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1. Introduction

1.1. Research problem

For many years, the attention of scientists has been focused 
on areas with minerals, arable areas (Kalashnikov et al., 
2023), or areas reclaimed after mining (Kuandykova et al., 
2023). Less attention has been paid to soil actively exposed 

to technogenic activities (Nardin and Nardina, 2021; 
Bugubaeva et al., 2023) and contamination (Nasiyev et al., 
2021, 2022a). In the 1920s, the scale of technogenic 
transformations of the biosphere enormously increased due 
to the development of technology (Dudal, 2005).
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Resumo

A acumulação de metais pesados no solo pode levar à deterioração da qualidade do solo, reduzir a fertilidade do solo e 
o rendimento das colheitas, ameaçando assim a saúde humana e animal. O conteúdo quantitativo de metais pesados, 
como chumbo (Pb), mercúrio (Hg), arsênio (As) e cádmio (Cd), foi determinado, e as concentrações de oligoelementos, 
como zinco (Zn), cobre (Cu), ferro (Fe) e manganês (Mn), foram calculadas para as terras consideradas contaminadas. 
O índice de risco ecológico potencial (IR) proposto por L. Hakanson foi utilizado no estudo de contaminação do solo 
por metais pesados. Como resultado, foi demonstrada a presença de oligoelementos e metais pesados nas áreas 
consideradas da região de Kostanay. Os valores de IR para todos os locais variaram de 137 a 447, correspondendo 
ao nível de classificação de risco ecológico de baixo a alto. O IR médio para As, Cd, Hg, Pb, Zn, Ni e Cu foi de 328, 
o que indica um alto risco ecológico. Os níveis detectados de As, Cd, Zn e Pb em áreas mineiras abandonadas há 
muito tempo estavam bem acima dos limites nacionais, indicando a necessidade iminente de investigar e avaliar 
exaustivamente a adequação da terra para posterior utilização agrícola. A disponibilidade de tais dados permitirá prever 
o desenvolvimento baseado em clusters de infraestruturas de processamento nas proximidades de terras agrícolas.
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Pb ranks second, and Cd ranks seventh (Fay and Mumtaz, 
1996; Flora et al., 2011).

The issue of heavy metal contamination is relevant 
for many countries (Yerezhepkyzy  et  al., 2017). The 
object of our study was Kazakhstan, where historically 
there has been a variety of industrial activities with an 
environmental impact (Makhmetova et al., 2023). Heavy 
metal contamination in Kazakhstan, being the ninth largest 
country in the world in terms of territory (Aytzhanova, 
2019), is caused primarily by a combination of natural 
factors and technogenic activities (Bekezhanov  et  al., 
2021). There are many hazardous areas (occupying 
more than 60 thousand ha) in Kazakhstan’s industrial 
zones that contaminate the soil. These are drilling wells, 
mining wastes, quarries, and dumps. Only the activities 
of non-ferrous metallurgy enterprises resulted in waste 
accumulation of over 22 billion t, including about 4 billion 
t of mining waste, over 1.1 billion t of enrichment toxic 
waste, and 105 million t of metallurgical processing waste 
(Republic of Kazakhstan, 2021).

While focusing on the contamination sources in the 
country, the issue of environmental contamination is most 
acute concerning the ash dumps of the Troitskaya regional 
power station and the tailings dumps of the Sokolovsko-
Sarbaisky mining and processing plant. Disposal, 
neutralization, burial, and transboundary transportation 
of wastes are among the most urgent problems in 
Kazakhstan. Toxic waste is still accumulated and stored 
in various tailings dumps, often without compliance 
with environmental standards and requirements 
(Baideldynov et al., 2019; Rzabay et al., 2018). As a result, 
soil and ground and surface waters (Malakhov et al., 2022) 
in many regions are subject to intensive contamination, 
including with heavy metals (Republic of Kazakhstan, 2021).

Reducing ecological risks is especially important for the 
development of agriculture (Nugmanov et al., 2022). Since 
agriculture occupies a significant sector in Kazakhstan’s 
economy, the development potential of this industry 
is closely related to minimizing the consequences of 
technogenic activities, contamination, and environmental 
risks. Heavy metal accumulation in soil can result in 
the deterioration of soil quality, reduce soil fertility and 
crop yields, and thus threaten human and animal health 
(Zang et al., 2017; Fei et al., 2020).

