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Abstract

The work addresses the issues of hydrosphere pollution in the Middle Urals resulting from the impact of acid mine
drainage from abandoned copper mines. The study examined the concentrations of macro- and trace components in
water and bottom sediments in the area of the Levikhinsky copper-pyrite mine, which was abandoned over 20 years
ago, as well as changes in their concentrations along the following chain: mine water discharge (acidic environment) —
neutralization (alkaline environment) — settling (acidic environment) — middle reach of a small river (slightly acidic
environment) — mouth of a small river (neutral environment). Thermodynamic estimations showed that acidic minera-
lized waters are supersaturated with respect to minerals of the oxides and oxide-hydroxides groups. Strongly alkaline
and slightly alkaline waters are supersaturated with respect to minerals of the oxides, oxide-hydroxides, hydroxides,
and sulphates groups. Waters from all environments are close to equilibrium or undersaturated with respect to gypsum.
The most intensive metal precipitation and sorption by bottom sediments occur in near-neutral environments: the con-
centration ratio (CR) exceeds n-10°1/kg for Al, Fe, Cu, and Ph. The performed assessment of the degree of equilibrium
of anthropogenically impacted waters with respect to minerals allowed us to determine secondary mineral formation,
the forms of metal migration in water bodies, and their impact on the environment. The obtained data are essential for
justifying measures aimed at improving the state of the hydrosphere.
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Introduction

Acid mine drainage (AMD) from abandoned and flooded copper-pyrite mines is a serious global
environmental issue, primarily associated with the deterioration of hydrosphere quality [1-3]. AMD
saturated with toxic elements is formed as a result of the oxidative dissolution of sulphide minerals,
which are exposed to external atmospheric and biological factors (water, oxygen, sulphate-reducing or
sulphide-reducing bacteria). Such waters are characterized by low pH, high mineralization, and elevated
concentrations of sulphates and various metals [4, 5]. When acidic waters enter water bodies, they cause
the formation of fine ochreous sediments, which are transported by river waters over tens of kilometres.
This also leads to changes in the mineral and chemical compositions of bottom sediments and the
aquatic system as a whole [6-8]. The resulting sediments have low crystallinity, very small particle size,
and high specific surface area, which promotes effective metal sorption by minerals [9-11]. Changes in
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physicochemical parameters such as pH, Eh, t (°C) determine the intensity of mineral phase dissolution
and the migration of chemical elements in aquatic systems [12-14].

According to the State report “On the State of the Environment in the Sverdlovsk Region in
20217, the main source of water body pollution in the Sverdlovsk Region is the discharge of conta-
minated wastewater. The discharge of wastewater into surface water bodies amounts to 656 million m®
per year, of which 80 % is contaminated. Mining enterprises discharge approximately 44 million m?
of contaminated water annually — excluding neutralized acidic waters from abandoned mine sites?,
whose discharge reaches 10 million m2,

Several flooded copper mines are located in the Middle Urals (Degtyarsky, Levikhinsky, Belo-
rechensky, Karpushikhinsky, and Lomovsky), where acid mine drainage continues to form after clo-
sure. There is a risk of contaminating the potable water supply sources for Yekaterinburg (population
1.5 million) and Nizhny Tagil (population 330 thousand) by wastewater flowing into the Chusovaya
and Tagil river basins from the areas of abandoned mines. To prevent emergency situations and en-
sure environmental safety, measures are being implemented at five flooded copper mines using re-
gional budget funds. These measures are aimed at localizing surface runoff, pumping out mine drain-
age, and treating effluents at neutralization stations.

This study focuses on the abandoned Levikhinsky copper-pyrite mine, which has experienced a
tense environmental situation in recent years due to specific hydrogeological conditions. During the
flooding of underground workings, sharply non-stationary hydrodynamic and hydrochemical regimes
were observed (a rise in the groundwater level by hundreds of metres over three years and a sharp
increase in the components of the chemical composition of mine drainage). After the depression cone
was filled, stabilization of groundwater levels and flow rates was noted, along with a quasi-stationary
hydrochemical regime (a slow decrease in concentrations of major pollutant components). Within the
boundaries of the abandoned Levikhinsky mine, several types of groundwater are formed, associated
with flooded quarries, mine shafts, waste dumps, and collapse zones [15]. The discharge of acid mine
drainage to the surface occurs into a sinkhole in the lowest part of the mining allotment; the flow rate
is 120 m%/h (half the rate of mine water drainage during the operational period).

Despite the neutralization of AMD, metal concentrations in surface waters exceed maximum
permissible levels by tens or hundreds of times [16]. As a result, the mine attracted public and regu-
latory attention. It was repeatedly inspected by the environmental prosecutor’s office and is recog-
nized as a site of accumulated environmental damage. To justify an effective treatment system and
eliminate pollution of the Levikha and Tagil rivers, a comprehensive analysis of data on the compo-
sition, distribution, and patterns of change in pollutants in water bodies and bottom sediments — from
the discharge zone of acid mine drainage to its release into the hydrographic network — is required.

The study site has a large body of routine monitoring data, unique in terms of observation dura-
tion, sampling completeness, and result reliability [17] — about 1000 analyses for a reduced list of
components and around 100 for a full list over a 20-year period. The analysis of the situation at the
Levikhinsky mine is comparable in significance to studies of post-operational processes at the Iron
Mountain mine (Colorado, USA), which have been conducted by the Environmental Protection
Agency (EPA, USA) using Superfund resources since the 1980s [18-20].

