area to improve the mining
technology diagram.

According to the distribution characteristics of the ore
blocks in the design area, the length in the direction of a
strike line is 350 m. To ensure the complete ore exploitation
and not need to leave pillars to protect the tunnels, at level
+110, a ventilation level is dug in the floor rock. At the same
time, it is parallel and 10m away from the longitudinal level
dug in the ore body. At level +70, a haulage level is also dug
in the floor rock, about 10 m away from the ore body. The
connection between the longitudinal level of the rock and the
longitudinal level of the ore body is made by a cross-measure
drift. In the center of the actual design area, an inclined tun-
nel is dug from level +70 to +110, connecting the longitudi-
nal level of the rock at level +70 to the longitudinal level of
the rock at level +110 to serve the transportation of equip-
ment between the stratified longitudinal levels. The inclined
tunnel is dug at a slope angle of 150 to facilitate equipment
transportation. This tunnel is dug according to each stratified
height. The height of each mining horizon is selected to cor-
respond to the drilling equipment, expected to be 10-12 m.
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To prepare the mining sublevel, from the +70/+110 in-
clined tunnel, the cross-measure drifts are dug into the ore
body. The cross-measure drifts are dug at the corresponding
high levels of the mining sublevel in the design area. When
the cross-measure drifts meet the ore body, the longitudinal
level of the mining sublevel is dug out towards the border of
the design area. At the +70 longitudinal level of rock and the
longitudinal level of the last mining sublevel, excavate the
ore chute and cross-measure drifts from the longitudinal level
of the ore body at level +70 to prepare for ore discharge
during the mining process. The mining technology diagram
is shown in Figure 6.
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Figure 6. Diagram of the preparation of the mining room in
the design area: 1-—ventilation level at +110 (in floor); 2 —
haulage level at +70 (in floor); 3 —inclined tunnel connecting
+70 to +110 levels; 4 — cross-measure drifts; 5 — cross-measure
drift (ore discharge); 6 — haulage level at +70 (in ore body); 7 —
ventilation level at +110 (in ore body); 8 —ore chute; 9 — ore
body; 10 - stratified longitudinal level at +100; 11 — stratified
longitudinal level at +90; 12 — stratified longitudinal level at +80

3.3. Calculation of the main parameters of the selected
mining technology diagram

According to the adopted mining technology diagram, the
ore body's geological characteristics and the mining area's
corresponding technical parameters are determined as fol-
lows. The average ore body thickness is 3.12 m, and the
average length of a cutting room is 10.4 m. The height of the
mining stratification is set at 10 m, while the ore hardness
ranges from f= 10 to 16, indicating a complex to tough rock
type. The fundamental parameters of the ore drilling and
blasting passport developed for the selected design area are
presented in Table 4.

The preparation tunnels in the design area include in-
clined tunnels for transporting equipment from level +70 to
+110, and longitudinal levels in the rock at level +70 and
+110. The tunnels are stratified into longitudinal levels,
cross-measure drifts, and the ore chute. In practice, the rock
and ore in the mine area are excellent and stable.

23

After excavation, the tunnels do not need to be supported. In
particular, only a few tunnel sections excavated through faults
and weak geology need to be reinforced with steel or wood.

Table 4. Basic parameters of the ore drilling and blasting
passport

Ne Names of basic parameters Unit Value
1 | Mining room width m 3

2 Mining room height m 10

3 Length of one blasting in the cutting room m 10.4
4 | Unit explosive index kg/m? 1.61
5 | Distance between rows of drill holes m 1.9
6 | Number of rows of holes drilled per blasting row 04

7 | Number of holes drilled in the cutting face holes 6

8  Number of holes drilled in a blasting section holes 24
9  Amount of explosives per explosion kg 502

The results of calculating the number of holes drilled on
the prepared tunnel face are shown in Table 5. The drilling
and blasting passport are shown in Figure 7, and some eco-
nomic and technical indicators of the prepared tunneling
technology are shown in Table 6.

Table 5. Number of holes drilled on the prepared tunnel face

Ne Names of basic parameters Symbol | Unit Value
1 Average excavation cross-sectional area Sy m? 6.25-8.4
2 Rock strength coefficient f - 8-10
3 Unit explosive index q kg/m? 2.35
4 Tunnel width B mm 2.640

The coefficient depends on the shape of
5 - 3.86
the tunnel
6  Distance between border boreholes Iy mm 45
7 | Explosive cost per meter boreholes Y0 kg/m 0.20
8  Explosive cost per meter of boreholes y kg/m 0.45
9  Explosive density A kg/m? 1100

10 | Volume of explosives in 1m boreholes 14 m’ 0.0008
11 | Explosive charge coefficient a - 0.60
12 Explosive compaction coefficient in the b ) 1.00

boreholes

13 | Diameter of explosive stick d m 0.032
14 | Total number of calculated drill holes N’y | holes 37
) El;r:ut;:e(;f holes drilled at the side of N, holes 17

Number of holes drilled, cut, and the
"~ | floor of the tunnel Ney | holes 20
Total number of drilled holes arranged

15 on the tunnel face ¢ Ne holes 38

_ Number of holes drilled at the side of N, holes 14
the tunnel

- Number of empty boreholes N, holes 1

- | Number of drilled cut holes N, holes 6

_ The number of holes drilled to break the N holes 17

floor and create water channels

Table 6. Summary of technical and economic indicators for
tunnel preparation

Ne Names of basic parameters Unit Value
1 | Cross-sectional area of tunnel excavation m? 6.25-8.4
2 | Usable cross-sectional area of the tunnel m? 5.28
3 | Perimeter of tunnel m 6.1
4 Tunnelling step m/cycle 1.53
5 | Number of shifts per day and night shift 3
6 | Number of shifts completing a cycle shift 1.5
7 | Cycle completion coefficient - 0.85
8  Tunnel digging speed per day and night m/d-n 2.6
9 | Tunnel-digging speed per month m/mon 68
10 Number of people working day and night worker 15
11  Direct labour productivity m/w-sh 0.17
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The design calculations show that 38 blast holes are ar-
ranged on the tunnel face, including 14 side, 6 cut, 17 floor,
and 1 empty hole. The tunnel’s cross-sectional area ranges
from 6.25 to 8.4 m?, with a rock strength coefficient of 8-10
and a unit explosive index of 2.35 kg/m’. The explosive
density is 1100 kg/m?, and the average explosive consump-
tion per meter of borehole is 0.45 kg/m.

The usable tunnel area reaches 5.28 m?, and the excava-
tion perimeter is 6.1 m. Each drilling-and-blasting cycle
advances the face by 1.53 m, taking about 1.5 shifts, with a
completion coefficient of 0.85. With three shifts per day, the
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The diagram illustrates the layout of the blast holes on the
tunnel face and the corresponding connection scheme of detona-
tor caps. The figure shows the numbering of boreholes, spacing
parameters, and sequence of detonation, ensuring controlled
rock fragmentation and uniform advance of the mining face.

3.4. Production organization in the ore mining technology
diagram

The production process in the selected ore mining tech-
nology diagram is organized in three working shifts daily,
each lasting eight hours. The primary operations performed
within one complete production cycle include: inspection and
reinforcement of the stratified longitudinal level; breaking of
oversized ore fragments; drilling of blast holes; loading and
blasting operations followed by ventilation; loading of ore
onto haulage trucks; ore transportation; and rock processing
to create additional mining space.

The production cycle is organized over eight working
shifts based on the total workload and operational sequence.
The design of the production cycle organization and the
corresponding labor and equipment arrangement are illustrat-
ed in Figures 8 and 9.
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Figure 9. Human resource arrangement chart in the mining
face: (a) — number of personnel assigned during shifts 1 and 2 of
day 1; (b) — number of personnel assigned during shift 3 of day 1

and shifts 1 and 2 of day 2; (c) — number of personnel assigned
during shift 3 of day 2 and shifts 1 and 2 of day 3
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3.5. Calculation of economic and technical indicators of
the mining technology diagram

3.5.1. Ore output in a blasting cycle

The ore output in a single blasting cycle is determined us-
ing the following formula:

O, =B'r'h'7/t'krec'kconv,

(D
where B is width of the mining room (3.0 m); r is depth of
one blasting round (10.4 m); 4 is height of the mining room
(10 m); y, is volumetric (bulk) weight of ore (3.3 t/m®); k. is
ore recovery coefficient, reflecting extraction efficiency (0.9);
keonv 18 conversion coefficient accounting for losses and dilu-
tion; since the total loss and dilution ratio is 5% (1.0).
Substituting these values into Equation (1), the ore output
per blasting cycle is 926.6 tons.
The daily ore output is determined as:
Qck

“Nshift * kcyc >
cye

Ou 2

where: 72, is the number of shifts required to complete
one full cycle (8 shifts); nshift is the number of shifts operat-
ed per day (3 shifts); kcyc is the cycle completion coeffi-
cient, representing the effective completion rate (0.8).

Substituting the values into Equation (2), the ore output
per day and night equals 278 tons.

Monthly ore production is calculated by:

Qm = Qd Myork ,

A3)

where: 1,0 1S the number of working days per month (25
days).

Substituting the values into Equation (3), the monthly ore
output is 6.95 thousand tons.

The annual production capacity of the design area is cal-
culated using:

Qy = O Poonth ke »

(4)

where: #yonn 1S the number of working months in a year
(12 months); ktr is the coefficient accounting for time spent
on transition between stopes or mining areas (0.95).

Substituting the values into Equation (4), the annual ore
output of the design area is approximately 79.2 thousand tons
per year. The economic and technical indicators of the ap-
plied mining technology diagram in the selected design area
are summarized in Table 7.

Table 7. Leading economic and technical indicators

Ne Name of indicators Unit Value
1 Width of mining room m 3

2 | Height of the mining room m 10
3 Volumetric weight of ore ton/m* 3.3
4 | Depth of one blasting of a cycle m/ck 10.4
5 | Number of shifts operating a day and night shift 3

6 | Number of shifts completing a cycle shift 8

7 | Working time during the year day 300
8 | Time utilization coefficient in the year - 0.85
9 | Ore recovery coefficient in the mining room - 0.95
10 | Ore output in a blasting cycle ton 926.6
11  Ore mining coefficient - 0.90
12 | The largest annual ore output ton/year = 79.230
13 Nl_m_lber of workers directly employed in the worker 7

mining area

14  Direct labor productivity ton/worker ~ 12.8
15 Loss and impoverishment rates due to drilling % 50

and blasting technology
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3.6. Discussion

This research proposes improvements to the mining tech-
nological diagram to enhance the efficiency of ore extraction
at the Vi Kem Copper Mine.

For the existing ore mining technology diagram, the study
suggests optimizing the ore recovery system by using ore
chutes and branch tunnels, and introducing wheel loaders to
improve loading efficiency, labor safety, and the handling of
oversized ore. This approach eliminates the current manual ore
discharge method through small discharge doors, thereby
addressing safety risks and preventing blockages caused by
large rock fragments. As a result, it reduces the volume of
oversized ore that must be crushed in the stope and shortens
the preparation time for subsequent cutting cycles.

The study proposes adopting an ore sublevel caving min-
ing technological diagram for medium-thick ore bodies and
unprepared tunnel sections, where applying the shrinkage
stoping method is difficult. In this system, the workers’ posi-
tions are located safely within the stratified longitudinal
level, enabling the mechanization of drilling operations,
facilitating the movement of equipment between sublevels,
improving ventilation efficiency, and increasing ore dis-
charge capacity while reducing the overall volume of in-
clined tunnels.

For thick ore bodies, it is recommended to apply the lay-
ered sublevel caving method for lens-shaped ore blocks, with
ore transportation directly along stratified longitudinal levels.
For ore bodies of significant strike length, the sublevel cav-
ing diagram should be further optimized by incorporating
inclined tunnels for equipment transfer, minimizing the ex-
cavation of inclined tunnels, and improving ore recovery in
the cutting rooms through the use of ore chutes and mecha-
nized excavator loading. Compact jumbos for drilling blast
holes from upper to lower sublevels ensure high operational
flexibility and safety.

The proposed improvements are technically and econom-
ically feasible. They enable more mechanization across min-
ing stages, increasing productivity, mine efficiency, ventila-
tion capacity, and labor safety. Considering the current oper-
ational conditions at the Vi Kem Copper Mine, the moderni-
zation of the mining technological system is both timely and
necessary. The improved technological diagram remains
consistent with the fundamental layout of the existing system
but optimizes each component to maximize mechanization
and operational efficiency.

The analysis confirms the high feasibility of the proposed
technological improvements. Calculations show that the min-
ing capacity per cutting room can be increased by 1.76 times,
while labor productivity can be enhanced nearly threefold
compared with the current system. The new approach elimi-
nates the need for ore discharge through steep ore chutes,
which often causes production delays and safety hazards.
Drilling is performed by self-propelled rigs in a top-down
direction, ensuring operational convenience and safety. Since
the working face is confined within the stratified longitudinal
level, temporary supports, manual ore crushing, and manual
leveling of the stope floor are no longer required. During min-
ing, the ore naturally accumulates in the shrinkage chamber. It
is gradually discharged through an improved ore chute system,
without requiring manual discharge doors, and loaded by an
excavator onto transport vehicles, resolving the significant
challenges in the ore handling and transportation stages.
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4. Conclusions

The analysis of the current mining system at the Vi Kem
Copper Mine showed that the existing technological dia-
grams, mainly ore shrinkage stoping and ore sublevel caving,
require modernization to increase efficiency, safety, and
mechanization under the mine’s specific geological and
technical conditions.

