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Abstract

Wastes from mining and ore processing have a negative impact not only on surface- and groundwater, soils, but also
on the state of the ground-level atmosphere. In highly permeable deposits of waste storage facilities, as a result of
weathering of ores and rocks hosting mineralization, highly mineralized waters containing metals are formed. Under
their influence, liquid aerosol flows are formed above the storage facilities. Their conditions of formation and chemical
composition are still poorly studied. The objective of the work is to determine the qualitative and quantitative compo-
sition of toxic metals entering the ground-level atmosphere as part of aerosols from the storage facility of oxidized ores
and overburden rocks stockpiled during the development of the Ozernoye polymetallic deposit. The tasks set are to
identify the mechanism of aerosol flow formation from the aeration zone of storage facilities, to develop a methodology
for sampling aerosols by condensing them, and to collect the amount of condensate required for analysis. The collected
condensate samples were analysed by inductively coupled plasma mass spectrometry using Agilent 7500ce quadrupole
mass spectrometer according to a certified procedure. We found that the total mineralization of condensation waters
reaches 110-130 mg/dmd. The content of toxic elements (mercury, lead, zinc, copper) is several times higher than the
concentration in surface waters of the area. In the snow cover in the area adjacent to the Mining and Processing Plant,
manganese, zinc, copper, and mercury were found in abnormally high concentrations exceeding the MPC for fishery
purposes. Their input into the snow cover is associated with evaporation from the surface of stockpiled wastes and
transport of pollutants by air currents. The work shows that liquid aerosols containing high concentrations of toxic
chemical elements are released into the atmosphere from the stockpile of oxidized ores and overburden rocks. To pro-
tect the natural environment, the enterprise needs measures to isolate stockpiled mining wastes from weathering agents
and prevent aerosol input into the atmosphere, as well as to use personal protective equipment for personnel working
with mining and processing wastes.
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Introduction

The development of mineral deposits and the formation of tailings storage facilities have a mul-
tifaceted negative impact on the environment and operating personnel [1]. The literature pays
considerable attention to dust generation [2]. Negative impacts on the environment occur during the
development period [3], after the enterprise ceases operations [4], and in the event of accidents [5, 6].
In the work area, the concentration of metals in landscapes gradually increases [7]. This is due to the
stockpiling of large amounts of mining and ore processing wastes, which contain residual ore material
and fine dust [8, 9].
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Particularly intense pollution occurs during open-pit mining. In this case, the development of
deposits leads to the formation of overburden rock dumps over a vast area [10]. Processes that are
unnatural to the environment begin to proceed intensively [11]. Since the rocks are crushed during
mining, they begin to be intensively reduced in size by weathering agents during storage [12] and
actively interact with formed acids [13] and microorganisms [14]. The element speciations change
significantly [15]. As a result, the toxic elements contained in them acquire the ability to migrate into
surface water, groundwater, and the atmosphere [16, 17].

The migration of toxic chemical elements in surface and groundwater is fairly well studied [18, 19].
It is shown that hypergene minerals containing heavy metals precipitate from solutions [20]. This
cannot be said about atmospheric pollution. Typically, research focuses on the formation of gases and
dust [21], as well as their impact on the biosphere and humans [22, 23]. Insufficient attention is paid
to the study of liquid aerosol flows containing metals above mining areas. Notable are studies involving
experimental research through forced air circulation above rock dumps via a bubbler with deionized
water. These studies revealed concentrations exceeding background levels by 20 times for Sh, As,
Mo, Sn, Al, 10 times for Cu, Pb, Ni, Ba, Ti, Y. Geochemical studies of the snow cover are also worth
mentioning [24-26].

Urban areas monitor aerosols in the air, especially during the winter period, but the chemical
composition of liquid aerosols cannot be determined due to the lack of developed methods for their
concentration [26]. Research on solid aerosols is more advanced; the dependence of their toxicity on
particle size is demonstrated [2]. Investigations showed the impact of atmospheric pollution on the
health of enterprise workers [27], residents living near mines [28], and the surrounding area [29].
Studies identified types of diseases and the mechanism of impact on the human body [30, 31]. The
findings indicate that the transport of toxic substances in the air must be considered in the environ-
mental rehabilitation of rock dumps [32].