The aim of the work is to identify spatio-temporal patterns of hydrosphere formation within the
anthropogenically impacted system of an abandoned copper mine. The following tasks were ad-
dressed: studying the chemical composition of mine drainage forming in the flooded Levikhinsky
copper-pyrite mine area; assessing the degree of metal accumulation in bottom sediments; determining
the forms of metal migration in water bodies and estimating the degree of saturation with respect to
minerals. The research results provide a basis for justifying measures to improve the state of the
hydrosphere and methods for its rehabilitation.

1 Order of the Government of the Sverdlovsk Region dated 02.09.2022 N 498-RP “On the State report “On the State of the
Environment in the Sverdlovsk Region in 2021
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Study target

The Levikhinsky group of copper-pyrite deposits is located in the Sverdlovsk Region, 120 km
north of Yekaterinburg, on the eastern outskirts of the Levikha settlement (Fig.1). The main waterway
is the Tagil River, which flows in a near-N-S direction 4 km to the east. The Tagil River is a right
tributary of the Tura River (part of the Arctic Ocean basin) and, in terms of its water regime, belongs
to the East European type, characterized by pronounced spring floods, stable summer low-water pe-
riods, and low winter runoff.

The local hydrographic network is represented by numerous tributaries of the Tagil River — the
Levikha, Kuzka, Abley, Shaitanka rivers, and others — which flow in a near E-W direction. Most of
the catchment area is covered by dark coniferous forest and occupied by meadows and arable land.
Swampy areas are only observed in the floodplain sections of the rivers.

The Kirovgrad ore district belongs to the West-Tagil structural metallogenic subzone. According
to the tectonic zoning pattern, the area lies within the East-Tagil zone of the Tagil megazone. In the
stratigraphic section, the following formations are distinguished (from bottom to top): terrigenous-
basaltic, diabase-spilite-quartz-albitophyric, andesite-basaltic, and basalt-trachytic.
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Fig.1. Overview sketch map of the study area

1 — border of the Sverdlovsk Region; 2 — local watersheds; 3 — rivers; 4 — Lenevskoye Reservoir; 5 — clarification pond; 6 — settlements;
7 — abandoned mines; 8 — AMD discharge zone; 9 — anthropogenic stream after neutralization; 10 — discharge (Levikha River mouth)

4

138
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2026. Vol. 278. P. 136-152 El
© Liudmila S. Rybnikova, Petr A. Rybnikov, Vera Yu. Navolokina, 2026

The geochemical type of the Levikhinsky deposits is copper-zinc. The mineralogical composition
of the ores includes pyrite, chalcopyrite, sphalerite, bornite, fahlores, pyrrhotite, magnetite, galena, chal-
cocite, covellite, and native gold [21, 22]. By-product ore components are complex and contain sele-
nium, tellurium, indium, gold, silver, gallium, cadmium, germanium, arsenic, and other elements.

The mining allotments of the Levikhinsky mine is in the catchment basin of the Levikha, Kuzka,
and Osinovka rivers. The catchment area of the Levikha River is only 9.3 km?. The AMD discharge
zone is in the adjacent local catchment of the Kuzka River (also a tributary to the Tagil River). From
there, acidic waters are transferred across the local watershed into the Levikha River valley. Until the
late 1950s, mine drainage was discharged untreated into a swamp. In 1959, a clarification pond was
constructed in the Levikha River valley.

The area has been a mining region for a long time. The main type of mineral resource was cop-
per-pyrite ores, which were extracted from 1929 using open-pit and underground mining methods
down to a depth of 615 m. In 2003, mining operations at the mine were discontinued due to unprofita-
bility, and dewatering was halted.

By the end of 2006, the underground workings were completely flooded. In the area of the
Levikha Il mine shaft (collapse zone from level —175 m), an anthropogenic reservoir 20 m deep and
with a volume of 45 thousand m? formed, into which acid mine drainage continues to discharge to
the present day. The discharge rate is approximately 120 m®h, which is half the rate of drainage
pumping during the operational period.

Since 2007, AMD is pumped to a neutralization station. After treatment with lime milk, the
waters flow into the existing clarification pond and then, by gravity, along the old channel of the
Levikha River into the Tagil River, where the Lenevskoye Reservoir is located. This reservoir is one
of the water supply sources for Nizhny Tagil.

The water balance circuit for the Levikhinsky mine facilities is presented in Fig.2 (long-term
average values are given). The mine water flow rate is 2854 m®/day. At the neutralization station,
320 m3/day of process water is used to prepare the lime milk. In total, 3174 m®/day is discharged into
the clarification pond. The flow of groundwater entering the clarification pond is 375 m*/day, and the
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Fig.2. Water balance components of water bodies in the Levikhinsky mine area, long-term average values

1 — acidic environment; 2 — alkaline environment; 3 — neutral environment; 4 — flow rate, m*/day;
5 — catchment area of the Kuzka and Osinovka rivers; 6 — catchment area of the Levikha River
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flow of the Levikha River is 1125 m®/day. Evaporation from the clarification pond surface is estimated
at 540 m®/day. At the Levikha River mouth (discharge into the Tagil River), the flow rate is
5534 m3/day. Depending on the water availability of the period, the distribution of balance components
also changes, up to the complete cessation of discharge in low-water years (for example, in 2021).

