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Abstract: The bottom sediment of reservoirs has many functions. Among them, matter sorption is a
very important one, and results in many side-effects on the reservoir sediment forming the water–
bottom sediment system. As a result, bottom sediment can also be an indicator of anthropogenic
water pollution. There is only very little knowledge of this situation in the study area. The main
objective was the analysis of heavy metal accumulation in bottom sediment, as well as their ability
to migrate throughout the water–bottom sediment system and their spatial distribution in the
Kapshagay Reservoir in Kazakhstan. Heavy metal concentrations, in the both water samples and the
bottom sediment, were determined using the atomic absorption spectrophotometric method. Surfer
software was used to visualize the processes of migration and accumulation. Another objective was
the development of model maps of the spatial distribution of metals in the reservoir water area,
which indicated significant anthropogenic loads. It is obvious that both the transboundary inflow
of the Ili River and the inflow from small rivers in the territory of Kazakhstan are the reasons for
the anthropogenic water and sediment load. The results of the spectrometric analysis verify the
water pollution in the reservoir, revealing increased concentrations of zinc reaching up to 10.8 µg/L
and lead up to 32.7 µg/L, transported by the transboundary runoff of the Ili River and by the small
rivers on the left bank into the Kapshagay Reservoir. Sediment concentrations close to the central
part and dam zone of the reservoir reached the following values: zinc up to 37.0 mg/kg and lead
up to 8.8 mg/kg. The results of this study indicate a significant anthropogenic load of the ecological
conditions of the Kapshagay Reservoir. This is discussed and compared with other relevant studies.

Keywords: sedimentation; accumulation; bottom sediment; reservoir; heavy metals; migration

1. Introduction

Bottom sediment, due to their absorption capacity, play an important role in the
self-purification processes of water bodies [1–4]. However, they can cause secondary
pollution of the aquatic environment, which is facilitated by water turbulence caused by
subsurface streams, wind mixing, involving the upper layer of bottom sediment into the
water mass. Supplementary diffusion, sorption and desorption, complexation, ion exchange
and dissolution influence physicochemical, biological and microbiological processes at the
water–bottom sediment line (in Supplementary materials) [1,5–11].

Pollution of water systems by heavy metals has become a global problem in recent
decades. Heavy metals can enter aquatic systems from a variety of anthropogenic and
natural sources (Figure 1). These activities include industrial or domestic wastewater,
the use of pesticides and inorganic fertilizers, landfill leaching, storm sewage, shipping,
atmospheric deposition and geological respectively geomorphological erosion of the Earth’s
crust and land surfaces [2]. Metals, entering aquatic ecosystems, cannot decompose, thereby
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deposit, assimilate or be included in water, sediment and aquatic animals, leading to
pollution of water bodies by heavy metals [4,12].
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Figure 1. Anthropogenic and natural sources of heavy metals. (authors Ismukhanova L.T., Madibekov A.S.).

Bottom sediment can be considered an indicator of anthropogenic water pollution
occurring during the process of sedimentation, depending mainly on the migration activity
and sorption of toxic substances such as heavy metals as well as, to a large extent, on
geochemical processes in the aquifers. By determining and monitoring the concentrations
of toxicants in reservoir bottom sediment, it is possible to assess the anthropogenic load
and follow the pollution dynamics in the long term [1,13–15].

The analysis of heavy metals in bottom sediment needs to consider their geogenic
content and the form of compounds in the lithosphere of the study area [15]. Such infor-
mation is of great importance when the specific elemental chemical composition of local
soils needs to be taken into account [16]. In the case of significant differences between the
regional background values and the global ones, one can either not notice the beginning of
anthropogenic pollution of the local soil cover, or on the contrary, take the natural regional
background as the result of anthropogenic impact [17,18].

Thus, the natural and anthropogenic factors accompanied by the processes of sedi-
mentation and bioaccumulation are significant in water bodies ecosystems pollution by
heavy metals, in both spatial and temporal aspects [19]. Research in this area has be-
come widespread due to the toxicity, persistence, and biological accumulation of heavy
metals [20–23]. When evaluating metal pollution of aquatic ecosystems, first of all, it is
necessary to take into account the background values of heavy metals in the lithosphere
or pre-anthropogenic impact concentrations of metals, which can be compared with the
measured values of the region and catchment area under consideration [24]. For this reason,
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some researchers have used data of Earth’s crust average concentrations as initial reference
values [25–28].

All the main migration routes of heavy metals in the biosphere, including aquatic and
biological systems, can be temporally fixed in bottom sediment. However, they can start
as a result of lithosphere weathering and particle transport by land erosion and fluvial
processes. Thus, Dobrovolskiy claims that the main masses of heavy metals are mobilized
from, and their migration forms originate in, the soil. The huge reaction surface of mineral
substances, the presence of soil solutions and dead organic substances in which significant
amounts of metals are selectively concentrated, and the high saturation by microorganisms,
mesofauna and roots of higher plants create a complex system of metal transformation in
soils [29].

The mobility and accumulation of metals in soils and bottom sediment mainly depend
on the absorption capacity, the grain size composition (sandy, clayey and silty particles),
the humus content, the acidity and the amount of exchangeable cations and free surfaces
for cation exchange. Due to the expressed cationic absorption capacity of the soil, due to
the negative charge excess of humic substances, it retains positively charged heavy metal
ions very well, and a constant supply, even in small quantities for a long time, can lead
to significant accumulation of heavy metals in bottom sediment [28–30]. The ability of
bottom sediment to accumulate toxicants, and their subsequent conversion into forms
that are hardly soluble, but accessible to plants and aquatic organisms, is the main threat
to ecological conditions from technogenic pollution of water bodies, creating a potential
danger to public health [31,32].