The purpose of the present study was to assess the 
potential ecological risk of heavy metal contamination 
of agricultural soils in the Kostanay region.

Soils from the Zhdanovskoye owner-operated farm in 
the Sokolovsko-Sarybaisky district of the Kostanay region 
were selected as the study object. Soil sampling was 
conducted, and materials were collected to analyze the 
content of heavy metals and trace elements, such as Pb, 
Hg, As, Cd, Zn, Cu, Fe, and Mn. Based on the data analysis, 
we concluded the presence of heavy metals and trace 
elements in the Kostanay region. It was determined that 
heavy metals are toxic even in very low concentrations. 
Thus, for the development of organic agriculture in the 
region, it is important to predict the potential risks of soil 
contamination. Finally, the main conclusions were drawn, 
limitations of the conducted study were determined, and 
further prospects were outlined.

According to the Sustainable Development Goals 
defined by the UN General Assembly in 2015 (UN, 2015), 
the goal of protecting and restoring terrestrial ecosystems 
and promoting their rational use in agriculture increases 
the importance of the research problem and outlines 
future research trends in this area, creating conditions 
for improving the level and quality of human life and 
improving the environmental situation and efficient 
use of natural resources (Bagratuni  et  al., 2023; 
Yessimbek et al., 2022).

Kazakhstan’s significant land resources (Mukhomedyarova 
et al., 2023) and a large number of state and owner-operated 
farms, pasture lands (Shayakhmetova et al., 2023), and 
agricultural enterprises confirm the relevance of the issue 
for the development of agriculture in the country within 
the concept of sustainable development of territories 
(Nuralina et al., 2023).

1.2. Literature review

Technogenic soils, i.e., soils created or significantly 
transformed by humans in industrial and urbanized 
areas, are among the most intensively studied soil groups 
(Kabała et al., 2020). The majority of the population lives 
in areas dominated by technogenic soils (Uzarowicz et al., 
2000). Such areas can pose a danger to human health, flora, 
and fauna (Kondratenko et al., 2022; Shayakhmetova et al., 
2023). Thus, they require special attention and monitoring 
(Warchulski  et  al., 2019; Sutkowska and Teper, 2015; 
Karczewska and Kabała, 2017; Józefowska et al., 2020).

The greatest concerns are caused by heavy metal 
contamination of soil (Bekezhanov et al., 2021; Li et al., 
2020), which explains the focus of our study. Technogenic 
soil contamination is caused by various heavy metals, 
especially copper (Cu), nickel (Ni), cadmium (Cd), zinc 
(Zn), chromium (Cr), and lead (Pb) (Hinojosa  et  al., 
2004). Heavy metals represent a group of elements 
with metallic properties that include transition metals, 
metalloids, lanthanides, and actinoids (Singh et al., 2011). 
Concentrations of cobalt (Co), Cu, iron (Fe), manganese 
(Mn), molybdenum (Mo), selenium (Se), and Zn trace 
elements are strictly regulated by interactions with 
binding proteins because they pose a potential risk to cell 
function (Theron et al., 2012). Arsenic (As), Cd, Pb, mercury 
(Hg), plutonium (Pu), tungsten (W), and vanadium (V) 
are non-essential heavy metals, which are potent toxins 
and penetrate tissue cells due to their physicochemical 
properties, such as ionic charge (Duce and Bush, 2010). 
Non-essential metals deserve special attention because they 
do not perform any essential function in living organisms, 
are highly toxic at low exposure levels, and are considered 
a major threat to life forms (Atobatele and Olutona, 2015). 
This is also confirmed by the environmental protection 
agencies, which indicate that As, Cd, Pb, and Hg are among 
the most toxic metals in the environment (Goyer, 2004). 
Moreover, the Agency for Toxic Substances and Disease 
Registry (ATSDR) lists more than 20 heavy metals with 
pronounced toxicity, among which four are of particular 
concern to human health: As, Pb, Cd, and Hg. Of these four 
elements, As is the most common cause of acute heavy 
metal poisoning and therefore ranks first in the ATSDR list; 
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2. Materials and Methods

2.1. Research area

The research object was the soil of the Zhdanovskoye 
owner-operated farm in the Sokolovsko-Sarybaisky district 
of the Kostanay region. Tests were conducted from May 
3 to May 17, 2021.