This study presents the first examination of toxic metal migration within liquid aerosols at an
active mining enterprise. The aim of this work was to determine the qualitative and quantitative com-
position of pollutants entering the ground-level atmosphere due to the impact of ore mining waste
from the Ozernoye polymetallic deposit.

Methods and research metology

Atmospheric pollution in mining areas is associated with geological and geochemical processes oc-
curring in the aeration zone. Rocks extracted from the subsurface are crushed during the processing pro-
cedure. As a result, interaction in the water-rock system becomes intensified. The chemical composition
of groundwater in waste storage areas has long been the subject of research, and a large number of publi-
cations are devoted to this topic. They show that the pore space in the lower part of mining and ore pro-
cessing waste storage facilities is filled with highly mineralized waters and gases [33]. In the aeration zone
of waste storage facilities, mineralized solutions can exist as vapour, as physically and chemically bound
water, and as capillary water. All these forms are in dynamic equilibrium with groundwater. VVapour-phase
water moves downward in summer, as vapour pressure decreases with depth. It condenses in the lower
part of the aeration zone, where the thermal effect of solar energy does not act. In winter, on the contrary,
vapour rises toward the surface from the groundwater horizon, as vapour pressure decreases at the top
when water freezes [34]. Capillary water rises from the groundwater to the surface in the form of a fringe,
driven by surface tension forces. The height of capillary rise depends on the pore size in the rock: the
smaller the capillary radius, the higher the capillary fringe rises above the groundwater level. If the capil-
lary fringe reaches the surface, water evaporates into the atmosphere. The loss of capillary water through
evaporation is replenished by inflow from the aquifer. As water mineralization increases, the height of
capillary fringe rise also increases, i.e. highly mineralized solutions containing heavy metals can rise to
the surface from greater depths.
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The height of the capillary fringe is determined for several sedimentary rocks differing in particle
size [35]: medium-grained sand 0.15-0.35 m, fine sand 0.35-1.0 m, sandy loam 1.0-1.5 m, light loam
1.5-2.0 m, medium loam 2.0-3.0 m, heavy loam 3.0-4.0 m, and clay 4.0-5.0 m. The height of the
capillary fringe in the listed rocks varies by more than an order of magnitude. In mining operations,
mining wastes (overburden rocks) consist of larger particles than ore processing wastes, which are
ground to sizes of hundredths and thousandths of a millimetre. Consequently, in ore processing waste
storage facilities, solutions can rise from greater depths due to surface tension forces. This, in turn,
leads to an increase in water mineralization and the potential input of toxic substances during the
winter period.

For fresh waters, it is found that the mineralization and chemical composition of water in the
aeration zone are close to those of groundwater. For mineralized waters, a significant increase in
mineralization is observed in pore waters compared to gravitational waters. Due to hydrogen bonds
in the arrangement of water molecules, a high degree of orderliness is observed, which is preserved
in the vapour state. Vapour does not consist of individual water molecules but rather of associations
of several tens of thousands of molecules. Therefore, when water evaporates, vapour particles carry
dissolved substances with them.

Studies of the chemical composition of the ground-level atmosphere were conducted under field
and laboratory conditions. In the field, experiments to collect condensate at ore waste storage sites
were carried out in summer (15-18 July 2023) to identify the intensity of aerosol pollution flows.
In spring (10-14 March 2024), the chemical composition of the snow cover in the surrounding
area was studied.
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Fig.1. Overview map and satellite image of the Ozernoye Mining and Processing Plant (MPP) site,
showing condensate water sampling and precipitation collection sites (Google Earth, image 2023)

1 - oxidized ore storage; 2 — quarry; 3 — overburden waste storage; 4 — precipitation sample collection sites;
5 — condensation water sampling sites; 6 — temporary stream sampling site
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To investigate the chemical composition of water evaporating from the surface of waste storage
facilities, a vapour condensation technique was used. The surface area from which condensate was
collected amounted to 1 m2. The sampling circuit for condensate in ore mining wastes is shown in
Fig.1. To increase the reliability of the results, five condensate collectors were installed simultane-
ously at each monitoring point. The distance between the collectors was 20 m; this arrangement of
condensers allows characterizing aerosol flows over a large area and levelling out inhomogeneities
in the sand structure related to waste storage technology. The condensate collectors were set up at the
monitoring point in the evening and removed in the morning. This sampling regime was chosen
because the study area has a climate characterized by sharp temperature changes within a 24-hour
period. In summer, the temperature difference reaches 20 °C or more. During the day, the sands warm
up, and the water trapped within them begins to evaporate intensively. However, condensing this
vapour is difficult and would require refrigeration equipment. At night, the air above the sands cools
rapidly, so the moisture evaporating from the sands condenses well on the surface of the polyethylene
film. The resulting droplets flow into a container placed beneath the film. The condensate accumu-
lated in the container was filtered through a membrane filter with a pore size of 0.45 pm and acidified
for chemical analysis.

