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ABSTRACT

Assessment of the dynamics of changes in the physical and chemical properties and morphological composition
of the filling mixture as well as the identification of the elements capable of migrating into the environment is an
important part of assessing the environmental efficiency of such an environmental measure during the filling of
mined-out space of an ore deposit. During scientific research, the environmental safety mined-out space filling
technology at the gold ore deposit by the mixture of rock waste, cement and crushed car tires was investigated. The
authors carried out a set of laboratory studies and created a physical model of groundwater infiltration. Under labo-
ratory conditions, this model allowed the experiment to evaluate the migration of elements and substances from
the filling mixture into the environment to assess the risks of secondary pollution. The potential hazard of element
migration from the backfill mixture into the environment was determined as a result of testing the backfill mixture
on a bench with washing using the model solution that emits drainage water. During research, it was revealed that
under the conditions of an ore deposit, the filling mixture components transformation would not lead to hazardous
hydrochemical and hydrogeochemical areas or pollution stream formation.

Keywords: filling (backfill) mixture, physical and chemical properties, elements migration, waste utilization,

mined-out space filling.

INTRODUCTION

During open pit mining or when mining
ore with a low content of valuable constituents,
large volumes of waste rock are formed, which
are placed in surface storage in the mining area.
Moreover, they contain a large amount of associ-
ated components [1,2], which pose a threat in the
process of long-term oxidation and weathering.
It creates environmental issues in terms of land
degradation, air and water pollution, etc. [3—6]. In
addition to economic benefits, mining entails sig-
nificant environmental impacts, including disrup-
tion to natural landscapes and ecosystems [7]. In
order to mitigate these negative impacts and en-
sure a positive legacy for local communities, min-
ing companies around the world generally need
to pursue high-quality remediation and return the
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site to a state that supports consistent land use af-
ter mining [8].

Reclamation of old underground mines is re-
quired to reduce or eliminate the potential risk of
mine subsidence and sinkhole formation, so there
is a need to fill the void in a way that minimizes
the impact of underground mining [4,9]. From this
point of view, backfill is the most optimal way to
utilize such waste, which also solves the problem
of working out pillars, maintaining workings, and
preventing subsidence of the earth’s surface [5].
The material for filling can be various types of
waste, from waste rock and tailings to ash, slag,
and others obtained during the processing and use
of extracted raw materials [9—14]. However, there
are several problems in the reclamation of aban-
doned mines; for example, the material used to
fill the voids of underground mines will interact
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with groundwater in the medium in long term,
potentially causing the components to be leached
from the backfill material into the groundwater
system. The chemical migration process needs to
be carefully assessed to ensure the quality of sub-
terranean waters and groundwater in the area of
closed deposits [11,15].

With the development of cemented backfill
technology in recent decades, the number of differ-
ent types of mines that have been developed using
the cemented backfill method has increased. Ce-
mented backfill mining can effectively deal with
solid waste generated from mining operations,
reduce tailings stockpiling, and minimize second-
ary harm caused by contaminants. Moreover, dur-
ing the backfill process, the surface environment
can be protected so that the mine can achieve its
sustainable development goals [10,16].

If the ratio of the mixture components is stud-
ied, the solids content in the filling of a mine is
usually from 60% to 80% by weight, depending
on the various filling schemes used. Different
volume fractions of solids included in the mine
filler can alter its buoyancy and the apparent com-
pressibility of the pore fluid, as well as its stiff-
ness and permeability, which will ultimately af-
fect the consolidation process [17]. This requires
the consistency of the composition of the filling
mixture with the flow rate of mine water. In this
research, the consumption of water inflow into
underground mine workings is expected to be in-
significant, which makes it possible to reduce the
cement content in the filling mixture, according to
the results of the experiments carried out by the
authors, it is the main source of leached pollutants.

In order to assess the suitability and poten-
tial environmental hazard of a backfill mixture
planned for use in a gold deposit, the authors con-
ducted a literature review of the backfill technolo-
gies as well as conducted laboratory experiments
to assess the chemical composition and mobile
forms of the elements using a complex of modern
analysis methods. It is often noted that the hy-
drogeochemical models for predicting drainage
quality from full-scale waste dumps may not be
consistent with the data from small laboratory ex-
periments of short duration. However, in a scale
relationship study in laboratory and field experi-
ments at the Antamina mine in Peru, the drain-
age mass loading ranged from 2 kg to 100,000 kg
to simulate the observed rates and reproduce the
geochemical composition of drainage at different

scales. The study demonstrated that the scale
dependence of geochemical velocities is largely
explained by the surface area of chemically ac-
tive minerals [ 18]. Thus, with a well-prepared and
representative sample of filling materials, practi-
cal predictions of the quality of drainage can be
made on the basis of readily available volumes
under laboratory conditions.

