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ABSTRACT

Geochemical and geophysical investigations were performed in the area of the Komsomolsk tailings impound-
ment. Gold ore tailings produced with cyanidation have been generated by the Komsomolsk Gold Extraction
Plant. The relatively low sulfide content in the Komsomolsk tailings and the presence of carbonates result in a
low acid production potential (AP) for these tailings. The tailings pond is characterized by neutral to slightly
alkaline conditions and metal concentrations, except for those of As and Sb, below the maximum permissible
concentration (MPC). The situation is complicated by the fact that the displaced Berikul tailings are stored in the
southern part of the Komsomolsk tailings impoundment. Sulfide concentrate cyanidation tailings were produced
by the former Berikul Gold Extraction Plant. In the Berikul tailings, the sulfide content is approximately 25%.
This high content has resulted in a high AP and the formation of acidic and ultra-acidic surface ponds (pH ~2)
with extremely high concentrations of metals and metalloids (As up to 4.1 gL~ !). The estimated duration of acid
drainage generated by the Berikul tailings is approximately 2400 years. Surface drainage from the tailings enters
the Voskresenka River; as a result, the concentrations of As and Sb in the river water approach the MPCs
established by the Russian Ministry of Health. Based on electrical resistivity tomography (ERT), the uncontrolled
leakage of acidic and highly mineralized solutions through a natural geological fault into groundwater horizons
was revealed. Groundwater contamination was confirmed via an analysis of drinking water from a well located
near the fault.

1. Introduction

Mulligan, 2006; Lottermoser, 2010; Blowes et al., 2014; Martin-Crespo
et al., 2015; Korneeva et al., 2017). Over the past decade, considerable

The migration of chemical elements, especially As, Sb, Cu, Zn, Cd,
and Pb, from mine tailings and waste has been widely investigated.
High contents exceeding the maximum permissible concentrations
(MPCs) of metals and metalloids in drainage and surface mine waters
have been observed in many abandoned and active mining areas
worldwide (Edraki et al., 2005; Meck et al., 2006; Cravotta, 2008; Cidu
et al., 2013). Since the 20th century, there has been a significant focus
on the geochemistry of acid mine drainage (AMD) and its impact on the
environment. Many investigations have described the geochemical and
mineralogical compositions of mine tailings and surface mine waters, as
well as AMD geochemistry (Paktunc et al., 2003, 2004; Wang and
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research has focused on understanding mine drainage generation and
minimizing the associated effects on the environments.

There is a clear need to develop a more comprehensive approach for
evaluating the environmental hazards associated with the release of
metals and metalloids to the environment (Bortnikova et al., 2006;
Gas’kova et al., 2008; Tolaymat et al., 2015). This approach should
cover a wide range of processes that determine the fate of toxic ele-
ments in mining regions (Bortnikova et al., 2003). Monitoring of man-
made lakes (tailings impoundment) or waste heaps using a combination
of geochemical and geophysical methods can serve as a basis for de-
veloping a quantitative model of toxic element behavior in various
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environmental compartments (lakes, pore water, silt solutions, bottom
sediments buried tailings, etc.).

In the past fifty years, the numbers of studies of remediation in areas
affected by mining activities and assessments of the influence of waste
on the environment have significantly increased. Currently, most in-
vestigations of mine tailing areas are conducted using geophysical
methods to determine the mine drainage distribution in a given co-
ordinate space (Martin-Crespo et al., 2010; Placencia-Gémez et al.,
2010; Martinez-Pagan et al., 2011; Martinez et al., 2012, 2016; Zarroca
et al., 2015; Tycholiz et al., 2016; Olenchenko et al., 2016; Yurkevich
et al., 2015, 2017a; 2017b) and trace the paths of toxic elements in
mine waste (Kazakis et al., 2017).

Special attention has been given to the behavior, transport and
deposition of arsenic as a particularly toxic element. Studies of arsenic
toxicology and the associated hazards are closely associated with the
development of available technologies for arsenic removal (Mondal
et al., 2006; Choong et al., 2007; Fan et al., 2016; Cheng et al., 2017).

Various aspects of arsenic transport from stored tailings into the
environment have been studied for many years and include the oxida-
tion of sulfide- and As-bearing tailings (Bowell and Bruce, 1995; Blowes
et al., 1998; Courtin-Nomade et al., 2003; Bodénan et al., 2004), arsenic
modes of occurrence in tailings and the soil (Cullen and Reimer, 1989;
Foster et al., 1998; Roussel et al., 2000; Savage et al., 2000; Bortnikova
et al., 2010, 2012), and secondary As minerals in contaminated soil and
waste systems (Drahota and Filippi, 2009).

New experimental simulations have been performed on the release
of metals (Cu, Pb, Zn) and metalloids (As, Sb) from mine tailings
(Paktunc et al., 2003; Walker et al., 2006; Abrosimova et al., 2015a)
and their subsequent adsorption on formed iron hydroxides (Fuller
et al., 1993; El Adnani et al., 2016; Hiller et al., 2016) in addition to
studies of As behavior in soil (Dousova et al., 2012) and in As-rich
tailing profiles (Armienta et al., 2012), metalloids intake by plants from
contaminated soils (Cidu et al., 2014; Simmler et al., 2016) and accu-
mulation in organic-bearing material can be used for remediation of
polluted areas as well as for secondary enrichment technologies (Saryg-
ool et al., 2017).

The arsenic limit in drinking water and reservoirs for domestic use
recommended by the World Health Organization (WHO) and Russian
Ministry of Health is 10 ug L.~ ! (WHO, 2011; RMH, 2003). However, an
As concentration of approximately 10pgL~! may still cause cancer
(Quansah et al., 2015).

Current information regarding the area near the Komsomolsk tail-
ings impoundment after the undigested placement of the Berikul tail-
ings is not publicly available. Therefore, a relevant assessment with
conclusions and practical recommendations should be submitted to the
administration of the Kemerovo region. A science-based approach for
environmental monitoring could provide a simultaneous assessment of
the economic feasibility of the extraction of valuable tailings compo-
nents.

The objectives of this article are as follows: 1) present new surface
and groundwater composition data from two contrasting tailings sites;
2) perform an electrical resistivity tomography (ERT) survey to eval-
uate the volume of tailings in the impoundment; 3) determine the
spreading direction of contaminated waters in the area of the
Komsomolsk tailings impoundment; 4) provide a science-based ap-
proach for monitoring and protecting groundwater resources that can
be applied in other mine-impacted areas; and 5) estimate the environ-
mental damage to polluted waters and assess the economic feasibility of
extracting valuable components from the tailings.

