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Abstract
Geochemical and geophysical investigations were performed in an area of the Darasun ore cyanidation tailings impoundment, 
which is located in a permafrost region. The tailings contain up to 40 wt% pyrite and 5.7 wt% arsenopyrite. The purpose of 
this work was to determine the composition and mechanisms of transformation of the tailings and species of As, Au, Ag, Be, 
and Tl in drainage waters and the Darasun River before and after mixing with technogenic flows from the mining area. When 
the waste is oxidized because of the repeated seasonal freezing and thawing of water, three groups of chemical elements 
are leached: typical ore metals and impurity elements (Pb–Co–Ni–Zn–Cd and Fe–Al–Tl–Be–In), noble metals, metalloids 
(Au–Ag–Cu–As–Sb–Se), and post-transition metals and metalloids (Bi–Sn–Te). Drainage waters with salinities up to 5 g/L 
form, with concentrations of sulfate ions up to 2 g/L and cyanide up to 4 g/L, high concentrations of Au (up to 130 µg/L), Ag 
(3.8 µg/L), As (up to 350 µg/L), and Sb (up to 1100 µg/L), and impurity elements (Tl, In, Be, and Bi). The drainage water 
flows into the Darasun River, resulting in hydrochemical anomalies tens of kilometers downstream.

Keywords  Mine tailings · Electrical resistivity tomography · Cryogenic leaching · Drainage · Mobility · Geochemical 
barrier

Introduction

Sulfide-containing mine wastes can be a source of acidic 
drainage, which often contains high concentrations of As, 
Pb, Hg, Cd, Cr, and other metals, as well as sulfate and 

cyanide ions (Bortnikova et al. 2019; Dold and Fontboté 
2001; Hudson-Edwards et al. 2011; Luque-Almagro et al. 
2016; Nordstrom 2011; Nordstrom et al. 2015; Saryg-ool 
et al. 2017; Sinclair et al. 2015; Woffenden et al. 2008; Yurk-
evich et al. 2012, 2015, 2019). The leaching of contami-
nants from gold mining waste storage areas is an actively 
researched topic (Albert et al. 2017; Baena et al. 2020; Car-
valho et al. 2017; Lortzie et al. 2015; Njinga and Tshivhase 
2017). Albert et al. (2017) reported that extensive changes 
in river course, water, and sediment quality have occurred 
downstream of a gold mine (Solomon Islands) since its 
development: ≈ 0.087 mg/L of As is present in the water and 
377 mg/kg of As is present in the sediment. The mine wastes 
of an old gold mining area (Escádia Grande, Portugal) con-
tain ≈ 8090 mg/kg As and 70.1 mg/kg Sb. The waters of the 
stream that cross the mining area had concentrations of As 
up to 284 µg/L. The use of river beaches for recreational pur-
poses increases the potential cancer risk, mainly due to As 
exposure (Carvalho et al. 2017). The tailings of abandoned 
gold–silver enrichment plants (Mitsero, Cyprus) contain 
high levels of cyanide (≈ 45.85 mg/kg) and leachable Cu, 
Fe, Zn, Cr, Pb, and Mn concentrations (Lortzie et al. 2015). 
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Oxidation of the wastes of the ore cyanide process (Ursk, 
Kemerovo region, Russia) produces acidic drainage water 
with high concentrations of sulfate, Fe, Al, Cu, Zn, Pb, As, 
Se, Te, Hg, Cd, and REEs, which flow into the Ur River. The 
stream also transports gold and silver as dissolved, colloidal, 
and particulate forms (Myagkaya et al. 2016).

Gold mining wastes associated with cyanide leaching 
pose a serious environmental hazard. Most of the placer and 
indigenous gold deposits in Russia are located in areas with 
cold climatic conditions, including the Urals, Siberia, and 
the Far East (Laperdina 2002). Previously, it was believed 
that cyanide leaching was not a problem in permafrost con-
ditions since the waste would freeze and thus be partially 
removed from interaction with environmental components, 
thereby reducing adverse environmental consequences. The 
frozen rocks were considered a zone of "zero chemistry." 
However, it was found that permafrost is not geochemically 
isolated (Allan and Hornbrook 1970; Williams 1964) and 
frozen waste is still subject to a combination of physical and 
chemical processes, and pore solutions continue to migrate 
at low temperatures.

Thus, gold ore cyanidation wastes in such areas may still 
undergo active hyper-cryogenic transformations during the 
repeated seasonal freezing and thawing of water and inten-
sive oxidation. Potentially toxic compounds can enter river 
systems from dumps and tailings dumps that are accessi-
ble to water and wind and vegetation. There are numerous 
examples of abandoned old tailings in Siberia that pollute 
the water, air, and soil (Bortnikova et al. 2018, 2019). Prob-
lems with environmental pollution in such waste areas have 
been reported by researchers in Canada (Davé and Blan-
chette 1999; Little et al. 2020; Mudroch and Clair 1986) 
and the USA (Khamkhash et al. 2017; Straskraba and Moran 
1990). Davé and Blanchette (1999) reported that even at 
low temperatures, acid production does not stop completely, 
although it does slow down. Thus, this problem is relevant 
for the cold regions of the USA, China, Russia, and Canada.

To understand the transformations of a sulfide-containing 
substance under the influence of such seasonal temperature 
fluctuations, especially in the seasonal thaw layer, it was 
necessary to study the chemical composition of the waste 
as well as the relationship between the waste and surface 
watercourses to determine the mobility of elements in the 
wastewater system and predict the further flow of chemi-
cal compounds into natural watercourses. Such studies are 
particularly relevant since gold mining waste is a source of 
cyanide anions and elements of hazard class 1 (As, Tl, Be), 
which have high mobility and toxicity.