The proposed projects for the reclamation of
mining areas and the expected results of a long-
term sustainable state are usually assessed by a
set of «project completion criteria» [8,19,20] — or
in some studies by the integral «closure criteria»
[21]. The four broadly applied principles govern-
ing mine closure are for an area to reach a state that:
e is physically / geotechnically stable and safe

for humans and animals;

e is geochemically stable and safe from the
point of view of pollution of environmental
components;

e corresponds to the intended use of land after
mining;

e is socially and environmentally sustainable,
without the need for long-term active care [22].

In this study, as an assessment of the envi-
ronmental risks of using the backfill mixture, the
probability of an event of exceeding the standard
concentration of each element in the model fil-
trate in a prolonged period was determined. All
concentrations of water-soluble components of
the backfill mixture turned out to be within the
normative limits under conditions of a longer
washout than under real conditions, which indi-
cates the safety of using this backfill material for
the environment.

MATERIALS AND METHODS

Ore composition and backfilling technology

During scientific research, the safety of the
technology for filling the worked-out space of
the gold ore deposit located in the Khabarovsk
Territory, confined to the Albazin gold-bearing
structure (hereinafter referred to as the deposit)
was assessed. Within the Albazin structure, the
Anfisinskaya, Olginskaya, and Ekaterininskaya
ore-bearing zones are distinguished, which are
bands of hydrothermally altered rocks associated
with faults, and the thickness of the metasomatite
zones varies from 20 to 100 m.
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According to the composition of the rock-
forming ore, it comprises aluminosilicate, me-
dium carbonate, according to the degree of oxi-
dation, it is sulfide with insignificant traces of
oxidation. The chemical composition of the de-
posited ore is presented in Table 1.

Gold is mainly associated with arsenopyrite,
less often with quartz and carbonates. Gold is
relatively low-grade (fineness 760), the mineral
form of gold is native gold, microscopic, finely
dispersed gold is present in the ore. The finished
product of the company is a gold-bearing sulfide
concentrate, which is transported to a hydromet-
allurgical plant for further processing.

For the development of reserves within the
framework of underground mining, the use of a
layered development system with backfilling of
the goaf to hardening mixtures with the develop-
ment of an extraction block in an ascending order
is proposed (Figure 1). In this system, there are no
supporting pillars to support the goaf. The enclos-
ing rocks are maintained by filling the mined-out
space with a hardening filling.

Work in the block begins with driving on the
flanks of the block of layered ort-drives, in which
layered drifts are intersected, and the stage-by-
stage shaping of the entire ore layer. After the
complete mining of the layer, its complete filling
is carried out with hardening mixtures, and — in
the course of the cleaning works, while the filling
mass is increasing— the required strength charac-
teristics are moved to the adjacent block.

After mining off the layered drift for the en-
tire length of the block, it is prepared for backfill-
ing. For backfilling operations, the mouth of the
drift is blocked by a bulkhead, where the backfill
pipeline is inserted and filled with a hardening
backfill mixture (Figure 2).

Table 1. Chemical composition of the deposited ore.

Components | Content, % | Components | Content, %
SiO, 65,1 Mn 0,11
CaO 2,87 Pb <0,005
ALO, 12,9 Cu <0,005
MgO 1,61 Zn <0,005
TiO, 0,42 Bi <0,0005
Na,O 1,99 S total 0,82
K20 3,55 S sulf. 0,8
P,O, 0,29 C total. 1,66

Fe 2,46 C org. 0,29

As 0,15 Se <0,0005
Au, g/t 5,09 Te <0,0005
Ag, g/t 2,3 Sb 0,0021
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According to the experience of filling works
in similar fields, when filling the goaf with hard-
ening mixtures to ensure the stability of adja-
cent layers, its strength should be about 1.5 MPa
[23]; according to the condition of the stability
of the filling mass in the roof of the chamber, the
strength of the filling is about 4.0 MPa [12]. At
the same time, there are technologies for filling
the goaf with cementing materials with uniaxial
compression strength less than 1.0 MPa [16,24].
According to the technical documentation for the
object under consideration, to ensure the standard
strength, the consumption of cement of a grade
not lower than M100 will be 3.5-8 mass% (from
75 to 160 kg/m?), which will create a strength of
over 4 MPa.

