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Abstract: The Kosva Bay is permanently affected by acid mine drainage (AMD) from Kizel Coal
Basin in the Perm Krai of Russia. This discharge is released in the middle part of the Kosva River
from the abandoned mines. This study investigates the current trace element (TE) concentrations
for Zn, Cu, Pb, Ni, Cr, Cd, As, and Hg and the mineral composition, major oxides, grain size of
sediments, and acute toxicity using two test organisms within the site of AMD downstream from the
Kosva River and up to the Kosva Bay of Kama Reservoir. The objectives of this study were to analyze
the quality of sediment and level pollution of Kosva Bay using pollution and ecotoxicological indices.
The environmental indices, namely the contamination factor (CF), the geoaccumulation index (Igeo),
and the potential ecological risk factor (Ei

r), indicate contamination by Cr and Pb in sediments at the
site of AMD, with the highest values for Cr, Cu, and As in the Kosva Bay sediments downstream
of abandoned coal mines. The results of Igeo and CF average values in bay of sediments showed
different degrees of contamination, from moderate contamination to considerable contamination,
respectively. According to the potential ecological risk index (RI) values, the Kosva Bay sediments
exhibited low to moderate risk, and As and Cd have the highest contribution rate. According to
LAWA and the Polish geochemical classification of sediments, sediments of the bay correspond to
the highest levels (IV–III classes) for Cr, Ni, and Hg. Based on the SQGC, Hg, Cd, Cr, and Ni are
the most probable for resulting in adverse effects on aquatic organisms in this study. The results
of this study indicate that complex pollution and ecotoxicological indices must be supported by
ecotoxicologal tests. High precipitation totals, low evaporation rates, and flow regulation stream
by the Shirokovsky Reservoir located upstream from abandoned coal mines provide significant
fluctuations in streamflow, which is probably the most important factor controlling the distribution
and mobility of TE in the studied sediments.

Keywords: trace elements; acid mine drainage; Kizel Coal Basin; sediments; pollution; ecotoxicity

1. Introduction

Acid mine drainage (AMD) has become a serious, worldwide environmental problem
for river ecosystems caused by mining operations and abandoned coal mines [1,2]. Adverse
effects on the abiotic and biotic components of rivers, including the destruction of aquatic
life, bioaccumulation of toxic elements by organisms and plants, biodiversity loss, and
the health of local residents, are observed for these areas [3–6]. AMD of abandoned coal
mines is the source of river water pollution in the area of Moscow Brown Coal Basin and
Kizel Coal Basin of Russia [7–9]; Tinto and Odiel Rivers in Spain [10]; Leonor and Pedras
streams in a coal mining area (southern Brazil) [11]; rivers of Central Appalachian, Eastern
State, and the Great Plains regions of the United States [12]; and many rivers in other
regions [13–15]. Surface water pollution with AMD associated with coal mining areas are
caused by oxidative processes of mine waters due to oxidation of sulfide group minerals,

Water 2022, 14, 727. https://doi.org/10.3390/w14050727 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14050727
https://doi.org/10.3390/w14050727
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-2016-7356
https://orcid.org/0000-0001-5199-7590
https://orcid.org/0000-0001-8884-6024
https://doi.org/10.3390/w14050727
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14050727?type=check_update&version=3


Water 2022, 14, 727 2 of 23

resulting in the release of large amounts of sulfates, iron, and trace elements (TE) (e.g., As,
Cd, Co, Cu, Pb, Zn, Al, Mn, Be) [16–18].

In order to understand the potential environmental hazards of pollutants in river
basins, sediments must be evaluated. It has been established that approximately 99% of TE
in aquatic systems eventually settles in sediments, forming concentrations that are four to
five times higher than those in the overlying water [19].

Abandoned mines in the Kizel Coal Basin, located in the eastern Perm Krai (Russia),
have been responsible for seriously affects on watersheds of the Yaiva, Kosva, Us’va, and
Vilva rivers and their tributaries due to AMD and runoff from the tailing deposits. The
outflow of AMD from the mines of Kizel Coal Basin occurs in 19 sources, with an average
discharge during the period 2007–2013 of about 25,000 m3/h. The AMD is characterized
by pH 2–3, high salinity (up to 35 g/L), and large amounts of sulfate (up to 15,681 mg/L),
Fe (up to 3500 mg/L), Al (up to 225 mg/L), Mn (up to 215 mg/L), and some TE (Be, Co,
Ni, Li, Pb, Zn) [18,20]. It is formed as a result of interaction of groundwater of flooded
mines of the basin with the rocks of the coal layers, which contain high concentrations of
sulfur up to 12–15% [21]. Many elements are found in higher concentrations in sediments
within AMD areas. For example, in the sediments of the Kosva River the Fe content
reaches Fe—197,991 mg/kg, Al—12,100 mg/kg, Mn—156.4 mg/kg, Zn—49.99 mg/kg,
Li—24.78 mg/kg, Ni—25.36 mg/kg, Pb—14.57 mg/kg, Co—6.09 mg/kg, and
Cd—0.162 mg/kg [20]. Nieto et al. [22] and Adamovic et.al. [23] noted pollutant trans-
port over significant distances from AMD [22,23]. The total amount of pollutants from
mine outflow from the Kizel Coal Basin (for the catchment areas of the Yaiva, Kosva, and
Chusovaya Rivers) is 21,455 tons per year of iron, 1128 tons per year of aluminum, and
217 tons per year of manganese [24]. The Kosva River basin, including Kosva Bay of Kama
Reservoir, is an attractive site in the Ural foothills that is used for recreation (such as rafting,
fishing) by the local population. In this regard, a complex assessment of the contamination
level of river sediments with toxic elements and compounds has an important scientific
and practical value, as it provides useful information for a comparative assessment of this
territory and other areas that are adversely impacted by AMD.

The key to the effective assessment of sediment contamination with TE lies in the use
of different pollution and ecotoxicological indices [25–27]. The pollution indices can be
divided into three groups: individual and complex indices as well as quality guidelines or
geochemical classifications. The content of each individual TE in sediments is calculated
using the individual and ecotoxicological indices. The values of geoaccumulation index
(Igeo), enrichment factor (EF), single-pollution index (PI), contamination factor (CF), and
potential ecological risk factor (Ei

r) can be used to classify sediments into several classes
based on pollution level [28–34]. Complex pollution and ecotoxicological indices (sum of
contamination (PIsum), Nemerow pollution index (PINemerow), pollution load index (PLI),
average single-pollution index (PIavg), background enrichment factor (PIN), multi-element
contamination (MEC), contamination security index (CSI), degree of contamination (Cdeg),
and potential ecological risk (RI)) are used to determine sediment contamination based on
the content of more than one TE or a sum of individual indices [34–39]. To assess the level of
contamination to predict adverse ecological effect living organisms, it is common to apply
ecotoxicological criteria or use indicators (sediment quality guidelines (SQGs), LAWA clas-
sifications, and geochemical classification of aquatic sediments by Bojakowska) that take
into account the level of metal toxicity [40–43]. The SQGs, LAWA, and geochemical classifi-
cation quotients are widely used by researchers and environmental managers to determine
the indicative toxicity sediments as a simple and easily understandable numerical index
based on ecotoxicological effect on benthic organisms in freshwater ecosystems [44,45].
As different techniques are used in the calculation of pollution and ecotoxicological in-
dices, a complex approach is recommended to avoid confusion and uncertainty during the
sediment quality assessment [46,47].

