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Abstract:

Background: In the context of the depletion of natural resources, the issues of using man-made waste as a source of
minerals are becoming especially relevant. The mining and processing industry is one of the leaders in the production
of man-made waste.

Objective: The purpose of this study is to demonstrate the enrichment of waste from mining and processing plants
and tailings dumps of gold ore deposits in the Southern Urals with Au, Cu and Zn, which can be used for their re-
extraction, and also to understand the need for the environmental and economic feasibility of their processing.

Methods: Analytical studies were carried out using X-ray fluorescence, atomic absorption and energy dispersive
methods.

Results: The dumps and tailings of pyrite mining and processing plants and slags of copper smelters of the Southern
Urals contain increased concentrations of Au, Cu and Zn. The Zn content is comparable to its percentage content in
currently mined ores. It was established that the tailings of the Ulyuk-Bar gold deposit contain increased contents of
Au and Ag, which leads to their annual losses reaching 150 and 55 kg, respectively.

Conclusion: Our research confirms the urgency and significance of the problem of development and comprehensive
use of the resource potential of man-made deposits, which requires further study and development of effective
technologies.

Keywords: Waste, Mining and processing plant, Tailings storage facility, Gold deposits, Pyrite deposit, Southern
Urals.
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1. INTRODUCTION an increase in the amount of man-made waste generated
Population growth contributes to an increase in the and_, as a consequence, a negative impact on Fhe
consumption of minerals, which leads to an intensification environment [ 1 ]. Issues of ecology, resource conservation

of the extraction of mineral resources. This trend leads to and energy conservation are currently coming to the
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forefront. The ideology of unlimited technical progress is
giving way to the concept of sustainable development,
taking into account the interests of not only the present
but also future generations [2-4]. One of the areas of
implementation of this concept is the use (recycling) of
production and consumption waste that accumulates in
dumps and landfills and represents man-made raw
materials [5-7].

The largest amount of industrial waste is produced by
the extractive industries. Of the huge amount of mineral
raw materials extracted from the natural environment for
production purposes, only 1.5-2.0% is converted into the
final product [8], and the bulk of it (over 90%) is converted
into industrial waste, which includes high concentrations
of heavy metals (Cu, Cd, Fe, Mn, Pb, Zn), metalloids (As,
Se), and precious metals (Au, Ag) [3-7].

The use of mining waste is a major environmental
issue worldwide [ 9 ]. Mineral reserves are limited and are
gradually being depleted. The use of secondary resources
reduces the extraction of minerals from primary sources,
minimizes the destruction of the ecosystem, and facilitates
the transition to a closed-loop economy. In addition, the
processing of industrial waste is cheaper than the
development of new deposits, which may be located in
hard-to-reach areas. This reduces the cost of extraction
and increases the profitability of enterprises [ 1 ].

The problem of mineral waste is relevant for this
industry throughout the world. The mining industry has
traditionally been a source of generation and accumulation
of large quantities of waste. Thus, according to European
statistics, in 2022, mining and quarrying occupied second
place - 22.7% of the total waste generated (construction
occupied first place - 38.4%). Of the total waste generated
in the EU in 2022, 64% (3.2 tonnes) per inhabitant was
major mineral waste [10]. The data from the U.S.
Environmental Protection Agency (EPA) shows that in
2022, 2.59 million tons of mining production resulted in
the generation of 0.67 million tons of waste, 96.6% of
which were disposed of or otherwise released into the
environment [11].

The total value of metals in waste is estimated to be
comparable to the value of potential mineral resources
and several times exceeds the value of explored reserves
in the subsoil that are not yet used. In most cases, mineral
waste is used for the construction industry (no more than
10%). In technologically advanced countries, more than
40% of copper, 35% of gold and a significant amount of
other metals are obtained from waste using new
technologies, such as leaching [ 12 ]. Numerous studies
confirm both the environmental and economic benefits of
recycling mining waste [ 13-15].

The problem of waste generation, accumulation,
storage, and disposal is extremely acute for Russia and
affects almost all its regions. There is a steady increase in
waste generation in the Russian Federation. Thus,
according to data from 2014 to 2023, the increase in
industrial waste production amounted to 55.7% (from
5168.3 to 9278.8 million tons) [16]. Despite the fact that
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the share of recycled waste increased by 60% during the
period under review, and in 2023 it amounted to only
42.6%. At the same time, if in Europe more than 50% of
waste is recycled, then in Russia the average level of
industrial waste recycling is 35%. The rate of waste
generation growth increases annually and, over the past
few years, has amounted to 15-16%. The main sources of
waste are still enterprises of the fuel and energy complex,
mining, forestry and woodworking industries. Thus, in
many regions of the country, huge reserves of mine rocks,
ash and slag mixtures, and other waste from the mining,
coal mining, and metallurgical industries have
accumulated [8, 17, 18].

Many waste dumps, in terms of the volume of stored
rocks, their composition, properties and suitability for
obtaining useful products, represent man-made deposits of
minerals [19-21]. Despite the significant volumes of man-
made accumulations, the level of their utilization remains
low [22-28]. Thus, Russian mining enterprises annually
store about 5 billion tons of overburden and waste rock on
the surface, and about 700 million tons are delivered to
waste heaps by enrichment plants [23]. Tailings of mining
and processing plants store up to hundreds and tens of
thousands of tons of those ores, the percentage content of
extracted elements which is lower than the industrial one
[29, 30].

In the Ural region, man-made deposits are widespread,
representing waste from mining, processing, metallurgy
and other industries and suitable in quantity and quality
for industrial use [31, 32]. The concentration of ore and
impurity elements often exceeds their content in natural
deposits.

Significant copper reserves (almost 20 million tons)
are contained in numerous deposits in the Southern and
Middle Urals, most of which are of the copper-pyrite type.
At the same time, over the past 50 years, the content of
the main valuable components in the mined ore at the
copper-pyrite deposits of the Southern Urals has
significantly decreased [33, 34]. The copper content has
decreased by 2.6 times and zinc by 3.1 times. Currently,
the copper content in mined ores fluctuates at the level of
1.5-1.8 wt. %, zinc - 0.5-0.7 wt. % [35]. At the same time,
the share of refractory ores has increased from 15 to 40%
of the total mass of processed raw materials, and this is
typical for mining enterprises developing deposits of
multicomponent ores.

Pyrite concentrates and cinders are valuable types of
man-made mineral and chemical resources stored by
mining and processing plants during the enrichment of
sulfide copper and lead-zinc raw materials. Both types of
resources are enriched in iron and sulfur, non-ferrous (Cu,
Zn, Pb, Co, Sb, etc.), noble (Au, Ag), and dispersed rare
metals (Se, Te, Bi, Cd, Tl, etc.). Copper ore mining and
processing plants in the Urals have already accumulated
50 million tons of pyrite in enrichment tailings [36, 37].
The pyrite content in ores is 60-80%, and in tailings -
90-95%. Pyrite cinders as waste from former sulfuric acid
production are currently concentrated in 4 largest storage
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facilities with a capacity of over 1 million tons each:
Ammofos OJSC (Cherepovets) - 12 million tons, Meleuz
Mineral Fertilizer Plant - 2.5 million tons, explored
Kirovograd deposit - 7 million tons, PMCPA PJSC
(Krasnokamensk) - 4.5 million tons, that is, in total - 26
million tons. The only consumer of pyrite cinders at
present is the cement industry, where pyrite iron is used
to form calcium aluminoferrite binder. The task of using
pyrite raw materials as a complex source of metal
products was set in the late 30s of the last century.
According to studies [36, 38], pyrite cinders contain
1.1-2.1 ppm Au, 20-30 ppm Ag, 0.3-0.4% Cu, and 0.7-1.0
wt. % Zn and 40-50 wt. % Fe, and 0.5 tons of gold are lost
annually with their deliveries to cement plants. In
particular, up to 10 tons of Au have been shipped to
Novorossiysk cement plants in pyrite cinders over 50
years [38]. In general, according to data [39], Au losses
during enrichment of pyrite ores in Russia amount to

50-60%, with a significant portion of the losses coming
from pyrite containing Au.