One of the methods used to describe the structure of a 
man-made system is electrical resistivity tomography (ERT). 
The use of ERT enables the identification of water structures 
in the body of the dump, allowing us to contour the filtra-
tion channels of underground drainage and show its seepage 

into the groundwater horizon (Acosta et al. 2014; Gabar-
ron et al. 2020; Martín-Crespo et al. 2020; Nikonow et al. 
2019; Olenchenko et al. 2016). ERT has been used in many 
applications to delineate frozen and unfrozen areas of the 
subsurface (Hayley et al. 2007; Kneisel et al. 2014; Krautb-
latter et al. 2010; Oldenborger and LeBlanc 2018). Herring 
et al. (2019) provided insight into the physical mechanisms 
that govern the resistivity of porous media at sub-zero tem-
peratures and provided a starting point for the quantitative 
analysis of resistivity data collected in frozen ground. ERT 
has been used to determine degrees of salinity in frozen rock 
(Kvon et al. 2019), while Gao et al. (2019) demonstrated the 
capability of ERT to delineate the distribution of aquifers in 
supra- and sub-permafrost waters.

The use of micro-ERT in combination with geochemical 
testing data enables the study of the near-surface space of 
the portion of the waste that is located within the seasonal 
thaw layer and undergoes the greatest transformations due to 
the freezing and thawing of water, which results in oxidation 
(0–1.5 m) (Epov et al. 2017; Yurkevich et al. 2017). Using 
ERT, it is possible to determine the most oxidized, washed, 
and decompressed sands that have undergone the greatest 
leaching and removal of elements (zones with a relatively 
higher resistance). At the same time, areas with low resist-
ances correspond to the dense wet tailings that are least sus-
ceptible to oxidation and contain the highest concentrations 
of dissolved contaminants.

Hyper-cryogenic transformation of sulfide-containing 
gold mining waste, as well as the features of technogenic 
dispersion of noble metals and trace element-impurities have 
been insufficiently studied in permafrost areas. The purpose 
of this work was to determine: (1) the composition and trans-
formation mechanisms of gold mining sulfide-containing 
wastes after ore cyanidation and (2) the composition and 
species of As, Au, Ag, Be, and Tl in associated drainage 
waters and waters of the Darasun River before and after mix-
ing with technogenic flows in the mining area.

Study Area

The study area includes the sulfide-containing wastes of the 
Darasun gold mine and surface watercourses that are sub-
ject to anthropogenic impact from the mining infrastructure 
of the Darasun ore cluster (Transbaikal region, Vershinno-
Darasun village, Fig. 1). In Soviet times, the Darasun mine 
was the second most important gold mining enterprise in 
the Chita region. Approximately 100 t of Au are now on the 
mine’s balance sheet, with the main reserves concentrated 
mainly in the Darasun deposit, which is characterized by 
an abundance of carbonate minerals and has a specific fea-
ture: all ore veins of the deposit are localized exclusively 
among igneous rocks. The main ore minerals are pyrite, 
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arsenopyrite, chalcopyrite, pyrrhotite, tennantite, sphalerite, 
galena, Cu, Ag, As, Bi, and Pb sulfosalts (sulfides account 
for 40–60%), Bi, and Te minerals, and native Au. Vein min-
erals include quartz, tourmaline, carbonates, gypsum, and 
anhydrite and the ores contain a large amount of arsenopy-
rite. The host ores are characterized by high levels of Au and 
Ag, as well as Cu, As, Sb, Bi, Pb, and Te. The main carriers 
of gold are arsenopyrite, pyrite, chalcopyrite, pyrrhotite, and 
tennantite.

Currently, there are three types of mine wastes stored in 
the Darasunsky ore cluster: oxidizing roasting cinder of the 
arsenopyrite ores (50,000 t), cyanide cakes (100,000 t), and 
flotation tailings (≈ 4,700,000 t). Wastes are located a short 
distance from residential buildings, bordering the tailings 
dump of the Darasun processing plant and the channel of 
the Darasun River (Fig. 2).

The flotation and cyanidation tailings of gold ore process-
ing are stored in dumps and hydraulic dumps at the border 
of Vershino-Darasun village (Tugokochensky district of 
the Transbaikal Territory). In addition, there are workings 
of artisanal miners. In the southern part of the study area, 
the hydraulic dumps contain liquid cyanidation wastes and 
associated effluents. Local streams and the Darasun River 
flow below the dump. Ore processing is currently handled 
by the Darasun processing plant, which supplies pulp with 
industrial waste to the hydraulic dump. Waste cyanide cinder 
from private production was received at the same site after 
2010. During the fieldwork, the Darasun River was sampled 

Fig. 1   Map of the Transbaikal region and the study area location

Fig. 2   Locations of sample 
points and satellite images of 
the Darasun mine tailings area. 
Yellow circles—water sampling 
points D-1 ÷ D-15, DB-1, and 
DB-2; gray squares—pits T1, 
T2, and T3
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upstream and downstream of the tailings, along with back-
ground sampling points of the Zharcha River and Zharcha 
reservoir. ERT studies were performed on a selected site at 
the old tailings dump.

Methods

Field Study

During the field and laboratory work, the Darasun mine tail-
ings area was investigated using geochemical sampling and 
a geophysical survey.

Sampling

To determine the composition of the solid tailings, the Dar-
asun tailings were sampled at three 100–120 cm deep pits 
(gray squares, pits T1, T2, T3, Fig. 2). In total, thirty 200 g 
samples were collected using a plastic scoop and transferred 
into polyethylene bags for chemical analysis.