Contaminated and disturbed lands are widespread in 
industrial urban zones and mining and material processing 
sites. Mining of minerals using the open-pit method in 
large territories leads to the alienation of lands for non-
agricultural purposes, such as quarries, dumps, tailings 
dumps, and mine and domestic water accumulators.

In the Kostanay region, at the end of 2021, the total 
land area taken out from turnover due to contamination 
and land disturbance amounted to 37,773.6 ha, including 
about 27 thousand ha occupied by mining enterprises. 
Activities of seven large mining enterprises in the region are 
associated with land disturbance. These are the Aluminum 
of Kazakhstan JSC (Lisakovsk (Krasnooktyabrskoye Bauxite 
Ore Mining Plant Administration, KBRU) and Arkalyk (Torgai 
Bauxite Ore Mining Plant Administration, TBRU)), Kostanay 
Minerals JSC (Zhitikara), Varvarinskoye JSC (B. Mailin district), 
Sokolovsko-Sarbayskoye Mining and Processing Production 
Association (SSGPO) JSC (Rudnyi), Lisakovsky branch of 
the Orken LLP, and Komarovskoye Mining Enterprise LLP 
(Zhitikara) (Figure 1) (Republic of Kazakhstan, 2022).

The mining industry of the region is represented by large 
enterprises involved in iron ore extraction and production 
of iron ore pellets. These are the Sokolovsko-Sarbai Mining 

and Processing Production Association JSC (Rudniy) and 
the Lisakovskiy Mining and Processing Plant, which is 
the Lisakovskiy branch of the Orken LLP. Non-ferrous 
metallurgy enterprises include Aluminum of Kazakhstan 
KBRU JSC, Shaimerden JSC in the Kamystinsky district 
(Zn, Ni), Komarovskoye Mining Enterprise LLP (Zhitikara), 
Varvarinskoye JSC in the Taranovsky district (gold (Au), Cu), 
and others.

According to the Bureau of National Statistics of the 
Republic of Kazakhstan (2022), the number of stationary 
emission sources in the Kostanay region in 2021 amounted 
to 18,976 units (Table 1).

According to the Bureau of National Statistics of 
the Republic of Kazakhstan (2022), the total volume of 
emissions in 2021 amounted to 137.9 thousand t (Figure 2).

The largest mining enterprise in the Kostanay region, 
the Sokolovsko-Sarbayskoye Mining and Processing 
Production Association JSC, accounts for about 77% of 
the total industrial emissions. Due to the increase in 
production volumes in 2021 compared to 2020, the 
actual emissions of the enterprises increased. Thus, 
the Sokolovsko-Sarbayskoye Mining and Processing 
Production Association JSC increased emissions by 1%, 
Kostanay Minerals JSC – by 4%, and Kostanay Heat and 
Power Company (KTEK Municipal Utility Service) – by 
16%. In 2021, several enterprises in the region reduced 
the production volume and, accordingly, emissions into 
the environment. Thus, the Varvarinskoye JSC decreased 
emissions by 29% and the Lisakovskiy branch of the Orken 
LLP – by 13% (Republic of Kazakhstan, 2022).

Figure 1. Information on disturbed lands in Kostanay region for 2021, thousand ha. Source: Local Administration of the Kostanay region.

Table 1. The number of stationary emission sources for 2019-2021.

Year 2019 2020 2021

Stationary emission sources, units 17,462 17,929 18,976
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2.2. Sampling

Soil sampling was conducted in May 2021. A total of 
47 soil samples 500 g each were collected. The samples were 
taken from an area located more than 25-30 km away from 
the mining area and sites little affected by anthropogenic 
activities. The material was collected manually and then 
analyzed by Kazagraks JSC specialists.

The sampling of fruit and vegetable products and soil was 
conducted pointwise (Nasiyev et al., 2021; Makarova et al., 
2022). Potatoes from small and large farms were analyzed. 
The quantitative content of heavy metals, such as Pb, Hg, 
As, and Cd, and concentrations of the trace elements, such 
as Zn, Cu, Fe, and Mn, were considered ecological quality 
indicators of agricultural products in the contaminated 
areas. When assessing the trace element composition, the 
gross content of elements was analyzed. The maximum 
allowable concentrations (MAC) for As, Cd, Hg, and Pb 
were 0.2, 0.1, 0.03, and 0.5 mg/kg, respectively.