The proposed improvement of the ore shrinkage stoping
technological diagram includes the introduction of mecha-
nized drilling and floor-leveling systems, temporary support
solutions, and hydraulic ore discharge mechanisms. These
modifications enhance operational safety, reduce manual
labor intensity, and minimize ore blockages and oversized
rock formations. A sublevel caving mining diagram is pro-
posed for medium-thick and unprepared ore bodies. This
system ensures safe working conditions for personnel, allows
for mechanized drilling and flexible equipment movement
between sublevels, improves ventilation, and reduces the
excavation volume of inclined tunnels.

A layered sublevel caving scheme is recommended for
thick and lens-shaped ore bodies, integrating inclined tunnels
for equipment transfer and direct ore transportation along
longitudinal levels. This approach improves ore recovery,
enables the use of small jumbos for drilling from upper to
lower sublevels, and further increases mechanization.

Technical calculations confirm the feasibility of the im-
proved technological diagrams. The mining capacity per
cutting room increases by 1.76 times, and labor productivity
rises nearly threefold compared with the current system.
Additionally, the proposed solutions enhance ventilation,
reduce preparation time, and significantly improve labor
safety. Implementing the improved mining technological
diagrams at the Vi Kem Copper Mine is technically feasible,
economically efficient, and timely. The proposed system
maintains compatibility with the existing infrastructure while
optimizing key operational eclements to achieve higher
productivity, safety, and sustainability of underground cop-
per ore extraction.
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Annarna. Ken jnenenepiniH maiima Ooiy jkardaiiapbiHa OaiJIaHBICTBI TEXHOJIOTHSUIBIK JIaMy CXEMachlH jkolaiay >KoHe
TaHAay KUbIH MiHJET OOJIBIN TaObLIa b, OUTKEHI 01 KenTereH ¢axkropiapra OaiiiaHplcThl. MyHIall cxemainap eH/ipic POLeCiHIH
TUIMIITITT MEH Kayinci3mirin kamramacsi3 etyi kepek. CorgpikTan Vinacomin-Minerals Holding Corporation KoproparusChIHBIH
JKEepacThl KEHIIITEePiHIH 3aMaHayd OHAIPICTIK TajaNTapblH KaHAaFraTTaHIBIPY YIIIH KEeH JEHEeNepiH OHMIPYHIiH TEeXHOJOTHSUIBIK
CXEMAaChIH JKeTUIAIpyre OarbITTalFaH LIEMIIMIepi YCbIHY KaKeT. Tay-KeH KyMBICTApbIHBIH KOJIJaHBICTAFbI JKOCIIaphl MEH MBIC
KEHIIIIHIH >K00aNblK TEXHOJOTHSUIBIK CXeMachl HETi3iHIE aBTOpiiap 3epTTIey, Talday >KoHe Oaranmay KYpri3adi, OJapIIbIH
HOTIKeJepi OOWBIHIIA KeH ACHENepiH UrepyIiH KEeTUIMIPUITeH CXeMachlH YCHIHIBI KoHE JK00AIBIK ecenTeyiep KYprizy YIIiH
KEHIIITIH yJacKeciH TaHmanpl. JKyMbICTa JepeKTepal KuHay, Tajjay *KoHE CHHXPOHMAY SAICTepi, JANaNbIK 3epTTeyiep JKoHe
SKCTIIEPUMEHTTIK yJacKeHIH TeOPISUIBIK eCenTeyepi KOMJaHbIIaabl. ¥ CEIHBUIFAH IIeIiMACPIIH iCKe acBIpbUTY IeHIeHi JKOFaphl:
TEXHOJOTHSUIBIK, OTIepALlMsUIapAbl MEXaHUKAJIAHIBIPY, OHIIPICTIH OHIMALII MEH THIMAUIIIH apTTHIPY, JKENIETYIl jKaKcapTy
JKoHEe eHOeK KayillCi3AiriH apTThIpy MYMKIHIITI KaMTaMachl3 eTiieni. JKeTinmipinreH TeXHONOTH TyTacTail amFaHna OypbIHFBI
CXEMaHBIH KYPBUIBIMBIH CaKTaiIbl, OipaK opOip 3J€MEHT MeXaHWKaJaHABIPYAbI KOJIaHy bl KEHEHTY YIIiH OHTaiIaHAbIPbUIFaH,
OyJ1 OH/IPICTIK THIMALTIK MeH KayiNci3MiKTiH 6cyiH KaMTaMachl3 eTe/li. TeXHUKaJbIK ecenTeyyep KOPCeTKEeH/IeH, op KaMepaHbIH
OH/IIpICTIK KyaThl 1.76 ece, al 5KYMBIC OHIMIUTITT KOJIAHBICTAFbI 1aMy CXEMACBIMEH CaJIbICTBIPFaHIA YIII €Ce apTabl.

Hezizzi co30ep: may-xken mexHOL02USIbIK CXeMAChL, Jceminoipy, KeH onoipy, ken oeneci, Bu Kem, Bvemnam.

Pemenust mo coBepIrieHCTBOBAHUIO TEXHOJIOTHUYECKON CXeMbI
pa3padoTKM PyIHBIX TeJ HA MeAHOM pyaHuke Bu Kem, npoBuHuus
Jlaokaii, BberHam

T.4. By, ®.K. JIe'?, JI.T. JIe'?, JI.T.T. By'?

! Xanoiickuil YHUGepcumem 2opnozo dena u 2eono2uu, Xauoi, Bvemnam
’Hayuno-uccredoeamenvckas 2pynna: Ycemoudusoe pazeumue 20pHotl Hayku, mexuono2uil u okpyscaioweii cpedst (SDM), Xanotickuii yHu-
gepcumem 20pHo20 dena u 2eonoeuu, Xanou, Boemuam

*Aemop ons koppecnonoenyuu: vutrungtien@humg.edu.vn

AnHoTtanus. [IpoexTrpoBanne W BBIOOP TEXHOJOTMYECKOW CXeMbI pa3pabOTKH B 3aBUCHMOCTH OT YCJIOBHH 3aJleTaHUs
PYAHBIX TEN MPEACTABISIET COO0H CIOXKHYIO 3a1a1y, TOCKOJIbKY OHA 3aBHCUT OT MHOXKECTBa (hakTOpoB. Taknue cXeMbl JOJIKHBI
obecrieunBath 3PPEKTHBHOCTD U OE30MACHOCTH MTPOU3BOICTBEHHOTO Tporiecca. [103ToMy He00X0AUMO TIPEIOKUTh PEIICHHS,
HaNpaBJICHHBIC HA COBEPIICHCTBOBAHUE TEXHOJIOTHUECKON CXEMBI 1OOBIYN PYAHBIX TEN, YTOOBI yIOBIETBOPUTH COBPEMEHHBIC
NPOU3BOJICTBEHHBIE TPEOOBaHMsI MMOJI3EMHBIX PYHUKOB Kopriopaiuu Vinacomin — Minerals Holding Corporation. Ha ocHoBe
JICHCTBYIOIIETo IJJaHa TOPHBIX Pa0OT M MPOEKTHOW TEXHOJOTHYECKOH cXeMbl MeaHoro pyanuka Bu Kem aBTopsr mposenu
o0creoBaHKe, aHAIN3 U OLICHKY, MO Pe3yJIbTaTaM KOTOPBIX MPEJIOKIIN YCOBEPIICHCTBOBAHHYIO CXEMY Pa3paOOTKH PYAHBIX
TENl ¥ BBHIOpAJM y4yacTOK pYIHHUKA JUIS MPOBEJCHUS] POEKTHBIX pacu€roB. B pabore mpuMmeHeHBl MeToabl cOOpa, aHanu3a U
CHHTE3a JaHHbIX, I0JIEBble 00CIICIOBAHUS U TEOPETUUECKHE PacuEThl AKCIIEPUMEHTAILHOrO y4yacTtka. IIpeanoxkeHHble pere-
HUA 00JIaJJal0T BBICOKOM CTENEHBIO PEaAIN3yeMOCTH: 00ECIIeUUBASTCS BO3MOXKHOCTh MEXaHU3ALUHM TEXHOJIOTHUECKUX OIepa-
LM, MTOBBIIICHNE TPON3BOJUTEIHFHOCTH U 3(GHEKTUBHOCTH JOOBIUM, YIIydIIEHHE BEHTWISIMH W TTOBBIIICHHE 0E30I1acHOCTH
TpyZAa. Y COBEPIIEHCTBOBAHHAS TEXHOJIOTUS B LIEJIOM COXPAHSAET CTPYKTYpPy HNPEXKHEN CXEMBbI, OJHAKO KaXAbIi 2JIEMEHT ONTHU-
MHU3UPOBAH AT PACIIMPEHUS TPUMEHEHHSI MEXaHH3aLUH, YTO 00ECTIIEINBACT POCT MPOU3BOJACTBEHHON 3 PEKTUBHOCTH U Oe3-
ONacHOCTH. TexXHH4ecKre pacuéThl MOKa3bIBAIOT, YTO NMPOM3BOACTBEHHAs MOIIHOCTh Ka)KI0W KaMepsl yBenuduBaercs B 1.76
pasa, a IPOM3BOANTEIBHOCTh TPY/la — TOYTH B TPHU pa3a M0 CPaBHEHHIO C ICHCTBYIOIIEH cXxeMoH pa3paboTKy.

Kniouegwie cnoga: copnomexnonozuieckas cxema, cogepuieHcmeosanue, 00owiua pyovl, pyonoe meno, Bu Kem, Boemnam.
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Abstract. The study is dedicated to analyzing the economic efficiency of Managed Aquifer Recharge (MAR) systems as a
method of sustainable water supply under the conditions of climate change and water resource scarcity. The work explores the
fundamental principles of MAR, its advantages in reducing water supply costs, minimizing water losses, improving resilience
to extreme climatic conditions, and maintaining ecosystem balances. Special attention is given to the economic and social
benefits that the use of MAR can provide to agriculture and local communities. The research methodology includes an analysis
of existing practices, economic modeling, and an assessment of the impact of implementing MAR technologies at the regional
level. The results demonstrate that MAR is an effective and economically advantageous strategy for water supply, promoting
sustainable use of water resources and improving quality of life. The scientific novelty lies in justifying the economic feasibil-
ity of applying MAR systems in the context of climate change, while the practical significance of the study lies in the potential
to implement the findings into real-world water resource management practices.
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1. Introduction In this context, there is a need to explore more sustaina-
ble and adaptive approaches to water resource management.
One such promising technology is Managed Aquifer Re-
charge (MAR), which involves collecting and storing surplus
surface water underground for future use. Global experience,
particularly research from Australia, demonstrates the high
efficiency of MAR in agricultural regions with similar condi-
tions. For example, MAR systems in the Little Para and
Lockyer valleys contribute up to 8.9 million cubic meters of
water annually, with an efficiency rate of up to 67% [8]. In
addition to increasing available water reserves, MAR con-
tributes to improved crop yields.

For Kazakhstan, MAR offers an opportunity to simulta-
neously reduce flood risks, accumulate strategic water re-
serves, and improve water quality through natural filtration
in aquifers. Research conducted in the Zhambyl region has
confirmed the presence of areas with high potential for MAR
implementation, based on an analysis of soil-hydrogeological
conditions [2].

In the context of intensifying climate change and growing
demand for water resources, the MAR technology can ensure
more sustainable water supply for agriculture, reduce evapo-
ration losses, and minimize ecological risks. The implemen-
tation of MAR in Kazakhstan opens up prospects for the
sustainable development of the agricultural sector and in-
creased food security in the country.

Central Asia (CA) is one of the most vulnerable regions
in the world to the consequences of climate change and water
scarcity. The region faces changes in precipitation patterns,
increased frequency of extreme temperatures, and growing
aridity, which negatively affect agriculture, ecosystems, and
food security [1]. In Kazakhstan, the problem is exacerbated
by a pronounced seasonal water imbalance: during spring,
there is an excess of water due to snowmelt and floods, while
in the summer months, the country suffers from a shortage of
water resources [2]. Traditionally, the focus has been on
surface water resources, while the potential of groundwater
has been insufficiently utilized [3].

Historically, Kazakhstan and other countries in the region
have actively used dams and reservoirs to regulate river flow,
irrigate land, and manage flooding. However, the modern
practice of dam construction and operation is showing in-
creasing limitations and risks. Key issues include sediment
deposition, which leads to a reduction in reservoir capacity
by up to 1% annually [4], as well as significant environmen-
tal impacts on biodiversity [5]. Furthermore, the construction
of large dams involves socio-economic costs, including pop-
ulation displacement and the loss of agricultural land [6].
Climate change exacerbates these problems, causing reser-
voirs to become less resilient to droughts and extreme precip-
itation events [7].
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The goal of this study is to assess the economic feasibility
and benefits of using Managed Aquifer Recharge (MAR)
technologies as a solution for sustainable water resource
management in Kazakhstan. The research focuses on inte-
grating international MAR experience and spatial modeling
methods to identify regions where surplus surface water
during flood periods can be stored underground for future
agricultural use. The overall aim is to provide scientific sup-
port for integrating MAR into Kazakhstan's national water
resource strategies and raise awareness of MAR as a promis-
ing tool for ensuring long-term agricultural and environmen-
tal sustainability. The scientific novelty of this research lies in
the pioneering application of the economic efficiency as-
sessment method for water storage through Managed Aquifer
Recharge (MAR) technologies in Kazakhstan, where water
scarcity, particularly in the southern and central regions, is an
urgent issue.