Due to the fact that several heavy metals (Mo; Pd; Au; Ga; In; Tl; Ge; Co) have chal-
cophilic properties, that is, they have a high degree of mobility in the aquatic environment
and bottom sediment (soils), they can be non-toxic, low, moderately or highly toxic in
aquatic ecosystems [33]. Toxic to aquatic organisms, as a rule, are metals belonging to class
B (chalcophilic, i.e., having a high affinity for non-metals of group 6 of the periodic table).
These include metals present in natural sulfides in the form of cations Ag; Hg; Cu; Pb; Cd;
Bi; Zn; Sb and non-metals present in the form of anions S; Se; Te; As. Chalcophilic prop-
erties are also possessed by several elements that are simultaneously assigned to several
groups—Mo; Pd; Au; Ga; In; Tl; Ge; Co, etc.—on the scale of complex compounds. Among
this class, the most toxic metals are those with the largest ionic radius and the highest
degree of polarization and affinity for sulfide ions, and the lowest degree of oxidation and
electronegativity, as has been reported by different authors [34–38]. An additional factor
determining the degree of toxicological effects of heavy metals on aquatic organisms is the
bioavailability of heavy metals [39–41]. Moreover, toxicological effects are expressed only
when heavy metals are available for them, regardless of the concentration level of these
metals in aquatic ecosystems [37–43]. It is also necessary to take into account the type of
water body, i.e., whether it is of natural origin (lake) or artificial (reservoir), and the impact
of river waters on the ecological conditions of the water body for the assessment of the
pollution origin [25,44,45].

Accurate assessments of heavy metal pollution of the bottom sediment of water
bodies requires the consideration of both natural and anthropogenic factors, as well as the
chemical properties of metals (activity, toxicity), their background concentrations in nature
(in the lithosphere of the study area) [1,15], their impact on aquatic organisms and plants
(bioaccumulation), and the toxic hazards along the food chain [41].

This work did not consider the chemical activity of metals and their mobility by
accumulation in the surface levels of the reservoir bottom sediment, because the lack of
data for a long period did not allow the solution of these tasks. In the future, it would
be interesting to consider the long-term dynamics of sedimentation–sorption processes
occurring in reservoir aquatic ecosystems—not only those of an anthropogenic nature, but
also those desorption processes occurring as a result of climate change.

In the works of Sokolov (“Natural zones of Kazakhstan”) and Durasov (“Soils of Kaza-
khstan”), it was indicated that the soil cover of the Kapshagay Reservoir catchment area is
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formed mainly of gray-brown desert soils, among which alkaline, non-saline and takyr-
like soils are widespread [46,47]. Kurmangaliyev attributed such soils to the foothills and
foothill plains, which are cut by numerous riverbeds, such as Ili River and its tributaries [48].
On the left bank of the reservoir, where the main deltas of the inflowing rivers are located,
there are meadow–marsh soils and alkaline soils, which are characterized by the accumula-
tion of metals over a long period of time [46–48].

Thus, the processes of heavy metal migration in the water–bottom sediment system
are relevant for river waters, where resuspension processes occur constantly, leading to
secondary pollution. In the water area of a reservoir, desorption processes are possible
under changing weather conditions (wind, wave regime) in shallow areas, such as on the
left bank of the Kapshagay Reservoir.

Due to the expected metal accumulation in the sediment of the Kapshagay Reservoir
and the multiple functions of this reservoir besides energy production, such as water
storage, appropriation of irrigation water, recreation, aquatic sport, as a habitat for fishes
and other aquatic organisms, fishery, surface water purification, as a sediment sink, and
sorption of pollutants in reservoir sediments, the purpose of this study is to assess the
pollution of the Kapshagay Reservoir bottom sediment by heavy metals, their accumulation
in terms of spatial differentiation, and their migration ability in the aquatic ecosystem.

The main objective of this investigation is to analyze the accumulation of heavy metals
in bottom sediment, as well as their migration ability in the water–bottom sediment system
and their spatial distribution in the Kapshagay Reservoir in Kazakhstan. Due to the fact
that only a single small data set was available before our investigation, it represents a
special challenge to analyze, evaluate and determine the origin, the spatial distribution and
the potential risk of the heavy metal load of the Kapshagay Reservoir with respect to water
quality and living organisms.

2. Materials and Methods
2.1. Research Object

The object of the study is the Kapshagay Reservoir, a 140-km-long lake fixed by a
dam of the Ili River, ca. 80 km north of Almaty. It is the largest artificial water body in
Kazakhstan and one of the biggest in Central Asia. It is of great socioeconomic impor-
tance. Its main functions are hydroenergy production and irrigation. Its resources are also
widely used for fisheries and recreational purposes. In combination with the construction
(1965–1980) of the Kapshagay Reservoir, large irrigation systems were also formed: the
Akdala and Karatal rice growing fields and Shengeldy irrigation area (more than 65.0
thousand hectares) [49–51]. These authors already have noted that the reservoir is subject
to significant anthropogenic load, caused not only by the influence of the transboundary
(Chinese–Kazakh) Ili River, but also by the waters of its tributaries (Kaskelen, Talgar, Yesik,
etc.) within the territory of Kazakhstan. They flow through the city Almaty, the small towns
Yesik, Talgar, and Kaskelen and the large rural settlements Turgen, Zhetigen, Baiserke, and
Shengeldy, and also carry toxicants in washout from irrigation areas, agricultural land and
from atmospheric transport [52–58].

Pollution analyses, including those related to heavy metals, are becoming more rele-
vant at present, under the conditions of increasing anthropogenic impact on the aquatic
ecosystem of the reservoir. Since metals have high stability and cumulative effects, they can
accumulate in bottom sediment to concentrations hundreds or thousands of times higher
than their inflow concentration, which can cause significant disturbances to physiological
and biochemical processes of aquatic organisms [41].