Bioassays are a useful tool for ecological risk assessment of the level of sediment
contamination [48–51]. They are a good addition to chemical analysis, as they thoroughly
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describe the accumulation of toxic elements in sediments as well as their bioavailability
and interaction [52–54]. This testing is widely used in the environmental assessment of sed-
iments affected by AMD with low pH values, high sulfate, and TE concentrations [55–57].
Studies in South Korea using Daphnia magna to assess the adverse effects of AMD show that
acidic pH directly affects the growth of Daphnia magna and can also dramatically increase
their mortality at pH < 3.7 [58]. In this study, it was found that the toxicity depended on
the concentration of certain elements, such as Cd, Cu, Mn, and Zn. However, the actual
toxicity of AMD depends on the processes of sedimentation of large amounts of iron by
formation of amorphous iron sediment and the process of sorption of metals on it.

The purpose of this study is to assess the current condition of the Kosva Bay sediments
affected by AMD and runoff from mine waste rock dumps of the Kizel Coal Basin. The Kosva
River and the Kosva Bay have been assessed at their confluence with the Kama Reservoir.

The present study has the following aims:

• To determine mineral and granulometric composition of sediments;
• To identify the basic distribution of the major and TE of sediments;
• To assess the potential ecological risk of TE in sediments using SQGs, LAWA, CF, PLI,

Igeo, RI, and PECQ;
• To assess sediment toxicity at the most representative sites using bioassays (with

Daphnia magna and Scenedesmus quadricauda Breb.) and to also evaluate calculated
pollution indices.

2. Site Description
2.1. Hydrology and Climatology

The Kosva Bay is located in Perm Krai, Russia, between 58◦52′ and 58◦56′ north
latitude and 56◦19′ and 56◦40′ east longitude. The Kosva River originates on the western
slope of the Middle Urals and then enters the Pre-Urals plain. The watercourse length is
310 km, and the drainage basin is 7485 km2. The Kosva River watershed has an average
elevation of 351 m, with the highest elevations over 1569 m above Baltic Sea level in the
western, mountainous part of the Middle Urals. Approximately 60% of the watershed has
elevation between 250 and 700 m and less than 1% more than 700 m. The level regime of
the Kosva River in its middle course is influenced by the operation of Shirokovskaya HES,
while the estuarial part of the river is in backwater of the Kama Reservoir. There are several
residential areas along the Kosva River, the largest of which is Gubakha, with a population
of 19,000 people.

The amount of rainfall in the Kosva watershed from May 2020 to April 2021 was 772.5 mm
(Figure 1). The average temperature for the observation period is 0.8 ◦C, with minimum and
maximum values of −19.0 ◦C and 19.5 ◦C, respectively. Multi-year data from Perm Centre
of Hydrometeorology and Monitoring of Environment of air average annual temperature
in the area under study comprise 0.5 ◦C with variation from −52 ◦C to +34 ◦C [59]. The
mean streamflow of the Kosva River at Peremskoe for the observation period is 92.0 m3/s,
which corresponded to the multi-year values: maximal expenditure—122 m3/s; minimal
expenditure—53.1 m3/s [60].

2.2. Geology

The geological structure of the Kosva River basin is described using the general
chronostratigraphic scale as of 2019, in accordance with the Stratigraphic Code of Russia
2019 and the adopted MSC Resolutions . . . 2012, 2013, 2016. The West Ural folding zone,
within which the Kizel Coal Basin is located, is in the eastern part of the study area and has
the fold-uplift-thrust structure (Figure 2). The Kizel Coal Basin includes Paleozoic sedimen-
tary rocks from the Lower Devonian to the Artinskian stage (Lower Permian), with a total
thickness of 3000–4000 m [61]. The area in the eastern part of the Shirokovsky Reservoir
within the Middle Urals is composed of Upper Vendian rocks [62]. The place of the Ven-
dian in the International Chronostratigraphic Scale corresponds to the upper series of the
Ediacaran System [63,64]. The lower part of the watershed drains rocks of the Kungurian
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and Ufimian stages (Lower Permian) with overlying Quaternary sediments of the east of
the East European Plain. There is currently a problem with the stratigraphic location and
self-sufficiency of the Ufimian stage (and its subdivisions—the Solikamsk and Sheshma
horizons) [65–67]. Some researchers include the Sheshma horizon within the Kazanian
Stage (corresponding to the Rodian Stage). At the same time, the Solikamsk Horizon is in-
cluded in the Kungurian Stage (Leonardian Stage) [68,69]. According to Plyusnin et al. [67],
the Ufimian Stage should be classified as the middle of the Permian system.
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Figure 1. Mean monthly precipitation at Gubakha weather station and mean monthly streamflow at
hydrological station Peremskoe (data period May 2020–April 2021).

The coal-bearing strata (Viseian stage of the Lower Carboniferous) of the Kizel Coal
Basin is formed by sandstones, siltstones, mudstones, and clay shales with interlayers of
limestones. The rocks of the coal-bearing strata include finely dispersed pyrite and organic
sulfur. The content of sulfide and organic sulfur reaches 12–15%. Sulphur is one of the
main active elements of the coal-bearing strata, determining the acid-alkaline and redox
conditions of sediment accumulation, the concentration of TE on the hydrogen sulfide
geochemical barrier, and their leaching in the oxidation zone with the formation of products
that affect the environmental condition of the area [21].

The Kosva River flows throughout a region with well-developed karst processes
(28–29% of the river basin territory). Surface discharge is either partially or completely
captured by karst funnels, resulting in the formation of dry lands across a vast portion of
the valley. Following the karst cavities, the waters are discharged as springs in the river
valley [60].