Fifteen 1 L water samples were collected at each sampling 
point (Fig. 2) at a depth of ≈10 cm. Sample sites included 
the: Darasun River near the tailings (D-1); drainage stream, 
upstream (D-2) and downstream (D-3) of the small gravity 
separation plant; the technological pond near the Darasun 
processing plant in the living area (D-4); spring flowing into 
Baikalskoe Lake to the south of the village (D-5); groundwa-
ter from a drinking water well (D-6); Baikalskoe Lake (D-7); 
creek downstream of the lake (D-8); Tukolay River (D-9); 
natural spring behind the dam of settling Pond 1 in the 
southern part (D-10); settling Pond 2 near the dam (D-11); 
settling Pond 1 (D-12); fresh pulp entering Pond 1 (D-13); 
Darasun River below the dumps (D-14); and Darasun River 
near the Nizhniy Stan village (D-15).

To evaluate the background, we sampled the Zharcha 
River (DB-1) and the Zharcha Reservoir, which is used for 
drinking and commercial purposes (DB-2). These are both 
located 5 km from the waste disposal area (Fig. 2). The sam-
ples were collected in plastic bottles that were rinsed with 
the sampled water.

Field Measurements

The pH and redox potential (Eh) of the water samples were 
measured in situ using a pH/°C meter (HI 9025 C, Hanna 
Instruments, Italy), with a combined glass electrode for pH 
(HI 1230 B, Hanna Instruments), and a Pt electrode for Eh 
(oxidation reduction potential electrode, Hanna Instruments) 
(Nordstrom 2011). Electrical conductivity (EC) was deter-
mined using a conductivity meter Cond 315 i (WTW, USA).

The solid samples were mixed with distilled water 
at a “water/solid” ratio of 1/2 by mass to prepare pastes 

according to Sobek et al. (1978). The pH, redox potential 
(Eh), and EC were measured in situ.

The water samples were divided into two sets. The first 
50 mL aliquot was filtered at the sampling site to < 0.25 µm 
using a microfiltration hydrophobic membrane (Vladipor, 
Russia) and acidified with distilled HNO3 (purity 99%) to 
pH < 2. The second one, intended for anion analyses, was 
not filtered. The samples were transported to the laboratory 
and stored at < 4 °C.

Electrical Resistivity Tomography Survey

The ERT survey was carried out using a multielectrode 
resistivity meter (Skala-48, IPGG SB RAS, Novosibirsk, 
Russia) in five profiles to reveal the geoelectric structure of 
the local area to a depth of 20 m (Figs. 2, 3). The profiles 
were 115 m long; the distance between the electrodes was 
5 m. The ERT was performed using a Schlumberger array. 
Additionally, the microscale profile was 14 m in length, and 
the distance between the electrodes was 30 cm. This con-
figuration enabled the allocation of layers that were 15 cm 
thick. Data processing was performed using Res2Dinv and 
Res3Dinv software (Loke 2003). Two-dimensional geoelec-
tric sections of the resistivity distribution in the area were 
constructed using the data processing results.

Laboratory Analysis

The solid samples were dried at room temperature for 48 h, 
homogenized by mixing, sieved using a 250-µm nylon 
filter (Fritsch, Idar-Oberstein, Germany), and powdered 
to < 74 µm by abrasion in an agate mortar for bulk analysis. 
ICP-MS was used to determine their elemental compositions 

Fig. 3   Locations of the electrical resistivity profiles on the surface of 
the Darasun mine tailings. Black arrows Pr1-Pr5—long ERT profiles 
(115 m), red line PrM—microscale profile (14 m), gray squares—pits 
T1, T2, T3
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(ELAN-9000 DRC-e, PerkinElmer Instruments LLC, USA) 
at the “Plasma” Analytical Centre (Tomsk, Russia). High-
purity Ar (99.95%) was used as the plasma-forming, trans-
porting, and cooling gas. A 2% solution of 7Li, 59Co, 89Y, 
and 205Tl, with a concentration of 1 g/L for each determined 
element (Tuning Solution, USA), was used for the adjust-
ment. All measurements were conducted in three replicates 
(n = 3) for each element. The relative standard deviation did 
not exceed 13% in all measurements. The relative error of 
the analysis was 3–8%.

In water samples, major cation (Al, Fe, Ca, Mg, K, Na, 
and Si) and trace element analyses were carried out using 
ICP-MS (ELAN-9000 DRC-e, PerkinElmer Instruments 
LLC, USA) at the Analytical Centre “Plasma” (Tomsk, Rus-
sia). The relative error of the analysis was estimated to be 
2–5% at the mg/L concentration level and 4–8% at the µg/L 
concentration level.

Another aliquot was analyzed for major anions (CN−, 
SO4

2−, Cl−, HCO3
−) using potentiometry and photometric 

and titrimetric methods. Accuracy and precision were esti-
mated to be 7% or better at mg/L concentrations.

The concentrations of bicarbonate ions in the samples 
were determined using the titrimetric method. This defi-
nition is based on the interaction of HCO3

− ions from the 
strong acid with the formation of weak carbonic acid, which 
is dissociated into H2O and CO2 in solution. Accuracy and 
precision were estimated to be at 10% or better at the mg/L 
concentration level.

The chloride concentrations in the water samples were 
determined using the titrimetric method with silver nitrate 
based on the formation of insoluble silver chloride. The 
accuracy and precision were estimated to be 10% or better 
at the mg/L concentration level.

The concentrations of cyanide ions in aqueous solutions 
were measured using the potentiometric method. The accu-
racy and precision were estimated to be 10% or better at the 
mg/L concentration level.