To determine the regional background levels of trace elements in water bodies in the area sur-
rounding the MPP, water sampling was conducted on the Gunduy-Kholoy stream, which flows down
from the Zusy Ridge near the deposit and empties into Lake Gunda. The water sample was collected
in its estuarine part (Fig.2). To determine the concentration of trace elements in condensation mois-
ture in an area unaffected by mining operations, two condensate samples were analysed in the Dzhida
River valley.
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Fig.2. Topographic map of the study area with snow sampling points
1 - MPP infrastructure facilities; 2 — stream sampling baseline; 3 — snow sampling locations
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Snow cover was sampled outside the enterprise’s license area. Considering the wind rose, pro-
files were laid out in the southeast direction, towards the Yeravninskaya depression. A total of
16 snow samples were collected. The methodology for snow sampling, sample preparation and analysis
is described in detail in [36]. Snow samples were collected in plastic bags. The snow was melted at
room temperature; to separate suspended substances, the water was filtered through a membrane filter
and prepared for analysis of macro- and trace-element composition.

Trace-element composition analysis was performed by inductively coupled plasma mass spec-
trometry (ICP-MS) using Agilent 7500ce quadrupole mass spectrometer at the Limnological Institute,
Siberian Branch of the Russian Academy of Sciences, according to the procedure described in [37].
For mass spectrometer calibration, multi-element standard solutions ICP-MS-68A-A and
ICP-MS-68A-B (HIGH-PURITY STANDARDS, Charleston, USA) were used, as well as cation
(Fe, Hg) and anion (P) solutions prepared by mixing single-element ICP-MS standard solutions from
Inorganic Ventures (USA): Fe (MSFE-100PPM), Hg (MSHGN-10PPM), P (MSP-100PPM). Metals
in the standard solutions were present in a nitric acid medium, anions — in the form of orthophosphoric
acid. The analysis methodology allows determining 72 chemical elements in water samples simulta-
neously, including alkali, alkaline earth, rare, rare-earth, noble, and radioactive elements.

Physical and geographical characteristics of the study area, geological structure and
development technology of the Ozernoye deposit

The Ozernoye deposit is located in Western Transbaikalia, on the Vitim Plateau, at the boundary
of the taiga and vast flat depressions occupied by lakes Yeravninskiye. Absolute elevations at the
deposit range from 1100 to 1335 m; relative elevations amount to 250-300 m. The hydrological net-
work is poorly developed. The Vitim River with its right tributary, the Zaza River, flows northeast of
the deposit. To the southeast lie lakes Bolshoye Yeravnoye, Maloye Yeravnoye, Sosnovoye, Gunda,
Kharga, Isinga, and other small lakes.

The climate is sharply continental, with a dry, long winter and a short, hot summer. In winter,
weather is determined by the Siberian anticyclone, which brings predominantly cloudless skies, light
winds, and low precipitation. During the warm season, cyclonic activity increases, leading to notice-
able humidification. According to data from the Ust-Zaza weather station, the annual precipitation
totals range from 170 to 387 mm. Up to 90 % of the annual precipitation falls during the warm period
(May-September). A stable snow cover forms by early November, reaching a maximum depth of 29 cm;
it begins to melt in March-April. Permafrost has continuous distribution. Its thickness is 100-150 m
in the watershed areas; 120-150 m on the north-facing slopes; 15-120 m in the Yeravninskaya and
Zazinskaya depressions. Through-going taliks occur beneath large lakes, and non-through-going
taliks form on slopes, in river channels, and in depressions where tectonic disturbances are present.
According to borehole temperature logging data at the Ozernoye deposit, permafrost temperatures
range from —0.5 to —2.5 °C.