2.3. Hydrogeology

Hydrogeologically, the eastern part of Perm Krai is related to the Bolsheuralsky com-
plex formation water basin. The aquifers in Kizel Coal Basin can be divided into two aquifer
systems: Quaternary aquifer and Lower Carboniferous–Lower Permian limestone karst fis-
sure aquifer [60]. Quaternary aquifer is associated with river alluvium and alluvial–diluvial
sandy clay and loams. Due to the insignificant area of distribution and low thickness,
groundwater of quaternary deposits is not used for water supply. Lower Carboniferous–
Lower Permian karst fissure aquifer is within the Kizel Coal Basin area, which includes
two aquifers: the Carboniferous Moskovian Formation–Permian Artinskian Formation and
the Carboniferous Vizean Formation–Bashkirian Formation. Flooding of abandoned mine
fields resulted in the formation of technogenic aquifer of mine waters within coal-bearing
strata. The groundwater aquifer related to the Carboniferous Vizean Formation–Bashkirian
Formation is involved in the watering of most mines within the Kizel Coal Basin. In
addition, it is a major source of AMD in the Kosva River basin [61].
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Due to the drainage influence of underground mining works on the hydrodynamic
regime of the Carboniferous Vizean Formation–Bashkirian Formation aquifer, the ground-
water movement of this aquifer is oriented not in the direction of natural areas of discharge
but in the direction of mine workings. The Carboniferous Vizean Formation–Bashkirian
Formation aquifer is supplied mainly by absorption of rainwater and meltwater by numer-
ous karst sinkholes in the development area of the aquifer. A large amount of rainfall, twice
as much as evaporation, and widespread distribution of Carboniferous Vizean Formation–
Bashkirian Formation contribute to the formation of significant natural resources of the
aquifer [70].
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2.4. AMD Characteristics

Kosva River flows through the territory of Kizel Coal Basin for 20 km in the middle
part of the watershed. AMD outflow from coal mines, which were closed in the early
2000s, occurs within the basin of this river both into its small tributaries—Shumikha,
Gubashka, Ladeiny Log, Berestyanka, and Kamenka—and into the Kosva River (Figure 3).
Uncontrolled inflow of mine waters in the Kosva River basin from five terminated mines
comprises nearly 9.8 million m3/y. It results in the formation of significant amount of
precipitates of ferrum and aluminum hydroxides. These sediments actively interact with
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river water, contaminating rivers for many kilometers downstream, and enter the Kama
Reservoir [60].
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period from 2013 to 2019 [20].

Mine waters discharged in the Kosva River basin are characterized by acidic reaction
(pH 2.3–4.3), high mineralization (up to 13 g/L), and significant contents of sulfates (up to
6229 mg/L), iron (up to 2387 mg/L), aluminum (up to 144 mg/L), and a number of TE (Be,
Co, Ni, Li, Pb, and Zn) (Figure 3).

During the observation period from 2013 to 2019, the greatest AMD was noted from
the Kalinin mine adit and pit No. 17 of the mine named “40 let Oktyabrya” (“40 years of
October”); the discharge rates were 242–1558 L/s and 96–1148 L/s, respectively. AMD
from the Krupskaya Mine and Kalinin Mine had the highest level of pollution, with iron
concentrations reaching 2387 mg/L during the abovementioned observation period [20].

3. Materials and Methods
3.1. Field and Laboratory Analysis

Sediment samples were collected from six sampling points from upstream (R1) to
downstream (R6) of the Kosva River and four samples in Kosva Bay (B1–B4) (Figure 4).
Sampling point R1 was considered as a control for the Kosva River because it is located
upstream of the AMD. Using a patented core sampler (RU 2762631C1, registration date
21 December 2021), sediments from the Kosva River were sampled in August 2020 and in
the Kosva Bay during the winter low-water period of 2021 from the ice. Samples collected
with the core sampler were analyzed to a depth of 0.20 m and were the most interesting in
terms of potential effects on water quality. Table 1 shows the location of the sampling points.
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Table 1. Location of sampling points.

Sampling Point Latitude (N) Longitude (E) Height
(m B.H.S.)

Distance from
AMD (km)

R1 58◦50′5.44′ ′ 57◦47′9.51′ ′ 172 −16.8
R2 58◦51′56.77′ ′ 57◦35′39.31′ ′ 158 0.1
R3 58◦51′56.50′ ′ 57◦29′25.27′ ′ 148 2.3
R4 58◦42′30.73′ ′ 56◦49′38.38′′ 115 58.5
R5 58◦47′53.87′′ 56◦44′36.51′′ 110 73.9
R6 58◦43′38.82′′ 56◦45′28.11′′ 112 65.1
B1 58◦52′38.00′′ 56◦38′14.59′′ 108 78.3
B2 58◦53′43.22′′ 56◦36′30.86′′ 108 81.3
B3 58◦53′16.98′′ 56◦32′43.08′′ 108 85.1
B4 58◦52′30.48′′ 56◦26′17.07′′ 108 91.4

The concentration of Zn, Cu, Pb, Ni, Cr, Cd, As, and Hg were measured using the
Aurora M90 ICP-MS spectrometer (Bruker, Fremont, CA USA). Sample preparation before
ICP-MS measurements was brought into a solution by autoclave digestion. To obtain an
efficient digestion, sediment was used with various acids or mixtures, such as concen-
trated HNO3 or other acids (such as HCl, HClO4, and H2SO4) or H3BO3 solution diluted
with deionized water. For the analysis, we used 0.1-g sample weights. Together with
the analyzed samples, control samples (blank samples) and one standard sample were
decomposed. Standard samples from the Institute of Geochemistry, Siberian Branch of the
Russian Academy of Sciences (Irkutsk, Russia) were used to ensure the accuracy of the
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sample analysis. Validity of the analytical methods was confirmed by the analysis of the
standard reference material Gabbro Essexit STD-2A (GSO 8670-2005).

Mineral analysis of major oxides (SiO2, Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O, K2O,
TiO2, MnO, P2O5, and SO3) was determined using X-ray diffraction (XRD) analysis Bruker
D2 diffractometer. Loss on ignition (LOI) was determined by the weight loss upon heating
a 1 g split sample at 950 ◦C for 90 min. The samples were pre-dried at room temperature,
and then, approximately 2 g of sediment was pulverized with pestle and mortar and passed
through a pore size <44 µm sieve on a Pulverisette 5 ball mill (Bruker). The pulverized
samples were scanned by a Cu anode from 5◦ and 70◦ 2θ with a step size of 0.03◦ operating
at a velocity 1.0 s per step, 30 kV, and 10 mA electric current. Particle size distribution
of sediments was measured using the sieve method and by using a particle size analyzer
(Analysette 22 Micro Tec plus, Fritsch, Idar-Oberstein, Germany).

3.2. Trace Elements Assessment in Sediment
3.2.1. Sediment Quality Control Guidelines

Guidelines for Environmental and Geochemical Assessment of Sediments in Russia are
not currently developed. The exception is the regional standard for the city of St. Petersburg.
Therefore, the TE concentrations in the sediment samples were compared to consensus-
based sediment quality guidelines (SQGs), which include two effect values—the threshold
effect concentration (TEC) and probable quality guidelines (PEC) [71]. TE concentrations
below the TEC value indicate that this TE is non-toxic and does not pose a threat to aquatic
organisms, whereas values above PEC indicate that this TE is toxic and that harmful effects
are likely to be observed. Sediment contamination with TE was also assessed using the
Polish Geochemical Classification of Sediments (Table 2 [72]).