Methods

Samples of surface waters and bottom sediments were collected at five monitoring points. The
main monitoring points (MP) are the anthropogenic reservoir (AMD discharge zone) (MP 1), the
anthropogenic stream after neutralization (MP 2), the clarification pond (MP 3), the Levikha River
valley downstream of the discharge from the clarification pond (MP 4), and the Levikha River mouth
before discharge into the Tagil River (MP 5) (Fig.3). The anthropogenic reservoir (MP 1) is the highest
monitoring point. Here, acidic (pH = 2.3-3.9), mineralized (to 12 g/I) sulphate-type mine drainage
(to 9 g/I) with high concentrations of Fe, Al, Mg, Zn, Cu, and Mn is discharged. From the anthropo-
genic reservoir, mine drainage is pumped through a water conduit about 2 km long to the neutraliza-
tion station (MP 2). After neutralization, the anthropogenic stream flows by gravity into the clarification
pond (MP 3). In the Levikha River valley, downstream of the discharge from the clarification pond,
bottom sediments and water samples were also collected (MP 4). The final sample was taken at the
Levikha River mouth (MP 5), before discharge into the Tagil River. These monitoring points allow a
full characterization of changes in the chemical composition of water and bottom sediments along the
entire chain — from the discharge of acid mine drainage to its release into the hydrographic network.

To study the chemical composition of bottom sediments, samples were collected at the same
monitoring points. Sampling was carried out from a boat using a Robur-IL sampler. In the anthropo-
genic reservoir, the sample was collected from a depth of 5 m; in the clarification pond — from 4 m.
At the other points, sampling was performed from the surface layer (20-30 cm). The sampling point
layout is shown in Fig.3.

Levikha
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Levikha X quarn

0 500 1000 m

== Mining allotment boundary Dump [ Reservoirs Levikha Clarification pond beach
¥ Mines River catchment area 4 Monitoring points

Fig.3. General layout of facilities at the Levikhinsky mine
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To characterize the composition of mine drainage in the Levikhinsky copper-pyrite mine area,
monitoring data from the early 1950s to the present are used. Since 2007, monitoring is carried out
by the organization responsible for mine water neutralization. The most typical pollution indicators
for acid mine drainage are determined regularly (once a week): pH, Cu, Zn, Fewt, Mn, SO, CI, dry
residue, suspended solids, and petroleum products. Potentiometric, photometric, and gravimetric
methods are used for their analysis, respectively.

Comprehensive hydrochemical surveys were conducted once every 3-5 years, including seasonal
sampling in 2020-2021. Samples were collected in accordance with GOST 31861-20122, and water
was filtered directly in the field using modern filters. Samples of neutral composition for cation
analysis were acidified to pH < 2 with ultrapure nitric acid (HNO3). All samples were transported by
road in a container with coolants at 4 °C in 1.5 | bottles, which ensured a sufficient volume for deter-
mining the complete and balanced chemical composition of the water.

The analyses were performed at the Analytical Certification Testing Centre of the Institute of
Microelectronics Technology and High-Purity Materials, RAS (Chernogolovka). The bulk composi-
tion of major elements (Na, Mg, Al, P, S, K, Ca, Ti, Mn, Fe) and trace elements (Li, Be, B, Sc, V, Cr,
Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Mo, Rh, Pd, Ag, Cd, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Ir, Pt, Au, Hg, TI, Pb, Bi, Th, U) were determined
using inductively coupled plasma atomic emission spectrometry (iCAP-6500, Thermo Scientific,
USA) and inductively coupled plasma mass spectrometry (X-7, Thermo Elemental, USA). In situ
measurements included temperature t (°C), Eh (mV), pH, and TDS (ppt), carried out using portable
measuring instruments: HI 98121 pocket waterproof pH/ORP/temperature metre, HI 98312 DIST 6,
I-510 ionometric ion analyser.

Additionally, water analyses were conducted at a certified laboratory in the Chemical Analytical
Centre of the Institute of Industrial Ecology, Ural Branch of the RAS (Yekaterinburg), using prepared
calibration solutions and the following methods: flame emission spectrometry (for determination of
Na, K), flame atomic absorption spectrometry (for Ca, Mg), atomic absorption spectrometry (for Fe),
inductively coupled plasma mass spectrometry (for Al, Be, Cd, Co, Mn, Cu, As, Ni, Pb, Se, Zn),
method for determining nitrogen-containing substances (NO), potentiometric method with ion-
selective electrode (for NOs), gravimetric method (for SO.), argentometric method (for Cl), photo-
metric method using yellow silica-molybdenum heteropoly acid (for Si), method for determining
alkalinity and mass concentration of carbonates and bicarbonates.

To analyse the geochemical spectrum of elements in water, concentration clarks (CC) were esti-
mated. These are defined as the ratio of the substance concentration in water to its regional back-
ground level (the upper reaches of the Levikha River). For bottom sediments, element clarks in the
Earth’s crust according to A.P.Vinogradov® were used.

To assess the chemical activity of bottom sediments, the bottom accumulation coefficient, or
concentration ratio (CR), is an informative parameter. According to [23, 24], it is the ratio of element
concentrations in bottom sediments Xs to the concentrations of the same elements in water Xu:

CR:XS.
X

w

The study analysed the chemical elements Al, As, Be, Ca, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb, S,
and Zn, which exceeded the concentration ratio by a factor of 10 in at least one monitoring point.
Chemical elements with values below 10° were not considered in the study.

2 GOST 31861-2012. Water. General requirements for sampling.
% Vinogradov A.P. Average content of chemical elements in the main types of igneous rocks of the Earth’s crust. Geochemistry.
1962. N 7, p. 555-571.
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The determination of component migration forms and saturation index Sl was carried out using
the Visual MINTEQ 3.1* software for equilibrium physicochemical modelling of geochemical pro-
cesses in the water — rock system. The input data consisted of the results of chemical analyses of mine
drainage obtained during environmental monitoring (Table 1). Critically important parameters
directly affecting equilibrium estimations — pH, redox potential Eh, and temperature t — were set
according to the values measured in situ (at the sample collection site).