2. Materials and methods

The methodological framework of this study focuses on a
comparative analysis of international experience in imple-
menting Managed Aquifer Recharge (MAR) technologies,
with an emphasis on their economic efficiency and applica-
bility to the conditions of Kazakhstan. The study explores the
experiences of Australia, Europe, and the USA, where MAR
systems have been successfully integrated into agricultural
water supply. Special attention is given to economic indica-
tors cost-benefit ratios, the efficiency of using existing infra-
structure, and the impact on crop yield growth.

The implementation of Managed Aquifer Recharge
(MAR) technologies in Australia, Europe, and the USA has
demonstrated significant economic benefits, particularly in
agriculture and urban water management.

In Australia, the active development of MAR began after
the 1994 drought, which triggered a major reform in the
water sector. The creation of the National Water Plan and the
Water Resources Commission contributed to improving the
efficiency of water management, reducing water supply
costs, and increasing resilience to droughts. Research shows
that MAR projects in the Lockyer Valley and the Little Para
area achieved up to 67% system efficiency, with annual
replenishment volumes ranging from 0.6 to 8.9 million m3
[8]. These systems not only enhance water security but also
contribute to increased agricultural productivity, especially in
viticulture [9].

In Europe, countries such as Spain, and in comparative
terms, Israel, have focused on MAR. For example, in Israel,
around 90% of wastewater is recycled and mainly used for
agricultural needs, significantly reducing dependence on
freshwater and lowering water supply costs [10]. In Spain,
the experience of using infiltration basins and aquifer re-
charge demonstrated that MAR directly contributes to the
economic stability of irrigated agriculture, mitigating the
effects of droughts and optimizing water use [11].

In the United States, MAR systems are actively supported
by the government through subsidies and special programs.
This is particularly evident in California, where Flood-MAR
projects aim to capture excess surface water during floods and
store it in underground aquifers. These projects not only re-
duce flood risks but also provide long-term economic benefits
through stable water supply for agriculture and reduced costs
associated with building expensive surface reservoirs [12].
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Managed Aquifer Recharge (MAR) is increasingly seen
as an effective tool for sustainable water resource manage-
ment, particularly under the growing pressure on groundwa-
ter. Research in this area focuses on both the economic effi-
ciency and institutional feasibility of MAR projects. The
analysis of scientific literature highlights three key approach-
es to evaluating such projects: through the lens of institution-
al regulation, economic feasibility at global and local levels,
and the assessment of social and environmental benefits.

Reznik emphasize the importance of the institutional en-
vironment for the successful implementation of MAR in
California, USA. Based on hydroeconomic modeling, the
authors demonstrate that the effectiveness of MAR projects
directly depends on water rights, coordination between agen-
cies, and management flexibility [13]. The introduction of
laws such as the Sustainable Groundwater Management Act
(SGMA) creates new incentives for investment in MAR, but
in the absence of institutional cooperation, even technically
and economically viable projects may be inefficient. This
study highlights the role of institutional structures as a key
factor in the sustainability of MAR systems.

Ross provides a comparative analysis of 21 MAR
schemes in 15 countries, evaluating the levelized cost and the
benefit-cost ratio (BCR) [14]. The author shows that systems
using natural replenishment through infiltration basins or
filtration from rivers exhibit the highest profitability. MAR
systems using recycled water are costlier but also yield posi-
tive effects. Special attention is given to the unquantified
ecological and social benefits, such as groundwater level
preservation, water quality improvement, and energy sav-
ings. This approach expands the understanding of the cost
benefits of MAR beyond direct economic gains.

Halytsia, in a study conducted in Poland, present a rare ex-
ample of a local economic evaluation of a MAR project con-
sidering social and ecological aspects [15]. The authors apply
a combined approach: classic cost-benefit analysis (CBA),
contingent valuation for calculating the willingness of the
population to pay for water quality preservation, and sensitivi-
ty analysis to account for uncertainties. The results show that
even considering social discounting and potential risks, ex-
panding MAR systems remains beneficial. This study is valu-
able as an example of a comprehensive approach, including
indirect and non-material benefits, and provides a foundation
for future policies in sustainable water supply.

In summary, the research underscores that successful MAR
implementation depends not only on hydrological and technical
conditions but also on institutional support, economic viability,
and community engagement. The studies demonstrate a wide
range of evaluation methods — ranging from modeling and
global meta-analyses to localized practical cases.

Thus, the international experience confirms that MAR
systems are an economically efficient solution, contribute to
increased agricultural productivity, and support sustainable
water resource management. This makes MAR particularly
relevant for arid and semi-arid regions like Kazakhstan.

3. Study area

The Chilik River (also known as Shelek) is located in
southeastern Kazakhstan, within Almaty Region. It originates
on the southern slopes of the Zailiysky Alatau range, in the
zone of glaciers and eternal snow, and belongs to the Lake
Balkhash basin. The river’s length is approximately 245 km,
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and its catchment area covers about 5090 km? [16]. The ba-
sin’s relief varies from high-mountainous upstream reaches to
lowland and foothill terrain in the middle and lower courses,
determining both the river’s flow regime and the natural con-
ditions affecting land use and water management [17].
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Figure 1. Maps of actual material of Chilik groundwater deposit

The Chilik’s flow is primarily fed by glacial and snow-
melt. Peak discharge occurs in the spring-summer period
(May-July), coinciding with intensive agricultural water use.
Mean annual discharge ranges between 38 and 42 m’/s,
yielding an annual runoff volume of about 1.2-1.3 km?3 [18].
Mineralization is low especially in the upper reaches making
the water suitable for drinking, household, and irrigation
needs [19].

The Chilik River is a key water source for irrigated agri-
culture in the Chilik Valley, particularly the Shelek Oasis.
Water is supplied via an extensive irrigation network, includ-
ing the main Chilik Canal [20]. Major crops include maize,
vegetables, fodder crops (alfalfa), as well as fruit orchards
and greenhouse farming [21]. Settlements such as Shelek,
Enbek, and Bayseit depend heavily on the river for their
livelihoods.

To evaluate the economic efficiency of a hypothetical
Managed Aquifer Recharge (MAR) project in the Chilik
Basin, we adopted indicative parameters based on empirical
data, regional analogies, and international methodologies
proposed by Ross [13], Maliva (2014) [2], and Halytsia et al.
(2022) [15].
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An investment of USD 500000 covers design, geotech-
nical surveys, construction of infiltration fields, intake chan-
nels, pumping stations, and filtration facilities. This estimate
aligns with typical MAR project costs in regions with com-
parable hydro-climatic conditions. Annual operating expens-
es are set at USD 20000, covering energy, maintenance,
staffing, and routine water-quality monitoring. Such figures
are corroborated by data from rural water-supply projects and
regional irrigation modernization programs in Kazakhstan.

The project assumes 350000 m?/year of recharge. This is
based on spring flood runoff in the Chilik, of which at least
0.5% can be sustainably diverted for infiltration effectively
utilizing surplus surface water while minimizing evaporation
and downstream losses.

Total annual benefits are estimated at USD 122500, using
a tariff of USD 0.35/m>. This figure reflects not only the
market value of drinking water but also indirect benefits:
reduced water shortages, improved quality, enhanced agricul-
tural resilience, and ecosystem services (soil degradation
prevention). A discount rate of 5% recommended by the
European Commission for water-resource projects with a
30-year planning horizon is applied. These parameters follow
international cost-benefit analysis standards and are widely
used in GIZ, UNDP, and EU Green Deal-supported projects.

4. Results and discussion

Hypothetical efficiency calculation of a MAR system in
Almaty region (Chilik River basin) using Ross methodology
[14] represented on Table 1.

Table 1. Input conditions (hypothetical MAR project on
the Chilik River)

Source/Notes
Infiltration fields, intake structures,
filtration setup [14]

Pump maintenance, power, staffing,

Parameter
Capital expenditure (C,,), USD

Annual operating expenditure

(Cy), USD monitoring

Annual recharge volume (V.- Spring flood runoff; 0.5% of ~70-80
al), M million m* seasonal flow
Annual economic benefit (Bu,. =~ 350 000 m* x USD 0.35/m® + ecosys-
ar), USD tem services

Standard for long-term water projects
(EU Commission)
Typical lifespan of water-infrastructure
[15]

Discount rate (7), %

Project lifetime (n), years

Calculation of capital recovery factor (CRF):
r (1 + r)n

CRF = .
(1+7)" -1

M

This factor annualizes the capital cost over the project
lifetime. After substituting the parameters, the calculated
value is CRF = 0.065, which means that about 6.5% of the
capital investment is recovered annually over the project
lifetime.

Levelised cost of water (LCW):

Coqp *CRF +C,,

cap

(v,

annual )

LCW = @)

Based on these parameters, the levelised cost of water
equals LCW = 0.15 USD per m®, which represents the aver-
age cost of recharging or producing one cubic meter of water
over the project’s lifetime.
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Benefit-cost ratio (BCR):

B annual

BCR = :
.CRF-C,)

A3)
(Ccap

The resulting value is BCR = 2.0, which means that the
annual economic benefits are approximately twice the annu-
alized costs. Economic Conclusion: BCR > 1 indicates the
MAR project is economically viable and sustainable under
these assumptions.

The project provides several additional advantages. It ef-
fectively utilizes spring floodwater that would otherwise be
lost through runoff, thereby improving the overall efficiency
of water resource management. At the same time, it enhances
groundwater quality through the process of natural filtration
as the recharged water percolates through soil and aquifer
layers. The system also strengthens agricultural resilience, as
it reduces farmers’ dependence on irregular surface water
supplies and mitigates the risks associated with seasonal
droughts. Finally, the project creates opportunities for re-
search and education, encouraging collaboration with local
colleges and research institutes in studying and improving
Managed Aquifer Recharge (MAR) technologies.

Table 2. Justification of parameter estimates

Parameter Value Justification / source
. . Typical cost for infiltration-field construc-
Capital expendi- e R
ture. USD 500000  tion, intakes, and pipelines; comparable to
’ GIZ Central Asia and India cases [14, 15]
Operating Includ'es power,b stgfﬁng, pump and filter
. maintenance; aligns with rural wa-
expenditure, 20000 :
ter-supply budgets in Kapchagay & Tur-
USD/year .
kestan regions
Annual recharge 0.5% of spring runoff (10-15 m*/s over 60
3 350000 L 3
volume, m’ days =~ 7-80 million m’)
Annual cconom- Based on USD 0.30-0.35/m’ local tariff
1009
ic benefit, USD 122500 plus 5-10% bopus for ecosystem and
social benefits
Discount rate. % 5 In line with EU Commission, GIZ, and
" > 70 UNDP cost-benefit analysis standards
Project lifetime, 30 Standard life cycle for water and geotech-

years nical infrastructure

For the efficiency calculation of the hypothetical MAR
system in Almaty Region (Chilik River basin), we used pa-
rameters based on international best practice and adapted to
the Kazakh context. A capital investment of USD 500000
reflects the average cost of constructing infiltration facilities
including geotechnical surveys, earthworks, and connection
to the existing water supply network and is comparable to
similar projects in India, Poland, and Central Asia (GIZ) [13,
15]. Annual operating expenses of USD 20000 cover elec-
tricity consumption, equipment depreciation, operator sala-
ries, and periodic monitoring. Similar figures appear in the
budgets of Kazakh water-supply projects in the southern
regions (Kapchagay, Turkestan Region).

The annual recharge volume is assumed to be 350000
m®/year, based on estimates of spring floodflows in the
Chilik River which average 10-15m3/s over two months.
Even diverting just 0.5% of this resource makes MAR im-
plementation feasible.

Economic benefit is calculated using the local drink-
ing-water tariff (= 0.30-0.35 USD/m?) plus an allowance for
quality and reliability improvements. The analysis also ap-
plies the European Commission’s recommended 5% discount
rate and a standard 30-year infrastructure lifespan.
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A comparative analysis highlighted both the advantages
and the current limitations of various MAR implementation
models in Kazakhstan, the USA, and Europe. Global experi-
ence demonstrates MAR’s high economic efficiency in agri-
culture and its resilience to climate-driven risks.

Kazakhstan’s Potential and Local Case Studies Modeling
and field studies indicate that Kazakhstan has significant
potential for MAR, especially in arid zones and areas with
pronounced seasonal water imbalances. A regional study in
the Zhambyl Region identified soils and hydrogeological
conditions highly favorable to large-scale MAR deployment.

The next research step involves conducting field meas-
urements of flow rates and water quality in the Chilik River
basin. These data will make it possible to transition from
hypothetical estimates to a calibrated economic efficiency
model for the Managed Aquifer Recharge (MAR) system.
The planned activities include measuring seasonal discharge
variations in cubic meters per second, assessing the suitabil-
ity of floodwater for infiltration based on its chemical com-
position and turbidity, and characterizing the aquifer proper-
ties in potential recharge zones to ensure accurate modeling
and practical applicability.