According to previous studies by the authors [40, 41],
the waste of copper-zinc ores from mining and processing
plants in the Southern Urals contains elevated Au contents
of up to 1 ppm, as well as Zn, which reach industrial
levels.

This article presents an analysis of the chemical
composition and content of useful components in ash and
slag mixtures of the Sibay copper smelting plant, dumps
and tailings of the Gay, Buribay, Sibay, Uchaly mining and
processing plants of pyrite ores in the Southern Urals, as
well as tailings of the Ulyuk-Bar gold deposit. The purpose
of this study is to determine the presence of possible
useful components in them, including Au, Ag, and non-
ferrous metals, based on determining the chemical
composition of waste from mining and processing plants
and tailings, which can be used for their repeated
extraction and waste processing.
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Fig. (1). Structural zones of the Southern Urals and the location of the Ulyuk-Bar gold deposit and mining and processing plants of pyrite-

polymetallic ores [43].

Note: 1 - Preuralian foredeep, filled with Permian molasse; 2 - West Uralian zone, with a predominant development of in-tensely folded
and westward-thrust Paleozoic shelf and bathyal (passive margin) sedimentary sequences; 3 - Central Uralian zone, with exhumed
Precambrian complexes; 4 - Tagil-Magnitogorsk zone with the mostly Paleozoic ocean floor and island arc formations; 5 - East Uralian
zone, containing a combination of Precambrian and Paleozoic oceanic and island arc complexes; 6 - Transuralian zone, composed of pre-
Carboniferous complexes; 7 - Main Granite Axis; 8 - Multi-scale tectonic faults: MUF — Main Uralian Fault, EMF - East Magnitogorsk
Fault; 9 - Rivers; 10 - Research objects: 1 - low-sulfide gold-quartz deposit Ulyuk-Bar; 2-5 - mining and processing plants of pyrite-

polymetallic ores: 2 - Uchaly, 3 - Sibay; 4 - Buribay; 5 - Gay.
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2. MATERIALS AND METHODS

A total of 29 samples were selected from the Ulyuk-Bar
dumps and tailings of gold ore deposits (n = 15) (Fig. 1,
number 1), mining and processing plants (Gai (n = 2),
Buribay (n = 2), Uchaly (n = 2), Sibay (n = 4)) (Fig. 1,
numbers 2-5), as well as slag from the Sibay copper
smelting plant (n = 4). Samples weighing 0.5 kg were
crushed to a fraction of <1 cm, then averaged to weigh
~150 g, which were completely ground to a fraction of
~0.074 mm and analyzed using various methods. The
concentrations of petrogenic oxides and rare elements in
rocks and veins (SiO,, TiO,, AL,O,, Fe,. or Fe,0,,.., MnO,
Ca0, MgO, Na,0, K,0, S,..., P,O., V, Cr, Co, Ni, Cu, Zn, As,
Ba, Pb) were determined by X-ray fluorescence analysis
using a spectrometer XRF (X-Calibur, Xenemetrix LTD.,
Migdal HaEmek, Israel) (Ag-anode, 15-50 kV, 60-1000 mA)
[42]. Samples (5 g) for analysis were ground together with
5 drops of polyvinyl alcohol, dried at room temperature,

and pressed at a pressure of 25 t/cm’. Calibration curves
were constructed using state reference materials of iron
and polymetallic ores (182-89, 183-89, 184-89, 508-11,
509-11, 2884-84, 3031-84, OP-1, OP-2, OP-3, OP-4). For Au
analysis, 5-10 g powdered (~0.074 mm) samples were
calcined together with ammonium nitrate at 450-650°C
for 4.5-6 h, followed by acid digestion with hydrochloric
acid, a mixture of nitric and hydrofluoric acids, and aqua
regia. In order to concentrate and isolate gold from
interfering elements, it was extracted with butyl acetate
from a hydrochloric acid solution (1/7) at an aqueous-to-
organic phase ratio of 10:1. The detection limit while
measuring petrogenic oxides and rare elements was
0.01-0.2 wt % and 3-10 ppm, respectively.

The concentrations of Au and Ag were determined by
atomic absorption analysis wusing a Persee A3
spectrometer (PG General Instrument Co., Beijing, China)
[42]. In order to concentrate and isolate gold from
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interfering elements, it was extracted with butyl acetate or
isoamyl alcohol from a hydrochloric acid solution (1/8) at
an aqueous-to-organic phase ratio of 10:1. The detection
limit in the measurement of Au and Ag comprised 0.1 ppm.

The composition study of minerals of Ulyuk-Bar gold
deposit tailings dumps (n = 4) of the ore occurrence was
carried out in polished thin sections by analyst S.S.
Kovalev using a Tescan electron microscope (Vega 4
Compact, Tescan Brno s.r.o., Brno, Czech Republic)
equipped with an Explorer 15 energy dispersion analyzer
(Oxford Instruments, Oxford, UK) [42]. Spectra were
processed automatically in the AzTec One software
package using the TrueQ procedure (version 5.1, Oxford
Instruments, Oxford, UK). During the analysis, the
following parameters were used: an acceleration voltage
of 20 kV, a probe current of 4 nA, 60 s spectrum point
accumulation time in the Point&ID mode, and a beam
diameter of ~3 pm.

3. RESULTS AND DISCUSSION

In the analyzed samples of dumps and tailings storage
facilities of the Gay, Buribay, Uchaly, and Sibay Mining
and Processing Plants, the Cu content was found to be at
the level of 0.05-0.17 wt. %, Zn - 0.05-0.37 wt. % (Table
1). The calculated pyrite content in them based on S, is
4-40%. It should be noted that the obtained data contain a
significant dispersion in the contents of the main rock-
forming elements, which reflects the mineralogical
heterogeneity of the composition of the dumps and tailings
storage facilities, noted earlier [35]. In the Sibay dumps,
judging by the ratio of Fe, S, and LOI contents (see
Table 1, column 9), hydrous sulfates are present to a
significant extent, probably formed during the hypergene
alteration of the original rocks. Noteworthy is the slight
increase in the Cu and Zn contents, the extraction of
which requires different schemes compared to those for
primary, slightly altered waste dumps.

Table 1. Chemical composition of samples (wt. %) from dumps and tailings of the gay, buribay, uchaly and
Sibay mining and processing plants and the content of non-ferrous metals and rare elements in them (ppm).