Table 2. Classification of sediment quality.

Guidelines Zn Cd Pb Ni Cu Cr Hg As

Geochemical quality classes (mg/kg) [72,73]
Class I 125 0.7 30 16 20 50 0.2 <10
Class II 300 3.5 100 40 100 100 0.7 30
Class III 1000 6 200 50 300 400 0.7 50
Class IV >1000 >6 >200 >50 >300 >400 >0.7 >50
Sediment quality guidelines (mg/kg) [71]
TEC 121 0.99 35.8 22.7 31.6 43.3 0.18 9.8
PEC 459 4.98 128 48.6 149 111 1.06 33

The consensus-based PECQ was used in this study to predict sediment toxicity [74].
The mean PEC quotient (PECQ) was calculated for the seven measured TE. Mercury was
not included in the calculation of the m-PECQ. The mean PECQ for each sediment sample
was calculated as the ratio of each element’s concentration to the corresponding PEC [73].
If the mean PECQs were found to be <0.5, sediment samples were non-toxic, indicating a
low potential toxicity to benthic fauna, whereas sediment samples with PECQ > 0.5 were
predicted to be toxic, indicating a high potential risk for bottom fauna [48,52]. The LAWA
classification was also used to assess the quality of sediments [52]. The sediments were
classified as follows: first class—unpolluted sediments, second class—moderately pol-
luted sediments, third class—heavily polluted sediments, and fourth class—very heavily
polluted sediments.

3.2.2. Contamination Factor (CF) and Pollution Load Index (PLI)

The pollution load index (PLI) was proposed by Tommilson et al., (1980) to assess the
extent of pollution by TE in sediments as follows Equation (1) [75]:

PLI = (CFi1 × CFi2 × . . .× CFin)
1/n, (1)
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where n is the measured number of TE, CFn is a contamination factor calculated for each an-
alyzed TE, and sediments with PLI > 1 are classified as polluted, while PLI < 1 corresponds
to no pollution. The CF calculation formula is as follows (2) [76]:

CF = Cn/Bn, (2)

where Cn and Bn are the measured and background values of each TE, respectively. In
our case, the background value was obtained from sampling point R1 prior to acid mine
water discharge. Analysis of the results of sediment contamination assessment was applied
using the standard CF contamination classification: CF < 1 indicates low contamination;
1 < CF < 3 moderate contamination; 3 < CF < 6 considerable contamination; and CF > 6
very high contamination.

3.2.3. Geoaccumulation Index

The index of geoaccumulation (Igeo) was calculated by the equation proposed by
(Müller, 1969) as follows (3) [77]:

Igeo = log2 (Cn/1.5Bn ), (3)

where Cn is the heavy TE concentration in the sediment point, and Bn is the geochemical
background concentration of TE obtained from sampling point R1 prior to AMD. The
corrector factor of 1.5 is used with possible variations in the background data. The Igeo
value can be classified into seven classes of pollution of the sediments: class 0 (Igeo ≤ 0),
uncontaminated; class 1 (0 < Igeo ≤ 1)—uncontaminated to moderately contaminated; class
2 (1 < Igeo ≤ 2)—moderately contaminated; class 3 (2 < Igeo ≤ 3)—moderately to heavily
contaminated; class 4 (3 < Igeo ≤ 4)—heavily contaminated; class 5 (4 < Igeo ≤ 5)—heavily
to extremely contaminated; and class 6 (5 ≤ Igeo )—extremely contaminated.

3.2.4. Potential Ecological Risk Index

The potential ecological risk index (RI) was developed by the Swedish scientist Hakan-
son in 1980 [76]. The calculation formula is as follows (4):

RI = ∑n
i=1 Ei

r = ∑n
i=1(T

i
r × CFi), (4)

where Er and Tr are the potential ecological risk factor and the “toxic-response” factor of
the TE in sediments, respectively, and CFn is contamination. The “toxic-response” factors
for Hg, Cd, Ni, Cr, Cu, As, Pb, and Zn are 40, 30, 5, 2, 5, 10, 5, and 1, respectively [76].
The potential ecological risk factor and potential ecological risk index are divided into
the following categories: low risk (Ei

r < 40 and RI < 150), moderate risk (40 ≤ Ei
r< 80

and 150 ≤ RI < 300), considerable risk (80 ≤ Ei
r < 160 and 300 ≤ RI < 600), high risk

(160 ≤ Ei
r < 320 and RI ≥ 600), and very high risk (320 ≤ Ei

r).

3.3. Ecotoxicity Test

Acute toxicity assessment of sediments was assessed using the crustacean Daphnia
magna and green algae Scenedesmus quadricauda Breb. [78,79]. The bioassay had been
perfomed using juvenile crustacean at the age of 6–24 h in three parallel series for 96 h.
D.magna were fed daily with the algae Scenedesmus quadricauda. Green protococcal algae
Scenedesmus quadricauda Breb., in the exponential growth stage (3–5 days after reseeding),
were also used for bioassay. The studies were performed in two replicates for 72 h. Bioassay
was conducted at 20± 2 ◦C with a photoperiod of 16 h of light:8 h of darkness; illumination
was 500–1000 lux. The control was the culture water in which the whole culture lived in the
laboratory. An indicator of acute toxic effects of the bottom sediments under study was the
mortality more than 50% of D.magna individuals within 96 h and a decrease in the number
of Scenedesmus quadricauda Breb. algae cells by more than 20% within 72 h. The relative
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(%) change in the number of algae cells for each dilution compared to the control (I) was
calculated by Formula (5):

I = (Xk − Xs)/Xk × 100%, (5)

where Xk is the mean value of the test parameter in the control; Xs is the mean value of the
test parameter in the experiment; and I is the change in the number of algae cells.

To assess the toxicity of each bioassay, we used the PE toxicity classification sys-
tem (Percent toxic effect) developed by Persoone et al. (2003): class I—no acute toxicity,
PE < 20%; class II—slight acute toxicity, 20% < PE < 50%; class III—toxic, 50% <PE < 100%;
class IV—very high acute toxicity, PE = 100% [80].

4. Results and Discussions
4.1. The Particle Size Distribution

Sorption and desorption of pollutants increases in sediments of the smallest fraction
as well as with increasing pH due to a larger surface area, improving the toxicity of sedi-
ments [81–84]. Figure 5 shows a general overview of particle size in the sediments fraction.
All sample points had a silt fraction >70%. A higher percentage of fine-grained sediments
(0.50–3.15 µm) was found at the AMD site (R2), which is likely due to sedimentation of iron
hydroxide, sulfides, and other minerals with acidic forms of atoms that undergo oxidation.
A high sand content was found at sampling point R6. All bay sediments had similar particle
size distribution of silt > clay > sand.
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Figure 5. Granulometric composition of sediments.