Species of the elements in the solution and the ability of 
water to remove them from the solution to form independent 
solid phases were considered using the software packages 
Visual Minteq 3.1 (Gustafsson 2014) and WateQ4F (Ball 
and Nordstrom 1991).

Results

Geophysical Survey

The ERT data indicated the layered alternation of EC: a 
conductive horizon to a depth of ≈ 0.5 m (green–blue, sup-
plemental Fig. S-1), followed by a highly resistive horizon 
(150–300 Ω·m) to a depth of 3–5 m (yellow–red, Fig. S-1), 
a deeper conductive medium (1–30 Ω·m) to a depth of ≈ 

15 m (green–blue, Fig. S-1), and a high-resistance medium 
(up to 300 Ω·m) (red and dark-red, Fig. S-1).

The upper moderately conductive layer from the sur-
face of the tailings to a depth of 1.4 m was interpreted 
as a seasonally flooded melt layer of technogenic sands 
that stretched to a depth of ≈ 4 m, i.e. the horizon of sea-
sonal freezing. Thawed, moderately flooded tailings were 
located at depths of 4–15 m. We assumed that this was a 
zone of oxidation and thawing. From a depth of 15 m, it 
was interpreted to be solid bedrock.

Tailings Composition

The main mineral phases present in the tailings were mica, 
Fe–Mg chlorite, smectite, and quartz. The ore waste min-
erals include sulfides, sulfates, oxides, and hydroxides of 
Fe, Pb, Zn, and Cu. In the cyanide cakes, the proportion of 
sulfides was ≈ 46% wt., of which pyrite accounts for 86% 
wt. Arsenopyrite was present to a lesser extent: 5.7%. The 
mass fractions of chalcopyrite, galena, and sphalerite were 
0.3%, 0.2%, and 0.1%, respectively.

The tailings are fine-grained sands and the distribution 
of the average particle diameter indicates the heterogene-
ity of the material with depth: particles with a diameter 
of 86–300 μm prevail at depths of 0–65 cm, and finer par-
ticles, 16–28 μm, lie deeper. The pH of the pastes was 
distributed relatively uniformly over the entire depth of 
the pit: from 7.08 to 8.50, and the medium was oxidizing 
(Eh ranging from 350 to 444 mV), except for the horizon 
at a depth of 73 cm, which is characterized by a decline 
in Eh to 191 mV. The EC of the tailings ranged from 90 
at the surface to 1818 µSm/cm at the deepest point of the 
pit (113 cm). The moisture content of the tailings ranged 
from 5.1% in the uppermost horizon to 30% at a depth of 
73 cm (Table 1).

Among the rock-forming elements, Si, Al, and Fe pre-
vail; the concentrations of all elements (Si, Al, Fe, Na, K, 
Mg, Ti, P) exceed the Clarke concentrations for the Earth's 
crust (Table 1). The concentrations of P, Mg, K, Al, and 
Fe in the medium-grained sands at depths of 0–65 cm are 
less than those in the deeper horizons. The upper medium-
grained sands were more enriched in Si, Na, and Ti.

The concentrations of a range of trace elements 
exceeded the Clarke values (supplemental Table S-1), but 
anomalies for As (1400 times), Sb (200 times), Bi (1700 
times), Ag (57 times), and Au (387 times) were especially 
pronounced. The greatest accumulation of these elements 
was typically in the horizons with a predominance of fine-
grained particles at depths of 67–113 cm; the same layers 
are the zones with the lowest resistance of the medium in 
geoelectric sections (Table S-1).
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Comparison of the Geophysical Data 
and Geochemical Composition of the Tailings

A geoelectric section, constructed according to the micro-
ERT profile, gives an idea of how layers with different ECs 

alternate (Fig. 4a). A fragment of the geoelectric section 
(Fig. 4b) was compared with the geochemical testing data of 
a pit from the depth of the seasonally thawed layer to frozen 
rocks (the depth of seasonal freezing is 1.4 m) to verify the 
resistivity with the chemical composition (Table 1).

Table 1   Physicochemical parameters and major element composition (in weight percent oxide) of the Darasun tailings (pit T1, samples T1-1–
T1-9, different depths) and the comparison with the upper continental crust composition

a Rudnick and Gao (2003)

Parameter T1-1 T1-2 T1-3 T1-4 T1-5 T1-6 T1-7 T1-8 T1-9 Average in the 
upper continental 
crusta

Depth, cm 0–10 11–53 54–65 66–68 69–73 74–83 84–106 107–113 114–140
pH pastes 8.50 8.18 7.86 7.19 7.23 7.08 7.17 7.17 7.21
Eh paste, mV 350 369 414 437 389 191 430 444 442
EC, µSm/cm 90 98 288 881 1503 1650 1400 1521 1818
Humidity, % 5.1 10 10 20 27 30 29 23 25
Grain size, µm 300 202 154 86 24 16 22 28 20
SiO2 62 65 64 62 51 51 51 53 40 67
Al2O3 31 27 28 27 34 34 33 33 29 15
FeO 8.4 7.6 7.3 8.0 9.0 8.7 8.6 9.1 9.9 5.0
Na2O 7.9 4.6 4.5 4.5 3.0 2.9 3.2 3.2 3.0 3.3
K2O 6.0 4.8 4.0 4.3 6.2 6.1 5.6 4.8 5.5 2.8
MgO 2.7 2.2 2.3 2.4 2.9 3.0 3.1 3.6 4.1 2.5
TiO2 0.90 1.0 1.0 0.94 0.86 0.92 0.83 0.89 0.94 0.64
P2O5 0.38 0.38 0.42 0.51 0.57 0.58 0.59 0.55 0.59 0.15

Fig. 4   Geoelectric section 
according to the profile of 
micro-ERT tomography (a), 
comparison of a fragment of the 
geoelectrical section (b on the 
left) with a description of the pit 
(b on the right)
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The uppermost layers are at a depth of 53 cm in the zone 
of active cryogenic transformation, and this zone has under-
gone intensive weathering due to seasonal fluctuations in 
temperature and humidity; a wide range of contaminants are 
leached and removed with water flows. Such layers are char-
acterized by larger particle sizes, less humidity (5–10%) than 
other horizons, low EC and redox potential (Table 1, sam-
ples D-1, D-2), and relatively low element concentrations 
compared to the underlying fine-grained material (Table S-1, 
samples D-1, D-2); these zones are marked on the geoelec-
tric sections as relatively high resistance zones (Fig. 4b).