2.2. Samples Selection

Sediment sampling was carried out at 10 constant points at different depths ranging
from 1.0 m in the upper reaches to 40 m in the dam zone of the reservoir, considering the
location of fishery areas and reservoir spatial differentiation. Zones identified throughout
the water area (upper, central and dam zones) generally characterize ecological and toxico-
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logical features of the certain parts of reservoir subjected to the influence of natural and
anthropogenic factors (Figure 2).
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2.3. Sampling Methods

Bottom sediment samples were taken from the upper (5 cm) layer using a Petersen
dredge with a small capture area in order to characterize the current level of metal
accumulation [59]. Sampling by the bottom dredge was carried out using a motor boat.
The bottom dredger descends smoothly when open [S 1]. The moment at which it reaches
the bottom is detected by the weakening of the cable tension. Depending on the design
of the bottom dredge, the device is closed, and a certain volume of sediment is captured.
Then, the device is lifted. The bottom dredge with the sampled sediment is placed in a
neutral container, where it is opened and a sample is taken for toxicological analysis of the
bottom sediment.

2.4. Spectrometric Analysis Methods of Atomic Absorption

To determine the heavy metals in the obtained samples in the laboratory, they are
first dried to an air-dry condition; then, a sample of about 5.0 g is taken from the air-dry
sample. To determine the mobile forms of metals, the samples are processed with the use
of ammonium acetate buffer solution (pH 4.8), followed by the determination of metals in
the resulting solution by means of atomic absorption analysis [60].

Heavy metals in the samples are determined by the flame atomic absorption spectro-
metric method using an AA-7000 atomic absorption spectrophotometer (Shimadzu, Kyoto,
Japan) with a hollow cathode lamp for the corresponding metals to correct the nonspecific
absorption coefficient, as well as a nozzle burner operating on an acetylene–air mixture [60].
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The method, updated in the State Register of Kazakhstan, is based on the property of
metal atoms whereby they are able to absorb light of certain wavelengths (Cu—324.7 nm;
Zn—213.9 nm; Pb—283.3 nm; Cd—228.8 nm), which they then emit in an excited state.

2.5. Used Standard Samples

In the spectrometric determination of the metals, to build calibration graphs with
correlation coefficients r = 0.99 [S 2, 3], state standard samples (SSS) are used:

− Composition of aqueous solution of copper ions (3K-1) SSS 7998-93 (CCu = 0.0125;
0.025; 0.05; 0.1 mg/L);

− Composition of aqueous solution of zinc ions (4K-1) SSS 7837-2000 (CZn = 0.0125;
0.025; 0.05; 0.1 mg/L);

− Composition of aqueous solution of lead ions (2K-1) SSS 7012-93 (CPb = 0.05; 0.1; 0.15;
0.2 mg/L);

− Composition of aqueous solution of cadmium ions (1K-1) SSS 6690-93 (CCd = 0.0125;
0.025; 0.05; 0.1 mg/L).

State standard samples and calibration graphs are required in order to reliably deter-
mine the heavy metals content in bottom sediment samples.

Both sampling and analysis of toxicological samples were carried out in accordance
with the updated standards in the State System of Ecological Monitoring of Kazakhstan [60].

3. Results
3.1. Concentration of Heavy Metals in Bottom Sediment

Because of the importance of performing a modern assessment of the water body
ecosystem, this paper presents the results of a toxicological analysis of the heavy metal
concentrations measured in the bottom sediment of the Kapshagay Reservoir in com-
parison with other results and standards. The zinc concentration in the bottom sedi-
ment of the Kapshagay Reservoir water area reached up to 37.0 mg/kg, and lead up to
8.80 mg/kg, while copper and cadmium were found in lower concentrations, not even
reaching 1.0 mg/kg (Table 1).

Table 1. Heavy metal concentrations in bottom sediment of the Kapshagay Reservoir.

Metals
mg/kg

Zn Cu Pb Cd

amplitude 30.0–37.0 0.12–0.38 1.20–8.80 0.16–0.96
average 33.6 0.23 5.18 0.46

Comparing the Kapshagay Reservoir data of metal concentrations in the bottom sedi-
ment with the values provided in US studies by MacDonald D.D. et al., 2000 (Table 2) [61],
an excess of up to 3 times was typical for cadmium, and up to 1.1 times for zinc, but
the concentrations of copper and lead are considerably lower [62,63]. This result of the
anthropogenic load of water body ecosystems is quite acceptable for the water bodies of
Kazakhstan, because stricter regulations will guarantee that the water quality remains
within normative conditions.

Table 2. Comparison of measured heavy metal concentrations in reservoir bottom sediment with
standards from USA [61] (mg/kg).

Metals Content
Heavy Metals

Zn Cu Pb Cd

Kapshagay Reservoir bottom sediment 33.6 0.23 5.18 0.46

USA standards 30 21 10 0.16
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As mentioned above, pollution of bottom sediment in water bodies occurs with
sedimentation processes, both as a result of the migration activity of metals and as a
result of soil properties within the reservoir catchment area. When assessing the degree of
reservoir water area pollution on the basis of the concentrations of chemical elements in
the bottom sediment, in the absence of norms and the concept of “maximum permissible
concentrations” (MPC), background indicators, such as the Clarke values of the considered
metals in the lithosphere, can be used as a standard [64–67].

3.2. Assessment of the Bottom Sediment Pollution Level

Yu.Ye. Sayet et al. developed a total pollution index Zc to assess the pollution of
bottom sediment [68]. The calculation of the total indicator for metals concentration in the
bottom sediment was carried out according to the following Equations (1) and (2):

Kc =
Ci
Cb

(1)

Zc = ∑ Kc− (n− 1) (2)

where Kc is concentration factor; Ci is pollutant concentration; Cb is pollutant concentration
at the background point; n is the number of elements to be determined.