2.3. Data analysis

The method used to assess the potential ecological risk 
index (RI) was developed by Swedish scientist L. Hakanson 
(1980). According to this method, the potential ecological 
risk is calculated using  i

rE risk factors (Equations 1 to 3):

i
i S
f i

n

C
C
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where i
fC  is the contamination coefficient; i

SC  and i
nC  are 

the actual and background content of the i-th element in 
the soil. The toxicity coefficient i

rT  is presented in Table 2.
According to Hakanson, the following environmental 

risk rating was proposed depending on i
rE  values (Table 3).

3. Results

The results of the ecological assessment of the soil 
landscape in the industrial area of the Kostanay region 
are presented in Figure 3 and Table 4.

3.1. Assessment of soil landscape

Based on the results, the average soil pH was 7.19, which 
indicates that the soil environment was slightly alkaline. 
The average humus content was 3.77%. The average nitrogen 
(N) (total) content was 0.56%.

Our results showed that the exceedance of As 
concentration relative to the MAC was detected for all 
sampling sites. Sporadic concentration exceedance was 
noted for Hg, Zn, Ni, and Cu. The multiplicity of the 
exceedance over the MAC for As reached 4.6 times, for 
Hg – 2.2 times, for Zn – 2.5 times, for Ni – 1.4 times, and 
for Cu – 1.8 times.

3.2. Analysis of fruit and vegetable products

We found that all samples of fruit and vegetable products 
contained elevated Cd (Figures 4 and 5). The Cd content in 
potatoes differed in samples collected from small (0.18) 
and large (0.2) farms, exceeding MAC by 1.5-2.0 times.

Figure 2. Pollutant emissions from stationary sources in the 
Kostanay region for 2019-2021, thousand t. Source: Bureau of 
National Statistics of the Republic of Kazakhstan (2022).

Table 2. Toxicity coefficient of heavy metals (Xu et al., 2008; Guan et al., 2014).

Element As Cd Cr Cu Pb Ni Zn Hg

Magnitude 10 30 2 5 5 5 1 40

Table 3. Grading standards of potential environmental risk from heavy metals.

i
rE Individual potential ecological risk RI* Sum of individual potential ecological risks

i
rE ˂40 low potential ecological risk RI ˂150 low potential ecological risk

40≤ i
rE ˂80 moderate potential ecological risk 150≤  RI ˂300 moderate ecological risk

80≤  i
rE ˂160 considerable potential ecological risk 300≤  RI ˂600 considerable ecological risk

160≤  i
rE ˂320 high potential ecological risk RI ˃600 very high ecological risk

i
rE ˃320 very high ecological risk

*RI: index of potential environmental risk.
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Figure 3. Soil sample analysis results.

Figure 4. Analysis results of fruit and vegetable product samples from the Sokolovsko-Sarybaisky district.

Table 4. Content of total forms of heavy metals and metalloids in the soil, mg/kg.

Element
Content, mg/kg

Background content, mg/kg
Average Minimum Maximum

Ni 17.1 5.1 28.1 6.2

Cu 32.5 10.8 58.0 12.1

As 3.2 1.1 8.9 1.2

Hg 1.1 1.1 4.8 4.1

Cd 0.4 0.07 0.6 0.07

Pb 7.6 6.0 9.7 9.6

Zn 85.7 27.0 138.5 29.0

Figure 5. Content of trace elements in potatoes from small and large farms.
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Figure  5 shows that the content of trace elements 
from the Sokolovsko-Sarybai polymetallic ore deposit 
was disordered.

3.3. Assessment of potential risk of soil contamination with 
heavy metals

The assessment results of potential ecological risk 
factors ( i

rE ) and RI are presented in Table 5.

4. Discussion

When assessing the RI of heavy metal contamination, 
not only the content of heavy metals in the soil is 
considered but also the possible negative ecotoxicological 
consequences of contamination (Hakanson, 1980; Xu et al., 
2008). The sequence of potential ecological risk factors 
of heavy metals in the conducted study is as follows: 
Cd>Hg>Ni>As>Cu>Zn>Pb. The ecological risk factors 
by elements varied from 2 to 310, which indicates the 
ecological risk grading categories from low to very high. 
As, Zn, Cu, and Ni belong to the low category of ecological 
risk. The highest variation in values was observed for Cd and 
Hg. The ecological risk category of elements increased from 
moderate to high. The average RI for As, Cd, Hg, Pb, Zn, Ni, 
and Cu was 328, indicating generally high ecological risk.