Component 1 2 3 4 5 6 7 8 9 10
Sio, 63.04 53.28 43.33 33.28 31.58 28.29 48.22 47.87 27.83 25.40
TiO, 0.25 0.20 0.57 0.42 0.23 0.23 0.82 0.96 0.19 0.20
ALO, 9.34 8.51 15.31 11.81 8.40 5.46 16.26 16.10 5.10 4.60
Fe 12.50 15.56 10.07 8.05 23.86 25.15 12.75 22.78 15.27 50.09
MnO 0.04 0.03 0.25 0.13 0.08 0.05 0.04 0.05 0.06 0.07
MgO <0.1 <0.1 3.84 4.93 6.36 6.39 1.40 1.30 1.75 1.50
CaO 1.72 1.85 0.25 0.27 3.42 2.76 1.23 1.38 2.62 2.29
Na,0 <0.5 <0.5 1.92 1.84 - - 0.20 0.20 0.19 0.20
K,0 0.64 0.49 1.65 0.94 0.61 0.49 0.63 0.66 0.39 0.37
P,0; 0.06 0.05 0.05 0.05 0.14 0.11 0.15 0.18 0.15 0.28
Siowal 13.36 20.70 1.79 6.33 18.08 18.87 11.59 5.61 27.51 9.02
LOI - - 15.10 27.45 - - 7.04 2.78 19.17 5.14

Sc 11 13 25 17 13 <10 11 17 17 12
\4 74 74 282 172 81 64 118 136 46 59
Cr 23 31 - - 15 <10 190 234 44 34
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Component 1 2 3 4 5 6 7 8 9 10
Co 44 58 42 47 30 27 43 85 70 164
Ni 18 <10 34 39 105 104 79 74 21 27
Cu 1563 1664 515 689 1551 930 1062 1195 1319 1508
Zn 978 2163 325 471 3664 3020 992 1105 1236 1489
As - - - - - - 1469 1555 1732 486
Ba 1589 1382 174 101 236 279 980 1783 1848 3843
Pb 52 35 <10 13 - - 139 273 34 66

Note: LOI - loss on ignition. Mining and processing plants: 1-2 - Gay; 3-4 - Buribay; 5-6 - Uchaly; 7-10 - Sibay. Dash - no data.

Table 2. Chemical composition (wt. %) of slags from the old sibay copper smelting plant and the content of
non-ferrous metals and rare elements (ppm)

Component 1 2 3 4
Sio, 28.54 27.78 25.93 26.61
TiO, 0.10 0.09 0.09 0.09
Al,0,4 2.08 1.93 1.71 1.76

Fe,0; 44.49 44.06 44.38 43.92
MnO 0.05 0.05 0.03 0.05
MgO 0.49 0.21 0.51 0.88
CaO 5.62 5.61 5.54 5.54
K,0 0.35 0.31 0.29 0.30
P,0; 0.07 0.07 0.09 0.07
Siotal 3.00 2.97 2.94 2.83

Sc 15 12 15 16
Ni 13 15 22 20
Cu 1780 1600 1420 1620
Zn 20062 10932 20257 20120
Pb 50 39 23 11

The highest zinc contents (0.30-0.37 wt. %) established
by us in the dumps and tailings of the Uchaly Mining and
Processing Plant are comparable to those in the mined
ores. For example, as noted above, today the zinc content
in them is 0.5-0.7 wt. % [35]. In addition, it should be
noted that in the pyrite concentrate isolated from the
samples of the dumps and tailings of the Gai Mining and
Processing Plant, we also established gold contents at the
level of 0.8-1.2 ppm (atomic absorption analysis) [40]. This
is in good agreement with previously conducted studies.
As established in the works [44], the ore of the Gai deposit
contains various generations of pyrite, differing in habitus
and different gold content from <0.5 to more than 9 ppm,
and other impurities.

The results we obtained are consistent with the
literature data, according to which the tailings of the Ural
enrichment plants contain (in wt. %) 0.3-0.4 Zn, 0.2-0.3
Cu, 20-35 S, and more than 35 Fe [34]. The amount of
tailings generated as a result of enrichment production
annually amounts to 5-7 million tons. The total value of
metals accumulated in the mining waste of Russia and
extracted technologically, according to experts, is 4 times
higher than the value of their known reserves in the
subsoil, which is not yet used. In terms of total reserves,
the tailings storage facilities of the Ural enterprises
significantly exceed many deposits [34]. In addition, the
use (on an industrial scale) of waste from the extraction

and processing of minerals will ensure the environmental
rehabilitation of territories exposed to the negative impact
of economic activities [45-47].

Technogenic raw materials are competitive, promising
mineral resources, the use of which provides not only a
significant technical and economic effect but also an
environmental effect achieved as a natural consequence of
the new level of requirements of modern production [31,
34, 35]. It should be noted that at present, in the field of
processing waste from mining and processing enterprises,
research is being conducted to create new technologies
for extracting valuable components from ore processing
waste, combining physicochemical enrichment methods
(flotation, electrochemistry, etc.) with chemical and
metallurgical methods (pyro- and hydrometallurgy,
autoclave leaching, biological oxidation) [35, 39, 44,
48-501].

The following types of industrial and household waste
can be considered as technogenic raw materials from
which useful products can be obtained on an industrial
scale: coal mining and combustion waste - mine dumps
and ash and slag waste; mining and processing plant
waste; metallurgical slag; oil-containing waste and drilling
mud; associated petroleum gas; washing and wastewater
from enterprises; solid household waste from cities and
agglomerations [51-58]. Thus, in the composition of
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metallurgical slags of the old Sibay copper smelting plant,
we have established increased concentrations of Cu at a
level of 0.14-0.18 wt. % and very high “ore” contents of
Zn, amounting to 1.9-2.3 wt. % (Table 2).

The low-sulfide gold-quartz deposit Ulyuk-Bar is
located in the Riphean sediments of the western slope of
the Southern Urals. We analyzed samples from its current
tailings after the start of development in 2019-2020 by
StroyTechInvest LLC (Fig. 2a-c). The deposit's ores are
represented mainly by sandstones, to a lesser extent
siltstones, and shales, containing gold of 1.7 ppm on
average, according to the study of several process samples
in 1980 (materials of A.S. Timoshenko and R.G. Safonova).
Development is carried out at a gold recovery plant
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located next to the deposit (Fig. 2b, number 1). The wet
gravity concentration method is used based on a mobile
concentration complex and a TsK-1700 centrifugal
concentrator with a capacity of 50-100 tons of ore per day.
The beneficiation tailings are sent to the tailings storage
facility located at a distance of 100-200 m from the plant
(Fig. 2b, numbers 3-4). According to our data, the Au
content in the tailings, with fluctuations from 0.1 to 0.6
ppm, averages 0.3 ppm, Ag — 0.1 ppm (Table 3). Gold of
the composition Augg,Ag,;; is found in rocks mainly in
native form and as inclusions in gold-bearing sulfides
(pyrite and arsenopyrite) from quartz veins, as well as in
goethite, which was formed in hypergenes during
oxidation of sulfides (Fig. 3).

Fig. (2). Location of the Ulyuk-Bar gold deposit in the Southern Urals, layout of the gold processing plant and enrichment tailings.

a - location of the Uluk-Bar gold deposit; b - The scheme of the tailings dump and tails-sampling site locations: 1 - gold processing plant,
2 — technological water, 3 - storehouse of fine fraction of tailings (less than 2 mm); 4 — storehouse of overburden and large fraction
tailings (over 2 cm); c¢ - installations for wet gravity concentration of gold-bearing ores; d - photo of a storehouse for small fraction
tailings; e — photo of technological water; f - tails after concentration of gold.
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Table 3. Chemical composition (wt. %) of representative samples of the current tailings of the ulyuk-bar gold
deposit and the content (ppm) of trace elements in them, including Au and Ag.