The Ozernoye polymetallic deposit was discovered in 1961. Ore occurs in volcanogenic and
volcanogenic-sedimentary rocks: acidic and intermediate tuffs, calcareous and carbonaceous tuffites,
limestone breccias with tuffaceous cement, limestones. The main ore minerals are pyrite and sphalerite;
galena is less widespread. Secondary minerals include magnetite, hematite, arsenopyrite, chalcopyrite,
fahlores, silver minerals. Trace elements present in the ores include arsenic, antimony, germanium,
and thallium. Fine intergrowth of sulphides and small grain size (0.01-0.05 mm) are characteristic.
The ore composition is lead-zinc with almost no copper; the Pb : Zn : Curatiois 1 : 6 : 0.05. Among
non-ore minerals, the following predominate: siderite, calcite, dolomite, barite, quartz, sericite, and
chlorite. Most ores are fine-grained and cryptocrystalline.

Above lies an oxidation zone 5-50 m thick. Oxidized ores are dominated by iron hydroxides.
Lead and zinc in oxidized ores occur as plumbojarosite, smithsonite, cerussite, anglesite, and pyro-
morphite. Lead content in oxidized ores ranges from 0.3 to 20 %, zinc content — from 0.3 to 1.8 %.
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The total annual quarry output of ore is 6 Mt. The deposit development project is designed for
13 years. The total volume of overburden rock is 167.7 million m3. Extraction involves transporting
overburden to external dumps, which are stockpiled to the south of the quarry. Part of the overburden,
especially during the initial operation period, is used for road construction and repair, building and
facility construction, constructing embankment dams for the tailings storage facility.

The process circuit involves using selective-collective flotation with ore grinding to a particle
size of 0.044 mm. Annually, 4.5 Mt of waste will be stockpiled: 3 Mt of dump rocks and 1.5 Mt of
pyrite concentrate. Wastewater from industrial facilities, containing petroleum products and sus-
pended solids, is treated at local treatment facilities prior to discharge. To reduce the volume of sur-
face runoff, all runoff from uncontaminated areas is intercepted by uphill ditches. Rainwater and
meltwater from the industrial site area are directed to treatment facilities and are used as much as
possible in processing procedure. At the time of the survey, the dressing plant had not yet been com-
missioned at the enterprise; only overburden and oxidized ores were removed from the quarry.

Description of the research target and the results obtained

The overburden rock dumps are stockpiled at two sites located east and southeast of the quarry
(see Fig.1). The surveyed overburden rocks, stockpiled east of the quarry, form a ridge of large-block
material 4-5 m high. The dump’s width varies from 125 to 250 m, and its length reaches 1000 m.
At the foot of the dump lie water-saturated loose rocks. Permafrost is at a depth of 20-40 cm. On the
eastern side of the dump, a temporary watercourse flows, formed from atmospheric precipitation and
moisture condensed within the dump body.

To collect condensate, five condensers were installed along the eastern edge of the dump. Con-
densate was successfully collected only in two units, where the aeration zone thickness exceeded
50 cm. Additionally, the temporary watercourse was sampled. Near the road, it formed a puddle
measuring 10x20 m.

A stockpile of oxidized ores is 1 km northwest of the quarry. It has a rectangular shape: width
300 m, length 500 m, thickness of stockpiled oxidized ores 3-4 m. The stockpile rises 100 m above
the surrounding area. A residential settlement is 500 m west of the stockpile, and a dressing plant is
300 m northwest of it. The stockpiled oxidized ores are not isolated from the impact of weathering
agents.

To assess the impact of the oxidized ore stockpile on ground-level atmospheric pollution with
aerosols containing toxic chemical elements, five condensers and five atmospheric precipitation col-
lectors were installed. The layout circuit is shown in Fig.1. Due to wind gusts at night, two condensers
became unsealed. As a result, condensate samples could only be collected at three locations.

The volume of condensation water was 30-50 ml per 1 m?; this amount depends on the porosity
of the wastes. The total mineralization of condensation waters reaches 110-130 mg/dm?. The total
mineralization of atmospheric precipitation varies from 2 to 35 mg/dm?®. The total mineralization of
water in the temporary watercourse reaches 510 mg/dm?®. The trace-element composition of the col-
lected water samples is presented in the table.