Results of chemical analysis of water samples

Table 1

Parameters

Anthropogenic reservoir

Anthropogenic stream
after neutralization

Clarification pond

Levikha River after
discharge from the

Levikha River mouth

(MP1) (MP 2) (MP3) clarification pond (MP 4) (MP'5)
pH (2.3-3.9) 8.2, 12.3** (3.1-4.4) 6.1; 10.3*** (5.4-7.4)
3.6 3.6 6.9
t, °C (12.7-18.4) 13.0; 16.7 (2.7-20.7) 8.0; 89 (6.8-26.7)
14.0 7.8 19.1
Eh, mV (185.2-500) —287;-280 (120.2-571) 50.0; 52.2 (35-313)
232.6 498 54.3
=M, g/l (5.7-11.9) 25,27 (1.5-4.8) 22,20 (2.2-3.6)
10.1 3.8 3.0
Al, mg/l (281-494) 13 (6.2-120) 0.03; 0.02 (0.02-0.5)
436 68.9 0.04
Ca, mg/l (263-427) 689; 645 (272-641) 469; 561 (441-701)
401 405 585
Cu, mg/l (11.6-16.3) 0.014 (0.3-4.7) 0.01; 0.002 (0.02-0.07
13.9 29 0.02
Fetot, mg/l (220-1290) 0.2;4 (2.6-30) 0.4; 0.05 (0.2-2.7)
1099 7.1 0.4
K, mg/l (4-8) 7.8;6.3 (2.6-7.6) 24;21 (2.8-6.3)
5.3 5.6 4.1
Mg, mg/l (290-533) 24.3;2.4 (58-319) 120; 39 (137-263)
428 275 186
Mn, mg/l (53.1-79.5) 0.3 (6.7-38.3) 13; 0.008 (5.3-10.4)
58.3 26.8 9.5
Na, mg/I (18.5-34.7) 28.1; 254 (4.4-22.7) 8.4;11.8 (6-20)
213 16.7 14.0
NHa, mg/| (1.3-9.1) 49;27 (0.5-8.2) 5.2;0.2 (0.2-5.8)
6.2 3.6 0.9
Zn, mg/l (107-130) 0.06 (9.8-73.7) 8.4; 0.007 (0.3-16.1)
120.0 46.7 5.9
SOa4, my/l (4299-8950) 1714; 1368 (1037-3506) 1587; 1310 (1547-2543)
7308 2758 2176
Cl, mg/l (21.8-44) 33.3;434 (14.5-106.6) 14.5;17.4 (12.7-18.1)
30.8 28.6 16.1
HCOs, mg/l <DL 27.5;79.3 <DL 12.2;6.1 (18.3-36.6)
33.6
NO2, mg/| (0.003-0.05) 0.014; 0.02 (0.003-0.02) 0.01; 0.02 (0.0003-0.02)
0.003 0.003 0.01
NOs, mg/I (0.6-5.5) 1,11 (0.7-5.5) 0.6; 0.9 (0.6-1.3)
35 1.0 0.7
Water type * SO, so, SO, SO, SO,
Al Fe Ca Ca CaMg Al Ca Mg Ca Mg
Number of 5 2 5 2 5

tests

Note. ¥ M — mineralization; numbers in brackets — value limits, numbers outside brackets — median values; < DL — below detec-
tion limit; * — component content greater than 10 mg-eq %, given in descending order; ** — data for August and October; *** — data
for April and June 2021.

4Visual MINTEQ. A freeware chemical equilibrium model for the calculation of metal speciation, solubility equilibria, sorption
etc. for natural waters. URL: https://vminteg.com (accessed 25.03.2025).
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The saturation index is the decimal logarithm of the ratio of the ion activity product (IAP) to
the solubility constant Ksp of a compound or mineral at a given temperature [25, 26]:

IAP
Sl=log| —
J K

sp

This parameter characterizes the undersaturation or supersaturation of a solution with respect
to a solid phase, i.e. it indicates the potential possibility of mineral dissolution (when SI < 0) or
precipitation (when SI > 0). A zero value of the saturation index means that the solution is in equi-
librium with the mineral.

Discussion

Hydrochemical characteristics of monitoring points. Anthropogenic reservoir (MP 1). In the
anthropogenic reservoir (Fig.4) at the Levikhinsky mine site, a sharp increase in the concentrations
of Zn, Cu, Fe, Mn and several other components is observed since mid-2007, after acid mine drainage
emerged at the surface (Fig.5). This process is a key stage in the evolution of the water — rock system
and is caused by a radical change in the direction of groundwater flow and geochemical processes.
For decades during mining operations, oxygen-enriched flows were directed from the surface down-
wards (to depths of 600 m) due to mine dewatering. Their geochemical role was the oxidative disso-
lution of sulphide-bearing rocks and the formation of secondary minerals — accompanied by signifi-
cant changes in porosity and permeability of rocks in mining zones due to the use of a mining system
with roof caving in the worked-out area. The filling of the depression cone reversed the flow direction
and led to the formation of a focused discharge zone for mine drainage in the collapse area. Due to
their high solubility, secondary minerals enrich the water reaching the surface with elements whose
concentrations are several times higher than those observed during mine operation. This phenomenon
is known as the first flush and is documented at many abandoned mines; its duration can span decades
to hundreds of years [16, 27-29].