Background concentrations of pollutants are calculated in consideration of the in-
dicators of the considered metals in the lithosphere [64–69]. Table 3 shows that the con-
centrations of metals in the bottom sediment are an order of magnitude lower than their
background values, with the exception of cadmium, which depends on the adsorption ca-
pacity of mobile forms of this metal in neutral and weakly alkaline environments [46,47,62],
i.e., Greysems and meadow–boggy soils, which are characterized by high biological ac-
tivity. The metal concentration is also dependent on the acidity of the environment, with
increased solubility and incredased concentrations of metals in the bottom sediment oc-
curring with decreasing pH [63,64]. Low concentrations of zinc, copper and lead indicate
their low migration activity in the reservoir sediments and the low intensity of the leaching
processes [70].

Table 3. Calculation of the pollution level of the bottom sediment.

Parameters Zn Cu Pb Cd

Background [65] 83.0 47.0 16.0 0.13
Concentration 33.6 0.23 5.18 0.46

Kc 0.40 0.005 0.32 3.54

Zc 1.26

The assessment of the degree of contamination of the reservoir water area based on the
concentration of chemical elements in the bottom sediment showing a low level of Zc = 1.26,
which is characterized as “within the background limits”, and in terms of sanitary and
toxicological hazard considered to be acceptable (Tables 3 and 4).

3.3. Spatial Distribution and Migration Activity of Heavy Metals in Bottom Sediment

The spatial distribution and migration activity of heavy metals in the bottom sediment
of the Kapshagay Reservoir water area are shown in Figures 3–6. To visualize this process,
map models were prepared using the Surfer software product in the water–bottom sediment
system, which plays a significant role in the assessment of the ecological conditions of the
reservoir. In the created model maps, small tributary rivers for reservoir pollution were
also considered.
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Table 4. Indicative scale by pollution index Zc for water pollution assessment [69] with the help of
heavy metal concentrations in bottom sediment.

Pollution Level Zc Sanitary and Toxicological Danger Content of Toxic Elements in Water

Low 10 Acceptable Mostly within background limits

Middle 10–30 Moderate Many are higher relative to the background; some
occasionally reach MPC

High 30–100 Dangerous Many elements are above the background; some
exceed MPC

Very high 100–300 Very dangerous Many are many times higher than the background;
some consistently exceed MPC

Extremely high >300 Extremely dangerous Mostly many times higher than the background;
many consistently exceed the MPC

Figure 3 shows an increase in copper concentration from 0.36 to 0.38 mg/kg in the
bottom sediment at the mouths of Kaskelen and Turgen rivers and up to 4.4 and 4.7 µg/L
in the water in the upper reaches of the reservoir. The data in the Cu–water and Cu–bottom
sediment systems have a strong positive relationship, R2 = 0.85, which indicates a regression
of sediment pollution from water pollution by this metal.

The deposition of copper in the bottom sediment can be traced at the mouths of the
rivers, i.e., from the northern shore and near the dam part of the reservoir to the southern
shore, whereby a decrease in pollution activity of this metal is observed. The concentration
of this metal increases in the upper reaches of the reservoir to 4.7 µg/L, while in the
direction of the dam part, it gradually decreases to 0.6 µg/L, apparently already being
deposited in the bottom sediment, because sedimentation of the main mass of sediments
brought by the Ili River occurs as the water mass moves to the central and near-dam parts
of the reservoir.
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Zinc concentration varies from 30 to 37 mg/kg in the bottom sediment throughout
the whole reservoir water area, with deposition occurring in the area of the Turgen River
confluence (Figure 4). Zinc deposition in the bottom sediment is also high, reaching up to
34–35 mg/kg, respectively, in the runoff areas of the Kaskelen and Shengeldy rivers. In the
water of the reservoir, a high zinc concentration can be traced in the confluence zone of the
Kaskelen River and in the dam part. In the Zn–water and Zn–bottom sediment systems,
the regression has an inverse relationship R2 = −0.78.

Lead concentration of up to 8.8 mg/kg in the bottom sediment of the reservoir were
recorded in the central and dam zones, as well as on the coasts of the reservoir. It is assumed
that the debris cone of the Yesik, Turgen and Shengeldy rivers affects the sedimentation pro-
cesses for lead in the sediments (Figure 5). The accumulation of lead by the transboundary
runoff of the Ili River occurs close to the central and dam zone of the reservoir water area.
Increased lead concentrations in the reservoir water are observed in the areas of the rivers
inflow, moving from the upper reaches to the dam zone, gradually being deposited in the
bottom sediment. Such a lead distribution in water can also be observed at the mouths of
the Kaskelen and Yesik rivers.

As can be seen from Figure 6, the cadmium-contaminated water mass of the Ili River
runoff at concentrations of up to 6.4 µg/L moves from the upper reaches to the central part
of the reservoir, being deposited in the dam zone at concentrations of up to 0.5 mg/kg in
the bottom sediment, while in the confluence areas of Kaskelen River, the concentration
reaches up to 1.0 mg/kg, and for the Turgen River up to 0.6 mg/kg. Such a distribution and
deposition of cadmium indicates a significant level of anthropogenic load of the ecological
conditions of the Kapshagay Reservoir. As is widely known [2,3,5,7], cadmium is especially
toxic in high concentrations and in combination with other toxic metals, which in turn can
negatively affect aquatic organisms, thereby being the initial link in the trophic chain. In
the Cd–water and Cd–bottom sediment systems, the regression has a positive relationship
R2 = 0.51.

Consequently, the presented material provides a general picture of the heavy metal
distribution in the surface layer and bottom sediment of the reservoir water area, clearly
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showing the centers of their distribution. The obtained results indicate that both transbound-
ary inflow and small tributary rivers have a significant impact on the ecological conditions
of the reservoir, and making it possible to assess the water pollution in these watercourses.