2. Study area

The Komsomolsk gold deposit is located in the Eastern Kemerovo
region, Russia. It is a system of gold-arsenopyrite-quartz veins with a
large stock of gabbroids. The deposit was mined from 1937 to 1999.
The primary sulfide minerals are pyrite, pyrrhotite, and arsenopyrite
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with lower contents of galena, sphalerite, and chalcopyrite (2-2.5% of
the total deposit). Quartz, feldspar, and mica are the most abundant
gangue minerals, and some carbonate grains (calcite and dolomite) are
present (~6%). The ores of the Komsomolsk deposit were processed
using cyanidation techniques with NaCN at the Komsomolsk Gold
Extraction Plant (KGEP). Gold precipitation was performed with zinc
dust, and the main product was Au sludge. In addition, KGEP produced
gold extracted from the antimony sludge (the remaining product after
leaching antimonite concentrates using Na,S and NaOH) of the
Kadamjai Plant. This sludge constituted a small portion of the mine
waste (0.5 tons of sludge was added to every 100 tons of ore) but was
rich in metal contents.

The KGEP tailings are located in the territory of the Komsomolsk
settlement and 1km to the northeast of the plant (Fig. 1S in Supple-
mentary Material). The tailings have been present since 1964. The
tailings impoundment is a natural ravine filled with slurry runoff. The
tailings area is 146,000 m?, and the amount of solid accumulated ma-
terial is = 1.1 million m®, or 3.5 million tons. The impoundment is
topographically enclosed on three sides and by a bulk dam on the fourth
side. A tailings pond formed at the surface due to particle accumulation
and consolidation. The pond area is = 60,000 m?, and the average
depth is 2m. Currently, the pond is primarily replenished by seasonal
atmospheric precipitation. At times, the pond water flows under the
dam to the surface and then enters the Voskresenka River. Descriptions
of the mine tailings and mineralogical data were provided in previous
works (Lazareva et al., 1999; Gas’kova et al., 2000; Shuvaeva et al.,
2000). We should emphasize that the tailings impoundment is located
near a living area in the Komsomolsk settlement. Recently, the popu-
lation has perceived the water body as a “natural” pond, and it is ac-
tively used for domestic purposes (Fig. 2S (a) in Supplementary Mate-
rial).

Additionally, after the cyanide leaching of sulfide flotation con-
centrate from the Berikul Gold Extracting Plant (BGEP), 100,000 tons of
tailings was transported and stored in the southern portion of the tail-
ings impoundment in 2004 (Fig. 1S in Supplementary Material). The
Berikul gold mine was situated 20 km from Komsomolsk and exploited
the gold-sulfide-quartz veins of the Staro-Berikul and Novo-Berikul
deposits. The main ore minerals were quartz, calcite, pyrite, pyrrothite,
arsenopyrite, and chalcopyrite. Sphalerite, galena, tennantite, tetra-
hedrite, dolomite, ankerite, gold, silver, burnonite, and bornite were
minor minerals (Alabin and Kalinin, 1999). The mine was worked be-
tween 1942 and 1991, and ores were processed at the BGEP. According
to BGEP archives, flotation concentrate was produced during primary
processing. Additionally, gold was extracted from sulfides using cya-
nide-based techniques. After the removal of the Au-bearing cyanide
solutions, the sulfide flotation residues were neutralized by adding Ca
(ClO), before being dumped onto waste piles. Previously, this waste
was stored in bulk at the Old Berikul settlement (Gieré et al., 2003;
Sidenko et al., 2005). Initially, there was a plan to extract gold from
these tailings at the Komsomolsk Plant, but the lack of cost-effective
technology and the high toxicity of the waste did not allow for the
implementation of this plan. As a result, the Berikul tailings are stored
in the southern part of the Komsomolsk tailings impoundment. The
amount of solid accumulated material totals 100,000 tons. The dis-
carded material contains more than 25% of fine-grained sulfides, in-
cluding pyrite (35-40wt%), arsenopyrite (2-5wt.%), and minor
amounts of pyrrhotite, sphalerite, chalcopyrite, and galena. Among the
gangue minerals found in the waste, the predominant phases are quartz
(30-35wt%), albite (5-10wt%), chlorite (5-10wt%), and -calcite
(8-5wt.%) (Gieré et al., 2003). Many secondary minerals have been
described in the waste (Gieré et al., 2003; Sidenko et al., 2005). The
ponds were formed by seasonal precipitation immediately on top of the
displaced Berikul tailings (Fig. 2S (b) in Supplementary Material). The
volume and configuration of the ponds seasonally changes. The pond
water has a brownish-black to light red color. Interactions with highly
oxidized tailings led to the formation of the current hydrochemical
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Fig. 1. Sample sites in the Komsomolsk area. Black points — cores of sediments; yellow points — water samples; red dotted lines — ERT profiles. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

composition of the solutions. Drinking water for the settlement popu- 3. Methods
lation is supplied from underground horizons at depths of 20-40 m
through tubular wells, and the well locations are shown in Fig. 1S 3.1. Field study
(Supplementary Material).
During field activities and laboratory work from 2014 to 2015, the
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Komsomolsk tailings impoundment area was investigated with geo-
chemical sampling and geophysical survey techniques. These studies
supplemented earlier work conducted before Berikul tailings were
dumped at the impoundment.

3.1.1. Sampling

To determine the composition of the tailings that interacted with
pond water, three 30-60-cm deep sediment cores were extracted from
the bottom of the Komsomolsk pond (black points, Fig. 1). Sampling
was performed from a catamaran. Core columns were sliced and
transferred into polyethylene bags for laboratory analyses (total of 44
samples).

Water was sampled from the Komsomolsk tailings pond, Berikul
ponds on the tailings piles (two groups of red dots, Fig. 1), and the
Voskresenka River. The samples were collected in plastic bottles rinsed
with the sampled water. Drinking water wells were sampled at the lo-
cations shown in Fig. 1S (Supplementary Material). Water from B.
Berchikul Lake was sampled to determine the regional hydro-
geochemical background. B. Berchikul Lake is located 6 km from the
Komsomolsk tailings impoundment in an area without any technogenic
influence.

Water samples were divided into two sets. The first aliquot was
filtered at the sampling site to < 0.25pm using a microfiltration hy-
drophobic membrane (Vladipor, Russia). The second aliquot, which
was reserved for anion analyses, was not filtered.

In the water samples, the pH value and redox potential (Eh) were
measured in situ using a pH/temperature meter (HI 9025 C, Hanna
Instruments, Italy), a combined glass electrode for pH (HI 1230B,
Hanna Instruments), and a Pt electrode for Eh (Oxidation Reduction
Potential Electrode, Hanna Instruments) (Nordstrom, 1977). Electrical
conductivity was determined using a Cond 315 i conductivity meter
(WTW, USA). Neutral and subalkaline water samples were acidified
with distilled HNO3 (purity of 99%).