Component T, T, T, T, T, T, Ty Tn Ty Ty
Sio, 62.79 62.74 63.74 63.91 63.70 68.64 68.85 68.89 68.76 65.61
TiO, 0.44 0.44 0.40 0.36 0.34 0.40 0.37 0.36 0.41 0.61
ALO, 7.40 7.31 6.66 6.44 6.19 7.67 7.65 6.90 8.06 11.84

Fe,0sta1 3.38 3.21 3.07 2.75 3.15 2.92 3.02 2.70 2.92 2.94
MnO 0.04 0.06 0.04 0.03 0.04 0.02 0.03 0.03 0.03 0.01
MgO 0.54 0.57 0.51 0.51 0.51 0.73 0.76 0.68 0.79 0.94
CaO 0.07 0.05 0.08 0.04 0.05 0.20 0.15 0.13 0.11 0.13
Na20 0.15 0.20 0.13 0.40 0.14 0.30 0.23 0.12 0.18 0.17
K,0 0.74 0.87 0.64 0.54 0.50 0.66 0.66 0.46 0.73 1.41
Siotal bdl bdl bdl bdl 0.03 bdl 0.03 bdl 0.07 0.05

Cr 111 90 108 102 115 114 108 110 114 78
Ni 41 41 42 31 39 35 35 41 31 46
Cu 15 17 16 23 11 17 17 10 18 26
Zn 38 36 30 36 36 35 35 34 34 37
Ba 127 220 114 73 128 55 86 104 137 207
Pb 19 20 23 10 20 26 23 20 33 41
As 194 210 216 214 237 196 214 164 232 280
Au - 0.3 0.2 - 0.6 - 0.3 - 0.1 0.2
Ag - 0.1 bdl - bdl - 0.1 - bdl 0.2

Note: bdl - below detection limit; dash - no data.

Lt (FETITTT |
20 pm 10 pm

Fig. (3). BSE images of heavy fraction minerals in the tailings of the Ulyuk-Bar deposit.

a - large oval gold grain in pyrite, which is intergrown with pyrrhotite and has chalcopyrite inclusions; b - enlarged fragment of photo a,
gold in pyrite at the boundary with pyrrhotite; ¢ - large oval and elongated rod-shaped grains of native gold in goethite; d, e - enlarged
fragments of photo c, gold in goethite; f - xenomorphic gold grain in goethite.
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Consequently, the currently used technology allows
extracting only about 85% of gold, while 15% is stored in
tailings. With this method of extraction, the losses of gold
and silver per year will be about 100-150 and 35-55 kg,
respectively. To avoid them, secondary processing of
tailings is necessary. They are represented by a fine
fraction of sandstones and shales (Fig. 2f), less than 1-2
mm, which is very convenient for secondary processing if
they contain useful components. Interfering components
in the extraction of gold from the tailings of the Ulyuk-Bar
deposit may be increased concentrations of Cr (78-147
ppm) and As (136-280 ppm) (Table 3). However, today,
there are environmentally friendly complex technologies
for gold extraction [59-61]. For example, bio-oxidation of
gold and associated metals [62-64], thiosulfate leaching
taking into account mass exchange processes [65],
leaching of gold concentrated in arsenopyrite with the
conversion of arsenic into arsenic glass [66], and other
methods that can be successfully used for recycling [67,
68].

Today, there are many methods and technologies for
processing mining waste, which at the same time reduce
the negative impact on the environment [69-78]. The most
effective of them are presented in reference books of the
best available technologies. BAT available technologies
are a special list of technologies for the production of
goods, which establishes standards for the performance of
work and the provision of services that correspond to the
latest achievements of science and comply with
environmental protection criteria. Such technologies help
to ensure high productivity of production and prevent
negative impact on the environment, taking into account
the characteristics of each industry [79-82].

CONCLUSION

Thus, the conducted study shows that the dumps and
tailings of copper ore mining and processing plants, slags
of old copper smelting plants in the Southern Urals, as
well as tailings of a gold ore deposit contain increased
concentrations of Au, Cu and Zn. The content of the latter
metal is comparable to its percentage content in currently
mined ores. Given that deep-seated Cu and Zn deposits
are currently being exploited with a high level of economic
costs, the processing of old waste from mining and
processing plants can be a solution to this problem. Their
use is becoming increasingly important due to the obvious
need to reduce production costs due to the occurrence of
ores at depths of up to 1-1.5 km. In this case, the leading
role of not only Au in the extractable value of pyrite as a
mineral and chemical raw material, but also the most
valuable dispersed rare metals contained in it should be
taken into account.

Our research shows that further study should be aimed
at finding or improving technologies that allow the
processing of multi-component waste in a single cycle. The
issues of economic evaluation of such technological cycles
that extract several valuable components from mining
waste at the same time are becoming relevant.

Michurin et al.

AUTHORS’ CONTRIBUTIONS

It is hereby acknowledged that all authors have
accepted responsibility for the manuscript's content and
consented to its submission. They have meticulously
reviewed all results and unanimously approved the final
version of the manuscript.

LIST OF ABBREVIATIONS
EU = European Union
U.S. = United States
OJSC = Open Joint Stock Company
PJSC = Public Joint Stock Company
PMCPA = Priargun Mining and Chemical Production
Association

LLC = Limited Liability Company
BSE = Backscatter Electron
BAT = Best Available Technology
CONSENT FOR PUBLICATION

Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The data and supportive information are available
within the article.

FUNDING
This study was carried out as part of the IG UFRC RAS
State assignment (state registration No.

FMRS-2025-0017), Russia.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

[1] J. Rybak, S.M. Gorbatyuk, K.C. Bujanovna-Syuryun, A.M.
Khairutdinov, Y.S. Tyulyaeva, and P.S. Makarov, "Utilization of
mineral waste: A method for expanding the mineral resource base
of a mining and smelting company", Metallurgist, vol. 64, no.
9-10, pp. 851-861, 2021.
[http://dx.doi.org/10.1007/s11015-021-01065-5]

[2] T. Makhathini, J. Bwapwa, and S. Mtsweni, "Various options for
mining and metallurgical waste in the circular economy: A
review", Sustainability, vol. 15, no. 3, p. 2518, 2023.
[http://dx.doi.org/10.3390/su15032518]

[3] W. Mayes, S. Hull, and H. Gomes, "From linear economy legacies
to circular economy resources: Maximising the multifaceted
values of legacy mineral wastes", In: Circular Economy and
Sustainability, Elsevier, 2022, pp. 409-431.
[http://dx.doi.org/10.1016/B978-0-12-819817-9.00009-0]

[4] P.Kinnunen, M. Karhu, E. Yli-Rantala, P. Kivikyt6-Reponen, and J.
Maékinen, "A review of circular economy strategies for mine
tailings", Cleaner Eng. Tech., vol. 8, p. 100499, 2022.
[http://dx.doi.org/10.1016/j.clet.2022.100499]

[5] E. Lebre, G. Corder, and A. Golev, "The role of the mining
industry in a circular economy: A framework for resource


http://dx.doi.org/10.1007/s11015-021-01065-5
http://dx.doi.org/10.3390/su15032518
http://dx.doi.org/10.1016/B978-0-12-819817-9.00009-0
http://dx.doi.org/10.1016/j.clet.2022.100499

(71

(101

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Southern Urals Southern Urals as a Source of Minerals

management at the mine site level", J. Ind. Ecol., vol. 21, no. 3,
pp. 662-672, 2017.