In the present field, as the main component of
the filling mixture to be used, overburden (here-
inafter — the crushed stone), they are formed in
the extraction of gold ore. In order to use waste
rock in the preparation of the backfill mixture, it
is provided for its preliminary crushing to a size
of 20 mm in a crushing and screening complex.
In addition, within the framework of the study, it
is proposed to consider the safety of the method
for disposing of tires formed as a result of the pro-
duction activities of the mining complex, as part
of the filling mixture. Taking into account the vol-
ume of formation of overburden and waste rubber
tires at the deposit, the share of 2.4% of the total
volume of the filling mixture for burying the en-
tire volume of this waste in the worked-out area
was determined.

Analysis methods

Within the framework of scientific and practi-
cal research, the authors of the work carried out
an assessment and forecast of a prolonged impact
on water resources of a filling material consisting
of a filling mixture (crushed stone + cement) and
crushed spent tires by analyzing the gross compo-
sition of the mixture components, mobile forms
of elements and leaching of mobile forms over
time from a model sample.

For the chemical analysis of the components
of the filling mixture, the following analysis
methods were used:

e X-ray fluorescence spectrometry method;

e method of atomic emission spectrometry with
inductively coupled plasma;

e method of atomic absorption spectrometry
with flame and electrothermal atomization;
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Figure 1. Layer mining scheme within the mining block.

e method of gas chromatography-mass spec-
trometry;
e infrared absorption method.

At the first stage of determining the elemen-
tal chemical composition of crushed stone and
cement samples, semi-quantitative X-ray fluo-
rescence analysis was used. An XRF-1800 (Shi-
madzu) sequential X-ray fluorescence spectrom-
eter was used to implement this method in the
laboratory.

The methods of atomic emission spectrom-
etry with inductively coupled plasma and atomic
absorption were used to determine the quantita-
tive chemical composition of the studied samples

and were implemented in an ICPE-9000 opti-
cal emission spectrometer (Shimadzu) and an
AA-7000 (Shimadzu) absorption spectrometer,
respectively.

For the analysis of organic compounds, the
method of gas chromatography-mass spectrom-
etry was used, which is based on a combination
of two independent methods, i.e. chromatography
and mass spectrometry. During the first stage, the
mixture is separated into components, during the
second, identification, determination of the struc-
ture of the substance, and quantitative analysis for
the analysis in the laboratory, a GCMS-QP2010
Ultra (Shimadzu) gas chromatography mass
spectrometer was used. The determination of

Figure 2. Jumper for retention tabs.
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such elements as S, C, H, N was carried out using
an analyzer from LECO, which uses an infrared
absorption method.

In order to identify the mineral composition of
the filling material components, the X-ray phase
analysis was carried out on an XRD-6000 X-ray
powder diffractometer with a HA1001 high-tem-
perature chamber. Phases were searched using the
JSPDC international card index.

Sample preparation

Before laboratory analysis, crushed stone and
cement samples were averaged with the quarter-
ing method. Furthermore, the preparation of the
crushed stone sample included its disintegration
in a FRITSCH laboratory jaw crusher. Then,
the crushed stone sample was reaveraged and a
representative sample was taken for grinding to
a powdery state in a Mill8000D laboratory ball
mill mixer. Decomposition of crushed stone and
cement samples to determine the total content of
elements in the sample by atomic emission and
atomic absorption spectrometry was carried out
using a Multiwave 3000 microwave decomposi-
tion system.

For this purpose, a weighed portion of the
analyzed sample weighing 0.5 g was placed in
a fluoroplastic reaction cell, then reagents were
added to it in accordance with the program shown
in Table 2. Upon completion of the decomposi-
tion and cooling program, the resulting solutions
were filtered through a «blue ribbony filter into a
volumetric flask by 50 cm?®, while the inner walls
of the reaction vessel and the filter with the pre-
cipitate were washed with deionized water and
brought to the mark.

Decomposition of samples in determining
the mobile form of an element was carried out
in the following sequence. A portion of the ana-
lyzed sample weighing 2 g was placed in a glass
beaker, then 10 ¢m?® of nitric acid with a molar
concentration of 0.5 mole / dm*® was added to it.

The solution of the weighed portion was mixed
for 3 hours on a heated mixer at a temperature
of 90°C. Then, the sample was filtered through a
paper filter into a 100 cm® volumetric flask. The
volume was brought to the mark with deionized
water. The water extract was prepared with a sol-
id: liquid ratio of 1: 5. Crushed stone of 1-2 mm
fraction was used for the analysis. A model so-
lution represented by deionized water was used
as a diluting liquid. Stirring was carried out on a
magnetic stirrer for 8 hours.

Preparation of a sample of a rubber cord seg-
ment of a car tire consisted of crushing it using
an electric jigsaw. The size of individual elements
averaged 20-30 mm. In order to determine the
amount of water-soluble inorganic compounds
in a car tire, a water extract was prepared us-
ing a model solution (pH 7.5); the sample was
mixed with the solution in a ratio of 1: 5 at room
temperature.