3.4. Sources of Anthropogenic Pollution

In the data on the transboundary inflow of pollutants along the Ili River, significant
amounts of heavy metals are brought from the territory of China [54,71,72]. During the
period from 2001 to 2014, the total inflow of heavy metals amounted to 1220 tons of copper
and 1710 tons of zinc (Figure 7). Moreover, in the period 2001–2014, the actual inflow in
some years exceeded the allowable values for copper by more than 7 times, and for zinc, by
up to 10 times [54,71,73].
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Figure 7. The inflow of heavy metals according to the data from cross-section Dobyn [54].

According to the results of the analysis of the Kazakhstan State Enterprise “Kazhy-
dromet” materials, for the border cross-section of Dobyn for 2013, an increased level of
inflow was recorded during the spring flood—Cu (9.11 t); Zn (5.93 t); Pb (1.94 t); Cd
(0.07 t)—which remained in the summer season Cu (7.61 t); Zn (4.81 t); Pb (1.12 t); Cd
(0.09 t) (Figure 8).

The increase in the level of heavy metal inflow in the spring–summer period is due to
the increase in the water content of the river itself, which is caused by precipitation and
melting of glaciers.

The transboundary inflow of pollutants varies considerably by season. Throughout
the entire observation period, the maximum inflow of pollutants was recorded during the
spring–summer period, and the minimum during winter. The dynamics of changes in the
intra-annual regime of the Ili River in the border cross-section Dobyn was determined on
the basis of the volume of incoming pollutants, as a function of their concentration in the
river water.

Among Kazakh pollutant sources, the main reservoir pollutants come from the com-
munal services of settlements (Almaty city and the small towns of Yesik, Talgar, Kaskelen),
from agriculture (in particular, irrigated crop farming), and from enterprises belonging to
various industries. There are 1928 industrial enterprises in the region, of which 175 are
large- or medium-sized, 93.5% belong to the manufacturing industry, 0.5% to mining, and
6.0% represent the production and distribution of electricity, gas, and water. The leading
places in industrial production are occupied by food production (35%), pulp and paper
industry and publishing (9.4%), production of non-metallic mineral products (10.6%), and
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metallurgical industry and production of finished metal products (14.3%) [73,74]. Thus,
there is an inflow of heavy metals entering the reservoir water area during the spring
period, which is deposited in the bottom sediment.
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4. Discussion

An important natural factor in the spatial distribution of bottom sediment in water
bodies is sedimentation processes, which depend on several factors. These processes are
traced in the distribution of metals in the bottom sediment of the reservoir, which can
form various complexes or salts of metals, as well as their occurrence in the lithosphere
of the object under study. In acidic environment, microelements such as lead, cadmium,
copper, zinc, manganese, nickel, cobalt, iron, and chromium are the most mobile; in an
alkaline environments, the most mobile microelements include arsenic, selenium, uranium,
molybdenum; while those mobile in a wide range include lithium, rubidium, cesium,
fluorine, bromine, boron [21–24,75]. Besides the pH value, the mobility of metals also
depends on the granulometric and mineralogical composition of the mineral substrate and
the degree of its humus content. Light and slightly humus soils are usually depleted in
heavy metals compared to silt and organic matter, since the minerals found in clay and
humus have a greater absorption capacity [76,77]. In this regard, in the water–bottom
sediment system, the copper content in the water from the upper reaches (4.7 µg/L) to the
dam zone (1.6 µg/L) decreases, but in the bottom sediment, these values have a different
character, because from the upper reaches (0.16 mg/kg) to the dam zone, the concentration
of copper (0.36 mg/kg) increases, which is associated with a change in the granulometric
composition of the bottom sediment from a sandy to a silty and clayey composition. In the
process of migration and sedimentation, the mobility of copper in the aquatic environment
is explained by the nature of the precipitation of its compounds and the content of this metal
in the lithosphere (47.0 mg/kg) of the reservoir [64]. Lead and cadmium concentrations in
the aquatic ecosystem of the Kapshagay Reservoir show the same behavior as pollution
with copper, with high concentrations from the upper reaches to the dam zone in the
aquatic environment and the bottom sediment.

A different trend is observed for pollution of the water ecosystem of the reservoir
with zinc, whereby the polluted water mass (9.8 µg/L) increases towards the dam zone
(13.7–13.8 µg/L) before being deposited in the estuarine zone, with the pronounced clayey
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and muddy bottom of the tributary rivers Turgen and Kaskelen reaching concentrations
of up to 37.0 and 35.0 mg/kg, while at the dam zone they reach up to 33.0 mg/kg. High
values of zinc in the bottom sediment may depend on its content in the lithosphere c.f., [64],
which may reach up to 83.0 mg/kg.

We studied the mobile forms of metals in the aquatic ecosystem of the Kapshagay
Reservoir. However, determining the proportion of metals in the aquatic environment itself
and in bottom sediment, along with the proportion of secondary pollution is a difficult
task, both in theoretical and practical terms, since all processes are subject to various
factors, including weather conditions (wind, waves, rain). Nevertheless, other authors
(Wojtkowska; Kalembasa and Pakuła) have also successfully determined Zn, Cu, Pb and
Cd in the bottom sediment of Lake Czernyakovskoe, located within the borders of Warsaw
(Poland), as reported in [78–80]. The results of this study showed that in the bottom
sediment of Chernyakov Lake, fractions associated with both iron and manganese oxides
(for lead and zinc) as well as with organic substances (for copper), carbonate fractions (for
cadmium) predominate [81–84]. This confirms the need to monitor sediments not only in
Chernyakov Lake, but also their applicability to other water bodies, both in terms of total
concentrations and in terms of the determination of the forms of the metal compounds in
the bottom sediment. Similar studies have also been carried out by a number of scientists
considering the migration and forms of metals found in the bottom sediment [60,85–88].