3.1.2. Geophysical investigation

ERT has been applied in fault, groundwater table, soil moisture
content and various other investigations. ERT (Loke, 2000; Bobachev
and Gorbunov, 2005) was performed using a multielectrode resistivity
meter Skala-48 (IPGG SB RAS, Novosibirsk) (Balkov et al., 2012) for
nine profiles to reveal the geoelectric structure of the local area to a
depth of 30 m. The observation network included profiles No. 1-9 and
comprised a total length of 356 m. In addition, a geophysical survey
was performed along the drainage pathway system for four profiles (No.
10-13), with a length of 235m, and a single profile (No. 14) on the
dam, with a length of 595m (Fig. 1). ERT was performed using a
Schlumberger array. The distance between electrodes was 5m. The
depth of the investigation was 40 m. Data processing was performed
using Res2Dinv and Res3Dinv software (Loke, 2000). Two-dimensional
geoelectric sections and a three-dimensional model of the resistivity
distribution in the environment were constructed using the processed
data.

3.2. Laboratory analyses

3.2.1. Analytical methods for solid and water samples

The solid samples were dried at room temperature for 48 h and
powdered to < 74 um by abrasion in an agate mortar for bulk analysis.
The silicate group oxide contents were determined via X-ray fluores-
cence analysis. Trace element concentrations in tailings were de-
termined on 30-mg pressed pellets based on XRF with synchrotron ra-
diation (Baryshev et al., 1986) at station VEPP-3 at the Institute of
Nuclear Physics SB RAS, Novosibirsk, Russia. Measurements were made
at an activation energy of 30 keV according to the method of internal
standards. The resulting XRF spectra were processed with the AXIL
IBM-PC V3.00 program. Quality assurance/control was performed for
the data using replicate analyses of every 10th sample and standards.
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The accuracy and precision were estimated to be 10-15% or better at
the gt~ ! concentration level.

The content of CO, in the solid tailings was determined by de-
compounding calcium and magnesium carbonates (calcite, dolomite,
and ankerite) from 0.5-g sample batches in cold HCI solution (1:4), the
absorption of isolated carbon dioxide by sodium hydroxide, the pre-
cipitation of carbonate ions in barium chloride solution, and the sub-
sequent titration of free hydroxide ions using hydrochloric acid with a
phenolphthalein indicator. The carbon dioxide concentration was cal-
culated as the difference between the quantity of hydrochloric acid used
for the titration of the sodium hydroxide solution before and after the
absorption of carbon dioxide. State standard reference samples with
carbon dioxide concentrations varying from 0.1 to 47% were used to
verify test results.

The concentration of sulfide sulfur was calculated as Siota1 — Ssuiphate-
Each test batch was sintered in a kiln at 800°C with an Eschka mixture
(200 g Nap,CO3 and 400 g MgO). The sinter was transferred into a hot
solution and boiled for 5 min. After filtration, it was acidified with HCI,
precipitated as BaSO, by adding BaCl,, and weighed.

Sulfate sulfur was determined in a batch of 0.5 g that was boiled in a
10% aqueous solution of HCI. After the solution was filtered and sulfate
sulfur was precipitated by adding BaCl,, the sulfate content was
weighed.

In water samples, major cation (Al, Fe, Ca, Mg, K, Na, and Si) and
trace element analyses were conducted using ICP-AES (IRIS Advantage)
at the Analytical Center of IGM SB RAS. In the water analyses, each
third sample was analyzed twice. The error in the ionic balance was less
than 15%. Another aliquot was analyzed for major anions (SO4>~, Cl~,
HCO3 ) using photometric and titrimetric methods. The accuracy and
precision were estimated to be 7% or better at the mg L™ ' concentra-
tion level.

3.2.2. Calculating the net acid potential

Comparative analysis of the acid generation potential (AP) and acid
neutralization potential (NP) is widely used in mine drainage assess-
ment (Abrosimova et al., 2015b; Bailey et al., 2015; Celebi and Oncel,
2016; Qureshi et al., 2016; Wei et al., 2016; Kefeni et al., 2017; Balci
and Demirel, 2018). Following the methods of Skousen et al. (2002)
and Sobek et al. (1978), the AP was calculated from the content of
sulfide sulfur (A) and measured as the amount of calcium carbonate
(kg/ton) necessary for acid neutralization. Based on convention, the
oxidation of 1 mol of sulfide sulfur yields 2 mol of hydrogen cations,
which, in turn, are neutralized by 1 mol of carbonate.

AP = Squfige(Wt%) X 31.25, @A)

where 31.25 is a factor determined from the stoichiometry of reaction

(B).
FeS, + 2CaCOs + 15/40, + 7/2H,0 = Fe(OH)s() + 280,2 + 2Ca®*

+ 2H;CO3(aq) (B)

This reaction indicates that 2 mol of calcite are used for every 2 mol
of sulfur (1 mol of pyrite) in the complete reaction.

The NP is used to quantitatively estimate the capability of a sub-
stance to neutralize AMD water (Skousen et al., 2002; Sobek et al.,
1978). The NP value is often calculated from the content of carbonate
minerals in a substance. In this case, the NP values (kg CaCOs/ton)
(Paktunc, 1999) were calculated using the following standard formula

Q©:

NP = 10 x n(C) x M(CaCO3)/M(C) = 10 x n(C) x 100.09/12

= n(C) x 83.41, ©

where 10 is a coefficient used to convert kg/ton to wt.%; n (C) is the
content of carbonate carbon in the substance in wt.%; and M(CaCOs3)
and M(C) are the molar masses of CaCO3 (100.09 g/mole) and carbon
(12 g/mol), respectively.
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The difference between the AP and NP is the net acid potential
(NAP): NAP = AP — NP (Sobek et al., 1978).

3.2.3. Calculating the species and saturation indices

Speciation-equilibrium  calculations were performed using
WATEQA4F (Ball and Nordstrom, 1991) with the included database. This
program is generally used to calculate the speciation of dissolved ions
in an aqueous solution and the saturation indices (SIs) of mineral
phases as a function of the pH, temperature, composition and ionic
strength of a solution. A positive SI value indicates that the mineral will
precipitate, a negative SI value suggests that the mineral will dissolve,
and a log SI value equal to + 0.3 indicates equilibrium between the
aqueous solution and mineral.

3.2.4. Economic evaluation of environmental impacts

In economic assessments of environmental damage, different proven
and widely used methodological approaches have been applied.
Specifically, the method of the Ministry of Natural Resources of the
Russian Federation and other methods for evaluating the environmental
damage caused by the discharge of pollutants into ponds (GR, 1999)
have been used.

The environmental damage caused by the pollution of water re-
sources (Y,) was calculated in stages according to the following pro-
cedure:

Y;a = YB'GB'MB’ (1)

where v, is an indicator of the damage (pollution price) to water re-
sources caused by one ton of the reduced mass of pollutants at the end
of the reporting period for a water body in the study region (USD/ton);
oy is a coefficient of ecological importance for water bodies in the basin
of major rivers; and M; is the reduced mass of pollutants in the water
during the reporting period (tons). The reduced mass (M) is calculated
based on the total weight of discharged pollutant i (m;) and the relative
danger of substance i (A4)):

N
M; = ZAi'mis

i=0

2

where N is the total number of contaminants.

The indicator of the relative danger of substance i A; is determined
based on the MPCs (RMH, 2003) of chemical substances in water bodies
for drinking and cultural and community water use.