The determination of the content of water-
soluble organic compounds in a sample of auto-
mobile tires was carried out in a water extract.
In order to prepare it, the sample was crushed
to 1-2 mm, then 5 g of the sample were mixed
with 7.5 ml of deionized water in a bottle with a
ground-in lid. The first contact of the sample with
water was carried out for 5 days. Before analy-
sis, the resulting solution was combined with a
solvent (methylene chloride) in a 1: 1 ratio. The
tire sample used was further tested to assess the
migration of organic compounds over time. Be-
fore retesting, the sample was rinsed with deion-
ized water and dried in the open air. Then, it was
again placed in a bottle and filled with 7.5 ml of
deionized water. In order to study water-soluble
organic compounds, the above-mentioned experi-
ment was carried out in four repetitions. After the
extraction, the extract was taken for semiquanti-
tative analysis by gas chromatography mass spec-
trometry on a GCMS-QP2010 Ultra (Shimadzu)
analyzer.

Table 2. Program for the bulk decomposition of crushed stone and cement samples in the Multiwave 3000

microwave sample preparation system.

Stage Sample weight, g Reagents Volume, ml Power, W Time, min
HNO, concentrated 5
HF concentrated 4
1 1200 20
0.5 HCI concentrated 1
H,0 10
2 H,BO, (4%) 20 1200 5
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RESULTS AND DISCUSSION

Results of determining the gross
composition of the mixture components

The results of the gross analysis of the main
components of the filling mixture are presented
in Table 3.

Laboratory studies have shown that the main
elements in the chemical composition of crushed
stone are silicon and aluminum. The silicon con-
tent in terms of the oxide form reaches 63.7%.
At the same time, according to the data of phase
analysis in the composition of crushed stone, sili-
con predominates in the form of quartz, which,
according to the migration series in the weather-
ing crust according to B.B. Polynova belongs to
practically fixed elements. [25]. Quartz does not
transform in the environment and does not pose
a threat to it. In the second place is aluminum,
which has a low migration capacity in natural
waters and a tendency to form fairly stable com-
plexes. Considering that the bulk of aluminum
in the host rocks of the deposit is represented by
aluminosilicates, the probability of the occur-
rence of aluminum-containing hydrogeochemical
flows and pollution halos is extremely low. The
mesocomponents of crushed stone include iron,

Table 3. Results of gross analysis of crushed stone
and cement samples.

Content, %
Component
Crushed stone Cement
ALO, 17,9 5,6
BaO 0,05 0,02
Ca0 2,4 56,6
Fe,O, 2,6 4,0
K,O 3,0 0,9
MgO 1,4 2,7
MnO, 0,06 0,08
MoO, 0,01 0,008
Na,O 3,6 0,4
Sio, 63,7 20,8
TiO, 0,34 0,5
ZnO 0,001 0,01
As,O, 0,02 0,005
SrO 0,01 0,02
P,O, 0,16 -
S 0,26 1,5
C 1,2 -
N 0,05 -
H < 0,01 -

calcium, potassium, sodium, and magnesium.
Calcium is represented by carbonate and silicate
forms in the form of carbonates and plagioclases.
These minerals do not dissolve in water, which
makes it possible to speak unambiguously about
the inertness of the material as a potential source
of migratory calcium compounds. The predomi-
nant part of magnesium and potassium in the
crushed stone sample under study is also in the
silicate form of sericite and microcline, respec-
tively. According to the results of diffractomet-
ric analysis, iron in crushed stone was revealed
in several forms, namely: arsenopyrite, pyrite,
goethite, hematite, magnetite, ilmenite. Given
the amphotericity of iron oxides, it should be said
that there is no potential interaction with aqueous
solutions. Pyrite and arsenopyrite, as the predom-
inant forms of iron in the sample, are also insol-
uble in water. Arsenic is among the most danger-
ous micro-impurities of crushed stone; however,
in the composition of arsenopyrite, it does not
pose a danger to the aquatic environment.

As for the gross analysis of a cement sample,
the main elements (over 1%) include calcium,
silicon, aluminum, iron, magnesium, and sulfur
(Table 3). The predominant compounds are cal-
cium and silicon, which are presented mainly
in the form of two- and three-calcium silicates.
Aluminum is also predominantly found in silicate
compounds, while magnesium and iron are found
in oxide forms. In addition, iron is found in sul-
fur compounds. Considering the silicate matrix of
the sample, it should be assumed that its compo-
nents will not pose a serious threat to the aquatic
environment.