[http://dx.doi.org/10.1111/jiec.12596]

H. Yu, I. Zahidi, C.M. Fai, D. Liang, and D.@. Madsen, "Mineral
waste recycling, sustainable chemical engineering, and circular
economy", Results in Engineering, vol. 21, p. 101865, 2024.
[http://dx.doi.org/10.1016/j.rineng.2024.101865]

G. Mudd, "The resources cycle: Key sustainability issues for the
mining of metals and minerals in encyclopedia of geology", In:
Reference Module in Earth Systems and Environmental Sciences,
2nd ed Academic Press, 2021, pp. 607-620.
[http://dx.doi.org/10.1016/B978-0-08-102908-4.00035-7]

1. Zabaikin, A. Lunkin, and D. Lunkin, "Disposal of mining waste
and its impact on the environment", Ecol. Eng. Environ. Technol. ,
vol. 3, pp. 7-14, 2022.
[http://dx.doi.org/10.12912/27197050/147142]

Ch. Kongar-Syuryun, Y. Tyulyaeva, A. Khairutdinov, and T.
Kowalik, "Industrial waste in concrete mixtures for construction
of underground structures and minerals extraction", OP Conf.
Ser.: Mater. Sci. Eng, vol. 869, 2020.
[http://dx.doi.org/10.1088/1757-899X/869/3/032004]

! Waste statistics", Available from:
https://ec.europa.eu/eurostat/statistics-explained/SEPDF/cache/11
83.pdf

"Metal Mining Waste Management Trend", Available
from:https://www.epa.gov/ trinationalanalysis/metal-mining-waste-
management-trend

V.I. Golik, V.S. Morkun, N.V. Morkun, A.V. Pikilnyak, I.A.
Gaponenko, and A.A. Gaponenko, "Mathematical modeling of
processes of technogenic deposits development", IOP Conf. Ser.:
Earth Environ. Sci., vol. 1049, 2022.
[http://dx.doi.org/10.1088/1755-1315/1049/1/0120301]

P.P. Manca, G. Massacci, and C. Mercante, "Environmental
management and metal recovery: Re-processing of mining waste
at montevecchio site (SW Sardinia)", In: E. Widzyk-Capehart, A.
Hekmat, R. Singhal, Eds., Proceedings of the 18th Symposium on
Environmental Issues and Waste Management in Energy and
Mineral Production. SWEMP 2018, Springer: Cham, 2019.
[http://dx.doi.org/10.1007/978-3-319-99903-6 13]

S. Jawadand, and K. Randive, "A sustainable approach to
transforming mining waste into value-added products", In: K.
Randive, S. Pingle, A. Agnihotri, Eds., Innovations in Sustainable
Mining. Earth and Environmental Sciences Library., Springer:
Cham, 2021.

[http://dx.doi.org/10.1007/978-3-030-73796-2 1]

S. Sozen, D. Orhon, H. Dinger, G. Atesok, H. Bastlirkci, T. Yalcin,
H. Oznesil, C. Karaca, B. Alli, H. Dulkadiroglu, and N. Yagc,
"Resource recovery as a sustainable perspective for the
remediation of mining wastes: Rehabilitation of the CMC mining
waste site in Northern Cyprus", Bull. Eng. Geol. Environ., vol. 76,
no. 4, pp. 1535-1547, 2017.
[http://dx.doi.org/10.1007/s10064-017-1037-0]

"Production and consumption waste", https://rosstat.gov.ru/folder/
11194

"Waste disposal: Problems, ways, solutions. Analytical review of
the Federal State Budgetary Scientific Institution Research
Institute of Waste Management", Available from: https://www.
extech. ru/files/anr 2015/anr 5.pdf

S.V. Azarova, T.V. Usmanova, and A.M. Mezhibor, "Environmental
problems of mining waste disposal sites in Russia", Rev. Environ.
Contam. Toxicol., vol. 247, pp. 59-84, 2019.

[PMID: 30406464]

G. Blight, "Mine Waste: A Brief overview of origins, quantities,
and methods of storage in waste", In: Waste: A Handbook for
Management, Academic Press, 2011, pp. 77-88.
[http://dx.doi.org/10.1016/B978-0-12-381475-3.10005-1]

G. Bekenova, V. Peregudov, V. Levin, Y. Kanatbaev, and D.
Muratkhanov, "Gold and rare earth nlms in enrichment products
from the technogenic wastes of the Caspian Mining-Metallurgical
Plant (Aktau, Kazakhstan)", Compl. Use of Min. Resour., vol. 328,

no. 1, p. 76, 2024.

[http://dx.doi.org/10.31643/2024/6445.09]

J.S. Adiansyah, N. Haque, M. Rosano, and W. Biswas, "Application
of a life cycle assessment to compare environmental performance
in coal mine tailings management", J. Environ. Manage., vol. 199,
pp. 181-191, 2017.
[http://dx.doi.org/10.1016/j.jenvman.2017.05.050] [PMID:
28535447]

C. Cacciuttolo, D. Cano, and M. Custodio, "Socio-environmental
risks linked with mine tailings chemical composition: Promoting
responsible and safe mine tailings management considering
copper and gold mining experiences from Chile and Peru", Toxics,
vol. 11, no. 5, p. 462, 2023.
[http://dx.doi.org/10.3390/toxics11050462] [PMID: 37235276]

F. Bodénan, A. Guezennec, M. Beaulieu, G. Bellenfant, B. Lemiere,
C. Lerouge, and M. Save, "Re-Processing of mine tailings:
Discussion on case studies", 13th SGA Biennal Meeting Nancy-
France, Aug 2015, 2015

M. Edraki, T. Baumgartl, E. Manlapig, D. Bradshaw, D.M. Franks,
and C.J. Moran, "Designing mine tailings for better
environmental, social and economic outcomes: A review of
alternative approaches", J. Clean. Prod., vol. 84, pp. 411-420,
2014.

[http://dx.doi.org/10.1016/j.jclepro.2014.04.079]

S. Kalisz, K. Kibort, J. Mioduska, M. Lieder, and A. Matachowska,
"Waste management in the mining industry of metals ores, coal,
oil and natural gas: A review", Environ Manage., vol. 304, p.
114239, 2022.

[http://dx.doi.org/10.1016/j.jenvman.2021.114239]

V.P. Deshpande, and A.V. Shekdar, "Sustainable waste
management in the Indian mining industry", Waste Manag. Res.,
vol. 23, no. 4, pp. 343-355, 2005.
[http://dx.doi.org/10.1177/0734242X05056994] [PMID: 16200985]
Z. Wei, G. Yin, J.G. Wang, L. Wan, and G. Li, "Design, construction
and management of tailings storage facilities for surface disposal
in China: Case studies of failures", Waste Manag. Res., vol. 31, no.
1, pp. 106-112, 2013.
[http://dx.doi.org/10.1177/0734242X12462281] [PMID: 23064963]
K. Argimbaev, D. Ligotskiy, M. Bovduy, and K. Argimbaeva,
"Technology of formation man-made deposits and determination
of loss in mining operations using walking excavator", Min. Inf.
Anal. Bull. , vol. 5, no. 5, pp. 35-42, 2018.
[http://dx.doi.org/10.25018/0236-1493-2018-5-0-35-42]

R. Rodriguez-Pacheco, G. Garcia, A.V. Caparrds-Rios, V. Robles-
Arenas, C. Garcia-Garcia, R. Milldn, A. Pérez-Sanz, and L.A.
Alcolea-Rubio, "Mineralogy, geochemistry and environmental
hazards of different types of mining waste from a former
mediterranean metal mining area", Land, vol. 12, no. 2, p. 499,
2023.