1
~ MPG;

: 3)

The numerical value of the damage y, to water resources can be
determined based on the value of the above parameter, as previously
noted in the literature (Girusov et al., 2003).

4. Results and discussion
4.1. Composition of tailings

The main difference between the compositions of the Komsomolsk
and Berikul tailings was the difference in the compositions of the pro-
cessed substances. At the KGEP, ores with relatively low sulfide con-
tents (2-5% of the total mass) were processed, and a substance that had
been preliminarily concentrated by flotation was processed at Berikul.
Moreover, the pond at the Komsomolsk tailings impoundment provides
a protective screen from atmospheric gas penetration; therefore, sulfide
minerals are protected from oxidation. In some outer portions of the
tailings, the locally intense oxidation of minerals can be observed
(Kirillov et al., 2016). In most samples of the Komsomolsk tailings, the
average Sgufide CcOntent is approximately 2%, and the Sgyfate coOntent is
not more than 0.7% (generally less than 0.01%; Table 1). The content of
CO,, which denotes the amount of carbonate in the tailings, varies from
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1.9 to 4.5% and averages 3.2%.

Because gold extraction at the Berikul Plant was performed via the
cyanidation of sulfide flotation concentrate, the Sg,f4. content in the
Berikul tailings is significantly higher than that in the Komsomolsk
tailings (Table 2). Notably, the Sg,rqe content is approximately 13.6%,
and the Sgyfce content is greater than 12.8%.

Fig. 4 exhibits the difference in the elemental compositions of the
Komsomolsk and Berikul tailings. A line at a 45° angle separates the
antimony-rich Komsomolsk tailings from the arsenic-rich Berikul tail-
ings on the correlation plot (Fig. 3S in Supplementary Material). The
Komsomolsk tailings are richer in rock-forming elements (Si, Al, and Ca
are above the line), Sb and CO,, but the Berikul tailings are richer in
metals (Fe, Cd, Cu, Cr, Pb, Zn, and As are below the line) and S, which
influence the specificity of the leaching solutions.

Fig. 2 presents the calculated values of NP and AP. Considering
these values, it was assumed that the Berikul tailings produced acid
leachates in the short and long terms because the average NAP is 415 kg
CaCOs/ton. Additionally, sulfuric acid that forms during the sulfide
oxidation of the Komsomolsk tailings will be neutralized by carbonates
(NP ~ AP). A high NAP value indicates a high probability for the lo-
calized formation of acid waters in the future (at some points where
AP > NP).

Calculations were performed to assess the duration of acid drainage
generation for the Berikul tailings. The following conditions were as-
sumed in the calculations: 1) the limiting stage encompasses the
flushing of water involved in the sulfide oxidation reaction; 2) the water
inflow volume is estimated from the amount of annual precipitation
and the area of the tailings; and 3) the pH of the drainage water is taken
as 2. The area of the displaced tailings is approximately 70,000 m?. The
average annual rainfall in the Kemerovo region is 500 mm, and
35,000 m® or 35-10° L of water falls on the tailings surface per year. The
mass of the tailings is 100,000 tons, and the amount of generated acid
is = 407 kg H»SO4 per ton of tailings. Accordingly, the net (total)
quantity of acid is 41 x 10° kg H,SO,. The resultant pH of the drainage
solution is approximately 2 based on the pH value of secondary sulfate
dissolution (reactions 1-10). As a result, the volume of water associated
with the calculated pH is 8.3 x 10'°L and, considering the inflow,
equals 35 X 10°L per year. Thus, acid production in the Berikul tailings
is expected to last for 2400 years.

4.2. Composition of pond waters

The net composition and physico-chemical parameters of the pond
on the surface of the Komsomolsk tailings impoundment are the result
of the continuous interactions of seasonal precipitation and solid tail-
ings. The composition is stable in all analyzed samples, and it is char-
acterized by a slightly alkaline or alkaline pH, oxidizing conditions and
a relatively low total dissolved solids (TDS) level of 0.5 g L™ (Table 3).
Notably, these data are in good agreement with the results of past
studies of the pond water (Gas’kova et al., 2000). Despite the low TDS
level, the waters are SO,*-Ca type, which is typical for technogenic
ponds. The contents of most of the observed elements did not exceed
the MPC (Table 3). The primary toxic elements are As and Sb, and the
concentrations of both are relatively stable. Specifically, the As and Sb
contents exceed the MPC (RMH, 2003) by factors of 21 and 170 on
average, respectively.

The open ponds on the Berikul tailings contain acidic and ultra-
acidic solutions. The solution compositions and physico-chemical
parameters vary from pond to pond (Table 4). These solutions can be
classified as unusual sulfate-arsenate-iron-aluminum-type solutions.
The concentrations of all measured elements were many times higher
than the MPC. It is impossible to determine which elements are the
most dangerous; however, the concentration of aluminum (a 3" class
danger according to the Russian hygienic standards) was 6000 times the
MPC, and beryllium (a 1*-class danger) exceeded the MPC a factor of
100. However, arsenic stands out among all constituents. Notably, the
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Table 1
Major component composition of the solid tailings (wt. %).
SiO, Al,05 Fe,03 CaO TiO, MgO MnO Na,O K20 P,0s BaO Ssulfide Ssulfate CO,
Komsomolsk tailings
mean 49.99 13.93 10.54 7.95 1.19 3.24 0.18 2.41 1.58 0.38 0.05 2.35 - 3.2
min 46.37 12.31 9.05 6.50 0.88 2.60 0.14 1.97 1.11 0.28 0.04 0.64 <0.1 1.9
max 53.75 15.50 11.64 8.74 1.40 4.40 0.20 2.80 2.05 0.46 0.06 5.59 0.68 4.5
st. dev. 2.06 0.98 0.86 0.73 0.18 0.52 0.02 0.25 0.30 0.06 0.01 1.51 - 0.7
Berikul tailings®
mean 22.29 6.60 28.03 6.06 0.49 2.36 0.09 0.48 1.22 0.10 0.07 13.64 12.86 0.49
min 16.89 417 16.09 4.34 0.367 1.58 0.033 0.47 0.75 0.000 0.034 <01 3.1 0.02
max 36.05 8.42 37.06 9.77 0.73 2.96 0.282 0.49 1.69 0.142 0.33 21.6 20 1.98
st. dev. 5.41 1.28 5.43 1.51 0.097 0.47 0.077 0.008 0.26 0.041 0.092 6.7 5.5 0.60
@ According to Sidenko et al. (2005) with additions from the present study.
Table 2
Trace element composition of the solid tailings (ppm).
Cu Zn Pb Ccd Cr Ni As Sb Te Se Sn Mo A Sr Rb Ag
Komsomolsk tailings
mean 170 780 430 1.9 29 43 1900 830 1.2 0.77 10 1.4 96 330 28 1.5
min 40 110 10 <0.05 4.0 11 170 200 <0.01 <0.01 0.49 0 48 200 18 0.15
max 930 2400 1100 5.0 94 98 5100 2100 2.7 4.3 64 4.2 170 460 38 5.7
st. dev. 190 590 280 1.4 28 21 1500 520 0.81 1.3 17 1.2 33 85 6.3 1.4
Berikul tailings
mean 420 1800 560 32 180 52 12000 21 1.6 0.20 1.2 1.7 240 150 14 7.1
min 160 380 120 11 124 27 8600 9.4 0.66 < 0.01 0.75 1.1 180 100 4.3 3.5
max 770 4200 890 67 240 74 18000 35 2.0 0.79 2.1 2.1 310 250 21 9.8
st. dev. 270 1700 330 27 48 21 4300 11 0.63 0.40 0.62 0.45 60 65 7.0 2.7
800 - MeHPO,,q) associated with Ca (11%) and Mg (14%). Hydroxide com-
700 - 620 (’20 plexes are the predominant species for Al, Fe, Cu, and Pb. According to
o 600 ds61 the dissociation constants of arsenic acid, HAsO4>~ predominates with
£ ; 460 593 a small proportion of H,AsO, . The predominant species of soluble Sb
8 500 1 416@ (V) is SbO3 ™. Other heavy metals, such as Ni, Zn Cd, and Mn, generally
S 40043 553; 6 presented as hydrated cations, and hydroxide complexes were the
i‘j 300 4 ® predominant species for Cu and Pb (Fig. 5S (a) in Supplementary Ma-
& 195 47 terial). Although the sulfate concentration in sample k-5 was
200 9 44 7.01 230 mg L~ ?, sulfate species levels did not reach 13% for the metals (pH
100 - - %Z‘f 6 30 48722 48 8.2).
0 -0.46 s wo Bz® ™ " The identification of supersaturated solutions can be used as a tool
0 20 40 60 30 100 120 for geo-ecologists to manage the water in the tailings impoundment.