Results of determining the migratory forms
of elements in the components of the mixture

However, the gross content does not allow
making unambiguous conclusions about the mi-
gration capacity of the components. The changes
in physicochemical conditions can contribute to
the geochemical transformations of individual
components of crushed stone and cement in the
composition of the filling material. In this regard,
the next step in experimental work under labo-
ratory conditions was to determine the mobile
forms of the components of crushed stone and ce-
ment (Table 4).

The results of spectral analysis showed that
the total content of mobile forms of crushed stone
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Table 4. Content of mobile forms of elements in the
composition of crushed stone.

Table 5. Content of water-soluble components in a
sample of crushed stone and cement.

components is 3.7% of the total content. The
largest number of mobile forms was recorded
for iron due to the dissolution of the main forms
of rock-forming minerals in acid, as well as for
calcium and magnesium, which are part of the
main silicates. The content of mobile forms in ce-
ment is slightly higher than in the crushed stone
sample and amounts to 6.9%, while a significant
part is represented by calcium, some compounds
of which in the composition of cement are ca-
pable of reacting with nitric acid to form soluble
compounds.

In the natural environment, the chance of
emergence of conditions for the release of mo-
bile forms of components under the condition of
the formation of a solid monolith in the form of
a hardened filling mixture is extremely low. For
this reason, one of the most mobile water-solu-
ble, forms of the component was studied, which
represents the greatest danger to the surface and
groundwater and at the same time is the most in-
formative in assessing the environmental risks.
The result of the analysis is presented in Table 5.

The table shows that the content of the ele-
ments found in the aqueous solution is extremely
low. The total content of crushed stone compo-
nents passed into the solution was 0.009%. It
should be noted that arsenic, one of the most dan-
gerous elements in the composition of the studied
rubble, was not detected in the aqueous solution,
which confirms the previous assumption about
the absence of interaction of arsenic compounds
with water. As for the water-soluble forms in the
composition of cement, their amount was 0.75%
of the gross content, which is also a low indicator.
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Content, mg/kg Content, mg/kg
Elements Elements
Crushed stone Cement Crushed stone Cement
Al 2420 9,2 Al 30,3 0,55
Ba 78 22,6 Ba 0,5 0,705
Ca 14358 61000 Ca 21,6 4185
Fe 12725 - Fe 7.3 -
K 738 1905 K 12,1 770
Mg 5342 - Mg 7.1 -
Mn 304 - Mn 0,02 -
S 1558 5917 S 7.4 2540
Sr 85 120 Sr 1,4 111
As 87 - Mo - 11,4
Zn 3,2 -
Mo - 21,2

Results of laboratory tests of rubber parts

As noted earlier, it is proposed to use rubber
cord waste in the filling mixture. Despite the low
percentage of waste in the composition of the fill-
ing material, unlike the other two, it is a potential
source of not only inorganic hydropollutants, but
also organic ones. The results of the semiquanti-
tative analysis of the water extract by gas chro-
matography mass spectrometry are presented in
Table 6.

Table 6 shows that the main amount of or-
ganic water-soluble compounds is represented by
the oxygen- and nitrogen-containing compounds
of the aliphatic and aromatic series. On the whole,
after the experiment was carried out in a fourfold
repetition, the total amount of water-soluble or-
ganic compounds decreased 12.5 times from
0.005% to 0.0004%. Increased migratory capacity
was noted for the following organic compounds:
hexanone-2, cyclohexylamine, aniline, benzyl
chloride, N-cyclohexyl acetamide, phthalimide.
As for the inorganic component, the analysis re-
vealed such elements as calcium, potassium, iron,
sulfur, and magnesium in the aqueous extract,
while their total content was only 0.006%.

Desorption under static conditions

The study of various forms of elements and
compounds in the composition of individual
components of the filling material made it pos-
sible to identify the hydro-pollutants potentially
hazardous to the aquatic environment and became
the basis for further experimental studies aimed
at modeling the process of contacting the filling
mixture with model aqueous solutions.
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Table 6. Results of a semiquantitative analysis of a water extract from a sample of a car tire by gas

chromatography mass spectrometry (5 days)

Ne Exit time Area, % C, mg/g Compound
1 9,50 8,69 4,67 hexanone-2
2 12,18 0,66 0,35 cyclohexylamine
3 13,20 1,26 0,68 cyclohexanol
4 13,55 5,96 3,20 cyclohexanone
5 15,33 0,38 0,21 cyclohexyl isocyanate
6 15,42 1,82 0,98 aniline
7 16,35 0,50 0,27 glycerol
8 18,69 2,69 1,45 1- (2-Butoxyethoxy) ethanol (ethylene glycol monobutyl ether)
9 19,58 1,36 0,73 2,4 — diethyl — 1,3,2 — dioxaborolane
10 19,65 4,96 2,67 benzothiazole
1 20,91 9,46 5,09 N-cyclohexylformamide
12 21,21 13,81 7,42 N-cyclohexyl acetamide
13 21,94 43,34 23,29 dicyclohexylamine
14 23,76 5,11 2,74 phthalimide
Total 100 53,74