Collecting such empirical data will make it possible to per-
form a correlation analysis between natural variables such as
spring runoff volume, flood duration, and mineralization levels
and the modeled economic indicators, including the levelised
cost, benefit-cost ratio, and discounted returns. This approach
not only enhances the accuracy of the assessment but also
adapts the model to the specific hydrogeological conditions of
the basin. Consequently, real hydrometric data from the Chilik
River will provide a solid foundation for validating the pro-
posed MAR model, refining water availability estimates, re-
ducing uncertainty, and identifying the main factors that de-
termine project profitability. Given the climatic and hydrologi-
cal variability of the region, this method ensures both scientific
rigor and practical applicability of the MAR economic model
for the Almaty Region and other areas with similar conditions.

The study will also investigate how integrating Managed
Aquifer Recharge (MAR) systems with terrain-based digital
elevation models (DEMs) and field data can optimize water
capture and underground storage, reduce flood risks, and
enhance overall climate resilience. The primary goal of the
project is to develop practical solutions for sustainable water-
resource management in Kazakhstan’s semi-arid regions,
where seasonal water scarcity and climate variability create
significant challenges. By drawing on international MAR
case studies from Spain to Australia the research aims to
formulate evidence-based recommendations for adapting and
scaling MAR technologies across Kazakhstan and the broad-
er Central Asian region.

5. Conclusions

The hypothetical analysis of the economic efficiency of
implementing a Managed Aquifer Recharge (MAR) system
in the Chilik River basin shows that such projects have high
potential for profitability and resilience under the conditions
of Kazakhstan’s southern regions. The calculated parameters,
based on international methodologies and adapted to local
conditions, indicate a cost level comparable to MAR projects
carried out abroad, while the economic benefit expressed
through drinking-water tariffs and additional ecosystem
services yields a benefit-cost ratio (BCR) greater than 2.0,
confirming the project’s viability.
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Using spring floodwaters as the infiltration source allows
the surplus surface water to be managed efficiently, reducing
losses from evaporation and runoff. At the same time, the
project helps improve groundwater quality through natural
filtration and strengthens water security and agricultural
sector resilience.

Despite the hypothetical nature of the current assessment,
the proposed methodology demonstrates the applicability of
MAR systems to the Almaty Region’s conditions. The next
step should be to conduct field measurements of hydrological
and geological parameters to refine the model’s inputs, cali-
brate its outputs, and prepare a detailed techno-economic
feasibility study based on actual data.

In this way, MAR technology represents a promising tool
for sustainable water-resource management amid climate
variability and growing water scarcity. If a pilot project in
the Chilik River basin proves successful, this model could be
scaled up and adapted to other regions of Kazakhstan with
similar natural conditions.
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Kep acTbl KadaTTapbIH/a TACKbIH CYJAPbIH )KUHAY APKbLIbI
Ka3zakcTaHHBIH Cy OI0IKETiH OHTANJIAHABIPY

J.K. Camanosa'”, P.III. Amamxkonosa'”, .K. Paxmeros?, XK. Carun', XK.O. OxiacsiHoB?

!Kasaxcman - Bpuman mexnuxanvik ynueepcumemi, Anmameot, Kazaxcman
2V. M. Axmeocapun amoinoasel Iuopozeonozus scane 2eodxkono2us uncmumymst, Anmamot, Kasaxcman

*Koppecnonoenyus yuin agmop: r.amanzholova@kbtu.kz

AnaaTna. 3epTTey KIMMATTHIH ©3Tepyl MEH Cy TaNIIbUIBIFBl JKaFAalblHIA TYPaKThl CyMEH >KaOAbIKTay ofici peTriHze
6ackapputateiH Cybl TOPU3OHTTHI TONBIKTHIPY KyienepiHiH (managed Aquifer Recharge, MAR) 5KOHOMUKaJIBIK THIMALTITIH
Tangayra OarpiTTanFad. JKymeicta MAR Herisri mpuHOUNTEPi, OHBIH CyMEH XaOABIKTay IIBIFBIHIAPBIH a3alTyHarsl, Cy
IIBIFBIHBIH  a3afTy/aFrsl, SKCTPEeMalabl KIMMATTHIK JKaFfailapra TO3IMIOUTIKTI apTTBIPyNAFbl JKOHE AKOXKYHEeNepHiH Tere-
TEHJITIH caKTayJarsl apTHIKIIBUIBIKTAPBl KapacThIppUIagel. MAR Konmgany aybsul IIapyamibUIBIFBI MEH KEePTUTIKTI
KaybIMJIACTBIKTapFa Oepe aaThlH YKOHOMUKAIIBIK JKOHE 9JIEyMETTIK apTHIKIIBUIBIKTAPFa epeKIlle Hazap aynapbliaibl. 3epTTey
omicTeMeci KOJIAHBICTAFbl TOHKIPHOEHI Tangaylbl, SKOHOMHKAIBIK MOJICIBIACYAlI JKOHE aWMakThIK JAeHredge MAR
TEXHOJIOTHSICHIH EHTi3y/IiH ocepiH Oaranaynpl Kamtuabl. Hotmkenep MAR cy pecypcTapblH TypakThl naiiiajianyra xoHe eMip
CYpy camachlH >KakcapTyFa bIKIal €TETiH THIMII XXOHE YHEeMAl Cy CTpaTervsichl eKeHiH KepceTeli. FhuibIMM >kaHaJbIK-
KIIMMaTThIH e3repyi arnmaibiHaa MAR >kylenepiH KongaHyIblH 3KOHOMHKAJIBIK OPBIHABUIBIFBIH HETI3JEy, al 3epTTeyaAiH
MIPaKTHUKAJIBIK MaHBI3IbUIBIFBI - aJIBIHFAH HOTHDKEJIEPIl Cy pecypcTapbiH Oackapy ToxipnOeciHe eHri3y MyMKIHIITiH/E JKaThIp.

Hezizei co30ep: backapvliamvlt cy omKizeiu Kabammapovl Kauma moamulpy, IKOHOMUKATbIK MUIMOINIK, ¢y HcabObIKmay,
KAuMam e32epici, cy pecypcmapbul, mypakmul 0amy.

OnruMu3anusa Boauoro oromxkera Kazaxcrana 3a c4éT HAKOIJICHUSA
MAaBOJAKOBbIX BOI B MOANOYBEHHBIX TOPU30HTAX

K. Caganosa'”, P.III. Amamxonosa'”, .K. Paxmeros?, XK. Carun', )K.A. OmnacsiHos?

!Kasaxcmancko- Bpumanckuii mexuuveckuii yHugepcumem, Anmamul, Kazaxcman
ZI/IHcmumym euopozeonozuu u 2eodxonozuu um. Y.M. Axmeocaghuna, Anmamol, Kasaxcman

*4emop ons koppecnonoenyuu: r.amanzholova@kbtu.kz

Annotanus. VccnenoBaHue MOCBAIIEHO aHANM3Y SKOHOMHUYECKOH 3(QEKTUBHOCTH CHUCTEM YIPABISIEMOrO MOMOJIHEHHUS
BOJIOHOCHBIX ropu3oHToB (Managed Aquifer Recharge, MAR) kak meTosia yCTOHYMBOrO BOJIOCHA0KEHHS B YCIIOBHSAX H3MEHE-
HUSI KJIMMaTa U HEXBAaTKH BOJHBIX pecypcoB. B paboTe paccMarpuBaioTcs OCHOBHBIE PHHIMIEI MAR, ero npenMyniecTsa B
CHIDKEHHHM 3aTpaT Ha BOAOCHAOXKEHUE, MUHUMH3ALUH TIOTEPh BOJBI, ITOBBIMIEHUH YCTOMYMBOCTH K SKCTPEMaIbHBIM KINMaTH-
YEeCKUM YCIIOBUSIM U TIOJAEpKaHuK OajlaHca skocucteM. Ocoboe BHUMaHKE YAEIEHO 3KOHOMHYECKUM W COLMAIBHBIM BBITO-
IaM, KoTtopbie npuMeHeHne MAR MOXeT IIpeioCTaBUTh CENbCKOMY XO3SHCTBY M MECTHBIM cooOmiectBaM. Metomonorus uc-
CJICIOBAHUS BKIIIOYAET aHAIN3 CYIIECTBYIOUICH NMPAKTHUKH, SKOHOMUYIECKOE MOJICITUPOBAHUE W OLCHKY BJIMSIHUS BHEAPEHUS
texHonoruiit MAR Ha pernoHansHOM ypoBHE. Pe3ynpTaTel 1eMOHCTpUpPYIOT, uT0o MAR sBisiercst 3 GeKTHBHON 1 SKOHOMHUYe-
CKHU BBITOJHOM CTpaTeruel BOMOCHAOKEHHMS, CIIOCOOCTBYIOIICH YCTOHYMBOMY HCIIOJIB30BAHUIO BOIHBIX PECYPCOB M MOBBIIIIC-
HUIO KauecTBa XKM3HU. HayuyHas HOBHM3HA 3aKJIF04aeTCsl B 000CHOBAHMHU SKOHOMHUYECKON IIeJIecO00pa3HOCTH MPUMEHEHHS CH-
creM MAR B KOHTEKCTE M3MEHEHUS KJInMarta, a ImpakTu4eCcKasa 3Ha4MMOCTb UCCICAOBAHUA — B BO3MOKHOCTHU BHEAPCHUSA I10-
JIy4YEHHBIX PE3yJIbTATOB B MPAKTHKY yNPaBICHUsI BOAHBIMU PECYPCAMU.

Kniouesvle cnoga: ynpagisiemoe nononnenue 6000HOCHbIX 2OPUSOHMOS, IKOHOMUUECKAS IPPEKMUBHOCIb, 8000CHAO Ce-
Hue, U3MEHeHUe KIUMamd, 600Hble Pecypchbl, YCMoudugoe pasgumue.
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Abstract. This paper analyzes the increasing global demand for mineral resources, particularly non-ferrous metals, and the
growing challenge of finding new deposits as easily accessible ones are depleted. The study focuses on copper-porphyry de-
posits, which are crucial for meeting this demand. It highlights the importance of improving exploration methods and integrat-
ing various geological, geophysical, and geochemical techniques. The research emphasizes the unique metallogenic potential
of Kazakhstan, specifically the Dzungar-Balkhash folded region, which hosts significant copper deposits like Kounrad,
Bozshakol, Koksai, Aktogay, and Aidarly. The study uses the Koldar massif as a reference site to analyze the geological and
mineralogical characteristics of these deposits. The methodology involved field studies, sample collection, and macro- and
microscopic mineralogical analysis. A key finding of the study is the identification of widespread kalishpatization and argilliti-
zation zones within the Kyzylkiya deposit, which were confirmed through both spectral analysis and micromineralogical stud-
ies. The research also details the mineralogical and geochemical characteristics of different types of copper-porphyry ores,
linking them to specific petrological features of the ore-bearing plutonism. The paper concludes by presenting prospect and

prospecting signs for copper-porphyry deposits in various geological settings.
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1. Introduction

The increasing demand for mineral raw materials, and
especially for non-ferrous metal ores, determines the further
strengthening and expansion of their mineral resource base
and an increase in exploration reserves, primarily in the areas
of existing mining enterprises and newly created territorial
production complexes, for the long term. Currently, the fund
of easily discoverable deposits located on the surface or at
shallow depths is mostly exhausted. This requires constant
improvement of the genetic and geological foundations of
regional, small- and medium-scale and local forecasting, the
formation of geological prospecting models of different
metallogenic categories, the rational use and combination of
geological, geophysical, geochemical and mining methods
based on the development of their effective complexes.

1.1. Geological context of non-ferrous metal deposits

Recent research in the Chinese Altai highlights the signif-
icance of integrating zircon U-Pb geochronology with isotop-
ic and geochemical data to better understand the petrogenesis
and tectonic settings of granitic complexes associated with
mineralization [1]. In Eastern Kazakhstan, studies of Early
Triassic magmatism reveal a genetic link between monzo-
nite—granite intrusions and the activity of the Siberian Large
Igneous Province, suggesting a broader geodynamic control
on ore formation processes [2]. Investigations in Central Lhasa

© 2025. E.O. Orynbasarova, D.E. Urmanova, A.A. Bekbotaeva, T.L. Abdullayeva

further demonstrate that Cretaceous magmatic events played a
key role in the development of Fe—Cu skarn systems, empha-
sizing the metallogenic potential of post-collisional magma-
tism [3]. Meanwhile, data from Northwestern Mongolia pro-
vide insight into the evolution of orogenic belts and show
how regional tectonic regimes influence the emplacement and
mineralization of granitoid massifs [4].

The expansion and strengthening of the raw material base
of non-ferrous metals in the Republic of Kazakhstan is pri-
marily possible due to the discovery and study of deposits of
the leading geological and industrial types-copper-nickel,
copper-porphyry, copper-pyrite, copper sandstones and
shales. The specifics of deposits are determined by their pale-
otectonic and geological position, spatiotemporal and genetic
relationships with various structural and material complexes
(formations), the size and morphology of mineralization
zones and ore bodies, the quality, mineral and material com-
position of ores. Copper deposits are quite widespread around
the globe and are found on almost all continents. They are
also diverse in time of formation (from the Precambrian to the
Cenozoic), and each age epoch is characterized by the pre-
dominance of one or two geological and industrial types. In
the Mesozoic, unlike the PaleoTriassicterozoic, there was a
slight decrease in copper reserves, and the main reserves of
this period were concentrated in copper-porphyry and copper-
nickel deposits, which were developed mainly in the CIS
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countries, being associated with the Triassic trap formation.
The Cenozoic era is characterized by a sharp increase in cop-
per accumulation due to copper-porphyry deposits, confined
mainly to the Pacific (94% of reserves) and partly to the Med-
iterranean (6% of reserves) folded belts [5].