In the intermediate horizon, at a depth of 50–113 cm, 
the moist fine-grained material (humidity 25–30%) had 
increased redox potentials, in which As (up to 4831 g/t), 
Se (up to 6.1 g/t), Sb (up to 170 g/t), Au (up to 1.1 g/t), 
Ag (up to 7.7 g/t), and a wide range of elements of the ore 
association were present at high concentrations. This hori-
zon, though protected from direct sunlight, is periodically 
leached by water and dries out, being within the seasonal 
melt layer. Thus, it undergoes cryogenic changes under the 
influence of temperature fluctuations. Here, the substance 
may seem to be unaffected; however, it undergoes oxida-
tion (as evidenced by the high Eh) and the formation of 
mobile chemical complexes in pore solutions and can be 
transported by capillary uplift and underground drainage 
seepage. Such horizons correspond to zones of reduced 
resistance in the ERT geoelectric sections (Fig. 4). Over 

time, these layers, by analogy with the overlying layers, 
will undergo oxidation, weathering, and the removal of 
chemical elements with water flow. A physicochemical 
geochemical barrier was discovered at a depth of 65–70 cm 
with a sharp increase in the Eh value (Fig. 5) and concen-
trations of total dissolved solids within this layer.

Another geochemical barrier concentrating chemical 
elements was identified at a depth of 113 cm at the border 
with frozen soil. Horizons deeper than 1.13 m are repre-
sented by frozen soils, a zone of relatively low reactivity 
with low rates of chemical reactions, which is reflected in 
the reduced EC of the medium. The active layer is traced 
to an accuracy of 5 cm by micro-electrotomography, which 
allows the further use of ET to contour the leaching hori-
zons and concentration of the substance. Such dusty sands 
with high redox potentials and concentrations of chemical 
elements were assumed to correspond to conducting zones 
at a depth of 4–15 m (Fig. 4) below the seasonal freezing 
horizon.

Based on a combined analysis of geophysical and geo-
chemical data, it could be concluded that the zone of active 
hypergene weathering and water leaching exists on the sur-
face of the waste to a depth of 50 cm, where leached disin-
tegrated medium-grained sands were located. Then, a moist, 
dense, dusty layer was found, in which the sulfide minerals 
were concentrated (to depths of 1.4 m). These are subject to 
oxidation during cryogenic processes.

Fig. 5   Distribution of physico-
chemical parameters and chemi-
cal elements in the tailings 
samples (pit T1) with pit depth
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Water Samples Composition

Water in surface drainage streams (samples D-1 and D-4) 
had a neutral pH (7.4), mineralization of 1–1.2 g/L, and a 
predominance of sulfate anions over chloride and bicarbo-
nate anions (supplemental Table S-2). In the old dump, the 
concentration of cyanide anions was 4 g/L, which explains 
the high percentage of CN− (65%) among the anions (sam-
ple D-11, supplemental Table S-2). The drained pulp sam-
ples contained 700 mg/L CN− (44%). The cationic com-
position of the drainage streams was dominated by Ca and 
Mg, except at the old dump (sample D-11), where the main 
anion was Na (91%). After the Darasun River mixed with 
the drainage streams, the solutions were neutral, mineraliza-
tion was 0.8 g/L, and sulfate (78%) and bicarbonate (18%) 
anions predominated.

A wide range of trace elements was found in the water 
leaching from the tailings. These elements included a group 

of typical ore components (Fe, Cu, Zn, Cd, Pb), impurities 
(As, Sb, Be, Tl), and noble metals (Ag, Au) (Table 2).

To better understand the mechanisms of element migra-
tion, the chemical species in the solution were calculated. 
Typical ore metals (Cu, Zn, Cd, Pb) behave differently at 
the background point (DB-1) and have minimal technogenic 
influence. The main forms of Zn and Cd are in the form of 
free cations with an oxidation state of 2+ (Zn2+, Cd2+) with 
a certain amount of carbonate and sulfate forms. Pb and 
Cu are present here mainly in the form of carbonate com-
plexes PbCO3 (aq) (65%), PbHCO3

+ (11%), and CuCO3 (aq) 
(81%). Thallium in the background water is predominantly 
the free Tl+ cation (99.4%). Beryllium, on the other hand, 
demonstrates the typical properties of the complexing agent; 
its main form in natural water is Be(OH)2(aq) (99.9%), and 
the remaining 0.1% is Be2+ and BeCO3(aq) (supplemental 
Fig. S-2).