NP, kg CaCO;/ton

Fig. 2. Calculated acid generation (AP) and acid neutralization (NP) potentials
of the Komsomolsk (black squares) and Berikul tailings (black points). Numbers
under points indicate NAP values.

average As content is five orders of magnitude higher than the MPC,
and the maximum level is six orders higher than the MPC.

The element percentages in the weight equivalent of 1 kg of solids
and 1L of co-existing solution in the solid-water system were calcu-
lated. The comparative results for the two described systems, i.e., the
“Komsomolsk tailings — tailings pond” and “Berikul tailings - acid
pond”, are shown in Fig. 4S (Supplementary Material). This figure
shows that the total concentrations and the mobile (water soluble)
species of most elements, especially metals (e.g., Fe, Cu, Zn, Ni, and Cd)
and metalloids (e.g., As and Sb), are significantly higher in the Berikul
tailings than in the Komsomolsk tailings.

Under the prevailing pH/Eh regime, hydrated cations are the pre-
dominant species of soluble Na (99%), K (99%), Ca (75%), and Mg
(71%) in the Komsomolsk pond, with a significant proportion of

150

The calculations confirmed that the Komsomolsk tailings impoundment
water is supersaturated with respect to calcite, dolomite, quartz, barite
and apatite. The trace element composition of apatite could be very
diverse; therefore, supersaturation with respect to heavy metal phos-
phates could mean that they were incorporated in apatite (Fig. 6S (b) in
Supplementary Material). This issue is also applicable for iron (hydr)
oxides, such as ferrihydrite, goethite, etc., that can incorporate all
heavy metals (Gadde and Laitinen, 1974; Komarek et al., 2013).
Moreover, iron (hydr)oxides can incorporate up to 4% of Sb (V) and 1%
of As (V), as revealed by previous scanning electron microscopy
(Bortnikova et al., 2006). In addition, the hydroxide sulfate minerals of
Cu, Pb, and Zn (Fig. 6S (b) in Supplementary Material) were mainly
found in drained tailings sand near the shore.

In the Berikul pond water, which has a pH of 2.15 (sample b-1),
hydrated cations are the predominant species of K* (86%) and Na™*
(87%), although MeSO,™ accounts for the remaining 13-14% of species
at an SO4>~ concentration of 40,000 mgL~'. For soluble Ca and Mg,
the predominant species is MeSO4(aq), and for soluble Al and Fe, the
predominant species are Me(SO4),” and MeSO,*, with a small pro-
portion of Me®*. According to the stability constants of heavy metals
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Table 3
Composition of the Komsomolsk tailings pond water, where SO,*-Sb is in mg L™ ! and Al-Ti is in ug L™" (according to RMH, 2003).
k-1 k-2 k-3 k-4 k-5 k-6 k-7 k-8 k-9 MPCgy

pH 7.39 8.09 8.07 8.08 8.23 8.18 8.19 8.14 8.1
Eh 490 450 420 390 360 440 370 410 370
EC, uS/cm 574 480 610 620 584 630 590 618 526
S0,%~ 240 202 310 290 230 290 270 270 220 500
HCO3” 24 12 32 18 54 79 24 26 16
Ccl- 2.0 6.0 5.4 7.1 6.3 8.5 8.9 4.2 2.5 350
F~ 1.2 1.3 1.8 1.9 1.6 1.5 3.8 3.2 2.5
NO; ™~ 14 12 8.5 15 6.3 23 5.4 12 9.2 45
Ca®* 91 83 86 80 87 81 90 86 87
Mg>* 16 16 16 17 17 18 18 17 17 50
Na* 13 17 16 17 18 20 19 19 17 200
K* 3.9 3.0 3.0 2.9 2.9 3.1 3.2 3.0 3.2
Si 21 1.5 1.4 1.4 1.3 1.2 1.1 1.0 1.3 10
Fe 0.47 0.39 0.33 0.34 0.36 0.33 0.42 0.39 0.084 0.3
As 0.12 0.22 0.21 0.22 0.22 0.22 0.23 0.22 0.18 0.01
Sb 0.26 0.89 0.89 0.86 0.90 0.91 0.93 0.90 0.54 0.005
Al 10 44 51 33 46 39 81 36 74 200
Mn 8 28 16 17 26 25 24 24 14 100
Cu 3.9 4.4 3.6 1.9 2.5 2.5 3.0 1.9 4.2 1000
Zn 4.1 23 11 18 18 32 239 31 7 1000
Pb 1.2 0.93 1.0 0.9 1.3 1.1 1.4 1.3 1.1 10
cd 0.15 3.7 18 0.60 0.7 1.3 1.7 0.15 0.12 1
Ba 27 52 52 51 56 61 66 52 65 700
Sr 240 316 306 296 315 317 321 301 340 7000
Cr 2.7 1.0 0.75 1.8 0.38 0.23 0.8 1.2 2.2 50
Co 0.49 0.37 0.33 0.35 0.40 0.33 0.50 0.37 0.44 100
Ni 3.2 1.0 1.3 0.24 0.77 0.91 0.47 0.13 2.6 20
\ 0.42 0.35 1 0.37 0.41 0.29 <0.1 0.40 0.54 100
P 31 51 44 11 48 52 196 59 16
Ti 5.8 6.3 5.1 5.1 4.8 4.8 5.9 4.7 4.6 100

with sulfate ions (Ball and Nordstrom, 1991), the proportion of the
associated sulfate complexes increases in the following order: Pb >
Cd > Zn > Ni, Cu > Mn. Aqueous species of As in the solutions are
not limited to arsenic acid. Specifically, iron-arsenate species Fe-
HAsO4*+ (18%) and FeH,AsO42" (14%) can form because the total
concentration of iron in the acidic solution is 5500 mg L~ (Table 4).