Kazakhstan is a unique ore province, which contains de-
posits of non-ferrous and ferrous metals that are diverse in
composition and origin [6]. In the Balkhash ore province,
copper deposits are developed in the form of a sublatitudinal
strip extending along the Northern Balkhash region for more
than 500 km with a width of 40-50 km [5].

Copper porphyry deposits are characterized by large mass-
es of calcified rocks with a veined-interspersed, stockwork
character of mineralization and are mainly suitable for mining
by large quarries. By origin, these deposits are hydrothermal:
plutogenic and volcanogenic, which indicates a fairly wide
range of temperatures at which their formation took place.
Ore-bearing rocks can be coarse- and fine-grained diorites,
granodiorites, granodiorite porphyries and plagiogranite por-
phyries, which break through older (from Silurian to Carbonif-
erous) formations, both volcanogenic-sedimentary and intru-
sive. The main ore components are copper and molybdenum.
The primary ore minerals are pyrite, chalcopyrite, bornite,
molybdenite, and magnetite. Malachite and azurite develop in
the oxidation zone, and chalcosine ores with bornite develop in
the secondary enrichment zone. Hydrothermal changes consist
of calypathization and biotitisation [5].

Mineralization, as a rule, is located on the contact of the
intrusions that caused it with the host rocks (Aktogay, etc.)
or on the periphery of granitoid massifs (Aksu, Koksai). At
the same time, ore-bearing intrusions are confined to deep
fault zones, as well as the widespread development of hydro-
thermal changes, up to the transformation of rocks into sec-
ondary quartzites. There are a number of areas within the
Dzungar-Balkhash folded region where a combination of
deep fault zones with manifestations of intrusive activity is
favorable for mineralization, especially at its junction with
the Teniz and Zhezkazgan depressions in the west, the Kok-
shetau block in the west and northwest, the Zharkyn syncli-
nor structure in the east, and the Shu syneclise and Ili depres-
sion in the south. Studying various research cases of copper
deposits around the world, it was interesting to review the
case of the Shagai belt, Pakistan, with the resulting RSG
picture of the massif [7] (Figure 1).

Figure 1. RSG of the Reko Dik copper and sapphire deposit,
Pakistan
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On the territory of the Republic of Kazakhstan, the re-
search group accepted the copper deposits of the Koldar
massif as the reference study site.

1.2 Geological description of the research object

The Dzungar-Balkhash folded region is located to the
north, northwest and southeast of the lake. Balkhash, on
three sides (except the southeast), it represents a trough
formed by precipitation from the Middle Devonian to Permi-
an inclusive. Folding, accompanied by intrusions, manifested
itself in the Middle and Late Carboniferous; in its first stage,
moderately acidic granitoid intrusions were introduced, and
in the second, potassium granites mainly along faults. During
the consolidation process in the Late Permian-Early Mesozo-
ic, intense terrestrial volcanic activity was manifested along
the periphery of the region in connection with the above-
mentioned deep faults, which led to the development of not
only tuff-effusive formations but also subvolcanic intrusions.
The latter are associated with the formation of secondary
quartzites and molybdenum-copper deposits of the stock-
work type near volcanic apparatuses [8]. The formation of
subgeosynclinal and skarn polymetallic deposits is associated
with late Carboniferous small intrusions, and stockwork and
vein deposits of tungsten and molybdenum are associated
with early Carboniferous and late Carboniferous intrusions.

Five Paleozoic deposits are known in the Dzungara-
Balkhash folded region in Central Kazakhstan: Kounrad,
Bozshakol, Koksai, Aktogay, and Aidarly. The Aktogay
deposit is located to the east of the lake. Balkhash is associ-
ated with volcanogenic formations of the Upper Paleozoic
age, broken near the axis of the anticlinal fold by a number
of small subvolcanic intrusions of the Upper Carboniferous
age, represented by granodiorites and quartz diorites. The
copper mineralization is confined to the apical part of one of
the massifs and partially extends into its roof. In the central
part of the deposit there is an oreless quartz core surrounded
by a zone of kalishpatization, which is associated with the
main mineralization [9]. The ore body has a horseshoe shape
with a maximum width of up to 800 m. Mineralization has
been traced to a depth of 400-600 m. It has a veined-
interspersed character. Ore minerals are chalcopyrite, pyrite
and less commonly bornite and molybdenite. Magnetite,
pyrrhotite, sphalerite and galena are even rarer. The copper
content in the ores is low and does not exceed 0.6%. Molyb-
denum is low. The Aidarly field is located next to the Ak-
togay field and is similar in structure to it.

2. Materials and methods

The sites were studied and sampling points were identified
for macro- and microscopic mineralogical analysis of the se-
lected sites (Figure 2). The general requirements for the carto-
graphic foundations of predictive research are determined by
the need to display a set of direct and indirect signs of predict-
ed objects on graphic materials. The places of birth, attributed
to the copper-porphyry family by a complex of geological,
genetic and geological industrial characteristics, are located in
specific geostructures — volcanic-plutonic belts of two types:

1) Basaltoid rocks formed in the outer (barrier) zones of is-
land arcs, at the end of the early stages of the development of
eugeosynclines;

2) Andesitoids, which are formed in the orogenic activa-
tion regime on a substrate of various compositions and times
of occurrence.
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The allocation of provinces or regions requires determin-
ing the position of the corresponding volcanic-plutonic belts
in the general zonality of geosynclinal folded systems.

Basaltoid volcanic-plutonic belts in marginal continental
geosynclinal folded systems are naturally located between
the frontal troughs adjacent to the troughs and the inner or
rear zones of the island-arc space.

In intracontinental geosynclinal folded systems, basaltoid
belts are located either directly above the actual eugeosyncli-
nal bends or on their flanks. This situation is typical for Cen-
tral Kazakhstan and the Central Ural uplift, which have expe-
rienced the regeneration of the geosynclinal regime [10].

In the basaltoid volcanic-plutonic belts, the copper-
porphyry and gold-copper-porphyry deposits themselves are
associated with a volcanic-plutonic association formed by
basalt-andesite-basalt volcanogenic and gabbro-diorite-
quartz-diorite (plagiogranite) plutogenic formations. This
association occurs after an undifferentiated basalt, con-
trasting basalt-rhyolite, and continuous basalt-andesite-
dacite-rhyolite formation. After productive association, vol-
canogenic molassoids of Grauwacke and carbonate strata
usually accumulate.

The appearance of copper-porphyry deposits is preceded
by the formation of pyrite family deposits associated with
differentiated volcanogenic formations and located in adja-
cent metallogenic zones [11]. Copper-porphyry deposits
arose after ferromanganese volcanogenic ores. Vein
polymetallic deposits are formed synchronously with copper-
porphyry ores or somewhat later.

In andesitoid volcanic-plutonic belts, the composition of
ore-bearing volcanic-plutonic associations depends on the
nature of the substrate. In epicraton belts, molybdenum-
porphyry deposits are associated with the diorite-granodiorite-
granite formation, which is preceded by the usually sparsely
distributed dacite-rhyolite. In epimiogeosynclinal belts, cop-
per-molybdenum-porphyry deposits accompany associations
formed by andesite-dacite-rhyolite and diorite-granodiorite-
monzonite formations [12]. In the epicheosynclinal belts,
molybdenum-copper-porphyry deposits are associated with
volcanic-plutonic associations, which include andesite vol-
canogenic and gabbro-diorite-granodiorite plutogenic for-
mations. These associations belong to the initial stages of the
formation of volcanic-plutonic belts. Later formations are
represented by ignimbrite, liparitoid, trachytoid, and trachyte
volcanogenic formations accompanied by granite-leucogranite,
subalkaline, alkaline, and alaskite intrusive complexes.

The epicraton-type birthplace is characterized by a signifi-
cant amount of molybdenum, less often copper-molybdenum
ore composition and is most similar to molybdenum-porphyry
objects according to classification V. Popov. In the ores of
these deposits, the ratio of copper to molybdenum varies
from 0.4 to 20 (about 13 on average) with non-industrial
copper contents [13]. The deposits contain practically no
gold and silver.

The gold-bearing ores of epimiogeosynclinal type deposits
have a molybdenum-copper composition; the Cu ratio: The
Mo ranges from 15 to 40 with a weighted average of about 23.
The ores are weakly gold-bearing and silver-bearing [14].

Epigeosynclinal deposits are characterized by gold-
bearing molybdenum-copper ores. Cu Relations: Mo ranges
from 30 to 235 at concentrations of Mo, sometimes of no
industrial significance [15-24]. The gold content of ores is
increased and can reach 20 g per 1 t of copper reserves.
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Thus, copper-porphyry deposits are clearly divided into
molybdenum-, gold-bearing copper-molybdenum-, gold-
bearing molybdenum-copper and gold-copper-porphyry
deposits, which correlates with the petrological characteris-
tics of ore-bearing plutonism, depending on the types of
metallogenic zones. Table 1 shows the conditions of occur-

rence of deposits of the copper-porphyry family.

Table 1. Conditions of occurrence of molybdenum-porphyry
deposits

Metallogenic and
geological character-
istics of typical
environments
Molybdenum-copper-
porphyry (deposits of
the Balkhash region)

Metallogenic prov-
inces

Types of deposits and reference objects

Marginal and intracontinental
activated volcanic-plutonic  belts
eugeosynclinal basis

orogenic-
on the

2 | Metallogenic (structural and formation) zones:
The central parts of the epigeosynclinal
volcanic-plutonic belts with the develop-
ment of an association of formations: ande-
site-dacite and andesite-rhyodacite volcano-
2.1 | Paleotectonic position K genic and gabbro-diorite-granodiorite and
plutogenic.
The central parts of the belts with the devel-
opment of ore-bearing volcanic-plutonic
associations
Formatlons contain- Andesite-dacite, andesite-rhyodacite, and
2.2 | ing ore-bearing .
. . eugeosynclinal belt base complexes
plutogenic formations
23 Ore-bearing for- Gabbro-diorite-granodiorite potassium-
"~ mations sodium (K,0:Na,O from 0.5 to 0.8)
Multiphase plutons or areas of development
3 The position of the of porphyritic phases of an ore-bearing
ore regions formation corresponding to groups of mag-
matogenic-hydrothermal systems
Porphyry stocks and adjacent structures of
their frames are controlled by inherited
4 Position of ore fields | paleodepositions of the base of the belts
and deposits (sometimes stratovolcanoes) and corresponds
to single magmatogenic-hydrothermal sys-
tems
Ore-bearing struc-
tures and the position | Apical parts of rod-shaped and dike-shaped
5  of ore bodies in ore- | porphyry intrusions, sometimes containing
bearing formations breccia tubes of granodiorite porphyries
and massifs
Conformal to porphyry intrusions: cones,
truncated cones, hollow thick-walled cones,
6 | Forms of ore bodies | straight and inverted, plates, wedges; discon-
formal: inverted vertical and inclined cones,
groups of cones and funnel-shaped bodies
7 Gep c.h emical charac- Cu:Mo from 200:1 to 30:1
teristics of ores
Ash content of hydro-
thermal-metasomatic
8  changes (from the Biotitisation-sericitization-propylitization

center to the periph-
ery of the rods)

In the course of the study, the rock sections and polished

sections were taken from control points, prepared and studied
(Figure 2). Rock sections are thin sections of rocks examined
under a microscope in transmitted light to study their mineral
composition and texture. Polished sections are polished sam-
ples that are examined under a microscope in reflected light,
which makes it possible to analyze ore minerals and their
relative positions.
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QyHacTok Keispinkia

Google Earth

(b)

Figure 2. Overview diagram of control points: (a)—initial
condition of the study area before mining operations; (b) — open-
pit view with control points where rock and polished sections were
collected for mineralogical analysis

3. Results and discussion

An important result of the research was the identification of
the zone of spread of kalishpatization, which is widespread in
the Kyzylkiya deposit. The samples taken from this zone also
confirmed the results of spectral analysis. Argillitization, wide-
spread in the territory of Kyzyl Kiya, was clearly expressed on
the map, compiled according to the results of the spectral meth-
od, and confirmed by microminerological studies.

Thin sections are magnified by 10X. From left to right,
the top row contains grains of biotite, quartz, plagioclase,
sericitized, and potassium feldspar, in crossed nichols; un-
changed quartz in granodiorite, about 5 mm in size, in
crossed nichols. From left to right, the bottom row shows
hydrothermal changes in feldspar, in crossed nichols; a cryp-
tocrystalline glassy mass with fragments of pyroclasts and
quartz fragments, in crossed nichols (Figure 3).