Table 2   Concentrations of trace elements in the surface waters of the Darasun mine tailings area

The concentrations of As ÷ Cd are in μg/L; Bi ÷ Be are in ng/L. D-1 ÷ DB-2—the names of the water samples (Fig. 2)
RBDD Darasun River before drainage discharge, RADD River after drainage discharge

Parameter Mine drainage RBDD Technological ponds RADD Background

D-1 D-2 D-3 D-4 D-5 D-6 D-7 D-8 D-9 D-10 D-11 D-12 D-13 D-14 D-15 DB-1 DB-2

As 83 8.6 240 6.9 37 1.3 11 71 88 22 350 4.5 3.9 65 27 1.1 1.9
P 57 1.0 8.8 1.0 20 1.3 31 22 8 31 8.0 1.0 1.0 23 1.0 3.2 6.3
Sb 37 25 26 18 9.1 0.27 1.4 1.6 10 1.0 1100 10 6.3 18 7.5 1.1 0.36
Zn 31 7500 12,000 350 8.7 5.2 10 8.1 14 11 16 37 24 23 25 6.4 5.9
Cu 22 9300 13,000 23 12 2.2 6.6 11 30 7.9 230,000 190 370 500 710 2.3 3.0
Ba 16 34 5.3 8.2 19 14 19 26 42 26 0.50 29 32 68 7 11 5.0
Pb 7.7 32 6.8 4.2 1.6 1.8 4.1 1.3 6.4 1.6 1.8 4.6 2.5 2.6 3.0 1.3 1.2
Ni 7.0 260 330 24 1.7 0.74 2.0 3.1 4.5 1.8 150 15 8.8 18 7.1 1.4 1.2
Li 5.0 280 500 14 2.4 3.6 2.0 2.3 4.0 8.5 4.6 27 26 14 10 4.0 1.8
Ti 3.9 2.8 4.6 2.2 1.4 1.2 0.85 0.67 1.4 0.50 1.2 1.9 7.0 0.97 2.1 0.99 0.93
Rb 2.4 6.5 15 15 1.0 0.75 1.4 1.2 1.2 1.4 3.0 48 55 8.8 4.3 0.56 1.2
Co 2.0 190 250 21 0.20 0.15 0.26 0.26 2.2 0.22 150 4.9 2.3 20 6.8 0.11 0.089
Mo 1.1 0.56 0.20 2.1 0.88 1.0 0.88 1.5 3.1 0.50 95 22 23 7.1 2.9 0.49 1.2
Cr 0.56 1.1 2.5 0.19 0.34 0.18 0.29 0.34 0.32 0.28 2.5 0.25 0.21 0.30 0.10 0.25 0.26
V 0.52 0.27 1.0 0.05 0.60 0.46 0.85 0.99 0.46 0.21 1.8 0.05 1.4 2.0 0.53 0.16 0.29
Cd 0.33 59 100 3 0.19 0.11 0.15 0.13 0.19 0.18 0.32 0.32 0.20 0.27 0.88 0.17 0.10
Bi 230 82 95 53 29 14 25 68 4700 24 10 10 33 10 10 12 11
Te 160 5.0 120 5.0 35 5.0 36 31 3000 18 32 27 29 67 5.0 5.0 11
Ag 140 83 510 50 10 10 10 10 18 11 3800 10 100 20 18 12 10
W 130 71 110 150 23 14 38 12 360 18 26,000 2200 5200 220 50 11 15
Se 50 50 3400 740 180 50 270 63 420 91 32,000 1100 44 50 50 50 14
Sn 50 69 28 6.8 43 35 30 74 170 120 140 61 61 150 52 41 35
Tl 42 140 250 130 6.5 4.0 5.1 10 65 6.7 1.0 160 39 87 42 7.3 3.1
Au 31 13 65 1600 5.1 5.0 5.0 5.0 5.0 24 130,000 32,000 6000 7100 2300 5.0 5.0
In 5.8 5.0 12 5.0 5.0 5.0 5.0 5.0 5.7 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Be 5.0 860 1400 5.0 5.0 5.0 7.6 10 5.0 6.8 5.0 5.0 5.0 17 21 5.6 13
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In acidic mine drainage (sample D-3, pH 3.6), the propor-
tion of thallium sulfate complexes increased to 11%, and the 
remaining 89% was present as free Tl+ cations. For the Cu, 
Zn, and Cd, ≈ 65% were free cations, and the remaining 35% 
were sulfate complexes MeSO4(aq) and Me(SO4)2

2−. Silver 
also exhibited typical cationic properties, with Ag+ account-
ing for 59% of all its forms, AgCl(aq) chloride complexes 
accounting for 31%, AgSO4

− sulfate complexes accounting 
for only 5.5%, and Ag(CN)2− cyanides were 4.5%. Only 
the Pb in sample D-3 was characterized by a predominance 
of sulfate complexes over other forms (52%), which was 
explained by the low solubility of lead sulfate. For the com-
plexing ions, Be2+ and Au3+ behaved differently in acidic 
sulfate solutions. The proportion of free Be2+ cations was 
77%, with only 23% represented by the sulfate complexes, 
BeSO4(aq) and Be(SO4)2

2−. In contrast, the proportion of 
the free cation Au3+ in acidic drainage waters accounted for 
only 1%. The dissolved gold was predominantly hydroxide 
complexes, Au(OH)4

− (68%) and AuOH2+ (31%) (supple-
mental Fig. S-2).