The calculations confirmed that the Berikul pond water is super-
saturated with respect to sulfate minerals, quartz and goethite (Fig. 6S
(b) in Supplementary Material). This is typical acid sulfate supergene
alteration assemblage that includes jarosite, barite, gypsum and an-
glesite. Acid solutions are undersaturated with respect to many of the
soluble minerals, such as MeSO,nH,0, where Me represents divalent

Table 4
Chemical composition of the Berikul ponds water (mg L™ 1).

Parameter b-1 b-2 b-3 b-4 b-5 b-6 b-7 b-8
pH 2.15 2.23 2.23 2.25 1.79 2.13 2.46 2.25
EC, uS/cm 9500 5900 7600 5900 16300 6460 3330 11000
S04% 40000 18400 30000 15000 76000 17000 8400 37000
Ca%* 280 420 270 300 500 360 210 530
Mg>* 240 110 220 91 680 120 60 620
Na™* 12 8.3 4.1 5.3 27 2.6 1.5 3.7
K* 0.66 0.44 0.07 0.50 0.76 0.54 0.12 0.62
Si 41 40 30 38 69 25 14 66

Fe 5400 2100 3600 1400 20000 2700 670 7200
As 1300 340 810 110 4100 450 59 290
Sb 3.8 1.6 2.5 1.0 4.1 1.2 1.1 2.1
Al 350 150 360 170 1200 210 110 800
Mn 13 8.3 14 5.8 36 8.3 6.5 75
Cu 22 11 23 8.4 69 12 4.3 19
Zn 130 54 79 46 370 63 24 210
Pb 13 2.8 5.3 1.3 29 2.4 < 0.03 3.1
Cd 3.3 1.2 2.0 1.1 10 1.7 0.6 3.9
Ba 0.11 0.19 0.052 0.069 0.019 0.02 0.015 0.009
Sr 0.81 0.87 0.46 0.65 1.1 0.33 0.20 0.44
Cr 2.6 0.79 1.99 1.1 7.6 0.80 0.16 1.3
Co 2.7 1.1 2.5 0.88 8.9 1.5 0.63 4.9
Ni 4.9 2.1 4.4 1.7 16 2.6 0.98 11

\4 0.85 0.33 0.50 0.32 3.8 0.73 0.20 1.4

P 19 6.4 15 1.9 40 5.3 0.81 4.6
Ti 6.2 1.5 2.6 0.90 22 1.9 0.24 0.52
Li 0.28 0.14 0.24 0.14 0.85 0.20 0.12 0.53
Be 0.008 0.0045 0.011 0.0058 0.021 0.002 0.003 0.02
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Fe, Ni, Cu, Zn, Cd and Mn. Although jarosite plays an important role
because of its ability to remove metals from solution during precipita-
tion, it becomes increasingly unstable with increasing pH and trans-
forms into ferrihydrite and goethite (Murray et al., 2014).

It is important to consider examples of particular reactions of mi-
neral precipitation. Considering these reactions is particularly im-
portant for the Berikul tailings due to the rich variety of secondary
minerals present (Sgufae content up to 20%). These minerals include
melanterite, solid solutions of jarosite (H30,K,Na)Fe3* (S0,4)(OH)s,
iron-sulfur arsenates, sarmientite Fe3* (AsO4)(SO4)OH X 5H,0 and two
amorphous phases of Fe and As (Gieré et al., 2003). For example, the
reactions of natural and synthetic melanterites with water lead to a
rapid (2-3 min after addition to water) decrease in pH values from
neutral to 2.8 according to laboratory experiments (Frau, 2000). Mel-
anterite dissolution releases ferrous ions, which are oxidized to ferric
ions, and the hydrolysis leads to the release of protons.

FeSO4-7H,0() < Fe?* + SO,2~ + 7H,0 (4)
4Fe?* + 4H* + Oy — 4Fe’* + 2H,0 5)
Fe3*(q + 3H, O— Fe(OH); + 3H* 6)
FeSO,-7H,O() + 0.250,() — Fe(OH)s) + SO~ + 2H™ + 45H,0  (7)
KFe3(S0,),(OH)s(s) + 3H, O= 3Fe(OH)s() + 250,2~ + 3HY

+ K+ (pH>4) (8
KFe3(SO,),(0H)gs) + 6H" = 3Fe3* + 250,2 + K+ + 6H,0 (pH < 3)

)

KFe3(SO,),(0H)s(s) + 4H, O= 3[Fe(OH),-4(H,0)]* + 250,2~

+ K*(3<pH< 4) (10)

Thus, acidic solutions are produced during the interactions invol-
ving seasonal precipitation and the Berikul tailings. However, jarosite is
slightly soluble, and the specifics of the reactions are as follows. At a pH
greater than 4, ferric hydroxide is precipitated, and hydrogen cations
are emitted (8). At a pH less than 4, jarosite dissolution occurs with the
consumption of hydrogen cations (9), and at pH values from 3 to 4,
dissolution occurs without the release or consumption of protons (10).

Because of its relatively low solubility, the amount of acid con-
tributed by jarosite dissolution is small relative to that produced from
the dissolution of more soluble iron sulfates. Gault et al. (2005) proved
that jarosites (and hydrous ferric oxides) are effective scavengers of
arsenic. However, increasing the moisture content can lead to jarosite
dissolution and the concomitant release of arsenic impurities (Elwood
Madden et al., 2012; Smith et al., 2006; Welch et al., 2008).

The unsuspected surface drainage stream, which flows into the
Voskresenka River, has a negative impact on the river water quality
(Table 5). Before the confluence of the drainage stream (samples v-1
and v-2), elevated concentrations of Fe and Al were found compared to
the regional background (Shvartsev et al., 1997; Savichev, 2014). After
the drainage stream, the river water is characterized by high contents of
As and Sb (samples v-3 — v-5). In drinking water, the arsenic content is
10 times higher than the MPC, as measured in a tubular well (sample
kom-8/15) located downhill from the ravine under the tailings dam. In
another well (sample kom-7/15), an elevated concentration of arsenic
approaching the MPC value was also observed (Fig. 1S in Supplemen-
tary Material and Table 5).