Figure 3. Microscopic images of rock thin sections showing
mineral composition and key geological features of the rock
samples

The mineralogical composition and geochemical features
of ores from various types of copper-porphyry deposits are
summarized in Table 2 where I-IV are types of deposits:

— I-molybdenum-porphyry,

— II-gold-bearing copper-molybdenum-porphyry,

— III-gold-bearing molybdenum-copper-porphyry,

— IV-gold-copper-porphyry

Table 2. Mineralogical and geochemical characteristics of the main types of ores of copper-porphyry deposits

The predominance in

Ore type Minerals Mineral associations Impurity elements various types of deposits
Main Secondary Rare Gangue Main Secondary 1 11 | v
. . +
Magnetite- ilm, cub, chp, ) Co(py), Te, Re, Bi,
pyrite py,mag ~ hm, pyr mo, rt q, chl py, mag-py Se(py) Au, Ag + 0+ + i
chp, bn, pyr, . +

Molybdenum = mo, py hb, gal, sph, bit, g, anh, bi mo, g-mo, Re(mo) Se, Te + * + +

hm, bl, cs g-py-mo +

wf, mag +
sph, gal, ars, mo-chp-bn, Re(chp)

Chalcopyrite-  bn, chp, ~ mo, chils,  bl, bit, Au, el, g, pot, anh, mo-py-chp-bn, P), Se, Bi, +
: . Au(chp,bn), - + -

bornite Py mag Ag, an, tel, Au,  bi, ser bn-chp, Ag(chp,bn, sph, gal) Pt(chp) +

Ag py_chp_bn g p! e p e g
sph, gal, ars, mag-py-chp, Re(chp,mo), N + N
Pyrite- ch bn, mo, mag, bl, bit, Au, el, q, pot, anh, mo-bn-py-chp, Au(chp,bn), Se, Bi, + + n +
chalcopyrite P Py sph, chls Ag, tel, Au, bi, ser mo-py-chp, Ag(chp,bn, sph, gal) Pt(chp) + " . "
Ag, cv, an py-chp
py, chp, an, Au, Ag, tel, py-chp-bl-gal-sph, Se, Te
Polysulfide  gal, sph, usel Au,Cu, gs,ars, pyr gq,car,bar,zl  py-chp-sph-ars, :u((cp}? ? Cshlll'l, g’c;ll, 1;311)) Bi (gal, sph) + i i +
bl Pb gal-sph-py-chp glchp, sph, gal, In, Cd, Ga
Enargite- luz, ars, bn, enr-);}fgt-fgﬁlssphy - =
polysulfide py,en rdhr, bl, S, gal,  spec, cv q, car, zl en-ars-py, en-rdhr-cv- Ag(bl, gal, sph) As - + + -
sph, chp
py-S, luz-en

chlz, bn, py, chp, mal, Au, + + +
Hypergene cv, as Cu, mo B B Au, Ag - * + + +

“The minerals that carry the elements of impurities are indicated in parentheses
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The prevalence of the main types of ores is characterized
as follows: “+++” indicates occurrence in significant amounts,
including at the level of major industrial concentrations; “++”
denotes constant presence in various quantities; “+” marks
rare occurrence in small volumes; “— signifies absence.

Mineral designations:

Ad —native silver; ap — argentite; anh — anhydrite; ars —
arsenopyrite; as — azurite; Ai — native gold; bar — barite; bi —
biotite; bl —pale ore; bit — bismuthinite; bn — bornite; sag —
carbonate; chl — chlorite; chr — chalcopyrite; chls — chalcosine;
cs — cassiterite; Si—native copper; cub — cubanite; cup —
cuprite; cv —covelline; el —electrum; en — enargite; gal —
galena; gs— hessite; hb — hubnerite; hm — hematite; ilm —
ilmenite; luz — luconite; mag— magnetite; mal — malachite;
mo — molybdenite; pot— potassium feldspar; py — pyrite;
pyr — pyrrhotite; q — quartz; rdhr — rhodochrosite; rt — rutile;
S — native sulfur; sel — selenides (of gold, silver, copper, lead);
ser — sericite; spec — specularite; sph — sphalerite; tel — tellu-
rides; wf — wolframite; zI — zeolites.

The characteristics of the prospect and prospecting condi-
tions are summarized in Table 3.

Table 3. Prospect and prospecting signs of copper-porphyry
deposits in various settings

Environments-according to the options
for the position of the erosional trunca-
tion and the possibilities of detecting ore
bodies
Favorable, I, Moderately Unfavorable,

Elements of field models

11 favorable, 111 v

Supramineral space:

Propylitized rocks of the intrusive +c +c -

frame

Zones:

Pyritization +c +c -

Tourmalinization +u +-u -

Argillitization +c +c -

brecciated tubes +-a +-a -

Supramineral lithogeochemical

emljelope y e e )

Vein polymetallic mineralization +c +c -

Vein gnd ?mpregngted copper- t o )

arsenic mineralization

Ore — hosting space

Propylitized rocks of the intrusive +c B B

frame

Pyritization zones +c - -

Porphyritic intrusive bodies +c - -

Brecciated tubes +-C - -

External lithogeochemical enve- +c ) )

lope

Vein polymetallic mineralization +-c - -

Zones:

Argillitization +-C - -

Silicification and sericitization +c - -

Ore bodies +u - -

K-feldspathization and biotitization +-C - -

sub-ore lithogeochemical envelope +-c - -

sub-ore space:

gra(;gzhtlzed rocks of the intrusive to . to

Pyritization zones +-c - +-c

Porphyritic intrusive bodies +c - +c

i);t:rnal lithogeochemical enve- ‘e ) e

K-feldspathization and biotitization +-c - +-c
Quartzy core +-u - +-u
Internal lithogeochemical envelope +-C - +c

39

The designations used in Table 3 are as follows: +” pres-
ence of a feature on the section; “~” absence of a feature;
“+/=" possible presence of a feature; “u” unambiguous iden-
tification of the corresponding part of the geological space;
“a” ambiguous identification; “c” identification in combina-
tion with other features.

4. Conclusions

An important result of the microminerological studies
was the identification of the zone of spread of kalishpatiza-
tion, which is widespread in the Kyzylkiya deposit. The
samples taken from this zone also confirmed the results of
spectral analysis. Argillitization, widespread in the territory
of Kyzyl Kiya, was clearly expressed on the map, compiled
according to the results of the spectral method, and con-
firmed by microminerological studies. Mineralogical and
geochemical characteristics of the main types of ores of cop-
per-porphyry deposits were identified. Prospect and pro-
specting signs of copper-porphyry deposits in various set-
tings were detected.
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Opraabik Kazakcrangarsl Kosigap MacCUBiHIH MBIC-KeH/Ii Tay
JKbIHBICTAPBIHBIH NMETPOreHe3NCI :KIHE MUHEPATOTHSIBIK
CHIIATTAMAJIAPbI

2.0. Opsabacaposa, JI.9D. Ypmanosa', A.A. bex6oraesa, T.JI. AGaymnnaesa

Satbayev University, Aimamoi, Kazaxcman
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AnpaaTna. by ®KyMbpIc MUHEpalJIbIK IIMKI3aTKa, Scipece TYCTI MeTa/ul KeHepiHe aereH »ahaHaplK CYpaHbICTHIH apTybIH
KOHE OHail TaOBUTIATHIH KEH OPBIHIAPBIHBIH CapKbIIyblHA OaiJIaHBICTHI >KaHA KEH OPBIHAAPBIH 13A€yJeTi KUBIHABIKTAP/IbI
Tanmaiapl. 3epTTey OChl CYpPAHBICTBI KaHAFaTTAHIBIPYJa MAaHBI3ABl POl aTKapaThlH MbIC-MOPQUPIl KEH OpbIHAApHIHA
OarprTTanrad. On G6apray omiCTepiH KETUIAIPYIiH KOHE dPTYPIIi TEONOTUSIIBIK, TE€O(PU3UKANIBIK KOHE TEOXUMIIIBIK 9IiCTepIi
OipiKTIpYiH MaHBI3ABUIBIFBIH KepceTel.3eprrey KasakcTanHbIH Oipereil METauIOTeHIIK alieyeTiH, aTan aiitkanna KoHpipan,
bosmaken, Kokcait, AkToraii )koHe AWTapbll CUSKTHI MaHBI3IBI MBIC KEH OpBIHIApH! OpHanackaH JKoHrap-bankamr karnapist
aiiMarblH epeKllIe aTam KepceTeli. 3epTTey JKYMBICHI OChbl KEH OpBIHAAPBIHBIH T'€OJIOTHSJIBIK JKOHE MUHEPAIOTHSIIBIK
cunarTamaiapbiH Tanaay ymin Konpap MacCHBIH 3TaloHIBl 3€pTTEy ajlaHbl peTiHAe NaiijanaHajbl. OicTeMe Janaiblk
3epTTeyNepl, YArUIepal OJKUHAyJbl, COHJAl-aK MakKpo- JKOHE MHKPOCKONMSUIBIK  MWHEPAJOTMSUIBIK — TaJlAay bl
KaMTH/bL.3epTTeyJiH Heri3ri HoTmwkeci — KpI3bUIKMS KeH OpHBIHIA KEH TapalfaH KaJWIINaTTaHy >oHE casfa aiHay
aiiMakTapbslH aHBIKTay OOJBINT TaObUIaIbl, Oy CHEKTPIIK TallAaylapMeH >KOHE MHUKPOMHHEPAIOTHSJIBIK 3epTTeyJIepMeH
pacrangpl. JKymbIc coHpal-ak MbIC-IOpQUPIl KEeHAEPIIH OpTYpil TYPJEpPiHIH MHHEPAIOTHSUIBIK JKOHE T'€OXMMUSUIBIK
CHUIaTTaMaJIapblH, OJAPAbIH KEH TY3YyIIli HHTPY3HSIIAPAbIH METPOJIOTHSUIBIK, ePEKIIeIIKTepiMeH OaliTaHbICHIH eTKeH-Ter el
cunartaiiael. KopeITBIHIABL OeniMae OpTYpIi TEONOTHSUIBIK SKaFmaimapaarbl MBIC-IOPGHUPITI KEH OPBIHAAPBIHBIH i37ECTipy
Oenrinepi YCHIHBUIFaH.

Hezizzi co30ep: nempozenesuc, mvic, MUHEPANI02Usl, MEMALI02eHIIK MOOeNbOep, MyCmi Memail KeHoepi.
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IleTporeHe3uc u MUHEPAJIOTHYECKHE XAPAKTEPUCTUKH
Meabcoaep:xamux nopoa maccusa Koanap, Henrpansubiii Kazaxcran

1.0. Opsiabacaposa, JI.D. Ypmanosa', A.A. bex6Goraesa, T.JI. AGynnacsa

Satbayev University, Aimamei, Kazaxcman

*Aemop ons koppecnonoenyuu: d.urmanova@satbayeyv.university

AHHoTauus. B naHHO# paboTe aHATM3UPYETCS PACTYLINA MUPOBOH CIIPOC HA MHUHEPAJIbHEIE PECYPCHI, OCOOCHHO Ha PY.IBI
IBETHBIX METAJJIOB, U yCHJIMBAIOMIAsACSA MpoOsieMa MOMCKAa HOBBIX MECTOPOXKACHUN MO Mepe MCTOIICHMS JIETKOJIOCTYITHBIX
sanexeit. McciemoBanre cOKyCHPOBaHO Ha MEIHO-TIOP(GUPOBBIX MECTOPOKICHUSAX, KOTOPBIE UMCIOT PEIlaloliee 3HaYCHUE
JUTSL YOBIETBOPEHUS 3TOTO cripoca. [loguepkuBaeTcsi BAXKHOCTh COBEPIIEHCTBOBAHMSI METOJIOB Pa3BEAKH M WHTETPAIUH Pa3-
JIUYHBIX TEOJIOTHYECKUX, TeO(OU3NICCKUX U TEOXUMHUCCKUX MOAX00B.MccrenoBanrue akIieHTHPYET BHUMAHUE HA YHUKAJb-
HOM MeTaJuIoreHnyeckoM noteHrnuane Kazaxcrana, B yactHocTd, Ha JIKyHrapo-banxaiickoMm ckiaggaTtoM pervoHe, rie pac-
TOJIOKEHBI TaKHe 3HAaYMMble MeJIHbIe MecTopoxaeHus, kak KoyHpan, bo3makons, Kokcail, Aktorait u Alinapsul. B kauectse
STAJIOHHOTO YYacTKa TS aHaJi3a TeOIOTHICCKAX ¥ MUHEPATIOTHIECKUX XapPAKTEPUCTUK STHX MECTOPOKICHUNA HCIIOIB3yeTCsS
MaccuB Kommap. MeTomoorust BKIIro4asa MmoJieBbIe UCCIeA0BaHMS, 0TOODP P00, a TAaKKe MaKpO- U MUKPOCKOITMIECKAN MUHE-
panorndeckuii ananu3.Kirto4eBBIM pe3yIbTaTOM HCCIIEOBAHUS CTAlI0 BRISABICHHE OOIIMPHBIX 30H KATUIIMATH3AIWN U apTHI-
JU3AIIH B IIPeJesiaX MeCTOPOKIeHI KBI3bUTKHS, 9TO OBLIO OATBEPKICHO KaK CIIEKTPAIFHBIM aHAJIM30M, TaK 1 MUKPOMUHE-
paTOTHYECKUMH HCCIIeoBaHUAME. B pabote Tarke moapoOHO OMICaHBl MUHEPAIOTHIECKHE  TE€OXMMHUYIECKIE XapaKTepUCTH-
KW Pa3IHYHBIX THIIOB MEIHO-TIOP(GHUPOBBIX Py, CBA3BIBAS UX C KOHKPETHBIMHU METPOJOTHYSCKUMHU OCOOCHHOCTSIMH PYAOHOC-
HOTO IUTyTOHHM3Ma. B 3aKiIt0ueHuH MpeaCcTaBieHbI MIOMCKOBBIC MPU3HAKA MEIHO-MOPHUPOBBIX MECTOPOKICHHH B Pa3IHUHBIX
reoJOrM4ecKnX 00CTaHOBKaX.