[http://dx.doi.org/10.3390/land12020499]

I. Park, C.B. Tabelin, S. Jeon, X. Li, K. Seno, M. Ito, and N.
Hiroyoshi, "A review of recent strategies for acid mine drainage
prevention and mine tailings recycling", Chemosphere, vol. 219,
pp. 588-606, 2019.
[http://dx.doi.org/10.1016/j.chemosphere.2018.11.053] [PMID:
30554047]

L.N. Belan, and V.N. Nikonov, "Geoecological and industrial
characteristics of the tailings dump of the Semenovskaya gold
extraction plant", Materials of the X Interregional scientific and
practical conference Bashkortostan, the Urals, ”, 2016, pp.
208-211.

A.B. Makarov, "Technogenic deposits of mineral raw materials",
Soros. Education. J., vol. 6, no. 8, pp. 76-80, 2000.

L.P. Parfenova, "Geoecological problems of operation of tailings of
copper ore processing plants of the Urals", Materials of the X
Interregional scientific and practical conference. Bashkortostan,
the Urals, and adjacent territories”, pp. 231-233, 2014

S.N. Elokhina, and A.I. Kononuchenko, "Geochemical aspects of
mine runoff formation during “wet” liquidation of mine fields at
pyrite deposits of the Urals ", Materials of the X Interregional


http://dx.doi.org/10.1111/jiec.12596
http://dx.doi.org/10.1016/j.rineng.2024.101865
http://dx.doi.org/10.1016/B978-0-08-102908-4.00035-7
http://dx.doi.org/10.12912/27197050/147142
http://dx.doi.org/10.1088/1757-899X/869/3/032004
https://ec.europa.eu/eurostat/statistics-explained/SEPDF/cache/1183.pdf
https://ec.europa.eu/eurostat/statistics-explained/SEPDF/cache/1183.pdf
https://www.epa.gov/trinationalanalysis/metal-mining-waste-management-trend
https://www.epa.gov/trinationalanalysis/metal-mining-waste-management-trend
http://dx.doi.org/10.1088/1755-1315/1049/1/012030
http://dx.doi.org/10.1007/978-3-319-99903-6_13
http://dx.doi.org/10.1007/978-3-030-73796-2_1
http://dx.doi.org/10.1007/s10064-017-1037-0
https://www.extech.ru/files/anr_2015/anr_5.pdf
https://www.extech.ru/files/anr_2015/anr_5.pdf
http://www.ncbi.nlm.nih.gov/pubmed/30406464
http://dx.doi.org/10.1016/B978-0-12-381475-3.10005-1
http://dx.doi.org/10.31643/2024/6445.09
http://dx.doi.org/10.1016/j.jenvman.2017.05.050
http://www.ncbi.nlm.nih.gov/pubmed/28535447
http://dx.doi.org/10.3390/toxics11050462
http://www.ncbi.nlm.nih.gov/pubmed/37235276
http://dx.doi.org/10.1016/j.jclepro.2014.04.079
http://dx.doi.org/10.1016/j.jenvman.2021.114239
http://dx.doi.org/10.1177/0734242X05056994
http://www.ncbi.nlm.nih.gov/pubmed/16200985
http://dx.doi.org/10.1177/0734242X12462281
http://www.ncbi.nlm.nih.gov/pubmed/23064963
http://dx.doi.org/10.25018/0236-1493-2018-5-0-35-42
http://dx.doi.org/10.3390/land12020499
http://dx.doi.org/10.1016/j.chemosphere.2018.11.053
http://www.ncbi.nlm.nih.gov/pubmed/30554047

10 The Open Chemical Engineering Journal, 2025, Vol. 19

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

scientific and practical conference Bashkortostan, the Urals and
adjacent territories”, pp. 225-227, 2014

AM. Peshkov, "Justification of requirements for the quality of ores
and technogenic raw materials in the integrated development of
copper-pyrite deposits in the Urals: Abstract of Cand. Tech. Sci",
Thesis, Moscow, 2014.

0.K. Vdovina, A.A. Lavrusevich, G.B. Melentyev, I.M. Efgrafova,
and K.A. Naumov, "Chemical composition of fractions of detrital
material of rock dumps and tailings storage facilities as a basis for
assessing the geoecological hazard of areas of mining
enterprises", Bulletin. MGSU, vol. 2, pp. 152-161, 2014.

S. Mustafin, "Technogenic mineral raw materials: Nature of
formation, state of knowledge and development prospects”,
Proceedings of the All-Russian scientific conference. pp. 83-89,
2024

A.L. Zabolotsky, "Practice and prospects of metal extraction from
waste of sulfuric acid production -pyrite cinders", Materials of the
All-Russian Conference pp. 424-426, 2013.

E.L. Chanturia, A.A. Vishkova, G.A. Lapshina, and E.E. Amplieva,
"On the relationship between electrochemical and flotation
properties of pyrite in gold-bearing pyrite ores and its
composition and internal structure", MMin. Inf. Anal. Bull., vol.
14, no. 12, pp. 215-228, 2009.

R.A. Gilmutdinova, S.V. Michurin, and E.N. Elizarieva, "Elizarieva,
resource potential of technogenic waste from mining and
processing plants in the southern Urals", Bull. Sci. Res., vol. 3, pp.
138-148, 2017.

R. Gilmutdinova, S. Michurin, S. Kovtunenko, and E. Elizarieva,
"Elizarieva On the issue of using and processing waste from
mining and processing plants in the Southern Urals", Adv. Nat.
Sci., vol. 2, pp. 68-73, 2017.

S.V. Michurin, and G.M. Kazbulatova, "Mineralization of the
Tolparovo Ore occurrence: Evidence for the formation of redbed
copper occurrences in neoproterozoic deposits of the Southern
Urals", Minerals, vol. 14, no. 2, p. 31, 2024.
[http://dx.doi.org/10.3390/min14020148]

V.N. Puchkov, "General features relating to the occurrence of
mineral deposits in the Urals: What, where, when and why", Ore
Geol. Rev., vol. 85, pp. 4-29, 2017.
[http://dx.doi.org/10.1016/j.oregeorev.2016.01.005]

E.L. Chanturia, "minerals in separation processes of enrichment
of difficult-to-enrich ores of non-ferrous and rare metals: Abstract
of a Doctor of Technical Sciences dissertation", Thesis, Moscow,
2006.