a "

Fig.4. Sampling points at the Levikhinsky mine: a — anthropogenic reservoir in the collapse zone
(acid mine drainage discharge, MP 1); b — anthropogenic stream after neutralization (mixing of AMD and lime milk, MP 2);
¢ — area flooded with neutralized mine drainage; d — clarification pond (MP 3), preparation for sampling;
e — Levikha River after discharge from the clarification pond (MP 4); f — Levikha River mouth (MP 5)
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Fig.5. Chemical composition of mine water in the discharge zone for 2007-2023:
a—pH and dry residue; b — Fe, Zn, and SO4; ¢ — Cu, Mn

For most components, a long gradual decrease in values is observed after a sharp rise. Thus, the
maximum SO values (23,700 mg/l) were recorded in August 2008; after 7 years, they decreased to
6650 mg/l, and the minimum value of 944 mg/l was recorded in April 2020 (the average value during
mining was 5970 mg/l). The maximum Fe values (2113-4560 mg/l) were recorded in 2007-2011; by
2020, the values noticeably decreased, but the fluctuation range remained quite large — 924-1221 mg/I
(during mining, Fe concentration was ~730 mg/l). For Zn, a decreasing trend is also observed, from
1753 to 222 mg/l (during mining 317 mg/l) (Fig.5, b).

Cu concentrations during mining were 154 mg/l; in 2007, the maximum was 75 mg/l. Mn con-
centrations rose to 1074 mg/l in the first year after flooding (during mining 47 mg/l). Then, from
April 2008, there was a fairly sharp decrease in Cu and Mn to 13 and 50 mg/I, respectively (Fig.5, c).
Despite this decreasing trend in the content of all components in mine drainage discharging into the
anthropogenic reservoir, their concentrations are still higher than during active dewatering while the
mine was in operation [17].

Currently, the mine drainage is acidic (pH = 2.3-3.9), predominantly sulphate calcium-magne-
sium-aluminium or sulphate magnesium-iron-aluminium in composition, with a mineralization of
5.7-11 g/l. The temperature of groundwater is 13-18.4 °C, Eh = 185-500 mV (Table 1).
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Anthropogenic stream after neutralization (MP 2). To reduce the environmental load on the
hydrosphere and prevent the inflow of untreated acidic waters into watercourses, a treatment system
for AMD was developed at the mine in the 1960s, using 10 % lime milk as a reagent.

The lime milk for interaction with acidic waters is supplied by gravity flow through a pipeline
(see Fig.4, b).

The composition of the water after neutralization is sulphate magnesium-calcium. The pH value
ranges from 8.2 to 12.3, which is a consequence of the treatment process. Mineralization is 2.5-2.7 g/l;
water temperature after neutralization is 13-16.7 °C; Eh =-287 to —280 mV, indicating the formation
of reducing conditions where metals of low valence states are present (Table 1).

Clarification pond (MP 3). In 1959, a clarification pond was created in the Levikha River valley
(see Fig.4, d) on a hillside on the left bank of the Tagil River. Its area is 142 ha, total volume is
3.2 million m?, average depth is 2.4 m, and maximum depth is 5 m. Currently, the volume of accu-
mulated sludge is approximately 2,840,000 m?,

Over the years of operation, the clarification pond was filled with sludge from the neutralization
of AMD, and approximately one-third of its surface is a beach with dried sludge, about 500 m wide.
In the area of the beach and the neutralization station, complete suppression of vegetation is observed
(see Fig.4, c). The efficiency of water treatment decreased, primarily because the remaining volume
in the clarification pond is insufficient for settling the water after neutralization [17].

The composition of the water in the clarification pond is sulphate; Mg, Ca, and Al cations are
present in varying amounts. The composition of water sampled from ice in winter is the same.

Chemical analyses of samples show an acidic environment (pH = 3.1-4.4). Mineralization varies
from 1.5 to 5 g/l. Water temperature is 7.8-25.7 °C; Eh = 218-571 mV, indicating highly oxidizing
conditions (Table 1).

Levikha River after discharge from the clarification pond (MP 4). When mine drainage is dis-
charged from the clarification pond into the channel, it is re-neutralized with lime milk, causing its
pH to increase to 8.9 (see Fig.4, e).

The water composition here is sulphate. Among the cations, Ca and Mg predominate. Minerali-
zation is 2.1 g/l. Water temperature is 8.0-8.9 °C; Eh = 50-52 mV, indicating transitional redox con-
ditions with an unstable geochemical regime.

Levikha River mouth (MP 5). The water composition at the Levikha River mouth is sulphate.
Among the cations, Ca and Mg are predominant. The water has a neutral or slightly acidic reaction
(pH =5.4-7.4). Mineralization is 2.2-3.6 g/l. Water temperature is 5-21 °C; Eh = 45-313 mV (Table 1).

Concentration clarks in water and bottom sediments. Significant exceedances of element clarks
in water were detected in water samples from the discharge zone and after neutralization, with the
most substantial exceedances (thousands of times) for Cd, Co, Cu, Zn, Pb, Fe, Al (Fig.6, a) [30].
In the clarification pond, CC values decrease by one to two orders of magnitude. In the Levikha River
water after discharge from the pond, clark exceedances (hundreds of times) were found for Co, Zn,
and Cd. At the Levikha River mouth, a notable exceedance of concentration clarks was observed for
Al, Cu, and Ni.