Knroueswie cnosa: nempozenesuc, medb, MUHEPANO2Us, MEMALI02EHUYECKUE MOOEU, PYObl YEEHBLIX MEMAJLIO08.
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The role of environmental and industrial safety
during subsoil development
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Abstract. The article examines the environmental problems of the territories of the Republic of Kazakhstan. These prob-
lems are associated with the depletion of accessible mineral resources and the growing amount of man-made waste (MMW),
which increases the land area occupied by dumps and landfills as well as the negative impact on the environment. Accumulat-
ed waste is, on the one hand, the main pollutant of the environment, and on the other hand, a valuable material potentially
suitable for processing and reuse in the production of widely demanded building materials. The need for processing technogen-
ic mineral formations is dictated by the fact that they occupy vast territories, are easily dispersed by wind, and pose an in-
creased environmental risk for mining and metallurgical regions. In this regard, the scientific foundations of integrated meth-
odologies for the environmental assessment of MMW and their recycling in the production of building materials and products
were developed. The study substantiates the possibility of using these wastes as raw materials for building products while
simultaneously addressing environmental challenges in the affected territories. Methods for the disposal of man-made waste
and a quantitative assessment of the prospects for introducing resource-saving technologies are presented.
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1. Introduction 3. Which mineral deposits, including technogenic and
secondary ones, should be prioritized for exploitation?

4. What technological solutions should be implemented
in the extraction and processing of minerals and mineral raw
materials?

5. Which beneficiation and enrichment technologies should
be applied to maximize recovery and minimize losses?

6. What human resources are required both in quantity and
qualification to ensure sustainable industry development?

7. To what extent should financial resources be mobilized
(public and private investment) to implement this strategy
effectively?

Finding comprehensive answers to these questions is an
extremely complex task. The economy of Kazakhstan relies
on more than one hundred types of minerals that vary in
quality, origin, technological processing, and industrial ap-
plication. These factors create a wide spectrum of possible
development pathways for the national system of mineral and
energy supply. Therefore, there is a need for a scientifically
grounded methodology that would enable the reduction of
numerous possible options to a rational and economically
justified set, allowing the preparation of reliable feasibility
studies for mining projects and technological solutions.

An important part of this comprehensive approach is the
study of waste and secondary mineral resources, which rep-
resent a significant reserve for increasing the efficiency of
the mineral sector.

The mineral resource complex plays a crucial role in en-
suring the economic stability and sustainable development of
the Republic of Kazakhstan. The country possesses vast
reserves of mineral raw materials, including both metallic
and non-metallic ores, which constitute the foundation of
industrial growth and export potential. However, the effec-
tive utilization of these resources requires not only geological
exploration and extraction, but also a well-balanced state
policy aimed at rational use, technological modernization,
and environmental protection.

Based on the importance of the mineral resource complex
for the national economy, the strategy for its development
should be implemented throughout the country and, there-
fore, must be a state-level strategy. The ultimate goal of this
state strategy is to identify and implement optimal solutions
that would satisfy Kazakhstan’s internal demand for miner-
als, enhance the competitiveness of its mining and metallur-
gical sectors, and ensure a stable and secure position in the
global mineral market.

To achieve this goal, it is necessary to address a series of
fundamental questions [1-3]:

1. What types of mineral resources are advisable to mine
directly on the territory of the Republic of Kazakhstan?

2. What volumes of mineral extraction, and in what time
frame, should be ensured?

© 2025. M.M. Begentayev, Ye.I. Kuldeev, M.B. Nurpeissova, T.B. Nurpeisova, D.M. Kirgizbaeva

begentayev_meiram@mail.ru; kuldeev_erzhan@mail.ru; marzhan-nurpeisova@rambler.ru; t.nurpeissova@satbayev.university; d.kirgizbaeva@satbayev.university
Engineering Journal of Satbayev University. eISSN 2959-2348. Published by Satbayev University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),

which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

42



mailto:begentayev_meiram@mail.ru
mailto:kuldeev_erzhan@mail.ru
mailto:marzhan-nurpeisova@rambler.ru
mailto:t.nurpeissova@satbayev.university
mailto:d.kirgizbaeva@satbayev.university
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.51301/ejsu.2025.i5.06
mailto:marzhan-nurpeissova@rambler.ru

M. Begentayev et al. (2025). Engineering Journal of Satbayev University, 147(5), 42-48

Tailings from ore enrichment and man-made deposits
contain valuable components that can be reused in various
technological cycles, including in the production of construc-
tion materials. Research in this area not only contributes to
resource conservation and circular economy principles but
also reduces the environmental burden on mining regions.

The object of this study is enrichment tailings and em-
bedded mixtures with and without additives based on them,
while the subject of research is the physical and mechanical
properties and hardening behavior of these embedded mix-
tures under natural moist conditions.

2. Materials and methods

2.1. Research materials

Scientific publications of foreign and domestic research-
ers in the field of using mining and metallurgical waste as
secondary raw materials were analyzed. The tailings of the
processing plants Achpolymetal, Donskoy GOK, Kazakhmys
Corporation and the Akzhal mine of Nova-Zinc LLP were
studied, and the ash and slag waste from the Almaty thermal
power plant, which uses coals from the Ekibastuz deposit,
was also studied.

By burning coal, thermal power plants receive thermal
energy and generate electrical energy. The negative side of
this process is the formation of by-products of coal combus-
tion — fly ash and slag. The composition of the ash and slag
material was determined by the quantitative ratio of the min-
erals included in it, which depend on the mineralogical com-
position of the initial part of the fuel. Ordinary samples
weighing from 3-5 to 15-16 kg were taken at the ash dumps,
of which group samples were subsequently compiled.

2.2. Research methods

To determine characteristics of input materials and com-
position of embedded mixtures and their physical and me-
chanical properties, standard methods were used, and XRF
and IR were used to identify their physical and chemical
properties. X-ray phase analysis (XPA) was carried out on a
DRON-3M X-ray installation (RF) and X-ray structural
analysis was carried out with a JCXA-733 «Superprobe»
microanalyzer (Japan) with software, scientific research to
study waste structure using laboratory polarizing microscope
Leica ICH DM2500 (Switzerland), equipped with a powerful
100 W illuminator, which allows you to comfortably work
with differential interference contrast; differential thermal
analyzes (DTA) were carried out on a derivatographic device
MOM-1500 D (Hungary); chemical analysis and microhard-
ness tester PMT-3 (RF). Particle size distribution analysis
was carried out using Analizette 22 Micro Tec Fritsch GmbH
(Germany) device.

3. Results and discussion

As all industries grow, the consumption of the resources
of the Earth's interior, including mineral resources, increases,
which leads to the formation of a large amount of man-made
waste (MMW) production. In this regard, environmental
problems are increasing. The construction materials industry
is one of the few that can dispose of high-tonnage waste from
other industries. Large-scale utilization of MMW can signifi-
cantly expand the raw material base for the production of
building materials, as well as contribute to improving the
environmental situation in the regions.
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At the same time, it must be considered that the scale and
depth of the negative impact of mining on the environment
causes great concern to society. Even poets write with ex-
citement: «There is less and less surrounding nature, More
and more environment».

It has been established that the impact of mining on the
environment must be identified a priori in order to have a
reserve of time to develop the most technologically and eco-
nomically effective methods for eliminating and minimizing
this impact.

When developing technological processes for mining
production, priority should be given to those solutions that
ensure the absence or minimum generation of production
waste (Figure 1).
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and everyday life
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Figure 1. Conversion of subsoil resources into environmental
pollution

The idea of creating waste-free (ecologized) subsoil use
involves the development and implementation of methods
and means of their organizational and economic support,
allowing modern mining production to fit into the natural
geochemical cycle, thereby turning it into a geochemically
closed system. Closed green mining production is based on
the following principles:

— minimum losses of matter and energy at the stages of
their removal from the natural system and subsequent use in
mining;

— maximum use of mining waste in other economic sys-
tems and to restore the disturbed ecological balance of the
natural system.

These principles should be considered when developing
the scientific basis for an environmental strategy for the
development of the mineral resource base and mining indus-
try in the Republic of Kazakhstan. All methods of mining are
characterized by an impact on the biosphere, polluting almost
all its elements, including the subsoil.

Subsoil is the object and operational basis of mining
production and is subject to the greatest impact. Since
subsoil belongs to elements of the biosphere that do not
have the ability to naturally renew in the foreseeable fu-
ture, their protection should include ensuring scientifically
sound and economically justified completeness and com-
plexity of use.

The impact of mining on the biosphere is manifested in
various sectors of the national economy and is of great social
and economic importance.

At present, it is not possible to give a comparative quanti-
tative assessment of the impact of subsoil crawling and other
types of human activities on the environment, since there is



M. Begentayev et al. (2025). Engineering Journal of Satbayev University, 147(5), 42-48

no scientific and methodological basis for such a compari-  the widest impact on the biosphere, affecting almost all its
son. The various private criteria used do not allow us to ob-  elements. We analyzed the results of various programs and
tain an unambiguous answer to this question. projects for environmental restoration in areas of closed

In Table 1, a comparative qualitative assessment of the = mines for the extraction of uranium, ore and non-metallic
environmental impact of certain types of industrial produc- minerals and coal.

tion is given [4]. As can be seen from this table, mining has
Table 1. Comparative assessment of the impact of various types of industrial production on the environment

Impact of industries on elements of the biosphere

Industry . Water pool Earthly surface '
Airpool Superficial Underground . Flora, fauna =~ Subsoil
Soil cover Landscape
water water
Chemical and petrochemical S, St M. M. Mi M. Mi
Metallurgical S, S Mi M., Mi M, (6]
Fuel and energy Si S Mi Mi Mi Mi (6]
Construction Mi Mi Mi M. M Mi Mi
Transport M. M. Mi Mi Mi Mi O
Mining M. S S S S M. S

“Note. O — no impact; Mi — minor impact, M. — medium impact, S, — strong impact

Activities that were carried out during the implementation  lems of mining ecology and industrial safety, which is posi-
of these programs included: inventory of areas of underground  tive will influence the choice of priorities for the develop-
and open-air mining complexes, creation, management and  ment of the mining industry.
visualization of a database, assessment of environmental im- Negative impact of industry is expressed in the impact on
pact, forecasts of future changes in this impact, classification  specific parts of nature and on the biosphere in whole from
and prioritization of individual and group underground and  processes of extraction and processing of natural resources.
above-ground objects complexes, development of technical  Production and consumption waste are sources of anthropo-
solutions for the liquidation or conservation of objects with  genic environmental pollution on global scale and arise as
subsequent technical and biological reclamation of disturbed  inevitable result of consumer attitudes and unacceptably low
areas, management and purification of mine and drainage  resource utilization rates [6].
waters and simultaneous environmental monitoring. For example, in the USSR, non-ferrous metallurgy con-

For example, mining enterprises annually extract over  sumed about 2 billion tons of rocks per year, and commercial
200 million tons of minerals and host rocks from the depths  output accounted for 1%. In the Russian Federation, one way
of the Republic of Kazakhstan. The extraction and pro- or another, 90-95%, or from 80 billion to 120 billion tons,
cessing of such large volumes of mineral resources have a  end up as waste. More than a billion of them are toxic. Every
negative impact on the environment due to the generation of  year, the area occupied by waste increases by 250 thousand

mining waste. Subsoil use waste is stored off-balance ore,  hectares. The main suppliers of waste are the mining, chemi-
overburden rock, intermediate waste from the process of ore  cal, metallurgical, fuel and energy industries.
preparation and hydrometallurgy, waste tailings from the Depending on the possibility of use, distinction is made

flotation and sorption process, slag from the pyrometallurgy ~ between recyclable and non-recyclable waste. For the for-
process, liquid cyanide containing waste, which is placed on ~ mer, there is technology for processing and inclusion in eco-
internal and external dumps, tailings and ash and slag storage ~ nomic circulation, for the latter it is currently not available.

facilities and other storage facilities. Classification of industrial waste [7] wastes are often chemi-
Mining in Kazakhstan continues to have a negative im-  cally heterogeneous, complex polycomponent mixtures of

pact on environmental components. During the extraction of  substances with various chemical and physical properties,

mineral deposits, huge amounts of hazardous waste are pro-  presenting toxic, chemical, biological, corrosive, fire and

duced, which detonate in the dumps of mines and mines, as  explosion hazards.

well as in the tailings of processing plants and hydrometal- Number of waste classifications are known in modern sci-

lurgical plants. entific and technical literature N.F. Reimers [8] divides waste

Solution to environmental problems in the areas of mines  into industrial, agricultural, construction and municipal. M.E.
and processing plants cannot be delayed. Intervention at the  Pevzner [4] considers only MMC waste and divides it into
highest levels of government is urgently needed. Modern  solid, liquid and gaseous. Ch. Mantell [9] identifies 6 classes
society is seriously concerned about solving problems of  of waste: agricultural, livestock, metallurgical, construction,

mining ecology and industrial safety, on which the well-  chemical and municipal. The works of Z.A. Estemesov and
being of the current and future generations involved in sub-  T.K. Sultanbekov [10] proposed classification of urban con-
soil use depends [5]. struction waste into 13 groups.