High concentrations of mercury, lead, zinc, and copper were detected in condensation waters
compared to surface waters. These elements originate from pore moisture, where they accumulate
due to the oxidative decomposition of sphalerite, galena, chalcopyrite, and pyrite. High levels of
manganese, iron, aluminium, and phosphorus found in the condensate are likely associated with the
decomposition of rock-forming minerals. A correlation is observed between the chemical composi-
tions of pore waters and aerosols [38]. When highly mineralized pore waters evaporate, a vapour
layer forms above the surface. Since vapour particles are not single water molecules but associations
of molecules, they are capable of carrying substances dissolved in pore water. The qualitative and
quantitative composition of the aerosol depends on the chemical composition of the pore waters.
Differences in the amount of pollutants are observed above the oxidized ore stockpile and the over-
burden rock dumps.
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Trace element composition of atmospheric precipitation, condensation water collected from overburden dumps, and oxidized

ores compared to the background area and concentration in surface watercourses, pg/dm?

Temporary Condensation water
. .
Element MPCfishav Gutnduy-lgl?lgy watercourse, Atmps_;;htgnc Outside the MPP Overburden Oxidized ore stockpile
mg/dm?® | stream, OV- OV-1 precipitation
Z-1 72 0oz-1 | 0z3 | 0z7 | 0oz-9 | oz10
Be | 0.0003 0.004 <0.001 %“ 0.0024 | 0.0019 | 0.004 | 0.0026 | 0.009 | 0.0027 | 0.0019
B 01 8.5 5.1 % 2.7 15 | 92 84 | 26 | 47 2
Al | 004 151 37 112'8"128 65 | 69 35 61 | 107 | 33 16
P | 005 126 62 % 36 76 77 104 | 250 | m@ 40
Ti | 006 0.52 14 % 013 | 012 | 047 | 105 | 73 | 081 | 105
v | o001 0.35 0.24 % 003 | 002 | 0125 | 02 | 063 | 011 | 0073
cr | 007 1.06 0.9 % 05 | 04 | 15 | 197 | 59 | 126 | 32
Mn | o001 380 79 % 11 14 58 | 120 | 152 | 560 | 99
Fe | 01 530 81 % 1 1 52 131 | 230 | 7 55
Co | 001 0.61 0.46 % 005 | 003 | 024 | 037 | 1.62 | 099 | 125
Ni | 001 1.83 1.15 % 073 | 031 | 31 | 37 | 24 | 26 | 178
cu | 0001 0.97 5.6 % 19 | 048 | 101 | 135 | 59 | 64 | 1.89
zn | o001 6 124 % 108 | 149 | 39 21 | 159 | 111 | 52
Br | 135 36 30 562% 25 18 | 74 | 58 | 34 | 1128 | 75
Rb | 01 0.5 1.47 % 104 | 012 | 092 | 154 | 73 | 131 | 21
Ag 0.015 0.03 % 001 | 005 | 0048 | 0.046 | 0.095 | 0.086 | 023
cd | 0.005 0.028 0.17 % 012 | 004 | 08 | 04 | 08 | 2 21
sn | 0112 0.03 0.042 % 014 | 006 | 092 | 015 | 3 | 0118 | 0061
cs | 10 0.014 0.008 % 0.009 | 0008 | 0.025 | 0.022 | 0.036 | 005 | 0.145
Ba | 074 450 66 % 76 | 36 | 127 | 145 | 70 | 68 92
w | 0.0008 0.16 0.08 % 003 | 003 | 0131 | 015 | 031 | 0.083 | 0.083
Au 0.0014 0.005 % 0.0009 | 0.0009 | 0.0037 | 0.002 | 0.012 | 0.0026 | 0.002
Hg |0.00001| 012 0.12 015% 041 | 01 | 019 | 009 | 036 | 044 | 129
TI 0.0021 0.13 % 0038 | 0017 | 0051 | 0141 | 02 | 18 | 27
Pb | 0.006 0.97 28 % 23 | 103 | 179 | 73 | 67 | 7 90

bodies of fishery importance” (as amended on 13.06.2024 N 320).
** The numerator contains the minimum and maximum values; the denominator contains the average values.