At the initial stage, experiments were carried
out under static and dynamic conditions for each
of the components of the mixture separately. For
the research, a model solution with a pH value
of 7.5 was used, which corresponds to the pH of
the groundwater sampled from the wells near the
considered field. In order to simulate the process
of contacting the components of the filling mix-
ture and assess the behavior of its individual com-
ponents in the solution, the preliminarily crushed
sample was placed in a container with a solution
in a ratio of 1: 5. The experimental conditions are
shown in Table 7.

In the first minutes of contact, stirring was
carried out, and then the test load remained at
rest for 40 days. Sampling for analysis was car-
ried out daily. The results of the study showed
that for the crushed stone sample at the final
stage of the experiment, the concentration in
the solution of such elements as calcium, potas-
sium, magnesium, sulfur, strontium, manganese
became constant, which indicates the complete
release of mobile forms of elements under the
considered conditions. In turn, for aluminum
and iron, the maximum concentrations were
observed in the first hours of contact, and then

the concentration of each of the elements in the
solution decreased, which was caused by such
processes as precipitation, sorption, and coagu-
lations characteristics of these elements. As for
carrying out a similar experiment for a cement
sample, the concentrations of the detected ele-
ments in the solution were maximum during the
first hours of the experiment. Furthermore, due to
the finely dispersed composition of the sample,
the reverse process was observed, i.e. the sorp-
tion of dissolved components on solid particles,
followed by cementation of the sample. The re-
sults of the assessment of the migration activity
of the components of the spent automobile tire
showed a gradual increase during the experi-
ment in iron and manganese that is associated
with the process of corrosion of the cord, which,
in principle, is the main supplier of inorganic
soluble compounds. The release of sulfur from
the sample can be explained by its widespread
use in the vulcanization process. In addition,
significant calcium contents were recorded in
the model solution at the level of 20-25 mg/dm?.
Its main sources include the calcium-containing
deicing coatings, as well as the waste rock used
in the dumping of internal roads.

Table 7. Conditions for conducting experimental studies under static conditions.

Component size, | Model solution Component pH of the model Ambient
Component name 3 . . o
mm volume, dm weight, g solution temperature, 0°C
Crushed stone 1-2
Rubber cord waste (car tire) 20-30 1 200 7,5 20
Cement R
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Desorption under dynamic conditions

In order to implement the experiment under
dynamic conditions, a laboratory column was
used. Crushed stone, which is the main component
of the filling mixture, was used as column filler.
Before loading, the initial sample of crushed stone
was disintegrated in a laboratory jaw crusher to a
particle size of 1-2 mm. As a model, similar to
the previous experiments, a water solution with
an artificially created pH value of 7.5 was used.
The flow rate of the model solution throughout
the experiment was 5 cm®/min, and its constancy
was maintained using a pump. The total mass of
the load was 174 g. The equipment installation
for the experiment is shown in Figure 3.

In total, the experiment lasted 40 days. The
total amount of the model solution passed through
the column was 175 liters. Figure 4 shows the
curves of migration of chemical elements from
the column over time.

As can be seen from Figure 4, for most of the
mobile components of the sample, with an in-
crease in the volume of the passed solution, their
content in the solution gradually decreased. The
mass and fraction of the sample components that
passed into the solution over the entire period of
the experiment are presented in Table 8.

Enlarged laboratory tests

At the final stage, expanded laboratory tests
were carried out at a three-stage water purifica-
tion setup. This installation allows conducting

experiments with the simultaneous use of up to
four types of charges in separate columns. In or-
der to carry out the expanded laboratory tests, one
of the columns of the laboratory setup with a di-
ameter of 200 mm was filled with crushed filling
mixture (Figure 5).

The flow rate of the model solution through-
out the experiment was 30 dm‘/h. The volume
of the model solution passed through each of the
charges was 1500 dm®. Due to the fact that the
hydrogeological conditions of the field develop-
ment are simple and the maximum inflow of wa-
ter will be 146,000 dm?h, whereas the minimum
— 17,000 m*/h, the experimental data will give a
greater saturation of filtration water with water-sol-
uble forms of substances, which will be taken into
account when assessing the environmental hazard.
In accordance with the selected recipe, two backfill
solutions were prepared with the maximum (8%)
and minimum (3.5%) cement contents.