In bottom sediment samples from the discharge zone, unlike water samples, only minor ex-
ceedances of element clarks (units and tens of times) were detected for Zn, Cd, Cu (Fig.6, b). In the
anthropogenic stream after neutralization, clark exceedances increase (tens of times) for Cd, Cu, and
Zn. In the clarification pond, significant exceedances were recorded, with the most substantial ones
(hundreds of times) for Cd, Cu, Zn. In the Levikha River after discharge from the pond and at its
mouth, identical exceedances are observed for Zn, Cd, Cu.

The main elements exceeding concentration clarks both in water samples and in bottom sedi-
ments are Cu, Zn, and Cd. However, the first graph showing concentration clarks in water displays
exceedances at all monitoring points for 8 elements, whereas this trend is not observed in the second
graph for bottom sediments (Fig.6).
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Fig.6. Geochemical spectrum of elements at monitoring points: a — in water; b — in bottom sediments

Degree of heavy metal accumulation in bottom sediments. To assess the degree of heavy metal
accumulation in bottom sediments, concentration ratios (CR) were estimated. The higher the CR
value, the more intensive the process of metal migration from water to bottom sediments through
precipitation, sorption or chemisorption by bottom sediments [31, 32].

The reverse process occurs in acidic environments, when desorption of metals in bottom sedi-
ments is activated [33-35]. For instance, in the anthropogenic reservoir (pH = 3.6), the concentration
ratio has minimal values for almost all elements. When pH increases after neutralization,
accumulation of several metals in bottom sediments occurs; the most illustrative examples are Zn
(CR >6-10* I/kg) and Cu (CR > 4.1-10 I/kg). Compared to the anthropogenic reservoir, CR values
are high in the acidic environment of the clarification pond (pH = 3.6), for example for Fe
(CR > 1.8-10*I/kg). This process may be associated with the neutralization reaction of AMD and, as
a consequence, precipitation of elements. The most intensive processes of metal precipitation and
sorption by bottom sediments are characteristic of two sites with neutral environments: the Levikha
River after discharge from the pond (MP 4) and the Levikha River mouth (MP 5). Here, CR values
are over 1.7-10° I/kg for Al, Fe, Cu, Pb; to 7.2-10° I/kg for As (Table 2).

Forms of element migration and results of saturation index estimations. According to thermo-
dynamic estimations, monovalent cations Na and K migrate almost entirely in the form of free ions.
Divalent cations Ca, Mg, Cu, and Zn migrate predominantly in ionic form (over 60 %) (Table 3).

Al in acidic environments (in the anthropogenic reservoir and the clarification pond) migrates

mainly in sulphate form AISO, (~67 %). At the neutralization station, in a highly alkaline environ-

ment, Al is present only as AI(OH), . In the Levikha River after discharge from the clarification pond,

in a slightly acidic environment, Al was not detected. In a neutral environment at the Levikha River
mouth, Al is present in sulphate complexes (Table 3).
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Table 2
Concentration ratio in the water-bottom sediment system, I/kg
Element Anthropog_enic Anthropogeni_c stream Clarification pond ) Levikha River after Levikha River
reservoir after neutralization discharge from the pond mouth
Al 203 15,802 441 2,976,349 2,048,902
As 826 1211 16,469 5708 7279
Be 133 n.d.* 345 3434 1973
Ca 4 258 361 3 71
Cd 2 n.d. 240 112 299
Co 2 n.d. 95 119 73,844
Cu 8 41,653 2197 448,346 61,628
Fe 21 32,843 18,221 798,735 223,107
Mg 13 805 46 9 74
Mn 3 4561 58 47 674
Ni 8 n.d. 115 927 1627
Pb 165 n.d. 5506 177,750 159,384
S 1 237 118 57 8
Zn 8 60,814 217 562 1225
*n.d. — not determined.
Table 3
Forms of element migration at monitoring points
. Forms of migration
I . Water composition
Monitoring points indicators
Major Secondary
Anthropogenic reservoir (MP 1) pH =36 FeZ*, FeSOa, AlSOs, Ca?*, Cu?t, K¥, Fe3*, Fe(SOa), Al Al(SO4)%,
Eh=232.6 mV Mg?, Na*, Mn?*, Zn?* CaSO0a(ag), CuSO4(ag), MgSO4(ag),
M =10.1¢/ MnSO4(aqg), ZNSO4(aq)
Anthropogenic stream after pH =10.3 Fe?*, Fe(OH)4, Al(OH)4, Ca?*, K¥, FeSO4, CaSO4(ag), CUOH*, Cu(OH)2,
neutralization (MP 2) Eh =-280 mV Mg?, Na*, Mn?*, Zn(OH)2(0) MgSOuaq), MnSO}
XM =2.64/l
Clarification pond (MP 3) pH=3.6 Fe?*, FeSOq4*, AlSQ4, Ca?*, Cu?*, K*, FeSOu(ag), CaSOaag), CuHSO},
Eh =498 mV Mg?*, Na*, Mn?*, Zn?* MgSOa4(ag), MNSOa4(ag), ZNSO4(ag)
M =3.8¢g/l
Levikha River after discharge pH=8.2 Fe?*, Fe(OH)3 , Ca?*, Cu?*, K*, Mg?, FeSOs, Al(SO4)2,CaS0O4(ag), CuSOaag),
from the pond (MP 4) Eh =51 mV Nat Mnzs Znes MgSOs(ag), MNSOa(ag), ZNSO4(aq)
IM=2.1g/l as, Mn=, zn
Levikha River mouth (MP 5) pH=6.9 Fe?*, Fe(OH)3 , AISO} , Ca%*, Cu?* FeSOa4, CaSOa4(ag), CuSOa(ag),
Eh =54 mV ’ o ot o ' MgSO4ag), MNSOuaq), ZNSO4(aq)
M =3.0 g/l K*, Mg#, Na*, Mn?*, Zn?*

Note. Major — more than 50 %; secondary — from 25 to 49 % of the gross content.