* Order of the Ministry of Agriculture of Russia dated 13.12.2016 N 552 “On approval of water quality standards for water
bodies of fishery importance, including standards for maximum permissible concentrations of harmful substances in the waters of water
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Analysis of atmospheric precipitation revealed high concentrations of lead, zinc, manganese, and
mercury. Mercury content (classified as hazard class 1) in atmospheric waters exceeds the maximum
permissible concentrations for fishery waters by tens of times. The concentration of the most toxic
chemical elements in atmospheric waters (aerosols and rain) is much higher than in condensate col-
lected in the background area, waters of the temporary watercourse within the MPP area, and water
from the Gunduy-Kholoy stream. Atmospheric precipitation becomes contaminated through interac-
tion of rain droplets with a halo of liquid aerosol that constantly exists above the oxidized ore deposit.
Therefore, atmospheric precipitation has the same chemical composition as the aerosol halo above
the studied surface; the only difference lies in the amount of pollutants.

Based on the data presented, we can conclude that chemical elements with concentrations sig-
nificantly higher than those in the background area enter the ground-level atmosphere from the mass
of overburden rock dumps and the oxidized ore stockpile. Their release into the atmosphere is asso-
ciated with mining operations. Some of these elements are toxic and pose a health risk to personnel
working at waste storage facilities.

It is possible to roughly estimate the amount of the metals in question entering the ground-level
atmosphere from waste storage facilities. Let us consider the impact of the oxidized ore stockpile. Its
area is 150,000 m2. On average, 40 ml of aerosols evaporate from each square metre overnight. Let
us estimate their average concentrations and the amount evaporating from a 1 m surface, then from
the entire stockpile surface. The amounts are as follows: 1620 mg of manganese, 645 mg of zinc,
450 mg of lead, 132 mg of copper, 24 mg of mercury. These elements are dispersed by air currents
over the surrounding area and enter the soil, vegetation, and surface waters. They are in a mobile state
in aerosols and can actively interact with biota.

The chemical composition of the snow cover in the area affected by emissions from the Ozernoye
MPP was studied. Snow sampling was carried out along profiles laid out in a southeast direction
from the MPP towards the Yeravninskaya depression, where lakes Kharga, Gunda, and Eksend are
located (Fig.2).

All snow samples were collected outside the MPP’s license area. Meltwater has a slightly acidic
reaction (pH 5.74-6.43), and total mineralization ranges from 7 to 94 mg/dm?. Trace-element content
in the snow cover near the Ozernoye MPP, pg/dm® Zn — (4.7-109.0)/17.7; Cu — (0.7-3.5)/1.8;
Pb—(0.19-8.0)/1.5; Mn — (2.2-220.0)/64.3; Fe — (42.0-124.0)/69.4; Al — (9.0-59.0)/24.3; P — (11.8-88)/28.1;
V —(0.127-1.04)/0.317; Hg — (0.03-0.29)/0.102; Cd — (0.03-0.81)/0.14. The numerator shows mini-
mum and maximum contents, the denominator — average values. Manganese, zinc, copper, and mer-
cury were detected at abnormally high concentrations exceeding the MPC for fishery waters. Mercury
content in snow deposited in this area exceeds the MPC for fishery waters by 3-29 times. The highest
concentration was determined in sample O16 (exceeding the MPC by 21 times). Concentrations of
other elements (Pb, Cd, Fe) in some snow samples also exceed the MPC.

Thus, high contents of the same chemical elements found in condensation waters were detected
in the snow cover. There is no doubt that their input into the snow cover is related to the mining
enterprise’s operations. Due to atmospheric transport of toxic substances in aerosol form, areas
beyond the license area become contaminated. When the snow cover melts, unique natural formations —
lakes Yeravninskiye, which are of great recreational and fishery importance for the region — will be
exposed to negative impacts.

Conclusion

During the development of the Ozernoye polymetallic deposit, air pollution with liquid aerosols
containing highly toxic chemical elements occurs. Heavy metals in the air can be transported over
long distances and have a negative impact on water bodies of high fishery and recreational value. To
eliminate the negative environmental impact, the enterprise must seal the oxidized ore stockpile to
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minimize emissions, implement effective monitoring of the environmental state of the ground-level
atmosphere, avoid long-term storage of wastes without reclamation measures, provide personal pro-
tective equipment for personnel working in areas with aerosol atmospheric pollution.

The authors express their gratitude to ESSTUM Master ’s student K.A.Dubenko for his partici-
pation in field work and preparation of snow samples for chemical analysis.
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