Studies conducted to assess the pollution and environmental risk, analyze the spatial
variability of metal concentrations, and identify potential sources and factors in six reser-
voirs in Poland (Je’zewo, Jutrosin, Rydzyna, ’Sroda, Wrze’snia), revealed that pollution
with Cd; Cr; Cu; Ni; Pb mainly originates from geogenic sources, while Zn concentrations
originate from point sources associated with agriculture [88]. According to the results of
studies by Sojka and other authors (2003) [89], the metal concentrations are dependent on
the granulometric composition of the bottom sediment (sand, silt and clay) [2,15,16] and,
in turn, accumulate in the areas of river inflow and near the dam zone, thereby confirming
our results, which indicated that from the Ili River runoff, polluted by heavy metals, moves
from the upper reaches to the central part of the reservoir, depositing in the dam zone, as
indicated by the sandy bottom, as well as in the silted areas of the Kaskelen and Turgen
rivers inflow.

According to several authors [90,91], the decisive role in both the presence and the
concentration level of metal in bottom sediment and suspended solids is played by the pH
value, depending on oxidation-reduction conditions in the bottom sediment [62]. Changes
in these conditions in the bottom sediment lead to changes in the valence of metals and the
forms of occurrence for natural waters of any type, regardless of their chemical composition
or hydrological regime [92]. The concentration of metals is dependent on the acidity of
the environment, as a result of their increased solubility, with increased concentrations
of metals occurring in the bottom sediment with decreasing pH, and when entering the
aquatic environment, they hydrolyze and interact with other ions, while in the pH range
of waters (6.5–8.5), they are able to sparingly form soluble hydroxides, phosphates and
sulfides [63,64]. Therefore, the acidity of the environment affects the intra-aquatic processes
of complex formation and transformation of various forms of metals [93].

Low concentrations of zinc, copper and lead indicate their low migration activity
in the sediments of the Kapshagay Reservoir, as well as the intensity of the leaching
processes. During the study period, the magnitude of the active reaction of reservoir water
characterized the water as being slightly alkaline, with pH values ranging from 8.1 to 8.6.
pH presented low values in the reservoir zones that were subject to the influence of the
small tributary rivers and the Ili River runoff.

Another important factor is to determine the concentration of metals of primary and
secondary origin in bottom sediment, which is associated with the processes of redistribu-
tion of pollutants in bottom sediment, worsening the conditions for the existence of benthos
in the aquatic ecosystem and, accordingly, their balance [88].
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It is generally known that, along with the accumulation of heavy metals in bottom
sediment, various inorganic and organic substances (petroleum products, pesticides, etc.)
are deposited as a result of physical, chemical and biological processes that can easily be
subjected to decomposition processes. For example, up to 30% of oil products are absorbed
by bottom sediment, and up to 86% of metals [94]. When the accumulation of metals
reaches a high level, they become toxic [12,95].

Independently of the fact that the accumulation of metals in bottom sediment is
higher than in water, it is necessary to consider that these interactions between water
and sediments are still only poorly studied, and it is not known which part is more
mobile and accessible to hydrobionts [62,96–98]. Depending on the aquatic food chain,
some fish species accumulate heavy metals in soft and hard tissues [12,39,40,99], and
some in the gills as they absorb metals from the water, while others show a higher metal
concentration in the bowel compared to other organs following absorption of metals
from bottom sediment [100,101]. Unlike organic substances, heavy metals can only be
redistributed between the layers of water systems, and are found in various forms that
enter benthic organisms and, through trophic chains, into fish, then humans, accumulating
in bones and tissues, as follows: plants→hydrobionts→fish→humans [62,96,98,99]. For
this reason, heavy metals are among the pollutants that are considered very dangerous,
and which are receiving attention in different countries [101–103].

Thus, the study of the influence of physicochemical and biological factors necessary
for the selection and justification of measures to prevent adverse impacts on the ecosystem
of the Kapshagay Reservoir is closely related to the conditional systems between water–
bottom sediment and aquatic organisms. The data obtained by us regarding the levels of
heavy metal accumulation in the water and bottom sediment of the Kapshagay Reservoir
exceed the standards for copper, zinc, and lead for fishery reservoirs, and given the long-
term preservation of toxic substances in water and bottom sediment and their migration
along the trophic chain, they show that it is impossible to exclude the accumulation of
toxicants in fish in the future, which in turn plays an important role in providing the
population with environmentally friendly fish products.

5. Conclusions and Future Perspectives

Bottom sediment actively accumulates heavy metals. As a result, it can be both
a primary and a secondary pollution factor of the entire aquatic ecosystem, which is
associated with the process of redistributing pollutants in bottom sediment, as a result of
which the conditions for the existence of benthos in the aquatic ecosystem worsen. In the
bottom sediment of the Kapshagay Reservoir, high values were determined for zinc (up
to 37.0 mg/kg) and lead (up to 8.80 mg/kg). Copper and cadmium concentrations were
found to be at lower values, not even reaching 1.0 mg/kg. The assessment of the degree of
contamination of the water area of the reservoir showed a low level of Zc = 1.26, which can
be characterized as “within the background limits”, and with respect to the sanitary and
toxicological danger, it can be classified as acceptable.

High concentrations of metals were found in the bottom sediment at the mouths of
the Kaskelen and Turgen rivers, indicating the significant impact of anthropogenic load
on the ecological conditions of Kapshagay Reservoir. The obtained results also indicate
the nature of the water pollution of these watercourses, which allows the reservoir to be
contaminated with agricultural and domestic wastewater.