4.2. Mineralogy

Table 3 shows the main and accessory minerals found in sediments. Based on XRD
analysis, quantitatively, the main occurring minerals in river sediment samples were quartz
(32–55 wt. %), plagioclase (1–13 wt. %), mica (4–13 wt. %), k-feldspar (7–13 wt. %),
chlorite (6–11 wt. %), pyroxene (5–10 wt. %), goethite (3–14 wt. %), hematite (5–11 wt.
%), and traces of calcite. In addition to quartz, the main minerals in the area of AMD are
goethite and hematite. This area is characterized by the active formation of goethite from
amorphous iron-hydroxides in sediments [21].

The presence of calcite and dolomite in river sediments is caused by drainage of
carbonate rocks in the Kosva River. The composition of samples from the lower reaches of
the river (R6) is close to that of territories outside the AMD effect. The content of goethite
is insignificant here (up to 2.6 wt. %). The bay sediments are mainly composed of quartz
(35–52 wt. %), clay minerals (12–21 wt. %), plagioclase (9–15 wt. %), k-feldspar (7–13 wt.
%), and traces oxides, such as goethite and hematite.
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Table 3. Mineral composition of Kosva River and Kosva Bay sediments samples.

Samples Main Minerals (wt. %) Accessory Minerals

R1 Quartz (57.0), dolomite (12.7), plagioclase (7.7), mica(6.3), k-feldspar(5.9), pyroxene (4.0), chlorite (3.5) Calcite, hematite
R2 Quartz (54.7), hematite (11.1),goethite (10.2), k-feldspar (6.9), chlorite (5.8), pyroxene (4.4), mica (4.1) Calcite, plagioclase
R3 Quartz(39.1), goethite(13.8), mica (12.6), k-feldspar (10.2),chlorite (8.6), pyroxene (7.6), plagioclase (3.6) Hematite, calcite
R4 Quartz (51.9), k-feldspar (12.2), plagioclase (10.5), pyroxene (7.2), chlorite (7.1), mica (6.7) Hematite, goethite
R5 Quartz(32.1), k-feldspar (12.1), mica (11.1),goethite (10.9), chlorite (10.5), plagioclase (10.1), pyroxene (9.5) Calcite, hematite
R6 Quartz(53.0), plagioclase (13.1), k-feldspar (9.2), mica (7.9), chlorite (6.9), pyroxene (5.4) Goethite, hematite, calcite
B1 Quartz (52.2), plagioclase (13.2), clay minerals (12.4), k-feldspar (12.0), diopside (5.1) Goethite, hematite
B2 Quartz (51.4), clay minerals(13.5), plagioclase (13.4), k-feldspar (13.4), diopside (5.3) Goethite, hematite
B3 Quartz (37.5), clay minerals(21.3), k-feldspar (18.8), plagioclase (8.7), diopside(6.8), hematite (5.5) Goethite
B4 Quartz (34.9), clay minerals (21.4), plagioclase (15.4), k-feldspar (14.2), goethite(7.2), diopside(5.7) Hematite

4.3. Major Oxides

The major oxide composition of the Kosva River and the Kosva Bay sediments is
shown in Figure 6 and Table 4. In general, the dominant oxide form in the sediments of
the study area is SiO2 (42–72 wt. %), followed by Fe2O3 and Al2O3. The other oxides have
much lower average weight percentages. Significant Fe2O3 content up to 26.1 wt. % and
Al2O3 content up to 7.26 wt. % were noted in sediments at AMD sites. This was caused
by sedimentation of amorphous hydrated forms of these TE from AMD. The high LOI
value for these samples (up to 21.14 wt. %) is primarily associated with crystallized forms
of iron precipitation water. Increased content of such oxide forms as CaO and MgO is a
reflection of calcite and dolomite content from carbonate rocks of the river catchment area.
In the bay sediments, an increase in Al2O3 content of up to 14.6 wt. % was noted as well as
significant increase of LOI of up to 21.4 wt. %. This was clearly caused by the presence of
clay minerals. The Fe2O3 content decreased to 10.4 wt. %.

Table 4. Comparison of the chemical composition of sediment samples from this study with the
upper continental crust (UCC) [85].

Major (wt. %) SiO2 Al2O3 Fe2O3 K2O Na2O MgO CaO TiO2 P2O5 MnO SO3

Kosva River 41.69–72.31 6.65–10.0 6.29–26.1 0.36–1.28 0.29–1.17 0.16–1.34 0.95–1.77 0.48–0.59 0.08–0.98 0.05–0.37 0.02–0.03

Kosva Bay 49.61–64.08 10.31–16.49 7.98–10.36 1.32–1.56 0.62–0.91 1.1–1.81 0.80–1.61 0.57–0.95 0.31–0.72 0.07–0.19 0.02–0.03

UCC 64.9 14.6 4.4 3.5 3.5 2.2 4.1 0.5 0.1 0.07 -

Table 3 shows a comparison of the major oxide data with the Upper Continental Crust
(UCC) [85]. In sediments from AMD areas, a significant excess of UCC in Fe2O3 content (up
to six times) was noted, which was preserved in the Kosva Bay sediments (up to 2.4 times).
MnO and P2O5 followed the same pattern. After AMD, the average TiO2 value was higher
than the average UCC value, with the highest values in the Kosva Bay sediments.

All sediment samples examined were depleted compared to UCC in terms of the
content of other oxides (MgO, Na2O, K2O) except for CaO at the background point (R1)
and Al2O3 (B1).

4.4. Distribution of Trace Elements in Sediments

Table 5 shows the maximum, minimum, and mean values of TE in sediments in the
Kosva River and the Kosva Bay. The ranges of TE values in the Kosva River sediments
are the following: 31.63 to 100.63 mg/kg (Zn), 25.56 to 39.29 mg/kg (Cu), 8.76 to 131.61
mg/kg (Pb), 37.12 to 48.47 mg/kg (Ni), 77.26 to >4000 mg/kg (Cr), 0.74 to 1.09 mg/kg (Cd),
2.73 to 3.14 mg/kg (As), and 1.01 to 4.62 mg/kg (Hg). The mean concentration of TE in
the river sediments corresponded to the following descending sequence: Cr > Ni > Zn >
Pb > Cu > As > Hg > Cd. The concentrations of Zn, Cu, and As were found to be higher
in the bay sediments than in the river sediments. However, significant Cr concentrations
(>4000 mg/kg) were found in sediments upstream of the bay.
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Table 5. Distribution of TE in sediments of the Kosva River and the Kosva Bay, (mg/kg).