The studied ponds that formed on the Berikul mine tailings have
acidic and extra-mineralized solutions (up to 100 g L.~ !) with extremely
high As concentrations for any type of water worldwide influenced by
the mining industry (Fig. 3). As shown in Fig. 3, As is commonly found
in water affected by mine tailings around the world. The elevated As
concentrations detected in the drinking water emphasize the need for
urgent examination of the old tailings dam to identify the migration
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pathways into underground horizons.

The surface water chemistry, solid precipitate composition, acid-
base relation, and definition of unsatisfactory drinking water quality in
local wells were considered in characterizing the Komsomolsk tailings
area as a dangerous environmental zone currently and potentially in the
future. Additionally, an ERT investigation was conducted to determine
the subsurface structure.

4.3. Geophysical investigations

The resistivity section along profile No. 6 and its interpretation are
shown in Fig. 7S (Supplementary Material).

A water layer at a certain depth (1.6m) and the mean electrical
conductivity (EC, 550 uS/cm) were used in the model when solving the
inverse problem. The mean EC was converted to resistivity (2), which
was equal to 18 Q m. From the interpretation of the geoelectric section,
the thickness of the tailings in the deepest part of profile No. 6 is 7.5m
based on a resistivity of 25-30 Q m, and the tailings thickness decreases
to 4.5m in the southeastern area of the tailings pile. The base of the
tailings is characterized by diorites with high (1000-3000 Qm and
higher) resistivity. A thin (=1-1.5 m) weathering crust on diorites can
be observed in the upper boundary, where the resistivity decreases to
500 Q m. In the profile range of 60-80 m to a depth of 15 m, an area of
low (80-100 Qm) resistivity was identified and interpreted as a tail-
ings-filled ravine.

The resistivity of the tailings in the upper part of the section is
25-30Qm and increases with depth. According to the data from the
KGEP, 79% of the fraction has a mesh size of 200 (less than 0.076 mm),
and 18% of the tailings material is in the range of 0.25-0.1 mm. Under
the classification of V.V. Okhotin (Dauetas et al., 1993), the material
corresponds to a silty loam. According to the relationship between the
resistivity of rocks and the mineralization of groundwater (GR, 2004),
groundwater with a mineral content equal to 0.5 gL ™! corresponds to a
sandy loam with a resistance of 25-30 Q2 m.

Based on the data interpretation, the thickness of the tailings for all
obtained ERT profiles was determined, and a thickness map of the
tailings was constructed (Fig. 7S in Supplementary Material). The
tailings thickness varies from a few meters at the periphery of the
tailings to 26 m in deep localized areas near the upper boundary of the
bedrock. The median thickness is 7.6 m. The presence of a tailings area
of abnormal thickness was confirmed by the increase in the dam height
to 25-28 m at a sharp subsiding surface (see satellite image in Fig. 8S in
Supplementary Material).

Using the Volume tool in Surfer (Golden Software), the tailings vo-
lume was calculated as 958,000 m®. The average density of the tailings
is 3.2g/cm® consequently, the weight of the accumulated tailings
is = 3 million tons. Thus, it is possible to estimate the quantities of toxic
and valuable components within the tailings. For instance, the silver
content in the tailings is 1.5 g per ton. Consequently, the general fore-
casted silver resources are estimated at 4.5 tons. The average arsenic
content is 1900 g/t (Table 2); hence, the total amount of arsenic is equal
to 5700 tons.

The 3D model of the resistivity distribution based on the results of
the three-dimensional inversion of the ERT data is shown in Fig. 9S
(Supplementary Material). Bedrock with resistivity values of
500-3000 Qm is colored red in the 3D model. Tailings with resistivity
values less than 100 Q m are highlighted as semitransparent areas. The
resistivity isosurface, which is equal to 200 Q2 m, emphasizes the bottom
topography of the tailings dump, including local depressions, as pre-
viously identified in Fig. 8S (Supplementary Material).

The equal resistivity line maps at depths of 4 and 20 m, which are
sections of the 3D model, are shown in Fig. 4. The resistivity distribu-
tion at a depth of 4 m and the minimum tailings resistivity values are
40-60Q2m, which reflects a relatively low-salinity pore water
(250-300 mg L™1). However, a local anomaly of low (20-30 Qm) re-
sistivity associated with an increase in the mineralization of pore water
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Composition of the water in the Voskresenka River and the drinking water of the Komsomolsk settlement (mg L™").

Parameter The Voskresenka River drinking water from water-pump

before drainage stream after drainage stream 40m 25m 20m 25m 18m

v-1 v-2 v-3 v-4 v-5 kom-7/15 kom-8/15 kom-9/15 kom-10/15 kom-12/15
pH 7.2 7.32 7.53 7.57 7.70 7.60 7.51 7.48 7.38 7.46
Eh, mV 487 474 475 466 457 240 467 478 497 462
EC, uS/cm 330 323 363 364 377 592 381 350 222 624
S0,* 33 29 33 43 54 23 28 7.1 12 49
Cl™ 23 19 19 16 12 12 13 0.40 4.5 32
Ca 60 59 64 65 67 79 66 75 36 81
Mg 5.7 5.8 7.2 7.6 8.1 7.3 10 2.8 5.9 24
Na 4.6 4.6 5.6 5.7 6.5 3.7 3.9 2.3 4.6 11
K 0.91 0.91 1.1 1.0 1.2 1.5 1.4 0.23 0.34 3.4
Si 5.2 5.5 5.3 5.6 4.7 4.3 7.7 4.9 8.2 7.5
Fe 0.55 0.58 0.58 0.59 0.56 0.62 0.31 0.83 0.20 0.46
Al 0.37 0.41 0.33 0.33 0.28 < 0.002 0.0047 0.43 < 0.002 0.0060
Mn 0.0047 0.0085 0.027 0.026 0.034 0.0015 < 0.0002 0.0076 0.0070 0.00040
As < 0.002 < 0.002 0.0060 0.0081 0.0084 0.0083 0.089 < 0.002 < 0.002 < 0.002
Sb 0.00015 0.00023 0.00048 0.00057 0.0058 0.00025 0.00028 < 0.0001 < 0.0001 0.00011
Cu < 0.002 0.0028 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 0.0079 < 0.002 < 0.002
Zn 0.0024 0.0043 0.0038 0.0033 0.0036 0.0020 0.0031 0.0061 0.022 < 0.002
Pb 0.0013 0.0017 0.0014 0.0015 0.0014 < 0.0002 0.00075 0.0028 0.00039 0.0007
Ba 0.028 0.025 0.026 0.026 0.025 0.025 0.0034 0.011 0.0029 0.0069

Note:

MPC.

to 500-750 mg L.~ ! can be observed at a depth of 20 m.

This anomalous area is likely associated with the infiltration of acid
solutions into deep horizons from the area of the Berikul mine tailings,
in which the TDS concentration in the ponds reaches more than
100 gL~ 1. According to the resistivity distribution at a depth of 20 m,
the infiltration path of contaminated waters can be traced.
Groundwater contaminated by AMD flows from the tailings dump to the
discharge area, which is located under the dam, and then along the fault
until the acid solutions reach the drinking water horizons (20-40 m
depth). The arrow shows the estimated path of contaminated water
movement. Groundwater contamination was confirmed via an analysis
of drinking water from a well (sample No. d-8, Table 5) located near the
fault.