G. Bellenfant, A. Guezennec, F. Bodenan, P. D’Hugues, and D.
Cassard, "Reprocessing of mining waste: Combining
environmental management and metal recovery", Proceedings of
the Eighth International Seminar on Mine Closure Australian
Centre for Geomechanics, Cornwall, 2013, pp. 571-582
[http://dx.doi.org/10.36487/ACG rep/1352 48 Bellenfant]

K.A. Hudson-Edwards, D. Kemp, L.A. Torres-Cruz, M.G. Macklin,
P.A. Brewer, J.R. Owen, D.M. Franks, E. Marquis, C.J. Thomas,
and C. Thomas, "Tailings storage facilities, failures and disaster
risk", Nat. Rev. Earth Environ., vol. 5, no. 9, pp. 612-630, 2024.
[http://dx.doi.org/10.1038/s43017-024-00576-4]

V. Balaram, "Rare earth nlms: A review of applications,
occurrence, exploration, analysis, recycling, and environmental
impact", Geoscience Front., vol. 10, no. 4, pp. 1285-1303, 2019.
[http://dx.doi.org/10.1016/j.gsf.2018.12.005]

G.S. Agafonova, V.A. Bocharov, V.I. Pugovkina, G.A. Lapshina,
B.L. Serebryannikov, A.V. Karbovskaya, and B.A. Morozov,
"Method of flotation of sulfide copper-zinc ores containing
precious metals", No Patent 2060056

S.A. Vorobyov, "Study of patterns of change in electrophysical
properties of pyrites of various genesis for optimization of sulfide
flotation conditions: Abstract of Cand. Sci. (Eng.) Dissertation",
Thesis, Moscow, 2009.

V.A. Bocharov, E.L. Chanturia, and V.A. Ignatkina, "Features of
complex processing of sulfide copper-zinc ores", Min. Inf. Anal.
Bull., vol. 8, 2003.

[51]

[57]

[63]

[65]

Michurin et al.

G. Dino, A. Cavallo, E. Garamvolgyi, P. Rossetti, F. Sandor, and F.
Coulon, "Towards sustainable mining: Exploiting raw materials
from extractive waste facilities", Sustainability, vol. 12, no. 2383,
2020.

[http://dx.doi.org/10.3390/su12062383]

D. Maltsev, O. Vladyko, and K. Kokowski, "Substantiation of
mineral extraction from man-made deposits", Solid State
Phenom., vol. 277, pp. 100-110, 2018.
[http://dx.doi.org/10.4028/www.scientific.net/SSP.277.100]

E. Padoan, L. Tefa, I. Passarella, and G. Dino, "From waste to
valuable resources: exploitation of mineral waste in civil and
environmental application", Research Square, 2022.
[http://dx.doi.org/10.21203/rs.3.rs-1637629/v1]

P. Pankratjev, I. Kudelina, T. Leontjeva, M. Fatyunina, and V.
Petrishchev, "Geological and geochemical features of the study of
technogenic objects on the example of waste from pyrite deposits
of the eastern orenburg region", In: Processes in GeoMedia,
Springer International Publishing, 2023, pp. 413-421.
[http://dx.doi.org/10.1007/978-3-031-16575-7 38]

J. Zhang, X. Liu, X. Du, X. Wang, Y. Zeng, and S. Fan,
"Accumulated copper tailing solid wastes with specific
compositions encourage advances in microbial leaching",
Minerals, vol. 14, no. 10, p. 1051, 2024.
[http://dx.doi.org/10.3390/min14101051]

I. Potravny, A. Novoselov, I. Novoselova, V. Gassiy, and D.
Nyamdorj, "The technogenic deposits’ development as a factor of
overcoming resource limitations and ensuring", Sustainability,
vol. 15, no. 15807, 2023.
[http://dx.doi.org/10.20944/preprints202309.1430.v1]

V.E. Konovalov, V.A. Pochechun, and A.I. Semyachkov, "Use of
overburden and enclosing formations generated in the course of
exploitation of mineral deposits", IOP Conf. Series Mater. Sci.
Eng., vol. 687, no. 6, p. 066045, 2019.
[http://dx.doi.org/10.1088/1757-899X/687/6/066045]

K. Bhowany, L. Jackson, A. Parbhakar-Fox, and J. Thorne, "Mine
waste sampling and analysis: Zeehan tailings, Tasmania. Record
2024/47", Available from:
https://ecat.ga.gov.au/geonetwork/srv/api/records/63beb084-ba6a-
400d-be25-3f666e16c153

Q. Wang, X. Hu, F. Zi, P. Yang, Y. Chen, and S. Chen,
"Environmentally friendly extraction of gold from refractory
concentrate using a copper - ethylenediamine - thiosulfate
solution", J. Clean. Prod., vol. 214, pp. 860-872, 2019.
[http://dx.doi.org/10.1016/j.jclepro.2019.01.007]

Q. Wang, T. Liu, Y. Chen, S. Chen, X. Qin, Y. Nie, and F. Zi, "Eco-
friendly and economical extraction of gold from a refractory gold
ore in iodide solution using persulfate as the oxidant",
Hydrometallurgy, vol. 198, no. 105502, p. 105502, 2020.
[http://dx.doi.org/10.1016/j.hydromet.2020.105502]

X. Liu, Y. Wang, L. Xiao, L. Ma, P. Han, and S. Ye, "Eco-friendly
and rapid extraction of gold by in-situ catalytic oxidation with N-
bromosuccinimide", Heliyon, vol. 8, no. 6, p. €09706, 2022.
[http://dx.doi.org/10.1016/j.heliyon.2022.e09706]
35756117]

L. Coelho de Carvalho, S. Reis da Silva, and R. Giardini, "Bio-
oxidation of refractory gold ores containing stibnite and
gudmundite", Environ. Technol. Innov., vol. 15, p. 100390, 2019.
[http://dx.doi.org/10.1016/j.eti.2019.100390]

M.Z. Mubarok, R. Winarko, S.K. Chaerun, I.N. Rizki, and Z.T.
Ichlas, "Improving gold recovery from refractory gold ores
through biooxidation using iron-sulfur-oxidizing/sulfur-oxidizing
mixotrophic bacteria", Hydrometallurgy, vol. 168, pp. 69-75,
2017.

[http://dx.doi.org/10.1016/j.hydromet.2016.10.018]

A.K. Koizhanova, G.V. Sedelnikova, E.M. Kamalov, M.B. Erdenova,
and N.N. Abdyldaev, "On the issue of extracting gold from stale
tailings of a gold recovery plant", Domestic Geology, vol. 6, pp.
98-103, 2017.

Y.V. Sharikov, and I. Turunen, "Development of an
environmentally safe gold extraction method from refractory ores

[PMID:


http://dx.doi.org/10.3390/min14020148
http://dx.doi.org/10.1016/j.oregeorev.2016.01.005
http://dx.doi.org/10.36487/ACG_rep/1352_48_Bellenfant
http://dx.doi.org/10.1038/s43017-024-00576-4
http://dx.doi.org/10.1016/j.gsf.2018.12.005
http://dx.doi.org/10.3390/su12062383
http://dx.doi.org/10.4028/www.scientific.net/SSP.277.100
http://dx.doi.org/10.21203/rs.3.rs-1637629/v1
http://dx.doi.org/10.1007/978-3-031-16575-7_38
http://dx.doi.org/10.3390/min14101051
http://dx.doi.org/10.20944/preprints202309.1430.v1
http://dx.doi.org/10.1088/1757-899X/687/6/066045
https://ecat.ga.gov.au/geonetwork/srv/api/records/63beb084-ba6a-400d-be25-3f666e16c153
https://ecat.ga.gov.au/geonetwork/srv/api/records/63beb084-ba6a-400d-be25-3f666e16c153
http://dx.doi.org/10.1016/j.jclepro.2019.01.007
http://dx.doi.org/10.1016/j.hydromet.2020.105502
http://dx.doi.org/10.1016/j.heliyon.2022.e09706
http://www.ncbi.nlm.nih.gov/pubmed/35756117
http://dx.doi.org/10.1016/j.eti.2019.100390
http://dx.doi.org/10.1016/j.hydromet.2016.10.018

Southern Urals Southern Urals as a Source of Minerals

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

using sodium thiosulfate as an extractant", J. Mining Institute, vol.
215, pp. 83-90, 2015.