Kosva River
(n = 5)

Kosva Bay
(n = 4)

Range Mean SD Range Mean SD

Zn 31.63–100.63 61.46 24.86 9.88–207.76 105.98 87.28
Cu 25.56–39.29 33.05 4.86 44.49–78.10 66.69 14.83
Pb 8.76–131.61 36.54 53.47 0.05–30.17 14.63 12.47
Ni 37.12–48.47 41.92 5.69 41.82–82.74 54.70 18.95
Cr 77.26–>4000 1653.33 2142.23 78.24–890.55 288.09 401.77
Cd 0.74–1.09 0.93 0.15 0.02–0.70 0.47 0.32
As 2.73–3.14 2.91 0.14 0.05–10.86 5.73 4.46
Hg 1.01–4.62 2.59 1.55 0.25–3.52 1.44 1.44

The TE content of the Kosva River sediments differs significantly from that of the
Kosva Bay. The concentrations of Zn, Cu, Pb, Ni, Cr, Cd, As, and Hg (mg/kg) in the bay
sediments ranged as follows: 9.88–207.76 for Zn, 44.49–78.10 for Cu, 0.05–30.17 for Pb,
41.82–82.74 for Ni, 78.24–890.55 for Cr, 0.02–0.70 for Cd, 0.05–10.86 for As, and 0.25–3.52
for Hg. Concentrations of Zn, Cu, Ni, and As are increasing in the bay. Average TE
concentrations in the bay sediments decreased in the following order: Cr > Zn > Cu > Ni >
Pb > As > Hg > Cd.

4.5. Assessment of Sediment Contamination and Ecological Risk
4.5.1. Contamination Factor and Pollution Load Index

The calculated PLI values of TE in sediments are presented in Table 6. The PLI values of
river sediments ranged from 1.31 at the samples from R4 to 3.60 at the samples from R2 (after
discharge acid mine drainage). However, the PLI values in bay sediments demonstrated
increase from samples from B1 (PLI = 1.82) to B4 (PLI = 3.83). According to the PLI
classification [86], river sediments and bay sediments should be classified from moderately
unpolluted to unpolluted (1 < PLI < 2) to moderately to highly polluted (3 < PLI < 4). The
contamination factors value analysis (CF) indicates that Cr is the TE that has a significant
effect on sediment pollution of river sediments to a greater extent than the bay sediments.
The contamination factor CF calculated for Cr ranged from 0.90 to 46.37, which should be
classified from low contamination to very high contamination. Very high contamination in
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sediments were found in samples R2 and R6. The contamination factors calculated for other
TE ranged from low contamination to moderate contamination. The contamination factors
(CF) of bay sediments for samples B1–B4 classified from low contamination to very high
contamination. Based on mean values of contamination factor of bay sediments identified
from low contamination to considerable contamination, Cu and Cr played the largest role
in the contamination of the analyzed sediments.

Table 6. Contamination factors and pollution load index values of TE in sediments of Kosva River
and Kosva Bay.

Sampling Point Zn Cu Pb Ni Cr Cd As Hg
PLICF

R2 0.77 2.14 8.20 1.51 46.37 1.59 1.12 0.43 3.60
R3 1.33 1.90 1.43 1.16 0.98 1.09 1.25 0.14 1.34
R4 1.47 1.64 0.62 1.17 0.90 1.24 1.08 0.32 1.31
R5 2.45 1.86 0.60 1.49 1.21 1.31 1.20 0.12 1.37
R6 1.45 1.44 0.55 1.21 46.37 1.59 1.11 0.56 2.43
B1 3.49 2.44 1.04 1.54 0.91 1.03 2.63 0.09 1.82
B2 1.53 4.25 0.73 1.30 0.95 1.01 2.12 0.42 1.54
B3 5.05 3.93 1.88 2.58 1.18 0.70 4.30 0.15 2.81
B4 0.24 3.89 0.003 1.40 10.32 0.02 0.02 0.03 3.83

4.5.2. Geoaccumulation Index

Figure 7 shows a distribution Igeo values (calculated using geochemical background as
for PLI) for the eight TE in sediments. The highest Igeo value (4.95) was for Cr, indicating
heavy to extreme contamination at sampling points R2 and R6. The sediment in Kosva
Bay was also identified as having the highest value for Cr (2.78) in samples from B4, in
which sediment caused moderate to heavy contamination. Lead at sampling point R2 was
found in class 3, indicating up to moderate to heavy contamination. The results show
that Hg from upstream to downstream, including the bay, have Igeo ≤ 0, indicating an
absence of pollution. Other TE Zn, Cu, Ni, and Cd from upstream to downstream had
0 < Igeo ≤1, indicating lack of contamination to moderate contamination of the sediment.
Furthermore, the level of pollution in the bay sediments increased for Zn and Cu up to
moderately contaminated.

The pollution levels of the TE in bay sediments are thus segmented into three classes
according to the Igeo mean value. Thus, sediment in the Kosva Bay is moderately contam-
inated by Cu (class 2); uncontaminated to moderately contaminated by Cr, Ni, and Zn
(class 1); and uncontaminated by Hg, Pb, Cd, and As (class 0).

4.5.3. Potential Ecological Risk Index

The index of potential environmental risk of TE in the sediments of the Kosva River
and Kosva Bay is shown in Table 7. Average values of potential ecological risk coefficient
(Ei

r) of TE in sediments of the Kosva River decreased in the following order: Cd > Cr > Hg
> As > Pb > Cu > Ni > Zn. According to the data, the mean (Ei

r) values of Zn, Cu, Ni, Cr,
and Cd ranged between 1.49 and 40.94, demonstrating from low to moderate degree of
ecological risk. However, moderate risk was found upstream (R2) and downstream (R6).
As shown in Table 7, the values of a single ecological risk index (Ei

r) for Zn, Cu, Pb, Ni, Cr,
Cd, and Hg were below 40 in all the sediment samples, suggesting a low ecological risk.
Only samples from B4 were determined as posing a moderate risk due to As. The RI of the
Kosva River for all sampling points is from 76 to 228, which shows an overall ecological
risk level ranging from low to moderate.
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Table 7. Potential ecological risk assessment results of TE in sediments of the Kosva River and
Kosva Bay.