Anthropogenic load, to which the entire ecosystem of the reservoir is exposed, has
a very close relationship in the conditional systems between water–bottom sediment and
aquatic organisms. The long-term preservation of toxic substances in both water and,
especially, in the bottom sediment can be expected. Metal migration through the trophic
chain, and the accumulation of toxicants in fish cannot be excluded in the future, which
in turn plays an important role in the provision of the population with environmentally
friendly fish products.
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More studies on the migration processes of water–bottom sediment systems in water
bodies would make it possible to assess the role of bottom sediment in the self-purification
of aquatic ecosystems.

Climate change, causing both decreased runoff and low water level situations in
reservoirs and spring floods in combination with a high level of sediment input, has to be
considered in future research. What effects will these factors have regarding both input
situations and the sorption and desorption of metals in bottom sediment?

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122211474/s1.

Author Contributions: Conceptualization, T.C., C.O.; methodology, T.C., C.O., A.M. and L.I.; soft-
ware, A.M. and L.I.; validation, C.O., A.M. and L.I.; formal analysis, C.O. and L.I.; investigation,
A.M.; resources, A.M. and L.I.; data curation, T.C.; writing—original draft preparation, A.M., T.C.
and C.O., review and editing, C.O.; visualization, L.I. and A.M.; supervision, T.C., C.O. and A.M.;
project administration, A.M. and C.O.; funding acquisition, A.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was carried out in the framework of grant funding by the Committee of Science
of the Ministry of Science and Higher Education of the Republic of Kazakhstan No. AP09260361
“Geoecological monitoring of the deposit environment of Ile river delta and Ile-Balkash State
Natural Reserve”.

Institutional Review Board Statement: We did not use humans or living animals in the research
process. In this regard, our research is not subject to the requirements of the Helsinki Convention.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the Kazakh state support of the scientific and technical program
IRN No. AP09260361 “Geoecological monitoring of the deposit environment of Ile river delta and
Ile-Balkash State Natural Reserve” for project funding and the permanent support by the Institute of
Geography and Water Security, Ministry of Science and Higher Education, Almaty, Kazakhstan.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hahn, J.; Opp, C.; Evgrafova, A.; Groll, M.; Zitzer, N.; Laufenberg, G. Impact of dam draining on the mobility of heavy metals

and arsenic in water and basin bottom sediments of three studied dams in Germany. Sci. Total Environ. 2018, 640–641, 1072–1081.
[CrossRef]

2. Yilmaz, F. The Comparison of Heavy Metal Concentrations (Cd, Cu, Mn, Pb, and Zn) in Tissues of Three Economically Important
Fish (Anguilla anguilla, Mugil cephalus and Oreochromis niloticus) Inhabiting Kycegiz Lake-Mugla (Turkey). Turk. J. Sci. Technol.
2009, 4, 7–15.

3. Hardaway, C.J.; Sneddon, J.; Sneddon, E.J.; Kiran, B.; Lambert, B.J.; McCray, T.C.; Bowser, D.Q.; Douvris, C. Study of selected
metal concentrations in sediments by inductively coupled plasma-optical emission spectrometry from a metropolitan and more
pristine bayou in Southwest Louisiana, United States. Microchem. J. 2016, 127, 213–219. [CrossRef]

4. Abdel-Baki, A.S.; Dkhil, M.A.; Al-Quraishy, S. Bioaccumulation of some heavy metals in tilapia fish relevant to their concentration
in water and sediment of, Wadi Hanifah, Saudi Arabia. Afr. J. Bio. Technol. 2011, 10, 2541–2547.

5. Rendell, P.S.; Batley, G.E.; Cameron, A.J. Adsorption as a control of metal concentration in sediment extracts. Environ. Sci. Technol.
1980, 14, 314–318. [CrossRef]

6. Hart, B.T. Uptake of trace metals by sediments and suspended particles: A review. Hydrobiologia. 1982, 91, 299–313. [CrossRef]
7. Calmano, W.; Förstner, U. Chemical extraction of heavy metals in polluted river sediments in Central Europe. Sci. Total Environ.

1983, 28, 77–90. [CrossRef]
8. Sharipova, O.A. Distribution of heavy metals in bottom sediments of Lake Balkhash depending on natural and anthropogenic

factors. Bulletin. Tomsk State. Univ. 2015, 390, 225–230. [CrossRef]
9. Toppalidis, V.; Harris, A.; Hardaway, C.J.; Benipal, G.; Douvris, C. Investigation of selected metals in soil samples exposed to

agricultural and automobile activities in Macedonia, Greece using inductively coupled plasma-optical emission spectrometry.
Microchem. J. 2017, 130, 213–220. [CrossRef]

https://www.mdpi.com/article/10.3390/app122211474/s1
https://www.mdpi.com/article/10.3390/app122211474/s1
http://doi.org/10.1016/j.scitotenv.2018.05.295
http://doi.org/10.1016/j.microc.2016.02.016
http://doi.org/10.1021/es60163a002
http://doi.org/10.1007/BF02391947
http://doi.org/10.1016/S0048-9697(83)80009-6
http://doi.org/10.17223/15617793/390/37
http://doi.org/10.1016/j.microc.2016.09.004


Appl. Sci. 2022, 12, 11474 16 of 19

10. Benipal, G.; Harris, A.; Srirajatsayai, C.; Tate, A.; Topalis, V.; Eswani, Z.; Qureshi, M.; Hardaway, C.J.; Galiotos, J.; Douvris, C.
Examination of Al, As, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Sb, Se, V, and Zn in sediments collected around the downtown Houston,
Texas area, using inductively coupled plasma-optical emission spectroscopy. Microcgemical J. 2017, 130, 255–265. [CrossRef]

11. Yaqoob, A.A.; Parveen, T.; Umar, K.; Ibrahim, M.N.M. Role of nanomaterials in treatment of wastewater: A review. Water 2020,
12, 495. [CrossRef]