After solidification, the sample was crushed
to a size of 2-3 cm and loaded into the column.
According to the main parameters, the used mod-
el solution corresponded to the composition of the
underground waters of the ore deposit. The results
of the experiment, taking into account the con-
centrations of the studied elements in the initial
model solution, are presented in Tables 9 and 10.

The results presented in Tables 9 and 10 show
that the main component migrating into the so-
lution is Ca. At the same time, higher contents
are noted in the load with lower cement content.
Therefore, stronger carburizing of the mixture
prevents calcium leaching from the sample. At

2l Y| s
7 H&:Fcﬁ/ﬂw

Figure 3. Installation of an experiment t on the leaching of components from a crushed stone sample
under dynamic conditions: 1 — tripod; 2 — model solution after passing through the column; 3 — laboratory
column; 4 — crushed stone with a size of 1-2 mm; 5 — pump; 6 — the original model solution.
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Figure 4. Curves of migration of chemical elements from a crushed stone sample under dynamic conditions

the same time, Mo was found in the solution that
passed through the load with a cement content of
8%. This is due to the fact that the mobile and
water-soluble forms of Mo are present in the ce-
ment, and its increase in the load leads to a natural
increase in the concentration in the model solu-
tion that has passed through the column.

The resulting filtrate of the filling mixture was
analyzed for the content of organic compounds.
The results of the analysis showed that no organic
compounds were found in the sample. The con-
tent of each of the organic compounds identified

during the study of the water-soluble forms of the
components of the spent car tire turned out to be
below the detection limit of the modern GCMS-
QP2010 Ultra analyzer (<10 pg/dm?).

In order to intensify the process of leaching
the components of the filling mixture, a model so-
lution was poured into the column with loading,
after which the column was dismantled from the
stand and shaken manually (Figure 6).

Then, the column was installed back and
started again. As a result of launching the stand,
no sharp change in the electrical conductivity

199



Journal of Ecological Engineering 2021, 22(7), 190-203

Table 8. Mass and fraction of components of the crushed
stone sample that migrated into the solution under
dynamic conditions for the entire period of the experiment

The mass of the The proportion of the
crushed stone )
Element component in the total
component passed ) o
. ; content in the sample,%
into the solution, mg
Al 12 0,07
Ba 3 4,83
Ca 381 12,55
Fe 5 0,16
K 95 2,18
Mg 113 7,83
S 15 3,39
Sr 4 41,39

of the solution passed through the column was
observed, which indicates that the dynamics of
leaching after shaking the column was preserved.

Assessment of the environmental risk when
using the studied material of the backfill, taking
into account the available initial data and mod-
eling results, as well as taking into account the

tasks of the research work, is reduced to assessing
the risk of water pollution. In addition to ground-
water, it is necessary to consider surface waters,
since during the laying of the worked-out space,
a certain amount of leached components will be
transported by the drainage system with mine wa-
ter to surface water bodies.

As a result of the assessment of the «worst
case» scenario with the minimum intensity of wa-
ter pumping through the model of the filling ar-
ray, the concentrations of elements in the filtrate
were obtained, presented in Table 11.

Environmental risk assessment

In order to assess environmental risk, it is cus-
tomary to use the following well-known formula:

n
R = ZPiWi' (1)
i=1

Figure 5. Curves of migration of chemical elements from a crushed stone sample under dynamic conditions.

Figure 6. Dismantled column with loading.
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Table 9. Results of expanded laboratory tests using a filling mixture with cement content of 8%.

Element Al Ba Ca K Mo S Sr
Content of elements in the load, mg 836493 3866 471773 | 229431 1406 35402 627
Component mass transferred into solution 52 26 34260 1027 20 1211 178
during the experiment, mg
The percentage of the component in the 0006 | 0664 | 7262 | 0448 | 1453 | 3419 | 28,388
solution from the gross content in the load,%
Table 10. Results of expanded laboratory tests using a filling mixture with cement content of 3.5%.
Element Al Ba Ca K S Sr
Content of elements in the load, mg 1102349 5024 211061 301752 31350 687
Component mass transferred into solution 297 41 25289 583 4873 105
during the experiment, mg
The percentage of the component in the 0,027 0,807 11,982 0,193 15,543 | 15285
solution from the gross content in the load,%

Table 11. Average content of elements in the filtrate after pumping the model solution through the filling array

model according to the «worst case» scenario.