Sampling
Point

Unified Environmental Risk Factor Index (Ei
r) RI Risk

GradationZn Cu Pb Ni Cr Cd As Hg

R2 0.77 10.69 41.00 7.56 92.74 47.64 11.24 17.05 228.69 Moderate
Moderate

R3 1.33 9.51 7.13 5.79 1.96 32.73 12.46 5.62 76.52 Low
R4 1.47 8.21 3.08 5.86 1.79 37.30 10.81 12.62 81.15 Low
R5 2.45 9.31 2.98 7.45 2.43 39.19 11.96 4.86 80.63 Low
R6 1.45 7.22 2.73 6.03 92.74 47.82 11.10 22.27 191.35 Moderate

Average
for R2–R6 1.49 8.99 11.38 6.54 38.33 40.94 11.51 12.48 131.67 Low

B1 3.49 12.21 5.18 7.71 1.81 30.97 26.32 3.74 91.42 Low
B2 1.53 21.24 3.64 6.52 1.90 30.18 21.25 16.96 103.22 Moderate
B3 5.05 19.64 9.40 12.90 2.35 21.07 43.04 5.95 119.41 Moderate
B4 0.24 19.47 0.02 6.99 20.65 0.75 0.18 1.19 49.48 Low

Average
for B1–B4 2.58 18.14 4.56 8.53 6.68 20.74 22.70 6.96 90.88 Low

4.5.4. Geochemical Quality Classes and LAWA Classification

According to Bojakowska’s geochemical quality classes of sediments, all sediment
samples taken were classified as class IV (highly contaminated sediments). Classifications
were conducted on the basis of the highest concentrations. The concentrations of Zn in
B1 and B3 corresponded to class II (slightly contaminated); Pb in R2 to class III (contami-
nated); Ni in B2 to class IV (highly contaminated); Cr in R2, R6, and B4 to class IV (highly
contaminated); Cd in R2–R6 to class II (slightly contaminated); Cd in B3 to class II (slightly
contaminated); Hg in all sampling points to class IV (highly contaminated); and Cu in all
sampling points (with the exception of R1) to class II (slightly contaminated).

According to the LAWA classification, sediments in sampling points R2, R6, B4, and
R1 are heavily contaminated (Figure 8). Comparing the results of geochemical quality
classes of sediments to the LAWA classification, we can state that sediments correspond to
different classes depending on the concentration of studied chemical elements. As a result,
in AMD area, Cr content corresponds to class IV, Hg to class III–IV, and Pb to class II–III.
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Pollution levels of the Kosva Bay sediments varied from contaminated to very heavily
contaminated. The highest levels of pollution were found for Cr (IV class) in B4, Hg (III–IV
class) in B2, Cu (II–III class) in B2–B4, and Zn and Ni in B3.

4.5.5. Sediment Quality Guidelines

The concentration of TE in the sediment samples of Kosva River and Kosva Bay were
compared with the consensus-based TEC and PEC values (Figure 9). The results show
that the PEC values were exceeded only in the case of Hg, Cr, Ni, and Pb (80%, 50%, 40%,
and 10% of the samples, respectively). Obviously, additional study of the concentration of
mercury in sediments in the watershed of the Kosva River and Kosva Bay, where significant
concentrations of this element were found in most samples, is necessary according to the
data of the present study. Only Cu was detected in all sediment samples between TEC and
PEC. At the same time, Cr was found in the Kosva Bay sediments in B3 and B4, Ni in B3
and B1, and Hg in B2 and B3.

The mean PECQ can be used to predict the toxicity of sediments [73]. The highest
PECQ values were found in R2 and R6: 5.24 and 5.22, respectively. Mean value of PECQ of
six TE was identified for river sediments: PECQ = 2.38, which clearly indicates a significant
potential risk for benthic fauna.

In the sediments of Kosva Bay were calculated mean values of PECQ = 0.75 with a
range from 0.42 to 1.21. This means that all of the sediment samples were potentially toxic
(PECQ > 0.5) [51].
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4.6. Ecotoxicity Test

The results of the sediment toxicity assessment are presented in Tables 8 and 9. Acute
toxicity tests using Daphnia magna were conducted in sampling point R3 (distance from
AMD—2.3 km) and B1 and B4 (Kosva Bay). During the chemical analysis of this water,
no aluminum ions were found in its composition (in the measurement range from 0.04 to
0.56 mg/L). The pH level of the tested waters was in the range optimal for crustaceans
(7.2–7.8).

Table 8. Ecotoxicity results for the sediments samples using D. magna.

Sediment pH DO
%Immobility or Dead

Total Alevins Exposed % Dead Average Class * Toxicity
Assay 1 Assay 2 Assay 3

R3 7.6–7.74 7.85–7.67 0 0 0 10 0 I No acute toxicity

B1 6.93–7.55 6.87–6.33 10 10 10 10 0 I No acute toxicity

B4 7.21–7.49 6.82–6.05 10 10 10 10 0 I No acute toxicity

* Class: I, no acute PE < 20%; II, slight acute toxicity, 20% < PE < 50%; III, acute toxicity, 50% < PE < 75%; IV, high
acute toxicity, 75% < PE < 100%; V, very high acute toxicity, PE > 100%.

Table 9. Results of ecotoxicity for the bay sediments samples using Scenedesmus quadricauda.

Sediment pH Salinity

EC100,
The Number of Algae,
Thousand Cells/sm3 I, %

EC50,
the Number of Algae,
Thousand Cells/sm3 I, % Toxicity

Assay 1 Assay 2 Assay 1 Assay 2

B1 6.83/9.39 * 0.179/0.246 ** 26.75 626.25 2,57 29.88 631.25 1.79 No acute toxicity

B4 7.17/9.95 0.198/0.264 25.13 632.20 1,59 31.00 636.25 1.01 No acute toxicity

* pH before testing/pH after testing; ** salinity before testing/salinity after testing.

It was experimentally deduced that a 100% concentration (that is, without dilution
of the aqueous extract) caused the death of no more than 10% of D. magna within 96 h
of the experiment in all studied points. An aqueous extract from sediments did not
have an acute toxic effect on the test object D. magna at 100% (dilution ratio—1) and all
subsequent concentrations.

Similar results were obtained when assessing the bay sediment toxicity using the test
object green algae Scenedesmus quadricauda. The conducted bioassay showed no toxic effect
in sediments from B1 and B4, as the decrease in the number of algae cells of Scenedesmus
quadricauda was less than 20% within 72 h of the experiment (Table 9).

4.7. Effect of Pollution and Ecotoxicological Indeces on Risk Assessment

Single-element indices (Igeo and CF values) revealed varying degrees of TE pollution in
sediments. The average concentrations of elements in the Kosva Bay sediments decreased
in the following order by CF: Cu > Cr > Zn > As > Ni > Pb > Cd > Hg; and by Igeo: Cu > Cr >
Ni > Zn > As > Cd > Pb > Hg. Thus, the average value of CF showed that the bay sediments
had the highest Cr accumulation (3.3), indicating considerable contamination. Results
of the average Igeo value calculation showed that the bay sediments had the highest Cu
accumulation (1.2), indicating moderate contamination. In comparison to the CF, Igeo used
a factor of 1.5 to minimize the impact of background value. According to Liao et al. [87],
Igeo appears to be independent of lithological variation and allows for a comparison of the
risk of a given heavy metal in different regions. Igeo and CF are also required to accurately
assess heavy metal accumulation from various anthropogenic sources.