The RI values for all sites ranged from 137 to 447, 
corresponding to an overall ecological risk level from low to 
high. The detected levels of As, Cd, Zn, and Pb in long-term 
abandoned mining sites were well above the national 
thresholds. Changes in Pb, Zn, and Cd content showed a 
very similar pattern. Vertical distribution profiles in each 
sampling zone showed different patterns. The heavy metal 
content near the tailings pond tended to increase significantly 
with increasing soil depth. The research findings indicate 
the impending need to comprehensively investigate and 
assess the suitability of the land for further agricultural 
use. The need for such investigations is consistent with the 

findings of Xiao et al. (2017). Xiao et al. (2017) show that 
agriculture and industry significantly influence heavy metal 
contamination of agricultural soils and plants, especially 
soils near cement and electroplating plants. The soil surface 
is a fertile place to store heavy metals from where they 
penetrate plants by absorption along with water through 
roots and further by the vascular system (Budovich, 2021). 
The problem is aggravated by the fact that Kazakhstan is 
dominated by areas with intensive agriculture. Intensive 
agricultural activities associated with the use of pesticides, 
herbicides, and fertilizers, some of which may contain heavy 
metals, over time can lead to the accumulation of these 
metals in the soil (Nokusheva et al., 2023).

Researchers emphasize the need to develop organic 
agriculture (Nasiyev et al., 2022b; Khoruzhy et al., 2023) 
based on the use of organic fertilizers (Bayazitova et al., 
2023; Nasiyev, 2013). Organic agriculture is a potentially 
more environmentally friendly alternative to conventional 
agricultural production and can play an important role in the 
sustainable development of ecosystems (Nokusheva et al., 
2023). New opportunities for the Kazakh market of organic 
products are opened up by the country’s participation in 
the integration processes taking place within the Eurasian 
Economic Union (EAEU) (Omarbakiyev et al., 2023).

Kazakhstan occupies 12.8% of agricultural production 
in EAEU. Over the past five years, the country has taken a 
leading position in the growth rate of cattle and poultry and 
the production of grain, sunflower seeds, vegetables, fruits, 
and berries (Liu, 2023). For further effective functioning 
and development of agriculture, it is important to consider 
ecological risks and take timely measures to mitigate them.

5. Conclusions

Our results showed that Pb, Cd, Hg, and As are toxic even 
in very low concentrations. The study showed the presence 
of trace elements and heavy metals in the territories of 
the Kostanay region.

Table 5. Assessment of potential risk of soil contamination with heavy metals.

Sample
i
rE

RI* Risk grading
As Cd Hg Pb Zn Ni Cu

S1 6.10 45.00 200.1 4.1 2.09 10.1 4.02 251 Moderate

S2 13.00 76.00 23.70 3.9 3.12 6.58 2.80 137 Low

S3 32.50 110.00 42.90 4.03 6.20 21.30 14.50 241 Moderate

S4 12.60 135.00 70.20 4.2 7.02 15.75 13.88 262 Moderate

S5 12.00 169.00 65.80 3.88 8.77 21.50 14.85 313 High

S6 13.10 201.00 89.96 3.55 11.10 22.66 15.55 358 High

S7 13.30 241.00 119.0 3.61 9.98 26.12 11.25 420 High

S8 13.20 254.00 128.5 3.34 9.36 26.75 10.03 452 High

S9 14.00 289.00 48.70 3.52 8.05 33.74 9.65 405 High

S10 14.70 310.00 50.1 4.01 6.58 32.65 9.01 447 High

Average 14.45 183.00 83.89 3.81 7.22 21.71 10.55 328.6 High

*RI: index of potential environmental risk.
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The study was limited to the soils of the Zhdanovskoye 
owner-operated farm in the Sokolovsko-Sarybay district.

Further research should be aimed at studying heavy 
metal contamination of soils in other mining areas of 
Kazakhstan. Solving the issue of heavy metal contamination 
in Kazakhstan requires a multifaceted approach. Effective 
regulation, monitoring, environmental remediation efforts, 
and public awareness are essential components of any 
strategy aimed at mitigating the adverse effects of heavy 
metal contamination.

The obtained results allow prediction of cluster-based 
development of processing infrastructures in the vicinity of 
agricultural lands. The results of the forecast will be transferred 
to the local public administration authorities for use when 
planning works to reduce ecological risks in the region.
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