12. Mahmood, A.; Eqan, M.; Pervez, S.; Tabinda, A.B.; Yasar, A.; Brindhadevi, K.; Pugazhendhi, A. COVID-19 and frequent use of
hand sanitizers; human health and environmental hazards by exposure pathways. Sci. Total Environ. 2020, 742, 140561. [CrossRef]
[PubMed]

13. Ramos-Miras, J.J.; Roca-Perez, L.; Guzmán-Palomino, M.; Boluda, R.; Gil, C. Background levels and baseline values of available
heavy metals in Mediterranean greenhouse soils (Spain). J. Geochem. Exp. 2011, 110, 186–192. [CrossRef]

14. Petrosyan, V.; Pirumyan, G.; Perikhanyan, Y. Determination of heavy metal background concentration in bottom sediment and
risk assessment of sediment pollution by heavy metals in the Hrazdan River (Armenia). Appl. Water Sci. 2019, 9, 102. [CrossRef]

15. Beier, T.; Opp, C.; Hahn, J. Sink and source functions for metal(loid)s in sediments and soils oft wo water reservoirs of the Ore
Mountains, Saxony, Germany. Appl. Sci. 2022, 12, 6354. [CrossRef]

16. Sivalingam, P.; Al Salah, D.M.M.; Poté, J. Sediment Heavy Metal Contents, Ostracod Toxicity and Risk Assessment in Tropical
Freshwater Lakes, Tamil Nadu, India. Soil Sediment Contam. 2021, 30, 231–252. [CrossRef]

17. Hahn, J.; Bui, T.; Kessler, M.; Weber, C.J.; Beier, T.; Mildenberger, A.; Traub, M.; Opp, C. Catchment soil properties affect metal(oid)
enrichment in reservoir sediments of German low mountain regions. Appl. Sci. 2022, 12, 2277. [CrossRef]

18. Yin, H.; Gao, Y.; Fan, C. Distribution, sources and ecological risk assessment of heavy metals in surface sediments from Lake
Taihu, China. Environ. Res. Lett. 2011, 6, 044012. [CrossRef]

19. Ilyin, V.B.; Syso, A.I.; Baidina, N.L.; Konarbayeva, G.A.; Cherevko, A.S. Background amount of heavy metals in soils of the south
of western Siberia. Soil Sci. 2003, 5, 550–556. (In Russian)

20. Lalah, J.O.; Ochieng, E.Z.; Wandiga, S.O. Sources of heavy metal input into Winam Fulf, Kenya. Bull. Environ. Contam. Toxicol.
2008, 81, 277–284. [CrossRef]

21. Iqbal, J.; Saleem, M.; Shah, M.H. Spatial distribution, environmental assessment and source identification of metals content in
surface sediments of freshwater reservoir, Pakistan. Chem. Der Erde 2016, 76, 171–177. [CrossRef]

22. Varol, M. Assessment of heavy metal contamination in sediments of the Tigris River (Turkey) using pollution indices and
multivariate statistical techniques. J. Hazard. Mater. 2011, 195, 355–364. [CrossRef] [PubMed]

23. Jiang, X.; Wang, W.W.; Wang, S.H.; Zhang, B.; Hu, J.C. Initial identification of heavy metals contamination in Taihu Lake, a
eutrophic lake in China. J. Environ. Sci. 2012, 24, 1539–1548. [CrossRef]

24. Li, F.; Huang, J.; Zeng, G.; Yuan, X.; Li, X.; Liang, J.; Wang, X.; Tang, X.; Bai, B. Spatial risk assessment and sources identification of
heavy metals in surface sediments from the Dongting Lake, Middle China. J. Geochem. Explor. 2013, 132, 75–83. [CrossRef]

25. Abrahim, G.M.S.; Parker, R.J. Assessment of heavy metal enrichment factors and the degree of contamination in marine sediments
from Tamaki Estuary, Auckland, New Zealand. Environ. Monit. Assess. 2008, 136, 227–238. [CrossRef]

26. Loska, K.; Danuta, W. Application of principal component analysis for the estimation of source of heavy metal contamination in
surface sediments from the Rybnik Reservoir. Chemosphere 2003, 51, 723–733. [CrossRef]

27. Singh, K.P.; Malik, A.; Sinha, S.; Singh, V.K.; Murthy, R.C. Estimation of source of heavy metal contamination in sediments of
Gomti river (India) using principal component analysis. Water Air Soil Pollut. 2005, 166, 321–341. [CrossRef]

28. Islam, M.S.; Ahmed, M.K.; Habibullah-Al-Mamun, M.; Hoque, M.F. Preliminary assessment of heavy metal contamination in
surface sediments from a river in Bangladesh. Environ. Earth Sci. 2015, 73, 1837–1848. [CrossRef]

29. Baran, A.; Mierzwa-Hersztek, M.; Gondek, K.; Tarnawski, M.; Szara, M. The infuence of the quantity and quality of sediment
organic matter on the potential mobility and toxicity of trace elements in bottom sediment. Environ. Geochem. Health 2019, 41,
2893–2910. [CrossRef]

30. Dobrovolskiy, V.V. The role of humic acids in the formation of migration mass flows of heavy metals. Soil Sci. 2004, 1, 32–39.
(In Russian)

31. Bantan, R.A.; Al-Dubai, T.A.; Al-Zubieri, A.G. Geo-environmental assessment of heavy metals in the bottom sediments of the
Southern Corniche of Jeddah, Saudi Arabia. Mar. Pollut. Bull. 2020, 161 Pt A, 111721. [CrossRef]

32. Michalski, R.; Kostecki, M.; Kernert, J.; Pecyna, P. Time and spatial variability in concentrations of selected metals and their
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