In general, the evaluation effects of PLI and RI are not equal. All bay sediments had
PLI values greater than 1. While the average RI value was 90.88, with As contributing the
most, Ei

r was 22.70, indicating low risk. In the complex environmental risk assessment of
TE in sediments, providing a more holistic evaluation of RI seems to be a better choice [46].

According to the LAWA and Polish Geochemical Classification of Sediments used in
this study, the bay sediments have the highest levels of Cr, Ni, and Hg. These geochemical
classifications of sediment quality assess the extent of deviation from reference conditions
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with no or minimal anthropogenic influence [36]. The excess of PEC by Cr, Ni, and
Hg in the bay sediments indicates adverse effects on benthic organisms, confirming the
mean PECQ = 0.75. At the same time, the biotesting results indicate no acute toxicity of
sediments in the Kosva Bay. Ecotoxicology tests are a useful tool for evaluating the quality of
sediments, and their use allows for a more comprehensive risk classification [49]. Bioassays
are an efficient, precise, and commonly used biomonitoring tool that is an excellent addition
to the comprehensive sediment assessment [48].

4.8. AMD—Comparison with Other Locations and Effect to Sediments

Different chemical compositions of AMD within coal deposits around the world
are primarily conditioned by geological structure of a territory. Consequently, priority
pollutants (TE and rare earth elements) actively accumulate in sediments. Table 10 shows
the AMD composition of coal deposits from around the world in comparison with the
data on the Kizel Coal Basin mines. Even within the same coal basin, AMD can vary
significantly. This is evidenced by the data from the Kalinin Mine, which has significantly
higher concentrations of all TE in AMD compared to the Tayozhnaya Mine.

Table 10. Integrated data by Characterization of Raw AMD (mg/L).

Kosva River Bolshaya
Gremyachaya River Mina Stream Sycamore Creek Wingecarribee River

Kalinin Mine Tayozhnaya Mine Mina 07 Mine Tab-Simco Mine Berrima Mine

Russia Russia Brazil USA New Zealand

pH 3.2 3.3 3.9 2.27 6.36

SO4 4190.24 1891 2780.5 2481 332

Fe 1507.37 603.40 611.38 137 10.94

Al 122.13 31.83 58.4 80 0.04

Mn 12.16 6.084 11.18 33.19

Co 0.38 0.1743 0.18 - 0.14

Pb 0.081 0.0006 0.41 7.0

Cd 0.007 0.085 - 1.0 0.0004

Ni 1.85 0.98 - 3.0 0.42

Zn 0.85 17.45 62.65 11.0 1.16

Li 1.16 - - 0.06

References [20] [8] [11] [88] [13]

The sulphate, iron, and aluminum content of AMD from the Kalinin Mine is signifi-
cantly higher than AMD from other mines, according to rare, published data on coal mines
in Brazil, USA, and New Zealand (Table 10). The rest of the TE in AMD from the Kalinin
Mine correspond to the published data of other AMD except for the content of Co and Li,
which is also significantly higher in the Kalinin Mine.

In general, taking into account the variation in AMD during the year, significant
concentrations of Co, Pb, Cd, Ni, Zn, and Li enter the Kosva River basin. At the same
time, concentrations of Cr and Pb in sediments of the Kosva River in AMD areas are more
significant in comparison to the published data for other basins, and the concentrations of
Zn and As are much lower (Table 11). It seems obvious that this is due to corresponding
concentrations of these TE in AMD.
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Table 11. Integrated data on trace element content in sediments in places of AMD discharge (mg/kg).

Kosva River Mina Stream Shandi River Wollangambe River

After All Mines Mina 07 Mine Shandi Mine Centennial Coal Mine

Russia Brazil China Australia

Cr 2042.31 31.5 39.39 4

Co 20.34 8.8 - 59

Ni 42.79 18.45 - 53

Cu 37.12 19.25 66.06 7

Zn 43.20 257 570.87 91

As 2.99 25.35 23.54 <4

Cd 0.91 1.06 1.37 -

Hg 2.35 - - -

Pb 77.24 22.55 46.37 7

References This study [11] [89] [90]

The most AMD-affected sites had the highest level of pollution and ecotoxicological
indices. The low pH value of the discharge mine water resulted in the further dissolution
of minerals and release of toxic metals transported downstream TE, which confirmed
the findings of numerous studies [91]. The extent of toxic element accumulation in sedi-
ments depends on the status of a mine (operational/abandoned), type of deposit, mining
and processing methods, hydrological conditions, hydrogeological settings, geology, and
climate [87].

An important characteristic of this territory is that the inflow of AMD into the Kosva
River basin from abandoned mines of the Kizel Coal Basin is exposed to natural dilution
due to the large amount of rainfall. The barrier effect of the Ural Mountains on the territory
of the Kizel Coal Basin causes heavy rainfall (for example, during the observed period, it
amounted to 772.5 mm). The value of significant surface runoff for this area is combined
with low evaporation of moisture, as the average annual temperature in the study area
is 0.5 ◦C. A humid type of climate and flow regulation by the Shirokovsky Reservoir
typical for the territory of the Kizel Coal Basin contribute to intensive transport of common
mine water pollutants (Fe, Al, Mn, and many trace elements) into the Kosva Bay and
subsequently into the Kama River basin.

5. Conclusions

Based on the results described, it can be concluded that the average concentrations
of Cu, Cr, Zn, As, and Ni in the sediments of Kosva Bay were higher than the local
background. Combined Igeo, PLI, RI, SQG, and LAWA pollution indicators are a useful tool
for the environmental assessment of sediments, as the results show a significant degree
of contamination by many trace elements. Generally, Igeo showed that Cu had the highest
level of contamination, taking into account average values in the bay. High concentrations
of Hg, Ni, and Cr are more likely to result in harmful effects on organisms in sediments,
according to the SQCG assessment. Based on the LAWA classification, the Kosva Bay
sediments correspond to classes II–IV depending on the content of a given element. At the
same time, the potential ecological risk index (RI) values showed that the bay sediments
had low environmental risk of pollution by the studied TE. This corresponds to the data
of the bioassays based on D. magna and Scenedesmus quadricauda. The results showed the
absence of toxicity of the bay sediments despite rather high content of Cr, Pb, Cu, Zn, and
As (primarily in terms of CF) in sediments in the AMD area, middle flow of the Kosva
River, and the Kosva Bay.
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Thus, the results of the study of TE concentrations and spatial distribution in sedi-
ments of the Kosva Bay of the Kama Reservoir using element-by-element assessment and
bioassays confirm the necessity of using an integrated approach to sample study with a
combination of chemical and ecotoxicological analyses for such objects. Due to elevated
levels of pollution by some indices in sediment samples of the Kosva Bay, future studies
should be supplemented with additional TE content and sediments toxicity of the Kama
Reservoir, which is located in the zone of influence of the Kosva River flow, primarily in
even more distant sections of the old channel.
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