40 m, 25 m, etc. denote the well depths; bold font indicates a concentration exceeding the MPC; and bold italic font indicates a concentration approaching the

To identify the localized leakage path from the tailings dump, the
geoelectric section across the dam was analyzed (Fig. 5). The base of the
section is diorite with high resistivity, varying from 500 to 3000 Qm,
depending on the fracture. At a distance of 100-155 m in the profile and
at a depth of 8 m, a notable anomaly of low (3.5-7.5 Q2 m) resistivity can
be identified. This anomaly corresponds to mineralization at a rate of
15-20gL™ L.

These geophysical data should be used to develop an antifiltering
screen in the body of the dam to prevent further groundwater con-
tamination. The study demonstrates that the former mining activities
are responsible for the high As concentrations in the water bodies
(surface water and groundwater). Based on the geochemical and geo-
physical measurements, it is evident that drainage from the BGEP

Fig. 3. Arsenic content in ground and surface waters in
areas affected by mine tailings: 1- Cerro Rico AMD,
Bolivia (Strosnider et al., 2011); 2- Santa Lucia mine,
Cuba (Romero et al.,, 2010); 3- Richmond mine, USA
(Nordstrom et al., 2000; Druschel et al., 2004); 4- Kan-
tishna Hills, Alaska, USA (Ritchie et al., 2013); 5- Zloty
Stok mining area, Poland (Marszatek and Wasik, 2000);
6- Enguiales mine, France (Courtin-Nomade et al., 2005);
7- Carnoules mine, France (Casiot et al., 2003); 8- Iberian
pyritic belt, SW Spain (Asta et al., 2010); 9- Alasehir Hg
mine, Turkey (Gemici, 2008); 10- Beatrice gold mine,
Zimbabwe (Ravengai et al., 2005); 11- Gubong mine,
Korea (Woo and Choi, 2001); 12- Ilgwang mine, Busan,
Korea (Nguyen et al., 2015); 13- Xikuangshan mining
area, China (Fu et al., 2016); 14- Mount Bischoff, Tas-
mania, Australia (Gault et al., 2005); 15- Blackwater
mine, New Zealand (Haffert and Craw, 2008); 16- The
Ketza River mine, Canada (Development Assessment
Branch, 2005); 17- Ponds situated on the Berikul tailings;
18- Komsomolsk tailings pond; 19- Drinking water of the
Komsomolsk settlement. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 4. Maps of the electrical resistivity distribution at depths of 4 m (a) and 20 m (b): 1 — dam; 2 — the hypothetical path of contaminated water infiltration; 3 — fault

zone boundaries.
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Fig. 5. The geoelectric section through the Komsomolsk tailings dam.

tailings and water from tailing pond (KGEP) are the principal sources of
toxic elements. The NAP calculation is reasonable and useful, but it
does not always consider the specificity of elements, e.g., sulfate salts
are an unconsidered source of toxic substances. These sulfates (7, 8) can
dissolve in neutral solutions. Specifically, the Berikul tailings NAP is
415 kg CaCOs3/ton and can result in the production of acid leachates in
the short and long terms. In addition, the significant contribution of
secondary water-soluble minerals to the formation of acid sulfate-ar-
senate solutions was shown. For the KGEP tailings, NP ~ AP, but the
formation of waters containing toxic elements in the future was pre-
dicted based on arsenic and antimony concentrations in the solid matter
and the continuous leaching of these elements (Fig. 4S in Supplemen-
tary Material). Tailings dumps (tailings impoundments) that contain
hydrometallurgy wastes (in this case 3.5 million tons of waste) are
dangerous because unregulated storage often leads to the erosion of the
enclosing dams or the use of ponds by the local population for domestic
purposes.

4.4. Economic evaluation of the environmental damage

As noted above, the numerical value of the damage y, to water re-
sources located in the Kemerovo region was determined according to
the cited methodology (Girusov et al., 2003). In 1999, the damage was
estimated at 180 USD per ton of materials. The recent value cited by GR
(1999) was used to assess the damage in 2017. Thus, considering the
dynamics of inflation for the period of 1999-2017, the damage to water
resources is 997 USD per ton.

In calculating the economic damage, a coefficient of environmental
significance of o, = 0.92 for water bodies in the Kemerovo region was
applied. Indicators of relative danger A; were calculated based on the
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hygienic standards (RMH, 2003).

The economic assessment of environmental damage from the
Komsomolsk impoundment showed that the annual damage caused by
drainage pollution to the Voskresenka River is 912,000 USD and that
the annual damage caused by groundwater pollution is 597,000 USD.

The geophysical investigation and economic evaluation can be used
to develop a remediation scheme and estimate costs regarding the ex-
traction of valuable components.

5. Conclusions

1 The results of the study showed that AP and NP are both equal to
73 kg CaCO3/t for the Komsomolsk tailings and that AP and NP are
equal to 426 and 11kg CaCOs/t for the Berikul tailings, respec-
tively. Most of the analyzed element (Fe, Pb, Cd, Cu, Zn, Se, As, Sb,
etc.) concentrations in the Komsomolsk tailings pond (pH ~8) do
not exceed the MPC values. The two exceptions are arsenic and
antimony, which exceed the MPC by factors of 21 and 170 on
average, respectively. Open ponds on the Berikul tailings are sulfate-
arsenate-iron-aluminum-type solutions. The element concentrations
in the Berikul ponds are much higher than the MPCs of Fe, Al, Mn,
Cu, Zn, Cd, Co, Ni, As, and, Sb. These acid (pH 2) and extra-mi-
neralized solutions (up to 100gL~') have the highest As con-
centrations ever reported.

2 The geophysical investigation (namely, ERT) was the basis for cal-
culating the thickness of the Komsomolsk tailings deposit (ap-
proximately 7.6 m) and the tailings volume (958,000 m®3). The in-
filtration of highly mineralized solutions from the Berikul tailings
ponds into the drinking water horizons was traced based on the
resistivity distribution at a depth of 20 m along a natural fault. Using
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both geophysical and geochemical data, an economic evaluation
was conducted. The environmental damage caused by the pollution
of the Voskresenka River and groundwater totaled more than 1.5
million USD per year.

The obtained results can be used to determine the redistribution of
toxic elements from the technogenic system into the environment, to
evaluate potential risks and to design a remediation strategy. The
recommended sequence is as follows: 1) an impermeable screen
should be installed to prevent drainage leakage from the
Komsomolsk tailings under northwest side of the dam; 2) the toxic
and valuable components should be extracted from the Berikul solid
tailings, and the area should be dewatered; and 3) an impervious
barrier should be constructed on the south side of the impoundment,
and the residual Berikul tailings should be buried.
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