P. Zambrano, O. Sanfacon, J. Tardif, and J-Ph. Mai, "Design and
engineering of new technologies in refractory gold extraction: An
example from an arsenopyritic ore", In: Proceedings of the 62nd
Conference of Metallurgists., Springer, 2023.
[http://dx.doi.org/10.1007/978-3-031-38141-6_128]

S. Ubaldini, D. Guglietta, F. Veglio, and V. Giuliano, "Valorization
of mining waste by application of innovative Thiosulphate
leaching for Gold recovery", Metals, vol. 9, no. 3, p. 274, 2019.
[http://dx.doi.org/10.3390/met9030274]

M. Erdenova, B. Kenzhaliyev, A. Koizhanova, S. Temirova, and N.
Abdyldaev, "Extraction of gold from man-made mineral raw
materials by methods of flotation enrichment and cyaning in
Proceedings of 18th", Int. Multidiscip. Sci. Geoconf. SGEM, vol.
18, pp. 67-74, 2018.
[http://dx.doi.org/10.5593/sgem2018/1.4/S04.009]

M. Fashola, V. Ngole-Jeme, and O. Babalola, "Heavy metal
pollution from gold mines: Environmental effects and bacterial
strategies for resistance", Int. J. Environ. Res. Public Health, vol.
13, no. 11, p. 1047, 2016.
[http://dx.doi.org/10.3390/ijerph13111047] [PMID: 27792205]

R. Akoto, and A.K. Anning, "Heavy metal enrichment and potential
ecological risks from different solid mine wastes at a mine site in
Ghana", Environ. Adv., vol. 3, no. 100028, p. 100028, 2021.
[http://dx.doi.org/10.1016/j.envadv.2020.100028]

E. Levei, T. Frentiu, M. Ponta, C. Tanaselia, and G. Borodi,
"Characterization and assessment of potential environmental risk
of tailings stored in seven impoundments in the Aries river basin,
Western Romania", Chem. Cent. J., vol. 7, no. 1, p. 5, 2013.
[http://dx.doi.org/10.1186/1752-153X-7-5] [PMID: 23311708]

P. Segui, A.M. Safhi, M. Amrani, and M. Benzaazoua, "Mining
wastes as road construction material: A review", Minerals, vol. 13,
no. 1, p. 90, 2023.

[http://dx.doi.org/10.3390/min13010090]

AJ. Whitworth, E. Forbes, I. Verster, V. Jokovic, B. Awatey, and A.
Parbhakar-Fox, "Review on advances in mineral processing
technologies suitable for critical metal recovery from mining and
processing wastes", Clean. Eng. Technol., vol. 7, p. 100451, 2022.
[http://dx.doi.org/10.1016/j.clet.2022.100451]

[74]

[80]

11

E. Matinde, G. Simate, and S. Ndlovu, "Mining and metallurgical
wastes: A review of recycling and re-use practices", J. South. Afr.
Inst. Min. Metall., vol. 118, no. 8, pp. 825-844, 2018.
[http://dx.doi.org/10.17159/2411-9717/2018/v118n8a5]

A. Maest, "Remining for Renewable energy metals: A review of
characterization needs, resource estimates, and potential
environmental effects", Minerals, vol. 13, no. 11, p. 1454, 2023.
[http://dx.doi.org/10.3390/min13111454]

G. Blengini, F. Mathieux, L. Mancini, M. Nyberg, H. Viegas, J.
Salminen, E. Garbarino, G. Orveillion, and H. Saveyn, Recovery of
Critical and Other Raw Materials From Mining Waste and
Landfills., citations Office of the European Union, 2019.
[http://dx.doi.org/10.2760/600775]

K.A. Velmozhina, N.A. Politaeva, I.V. Ilin, and P.S. Shinkevich,
"Review of modern strategies for the development of hydrogen
bioenergy as key areas for achieving sustainable development
goals", Int. J. Hydrogen Energy, vol. 70, pp. 729-736, 2024.
[http://dx.doi.org/10.1016/j.ijhydene.2024.05.123]

L. Wang, B. Ji, Y. Hu, R. Liu, and W. Sun, "A review on in situ
phytoremediation of mine tailings", Chemosphere, vol. 184, pp.
594-600, 2017.
[http://dx.doi.org/10.1016/j.chemosphere.2017.06.025]
286238321

S. Lipina, A. Zakonirdin, and P. Lamov, "Analysis of compliance of
information and technical reference books on the best available
technologies in the EU and Russia, Moscow", Econ. J. (Lond.), vol.
12, pp. 398-407, 2020.

"Information and technical reference book 16-2023 Mining
industry. General processes and methods",
https://burondt.ru/NDT/NDTDocsDetail.php?Urlld=2086&etkstruc
ture id=1872

"Best Available Techniques (BAT) Reference document for the
management of waste from extractive industries in accordance
with directive 2006/21/EC", Available from:
https://citations.jrc.ec.europa.eu/repository/handle/JRC109657

E. Garbarino, G. Orveillon, and H.G.M. Saveyn, "Management of
waste from extractive industries: The new European reference
document on the best available techniques", Resources Policy, vol.
69, p. 101782, 2020.
[http://dx.doi.org/10.1016/j.resourpol.2020.101782]

[PMID:


http://dx.doi.org/10.1007/978-3-031-38141-6_128
http://dx.doi.org/10.3390/met9030274
http://dx.doi.org/10.5593/sgem2018/1.4/S04.009
http://dx.doi.org/10.3390/ijerph13111047
http://www.ncbi.nlm.nih.gov/pubmed/27792205
http://dx.doi.org/10.1016/j.envadv.2020.100028
http://dx.doi.org/10.1186/1752-153X-7-5
http://www.ncbi.nlm.nih.gov/pubmed/23311708
http://dx.doi.org/10.3390/min13010090
http://dx.doi.org/10.1016/j.clet.2022.100451
http://dx.doi.org/10.17159/2411-9717/2018/v118n8a5
http://dx.doi.org/10.3390/min13111454
http://dx.doi.org/10.2760/600775
http://dx.doi.org/10.1016/j.ijhydene.2024.05.123
http://dx.doi.org/10.1016/j.chemosphere.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28623832
https://burondt.ru/NDT/NDTDocsDetail.php?UrlId=2086&etkstructure_id=1872
https://burondt.ru/NDT/NDTDocsDetail.php?UrlId=2086&etkstructure_id=1872
https://citations.jrc.ec.europa.eu/repository/handle/JRC109657
http://dx.doi.org/10.1016/j.resourpol.2020.101782

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS AND DISCUSSION
	CONCLUSION
	AUTHORS’ CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