Depending on the water’s redox potential, Fe has an oxidation state of 2+ or 3+ [11, 14]. Fe (1)
is predominantly in free form (54-67 %) and in sulphate complexes FeSO, (to 43 %). Fe (111) forms

complex compounds, especially with hydroxide (Fe(OH),, FeSO, ) and sulphate (FeSO, ) groups.
Acidic waters in the anthropogenic reservoir and the clarification pond have an identical composi-
tion — sulphate complexes predominate. In neutral waters, at discharge from the clarification pond
and at the Levikha River mouth, the hydroxide complex Fe(OH), predominates. In alkaline condi-

tions after neutralization, the hydroxide complex FeSO, also predominates (Table 3).

Analysis of component migration at the monitoring points reveals the following features. Ele-
ments such as Ca, Mg, Na, K, and Mn migrate in free form in all waters, from acidic to alkaline
environments (on average 70 % across all monitoring points). Cu and Zn migrate in free form in
acidic and weakly alkaline environments; in strongly alkaline conditions, they occur only as hydroxide
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complexes. The main migration form of Al when acidic waters mix with neutral ones is the complex
form [11, 14, 36]. Specifically, Al migrates predominantly in sulphate form; in strongly alkaline en-
vironments, Al is almost entirely in the form of hydroxides.

Waters at all monitoring points are undersaturated or close to equilibrium with respect to gyp-
sum, hydroxide minerals (gibbsite, AI(OH)3), and oxide minerals (copper ferrite, hematite). Positive
but near-equilibrium saturation index values with respect to AI(OH); and ferrihydrite appear at the
Levikha River mouth (Table 4).

Table 4
Sl of waters by mineral groups
Chemical Groups by saturation indices
Monitoring points composition Mineral groups I M
indicators (S1>0) (0>SI>-3)
Anthropogenic pH=3.6 Hydroxides - -
reservoir (MP 1) | Eh=232.6 mV Sulphates - Gypsum, alunite, K-jarosite
M P (1)3'1 9 Oxide-hydroxides Goethite, lepidocrocite Ferrihydrite, diaspore
AlFeCa Oxides Magnetite, hematite Copper ferrite
Anthropogenic pH =10.3 Hydroxides Gibbsite, AI(OH)3z, Cu(OH)2(s) -
stream after Eh =-280 mv Sulphates Brochantite, gypsum K-jarosite, Als(OH)10S04
neu(tlallals;;lon 2Ll ;OZG gl Oxide-hydroxides Fes(OH)s, goethite, lepidocrocite, -
224 ferrihydrite, diaspore, boehmite
Ca Oxides Maghemite, copper ferrite, -
magnesioferrite, magnetite, hercynite,
hematite, tenorite
Clarification pond pH=3.6 Hydroxides - Gibbsite
(MP 3) Eh =498 mv Sulphates K-jarosite, gypsum Alunite
M ;(;38 o/l Oxide-hydroxides Ferrihydrite, goethite, lepidocrocite Diaspore
4 Oxides Hematite, magnetite, copper ferrite, -
CaMg Al maghemite
Levikha River pH =182 Hydroxides Al(OH)s, gibbsite =
after discharge Eh =51 mV Sulphates Al4(OH)10S04, alunite Gypsum
from the pond =M =219/ - - — - - -
(MP 4) S0, OX|de-h¥drOX|des Boehrmte, dlaspore Goethite, Iepl_docroute
— Oxides Hercynite, magnetite Hematite
Ca Mg
Levikha River pH=6.9 Hydroxides Gibbsite Al(OH)s
mouth Eh =54 mV Sulphates Alunite Als(OH)10S04
(MP5) M ;g;o o/l Oxide-hydroxides Diaspore BoehrT_\ite, gogthite,
lepidocrocite
CaMeg Oxides - Hematite, hercynite,
magnetite

Acidic waters in the anthropogenic reservoir (MP 1) and in the clarification pond (MP 3) are

supersaturated primarily with hematite and magnetite. In neutral environments (MP 4, 5) at the
pond discharge and at the Levikha River mouth, alunite and diaspore precipitate, which are among
the main minerals precipitating in laboratory solutions [33, 37]. In MP 2 in the anthropogenic
stream after neutralization, supersaturations are observed with respect to magnetite, copper ferrite,
and magnesioferrite (Table 4, Fig.7).

An assessment of the mineral equilibrium of surface- and groundwater at the Levikhinsky mine
revealed the limited effectiveness of the existing treatment system, which relies primarily on simple
neutralization with lime and sedimentation in the clarification pond. Assessing the degree of accu-
mulation of heavy metals in bottom sediments, modelling and analysis of the forms of migration of
chemical elements revealed the following key problems requiring a different approach:
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Fig.7. Hydrogeochemical properties of monitoring points

1 — acidic environment; 2 — alkaline environment; 3 — neutral environment; 4 — chemical composition of water;
5 — migration of chemical element; 6 — mineral (saturation index)

« The existing neutralization process (using lime milk) effectively precipitates only a portion of
metals (Fe, Al, partially Cu, Zn) in the form of hydroxides. However, significant concentrations of
highly toxic elements (As) and migration-capable elements (Zn, Mn) remain in solution as stable
complexes (see Table 2, 4, Fig.6, 7).