Thus, subsoil use objects are the main cause of negative In this work, to understand mechanism of occurrence,
impacts on the environment and mining safety. Neutraliza-  control, and management, as well as to eliminate shortcom-
tion of such impacts during the modernization of the mining  ings noted above, classification of production and consump-
industry will play a positive role in the formation of a strate-  tion waste was made according to physical condition, by
gy for the development of the mineral resource base; it re-  sources, chemical and morphological composition, as well as

quires, on the one hand, a certain organization of production by industries and regions (Figure 2).
and, on the other hand, the use of a method of rational devel-
opment of subsoil resources, taking into account the prob-
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gaseous

Solid
municipal
waste

Industrial consump-
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Figure 2. Classification of waste by characteristics physical
condition and education

The main causes of waste generation in the mineral re-
source sector are multifactorial and systemic in nature [11].
They can be summarized as follows:

— irrational management practices, which have become
the norm for many enterprises that continue to operate with
outdated production and processing technologies;

— an obsolete regulatory framework, which does not cor-
respond to the modern requirements of environmental protec-
tion and circular economy principles;

— ineffective supervision and control by central and local
environmental and health authorities, as well as by other
sectoral government bodies responsible for monitoring waste
management practices;

These factors collectively hinder the transition to sustain-
able resource management and lead to the accumulation of
large volumes of industrial and mineral processing waste,
creating both environmental and economic challenges for the
country. The absence of a specialized law that would com-
prehensively regulate relations in the field of waste genera-
tion, utilization, and disposal. Most cities with a population
of over 100 thousand inhabitants, especially megacities like
Almaty, are experiencing an environmental crisis due to
production and consumption waste.

The high concentration of population in megacities leads
to increase in anthropogenic load on environment, which
consists in increasing the production and consumption of
various energy values. This leads to environmental pollution
and disruption of ecology of the urban landscape. Disposal of
waste generated by the city to landfills leads to pollution and
irrational use of land, the atmosphere, surface and ground
waters, increased transportation costs and irretrievable loss of
valuable materials and substances.

The solution to this problem is currently urgent due to the
manifold increase in the volume of solid waste. In this re-
gard, the end of the twentieth century was marked by the
holding of several International Environmental Congresses in
the following countries: Brazil, Canada, Japan, Portugal,
Sweden, and Russia. Several laws and codes have been
adopted in Kazakhstan, which confirms the global nature of
environmental problems associated with the lithosphere,
atmosphere, hydrosphere and biosphere. The scientific foun-
dations and practical recommendations for environmentally
sound management of industrial waste are formulated in the
works of scientists from Kazakhstan and abroad [12-17].
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However, despite certain achievements in this area, the
problems of waste burial, storage, neutralization, and dispos-
al remain among the most critical environmental challenges.
Insufficient attention is still paid to the processing and reuse
of mining, construction, and municipal waste. Over many
decades, the mining and metallurgical complex of the Repub-
lic of Kazakhstan has accumulated vast amounts of overbur-
den materials, enrichment tailings, and metallurgical slags.
As a result, millions of tons of harmful substances are annu-
ally released into the atmosphere, while hundreds of millions
of cubic meters of contaminated wastewater are discharged
into natural water bodies.

The accumulation of such waste not only leads to the deg-
radation of landscapes and soil contamination but also poses
risks to groundwater quality, biodiversity, and public health.
Furthermore, the inefficient management of industrial waste
represents a significant economic loss, as many of these mate-
rials contain valuable components that could be recycled or
reused within the framework of a circular economy. Address-
ing this issue requires the development of innovative technol-
ogies for waste utilization, including the creation of construc-
tion materials and binder mixtures based on tailings and other
by-products of mineral processing. (Figure 3).

Figure 3. General view of industrial waste: (a) — overburden
dumps formed during open-pit mining; (b) — accumulation of ore
beneficiation tailings near processing facilities; (c) — storage of
metallurgical slag and coarse waste materials at industrial sites.

Scale of the impact of industrial waste on environment is
comparable to geological processes. Large-tonnage industrial
wastes are accumulations of waste from the mining, metallur-
gical, energy and chemical industries containing useful com-
ponents or minerals. The bulk of mining waste in Kazakhstan
is generated in mining enterprises (73%), processing plants
(25%) and metallurgical plants (2%). According to modern
estimates, the enterprises of the mining complex of Kazakh-
stan have accumulated over 50 billion tons of industrial waste
and occupy vast territories (more than 200 km? of area). Every
year the amount of industrial waste increases by approximately
1,5 billion tons, and at the same time, the level of use of solid
waste is currently low. The total reserves and areas occupied
by tailings dumps within the regions are given in Table 2.
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Table 2. Processing waste by regions of Kazakhstan

Regions Quantity Reserves, thousand tons = Area km®
Akmola 11 76834.50 12.30
Aktobe 8 30675.30 6.30
Almaty 5 47914.90 2.99
East Kazakhstan 39 887914.57 19.57
Zhambulskaya 6 44188.93 1.58
Karaganda 37 2809342.13 89.20
Kostanayskaya 4 611101.70 27.45
Pavlodar 2 8770.86 1.23
South Kazakhstan 5 142355.30 3.52

Moreover, the largest reserves are concentrated in tailings
dumps. The need to involve enrichment tailings in produc-
tion is dictated by the following circumstances:

— service life of tailings dumps is limited; the filling of
many has already been completed or will end in the coming
years;

— tailings occupy vast territories and, because they are
finely dispersed and easily blown away material, are source
of increased environmental risk for regions where mining
and processing complexes operate.

Since enrichment waste is finely ground product that does
not require additional grinding before use, this reduces eco-
nomic costs. In addition, the process of ore enrichment en-
sures the homogeneity of the material both in chemical and
mineralogical composition. The total reserves of mining and
processing waste of some large mining enterprises in Ka-
zakhstan are given in Table 3.

Table 3. Reserves of technogenic waste at large mining enterprises

Reserves, thousand tons

Name of the enterprise Technogenic

d CP dumps
umps

JSC "Achpolitmetal” - 142570.1
Belogorsky GOK 24406.0 10067.8
Donskoy GOK 81447.7 38280.4
Kazakhmys LLP 973114.7 1674691.5
Zhairemsky GOK 6354.8 3188.8
Tekeli Mining and Processing Plant 15723.9 40360.5
JSC "Kazzinc" - 373147.1
Zhezdinsky GOK 89.7 3173.2
JSC "Kostanay Minerals" - 2038.3

According to the bodies of State Control and Supervision of
Natural Resources, the share of waste used in the republic is
currently 18-20%. It remains extremely low compared to world
practice. In Western Europe (France, Germany, Italy, England)
this figure is up to 58%, in North America (USA, Canada) —
up to 63%, in Japan —up to 87%, China —up to 37% [18].

Accumulated waste is, on the one hand, the main pollu-
tant of environment, and on the other hand, it represents
valuable products that are potentially suitable for processing
and reuse to obtain popular building materials.

The need for development (processing) of technogenic
mineral formations is dictated by the fact that they occupy
vast territories, easily blown away material, and are a source
of increased environmental risk for the mining and metals
industry regions. The constant increase in the volumes of
various types of waste generated in the mining and pro-
cessing industries and their storage in storage facilities and
the experience of using such objects in industry allows us to
consider them as sources for obtaining secondary raw mate-
rials and building materials.

Technologies development for production of building
materials based on technogenic waste, contributing to devel-
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opment of industrial and innovative potential of state, careful
attitude towards natural resources and the environment,
should be considered as the most important scientific and
practical task, the solution of which is directly related to
environmental safety when disposing of billions of tons of
waste in industrial regions [19, 20].

4. Conclusions

The conducted research confirms that waste generated by
mining and metallurgical complexes (MMC) and thermal
power plants (CHP) can serve as a valuable secondary raw
material for various industries, particularly for the production
of construction materials. These technogenic formations,
traditionally considered an environmental burden, actually
represent a significant reserve of useful components suitable
for reuse. Their rational involvement in industrial circulation
not only reduces the area occupied by dumps and tailings but
also prevents the accumulation of new waste, contributing to
the transition toward waste-free and environmentally sustain-
able production.

The technological benefit of such an approach lies in the
implementation of modern waste-processing methods within
the framework of Kazakhstan’s national program for indus-
trial and innovative development. Economically, it allows for
the production of additional building materials and related
products, expanding the raw material base of the construction
industry. From a social perspective, this process stimulates
the creation of new jobs in regions adjacent to mining and
metallurgical enterprises, improves working conditions, and
enhances environmental safety.

The environmental effect is particularly significant: it mani-
fests in the reduction of land areas allocated for dumps, the
restoration of disturbed ecosystems, and the mitigation of harm-
ful emissions and discharges. Thus, the integrated recycling of
man-made waste contributes simultaneously to resource effi-
ciency, economic diversification, and the improvement of the
ecological situation in industrial regions of Kazakhstan.
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Anpatna. Maxkana Kaszakcran PecnyOnmukackl ayMakTapblHBIH OKOJIOTHSUIBIK ITpoOieMaliapblH  KapacTbipansl. Omap
texHoreuaik Kanapikrap (TKK) caHblHBIH yiFalobIMeH, YiliHZIUIEp MEH IMOJMIOH/AAp bl JKaTKaH ayMaKTap/blH ©CyiMeH,
COH/Iali-aKk KOopIIaraH OopTara Tepic acepiMeH Oipre »Kep/iH MHUHEpAIIbl pecypCTapbIHBIH KOoJa 0ap KOpJIaphIHBIH a3al0bIMEH
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Posb 3Kk0/10rn4eckou ¥ NPOMBIIIJICHHOH 0€30I1aCHOCTH
MPH OCBOCHUHU HeEAp

M.M. berenraes, E.W. Kynsaees, M.b. Hyprieucosa, T.b. Hypmeucosa, JI.M. Kuprusbtaesa
Satbayev University, Aimamei, Kazaxcman

*4emop ons koppecnondenyuu: marzhan-nurpeissova@rambler.ru

AnHoTanus. CTaTesl paccCMaTpUBaeT SKOJIOTHIECKHE Mpobiaemsl Tepputopuii Pecryonmku Kazaxcran. OHU cBs3aHEI € CO-
KpalleHHeM JOCTYIHBIX 3a[1aCOB MUHEPAIBHBIX PECYPCOB 3eMIIM IIPH OJJHOBPEMEHHOM YBETHMYCHUH KOJIMYECTBA TEXHOT€HHBIX
orxonoB (TT'O), pocToM miomaaei, 3aHUMAeMbIX OTBAJIBIMU M TOJUTOHAMH, a TaKKe OTPHIATEIHHBIM BO3JIEHCTBHEM Ha
OKpy>Karollyo cpeny. HakorieHHbIe OTXOMBI, ¢ OJJHON CTOPOHBI, IBISIIOTCS. OCHOBHBIM 3aTrpsI3HUTEIEM OKPYKaIOLIeH cpesl, a
C JIpyroif — MpPeNCTaBISAIOT CO00i [IEHHBIE POAYKTHI, TOTEHIMAIBHO IIPUTOAHBIE IS TEPEPadOTKH U TIOBTOPHOTO HCIIOJIb30-
BaHMS /TSI TIOJTyYeHUsI BOCTPEOOBaHHBIX CTPOUTENBHBIX MaTepraioB. HeoOxonumocTs pa3paboTku (mepepabOTKH) TEXHOTEH-
HBIX MUHEPATBHBIX 00pa30BaHUI JUKTYETCS TEM, YTO OHU 3aHUMAIOT OOIMIMPHEBIC TEPPUTOPHH, JIETKO pa3ayBalOTCs BETPOM U
SIBIITIOTCS. HICTOYHUKOM TIOBBIIIICHHOTO HKOJIOTHYECKOTO PHUCKA JJISI PETHOHOB TOPHOIOOBIBAIOMICH M METAJUTyprHUSCKON TPO-
MBIIUIEHHOCTH. B 3TO¥ CBA3M B cTaThe pa3paboTaHbl HAYYHBIE OCHOBBI KOMITICKCHON METOAUKH YKOJOTUIECKOM OIEHKH TeX-
HOTEHHBIX OTXOJIOB M HX IepepabOoTKH B MPOU3BOACTBE CTPOUTEIHHBIX MAaTEPUANIOB M W3IENNH, 000CHOBaHA BO3MOXKHOCTh
HCIIOJIb30BAHMS YKa3aHHBIX OTXOJIOB B Ka4€CTBE CBIPbS Ul UX IPOU3BOJACTBA IIPU OJHOBPEMEHHOM PELICHUU 3KOJIOTMUECKHUX
mpobiem Tepputopuil. [IpeacTaBieHsl METOIB YTHIN3AIMHA TEXHOTEHHBIX OTXOJOB M KOJHYECTBEHHAs OIEHKA MEPCIECKTHB
BHEJIPEHHS PECYPCOCOEPEraronux TeXHOIOTHA.

Knrouesvte cnosa: sxonocuueckue npooiemvl, pecypcHulil n00X00, YMUIU3ayus mMexHOZEHHbIX OMX0008, CIMPOUMEIbHbIe
Mamepuansl, Omxoobl.
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