In the subalkaline waters of the old hydraulic dump, with 
its high content of cyanides (D-11), the main forms of Zn, 
Cd, and Ag were cyanide complexes. Pb was present as car-
bonate complexes Pb(CO3)2

2− (29%), PbCO3 (aq) (66%), 
and hydroxide PbOH+ (5%). Cu was represented by hydrox-
ides Cu3(OH)4

2+ (48%), carbonates CuCO3(aq) (34%), and 
Cu(CO3)2

2− (16%). The predominant form of Au was the 
hydroxide complex Au(OH)4

− (Fig. S-2).
Free Cd2+ and Zn2+ cations predominated (70–75%) in 

the Darasun River downstream after the mine tailings area 
(D-15), but the sulfate complexes in the overall balance were 
significantly more than those at the background point (18% 
vs. 3%). The proportion of free Pb2+ and Cu2+ cations, as 
well as their sulfate complexes, was 10% higher than in the 
background samples, and carbonates and bicarbonates were, 
in contrast, 20% lower, but they constituted the bulk of all of 
the Pb and Cu. Similarly, the proportion of sulfate complexes 
in the waste of TlSO4

– increased to 5% (compared to 0.6% 
in the background river), although its main form was the 
free Tl+ cation (95%). For Be, the proportion of its sulfate 
complexes was insignificant (0.01%), and Be2+ content was 
slightly increased (0.1%); however, Be(OH)2(aq) was the 
main form, as in the background water body. Silver migrated 
to the Darasun River in the form of the cyanide complex 
Ag(CN)2−, and Au− migrated in the form of the hydroxide, 
Au(OH)4

− (Fig. S-2).
Comparing the chemical forms of the elements in the 

Darasun River downstream after the Darasun waste with the 
background Zharcha River revealed an unambiguous trend: 
the proportion of free cations and sulfate complexes of met-
als Cu, Zn, Cd, and Pb increased by ≈ 10%, and carbonate 
complexes decreased by 20% as a result of the technogenic 
impact on the watercourse. A slight increase in the fraction 

of free-cation and sulfate forms was also characteristic of Be 
and Tl. The noble metals Ag and Au were bound by cyanide, 
chloride, and hydroxo-complexes.

Discussion

Following oxidation, sulfide minerals (mainly pyrite) are 
turned into dust in the seasonally thawed layer. This hyper-
cryogenesis zone forms due to the freezing and thawing of 
water; the acid that forms leaches the metals and metalloids 
from the other now fine-grained sulfide minerals (arsenopy-
rite, galena, sphalerite) (Acero et al. 2007; Hawkins 2014; 
Parbhakar-Fox and Lottermoser 2015):

In addition, in sulfide wastes, an oxidative reaction of 
pyrite with residues of cyanide reagents occurred with the 
formation of a thiocyanate ion (Breuer et al. 2008; Parbha-
kar-Fox 2016):

Noble metals (Ag, Au) and Cu reacted with the cyanide 
anion to form mobile soluble cyanide complexes (Marsden 
and House 2006; Parbhakar-Fox 2016; Ghasemi et al. 2018):

Long-term interaction of the thiocyanate ion with atmos-
pheric oxygen leads to its decomposition and the formation 
of sulfate, bicarbonate ions, and ammonia (U.S. EPA 1994):

A study of the material composition of the Darasun waste 
indicated the presence of horizons in which chemical ele-
ments were leached and removed, especially in the zone of 
hypercryogenesis of three groups: ore elements (Fe, Cu, Zn, 
Cd, and Pb), noble metals and metalloids (Au, Ag, As, and 
Sb) and impurity elements (Be, Tl). The first dissolved due 
to the oxidation of sulfide minerals (reactions 1–3). Gold 
and silver migrate as colloidal particles and soluble com-
plex compounds with cyanide ligands (reaction 5). Copper 
can also enter solution by complexation with cyanide ani-
ons. The results of the correlation analysis confirmed such a 

(1)2FeS2 + 7O2 + 2H2O → 2FeSO4 + 2H2SO4

(2)
FeAsS + 7∕2O2 + 6H2O → FepOH3 + SO2−

4
+ H2AsO4 + 3H+

(3)PbS + 2O2 → PbSO4

(4)
4FeS2 + 8CN− + 3O2 + 2H2O → 4FeOOH + 8SCN−

(5)4Aus + 8CN− + O2 + 2H2O → 4Au(CN)−
2
+ 4OH−

(6)

4Cus + 4nCN
− + O2 + 2H2O

→ 4Cu(CN)−(n−1)
n

+ 4OH
−
, n = 2 − 4

(7)SCN− + 2∕5O2 + 2H2O → SO2−
4

+ HCO−
3
+ NH3
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migration path in aqueous solutions: KK (Au–CN−) = 0.97, 
KK (Ag–CN−) = 0.99, and KK (Cu–CN−) = 1 (supplemental 
Table S-3).

For Tl and Be, which do not form their own sulfides in 
waste, there are two options: the dissolution of secondary 
sulfate minerals and the destruction of sulfide minerals in 
which they are impurities. This mechanism is supported by 
positive significant correlation coefficients of the concen-
trations of these elements and sulfate ions in solution: KK 
(Tl–SO4

2−) = 0.59, KK (Be–SO4
2−), and by the absence of 

any significant correlation between the concentrations of 
these elements and any other anions.

A study of the composition of surface watercourses 
around the stored waste showed three groups of hydrochemi-
cal anomalies, which indicated the mobility of chemical ele-
ments in the “waste—natural surface water” system (Table 
S-3):

1.	 Pb–Co–Ni–Zn–Cd–Cu–Fe–Al are typical ore metals 
while Tl–Be–In are impurity elements. The high cor-
relation coefficients of these elements with pH and the 
concentrations of Fe, Al, Mn, and SO4

2− indicate that 
the output of these dissolved elements was associated 
with sulfide oxidation, the formation of sulfate solutions, 
dissolution by the acidity of the medium, and sorption 
on Fe(III), Mn(IV), Al(III) hydroxides.

2.	 Au–Ag–As–Sb–Se are noble metals and metalloids, 
the concentrations of these in an aqueous solution are 
regulated by complexation with CN−, Cl−, and HCO3

− 
anions.