« Amorphous sediments formed in clarification ponds (predominantly containing Fe, Ca, Al) ex-
hibit low stability. When pH/Eh conditions change, desorption and release of previously bound metals
occur (especially Mn, Zn), which is confirmed by saturation estimations and data on the solubility of
secondary phases (see Table 2-4, Fig.7).

Thus, the combined process of neutralization, precipitation, and dilution does not ensure the
treatment of mine drainage to regulatory standards.

To improve the state of the hydrosphere at the mine, it is necessary to reorganize the treatment
system by introducing the following process stages:

1. Advanced neutralization and precipitation. To effectively oxidize, coagulate, and precipitate
Fe, Mn, and Cu forming more stable sediments and prevent Zn activity, precise pH regulation and
the use of an adequate amount of lime (based on water flow rate and pollutant concentrations) are
required. The introduction of treatment facilities with aeration tanks and controlled lime milk supply
will increase the mixing rate and extend the interaction time between acidic waters and the reagent
promoting the formation of more stable and selective sediments.

2. Advanced treatment and flocculation. To further treat mine drainage and bring the pH to regu-
latory levels, it is necessary to use radial settling tanks with an integrated flocculation chamber.
Applying specific flocculants (e.g., anionic polymers) in the flocculation chamber will improve the
precipitation of fine particles and coagulated metal complexes.

3. Final metal stabilization. Cascades of clarification ponds will ensure the final stabilization of
metals in immobile forms (sulphides, sorbed phases). These facilities will create stable geochemical
barriers, minimize the risk of secondary pollution, and enable safe sludge disposal.

Reconstructing the existing mine water treatment system using three process stages — advanced
neutralization in aeration tanks, radial settling tanks with flocculation, and a cascade of clarification
ponds — will contribute to reducing the contamination of surface- and groundwater.
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Conclusion

At present, acidic, highly mineralized sulphate waters with high metal content are discharging to
the surface at the Levikhinsky copper-pyrite mine. After neutralization and settling in the clarification
pond, the treated wastewater enters the river network.

Significant exceedances of element clarks are detected in water samples from the collapse zone
and after neutralization, with the most substantial exceedances (thousands of times) for Cd, Co, Cu,
Zn, Pb, Fe, and Al. In the clarification pond, clark concentration values decrease by one to two orders
of magnitude. In the Levikha River after discharge from the pond, element clark exceedances (hun-
dreds of times) were detected for Co, Zn, and Cd. At the Levikha River mouth, a notable increase in
concentration clarks was observed for Al, Cu, and Ni.

In acidic environments, metal desorption from bottom sediments is activated. For instance, in
the anthropogenic reservoir, the concentration ratio has minimal values for almost all elements. When
pH values increase after neutralization, accumulation of several metals in bottom sediments occurs,
with the most significant indicators recorded for Zn and Mn. Intensive precipitation and sorption of
Al, Fe, Cu, and Pb in bottom sediments take place in neutral environments — in the Levikha River
(after discharge from the pond and at the Levikha River mouth).

Migration of the main macro- and trace components occurs mainly in the form of free ions.

In the anthropogenic reservoir and the clarification pond (acidic environment), the water is su-
persaturated with respect to minerals of the oxide and oxide-hydroxide groups. After neutralization
(highly alkaline water) and in the Levikha River after discharge from the pond (slightly acidic envi-
ronment), the water is most supersaturated: dominant S| values are observed in the groups of oxides,
oxide-hydroxides, hydroxides, and sulphates. At the Levikha River mouth, slight supersaturation is
noted with respect to the groups of hydroxides, sulphates, and oxide-hydroxides.

The overall result of the processes occurring from the release of acid mine drainage to discharge
into the hydrographic network is a significant decrease in the concentrations of chemical elements.
The main factors controlling this decrease are neutralization and dilution by surface- and groundwa-
ter, which leads to an increase in pH and a decrease in pollutant concentrations. However, at the
discharge point into the hydrographic network, pollutant concentrations do not reach the regulatory
standards (MPC) for fishery purposes: maximum exceedances for zinc is 590 times, manganese — 950
times; minimum exceedances for calcium is 3 times, iron — 4 times.

The transfer of metals (Cu, partially Zn) from dissolved forms to bottom sediments reduces their
concentration in the aquatic environment and acute toxicity for organisms. However, this simultane-
ously leads to the formation of high concentrations of toxic elements in bottom sediments. Thus, the
immediate threat to the hydrosphere decreases, but the danger for organisms inhabiting water bodies
increases, and the risk of secondary pollution arises when physicochemical conditions change (floods,
decrease in Eh/pH).

The performed assessment of the equilibrium degree of anthropogenically impacted waters with
respect to minerals allowed to identify processes of secondary mineral formation, forms of metal
migration in water bodies, and their impact on the environment.

To effectively treat acid mine drainage at the mine, it is necessary to reorganize the treatment
system. The optimal solution is to implement a more controllable neutralization stage using systems
with aeration tanks and radial settling tanks, as well as a passive treatment stage in the form of a
cascade of ponds. Implementing these measures will reduce pollutant concentrations in treated water
to regulatory standards, control the discharge rate, stimulate precipitation, transform metals into less
mobile forms, and create stable natural-engineered systems. This will lead to a significant improve-
ment in the environmental situation both at the Levikhinsky mine site and in adjacent water bodies.
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