Average concentration of an element in the filtrate, mg / dm3

Water sample Al Ba Ca K S0, Sr Mo
1 2 3 4 5 6 7
Content in the filtrate after pumping the model
solution through the model of the filling block | %3 0,027 68 | 039 | 975 | 007 -
Maxllmum .permlssllblef poncentratlon f30r water 0.04 074 180,0 50,0 100,00 0,40 0,001
bodies of fishery significance, mg/dm

where: P,— the probability of exceeding the con-
centration of an element in excess of the
standard;
W, — costs of eliminating the consequenc-
es of exceeding the standard,
i— the ordinal number of the element.

In order calculate the probability of an event
of exceeding the standard concentration of the
i-th element in water, in a prolonged period At,
one can use the formula:

P;(At) = 1 — exp(—4;At), ?2)

where: A, — the frequency of realizations of the
event of exceeding the normative concen-
tration of the i element, calculated by the
formula: A, = k /AT,
k.~ the number of hazardous events (ex-
ceeding the normative concentration of
the i element) for the observation interval
AT [26].

The results of laboratory experimental
studies on the model of the filling mass showed
that for all detected components, in accordance
with the regulatory documents of the Russian

Federation, taking into account the quantita-
tive and qualitative characteristics of mine wa-
ters, the characteristics of water bodies (sew-
age receivers) and treatment facilities of mine
waters of the enterprise, — the number of haz-
ardous phenomena k = 0. Thus, using formu-
las (1) — (2), when assessing the environmental
risk of applying the studied backfill mixture for
backfilling the mined-out space of the mine, the
value R = 0 is obtained.

CONCLUSIONS

During the research work, a significant
amount of laboratory research was carried out
using a complex of modern methods of analy-
sis and an expanded experiment on a physical
model of a filling mass, represented by a filling
mixture of crushed stone, cement and elements
of used automobile tires, which made it pos-
sible to solve the following scientific and prac-
tical problems:

e identifying the chemical elements and sub-
stances (compounds) formed during the split-
ting (destruction) of waste tires and mineral
components of the filling mixture;
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e creating a physical model, which made it pos-
sible, in a laboratory experiment, to evaluate
the movement (migration) of elements and
substances from the filling mixture into the en-
vironment when washed out by groundwater;

e identifying the potential dangers of migration
of elements from the backfill into the environ-
ment when implementing decisions on back-
filling the underground mined space of the
mine with a backfill mixture with used covers,
on the basis of the data obtained as a result of
laboratory analyses and experimental studies
of the model.

As a result of the conducted theoretical, labo-
ratory, and expanded experimental studies, the
following results were obtained:

1. The main potential type of impact on the en-
vironment when organizing the backfill of the
mine goaf with the mixture under study is the
leaching of organic and inorganic compounds
from the backfill material upon contact with wa-
ter and the formation of a flow of polluted water,
which justifies the need for laboratory studies of
the mixture components carried out by the au-
thors to assess the risks of secondary pollution.

2. Investigation of the chemical and phase com-
positions of crushed stone as the main com-
ponent of the filling mixture showed that sili-
con and aluminum predominate in the waste,
which, like most other components, occurs in
a hardly soluble silicate matrix. This matrix
prevents the release of waste components into
the solution, which is confirmed by the low
content of mobile (3.7%) and water-soluble
(0.009%) forms.

3. In the composition of the cement used in the
filling mixture, calcium and silicon, which
are represented by two- and three-calcium
silicates, are the predominant compounds. The
content of mobile form is 6.9%, and the con-
tent of water-soluble form is 0.75%. The main
component of the solutions after leaching a ce-
ment sample is calcium.

4. During the study of organic water-soluble
components of rubber cord waste, oxygen and
nitrogen-containing compounds of the aliphat-
ic and aromatic series in the amount of 0.005%
were recorded in the solution. As for the inor-
ganic component, the analysis revealed such
elements as calcium, potassium, iron, sulfur,
and magnesium in the aqueous extract, while
their total content was 0.006%.
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5. During expanded laboratory tests of the back-
fill mixture on the bench with washing with
a model solution emitting drainage water, no
organic compounds were found in the filtrate.
This confirms the safety of the proposed tech-
nology for joint disposal of mining waste and
waste tires in the worked-out area.

6. Large-scale laboratory tests have shown that
when the content of cement in the filling mix-
ture is in an amount of 3.5% and 8% and when
the waste material is crushed into pieces with
a size of 20-30 mm, active migration into the
calcium solution is noted. At the same time,
lower grades were noted in the load with a high
cement content, which is associated with a
more durable carburizing of the mixture, which
prevents leaching.

Thus, it can be concluded that the use of the
filling mixture according to the presented recipe
under real conditions in the considered field, the
transformation of the mixture components will
not pose an environmental hazard to the aquatic
environment of the production region, since the
probability of exceeding the standard concentra-
tion tends to zero.
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