3.	 Bi–Sn–Te are post-transition metals and metalloids, 
the concentrations of which correlated only with each 
other in the absence of significant correlations with 
other components, acidity, or anions. Their behaviour 
was controlled by the solubility of their own minerals: 
Bi2Te3, Bi2S3, SnTe, and SnS.

Studying the spatial distribution of element concentra-
tions in the surface watercourses made it possible to iden-
tify the hydrochemical anomalies caused by anthropogenic 
influences. The concentrations of chemical elements were 
normalized to the average concentrations of elements in the 
river waters of western Siberia to estimate the enrichment 
relative to the regional background (RB, Shvartsev et al. 
1996). The concentrations of Zn and Cd in the dump at the 
processing plant were higher than those in the RB and back-
ground concentrations by 2–3 orders of magnitude (sample 
D-11, Table 2). In the Darasun River, after merging with the 
technogenic flow (D-15), their concentrations were higher 
than in the RB and background indicators. The concentra-
tion of Pb was higher than that of the RB at the background 
point, in the drainage flow, and in the Darasun River down-
stream of the drainage discharge. Tl was found in all of the 

studied samples. Its concentration was six times higher than 
the background value in the Darasun River after merging 
with the technogenic stream (D-15). The acidic waters of 
the dump at the processing plant (pH 3.6) contained 1.4 μg/L 
of Be, which was three orders of magnitude higher than the 
background value (Table 2). The Darasun River downstream 
contained 3–4 times more Be than the background river. 
These facts indicate the high mobility of Tl and Be, even in 
a neutral medium.

The concentrations of As and Sb were increased com-
pared to the RB in all of the technogenic watercourses, espe-
cially in the pH 8.9 water of the old hydraulic dump, similar 
to gold and silver (D-11, Table 2), significantly exceeding 
the background in the Darasun River downstream after the 
tailings (D-15, Table 2).

The concentrations of Ag and Au in the settling pond 
significantly exceeded the background level (sample D-3, 
Table 2), and in the old settling pond, the concentration of 
Au in the solution was 130 μg/L, which was four orders of 
magnitude greater than the background concentration (sam-
ple D-11, Table 2). The enrichment ratios (ERs) of dissolved 
gold in the Darasun River basin water were calculated and 
visualized as anomaly maps (Fig. 6):

where CAu is the concentration of dissolved Au in water, 
ng/L and background concentrationAu—is the average 
concentration of Au in background river waters (5 ng/L), 
according to Table 2.

Elevated Au concentrations were found in all of the stud-
ied samples, but the concentration in the Darasun River 

(8)ER =
C
Au

backround concentration
Au

,

Fig. 6   Clarke concentrations (CC) of dissolved Au in mine drainages 
(D-1 ÷ D-4), technological ponds (D-11 ÷ D-13), Darasun River catch-
ment before (D-6 ÷ D-8, D-10) and after mine drainage discharge (pp. 
D-14 ÷ D-15), background points (DB-1 ÷ DB-2)
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downstream after the technogenic system (2.3 μg/L) was 460 
times greater than the background (Fig. 6). The migration of 
Au, in this case, was due to the removal of dissolved forms 
with process water and drainage from places where cyanide 
waste was stored and complexation with cyanide anions.

The concentrations of total As and cyanide ions in the 
studied waters were compared with the maximum allow-
able concentrations of chemicals in drinking and domestic 
waters (GN 2.1.2.1315-03 2017) and provided as maps of 
hydrochemical anomalies (Fig. 7).

Conclusions

1.	 Active hypercryogenic transformation, sulfide oxida-
tion, leaching of chemical elements, and the formation 
of highly mineralized sulfate and cyanide solutions 
have occurred in the abandoned Darasun mine tailings. 
Washed, oxidized horizons were characterized by high 
electrical resistivities. Geochemical barriers with high 
metal concentrations were in the “thin” moist layers with 

low resistivity. The processes of acid formation in the 
seasonally-thawed layer are assumed to have been accel-
erated by the freezing–thawing effect on the underlying 
frozen horizons, which eventually led to the leaching 
of a wide range of elements and their dissolution. The 
thawing zone was well visualized as a region of low 
electrical resistivities; therefore, ERT could be used in 
the future to monitor the dynamics of the transformation 
of the deeper horizons of the tailings body.

2.	 The drainages from the Darasun mine tailings are highly 
mineralized, acidic, sulfate solutions with high concen-
trations of cyanide anions, and contain a wide range of 
metals and metalloids. When it enters natural streams, 
some of the chemical compounds are precipitated due 
to acid neutralization and hydrolysis.

3.	 According to their migration ability, elements in surface 
watercourses were divided into three geochemical asso-
ciations: (1) ore metals and associated impurities (Tl, 
Be, In), the mobility of which is controlled by the acid-
ity of the medium. Where the drainage water is diluted 
by natural waters, the pH value increases, causing Fe, 
Mn, and Al hydroxides to precipitate, which sorbs other 
elements, causing their concentrations to decrease. (2) 
The noble metals (Ag, Au) and metalloids (As, Sb) 
retain mobility in neutral and subalkaline conditions 
and migrate, mainly as complex compounds with CN−, 
SO4

2−, Cl−, and HCO3
− ligands. The mobility of the 

post-transition metals and metalloids (Bi–Sn–Te) is not 
related to the acidity of the medium or the concentration 
of complexing agents, and migration occurs at neutral 
pH.

4.	 The combined action of two factors, oxidation by air and 
the dissolved oxygen in water, as well as complexation 
with cyanide anions, favours the transition from waste 
to solution and migration with water flows of a whole 
range of elements, including elements of the 1st hazard 
class (Tl, Be), and cyanide anions at distances of tens of 
kilometres from the stored waste.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10230-​021-​00828-5.
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