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Abstract

Soil quality assessment plays a critical role in promoting sustainable land management, par-
ticularly in fragile steppe ecosystems. This study provides a comprehensive geoecological
evaluation of heavy metal contamination (Pb, Cd, Zn, Cu, Co, Ni, Fe, and Mn) in soils across
five districts of the Akmola region, Kazakhstan. The assessment incorporates multiple
integrated pollution indices, including the geochemical pollution index (Igeo), pollution co-
efficient (CF), ecological risk index (Er), pollution load index (PLI), and integrated pollution
index (Zc). Spatial analysis combined with multivariate statistical techniques (PCA and
clustering analysis) was used to identify pollutant distribution patterns and differentiate
areas by risk levels. The findings reveal generally low to moderate contamination, with
cadmium (Cd) posing the highest environmental risk due to its elevated toxic response
coefficient, despite its low concentration. The study also explores the connection between
current soil conditions and historical land-use changes, particularly those associated with
the Virgin Lands Campaign of the mid-20th century. The highest PLI values were recorded
in the Yesil and Atbasar districts (7.88 and 7.54, respectively), likely driven by intensive agri-
cultural activity and lithological factors. PCA and cluster analysis revealed distinct spatial
groupings, reflecting heterogeneity in both the sources and distribution of soil pollutants.

Keywords: heavy metals; soil; geochemical index; ecological risk index; cluster analysis; PLI

1. Introduction

Soil is a fundamental component Earth’s ecosystem and a key resource for food pro-
duction. Its extensive use in agriculture highlights the urgent need for effective protection
against pollution to support sustainable development [1,2]. In the context of global urban-
ization, intensive farming, and land overexploration, soil degradation has emerged as a
critical environmental challenge worldwide.

In 2015, the United Nations introduced the Sustainable Development Goals (SDGs),
consisting of 17 global targets designed to shift from exploitative practices toward sustain-
able solutions addressing issues such as inequality, poverty, and hunger [3,4]. Achieving
SDGs related to food security, health, water, and climate places growing pressure on
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land resources. Preventing land degradation requires an integrated approach, combining
sustainable land and water management with transformations in economic systems and
societal behavior [1].

Despite its essential role in ecosystems, agriculture, and societal development, soil
is increasingly affected by degradation, pollution, and acidification, threatening both
ecosystem stability and global food security [5-8]. Maintaining soil quality has become a
key priority for governmental institutions and the scientific community alike [5,6,9].

Previous studies have demonstrated that human activity significantly alters the spatial
distribution of heavy metals (HMs) in soils, which subsequently has a negative impact
on the sustainable state of ecosystems [10-12]. One notable example is the Virgin lands
Campaign in mid-20th century Kazakhstan, in particular in the Akmola region: the in-
troduction of intensive agricultural practices, plowing of large areas, and long-term use
of fertilizers led to soil degradation, the loss of humus, compaction of the structure, and
changes in acidity.

Since 1954, after the dissolution of the Akmola region and its transfer to regional
subordination, a large-scale campaign to develop virgin and fallow lands began in the
territory. Despite the high rates of economic activity, these transformations led to significant
changes in the natural resource potential of steppe ecosystems, increasing the vulnerability
of the region to soil degradation processes [13].

Regular use of chemical fertilizers during the development of virgin lands not only
increases the content of heavy metals in soils but also changes their bioavailability [14-17].
During the urbanization of territories, changes in land use are observed, which lead to
an increase in the proportion of impermeable coatings, which affects the migration of
heavy metals in soils and their distribution in ecosystems [18]. Heavy metals such as lead,
cadmium, zinc, and copper can enter the human body through the food chain, which poses
a health hazard to both humans and animals [19,20].

Recent studies in Kazakhstan show significant ecological and geochemical risks due
to heavy metal (HM) pollution. Zhyrgalova et al. (2024) reported high levels of HM con-
tamination in the Kostanay region, with ecological risk index (RI) values as 447, primarily
driven by As, Cd, Pb, and Zn. This corresponds to a “high ecological risk” category [21].

The study by Faurat et al. (2025) considered snow cover in the Pavlodar region
as a bioindicator of pollution: the ecological risk index of snow (ERI) has reached 192,
and the levels of Zn, Cr, Pb, Cd, Mn, and Mo have exceeded the standards, especially
in the industrial and residential areas of the city. These results confirm the presence of
spatial heterogeneity of HM pollution across the territory of Kazakhstan, with the highest
concentrations in areas of intense anthropogenic load. They highlight the need to apply
integrated monitoring and risk assessment methods such as Igeo, Cf, Er, and RI, which is
consistent with the methodological model of this study [22].

Despite Kazakhstan's vast steppe ecosystems and historically low population density,
increasing industrial activity and urbanization have contributed to soil contamination by
heavy metals. Recent studies highlight regional hotspots of pollution and underline the
growing environmental and public health risks posed by these contaminants.

A national soil monitoring campaign between 2010 and 2018 identified elevated
concentrations of Pb, Cd, Cu, Zn, and Cr in urban areas, particularly in Balkhash, Ust-
Kamenogorsk, Ridder, and Shymkent. The mean values for Pb and Cd in these regions
exceeded geoaccumulation thresholds, suggesting significant anthropogenic input and
elevated ecological risk. Moreover, the probabilistic risk assessment showed that both
adults and children are potentially exposed to hazardous levels of carcinogenic metals [23].

A broader transect-based survey of potentially toxic elements (PTEs) across Kaza-
khstan’s highway corridors revealed variable distributions of As, Cd, Co, Mn, and Ni.
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The study found that soil organic carbon and parent material strongly influence the con-
centration of metals. Arsenic levels were notably elevated in multiple regions, raising
environmental concerns. Although Pb levels were not consistently high, Cd, Mn, and Ni
reached or exceeded critical thresholds in several locations [24].

Efforts toward ecological restoration have also been reported in industrially disturbed
sites, such as the Kokdzhon phosphate mining area in southern Kazakhstan. Restoration
experiments using human-transported materials and native vegetation showed low short-
term engraftment success, indicating poor soil conditions and the need for long-term
bioremediation approaches [25].

These findings collectively underscore the need for sustained monitoring, regu-
latory oversight, and the development of region-specific soil remediation strategies
across Kazakhstan.

Assessing the quality of soil and the geochemical characteristics of heavy metals in
agricultural lands is an important step in the analysis of environmental risks and the
development of effective soil resource management methods [26].

This study analyzes the geochemical characteristics of heavy metals in soils of the
Akmola region (Atbasar, Egindykol, Ereymentau, Yesil, and Akkol districts) in order to
conduct an ecological and geochemical assessment of the steppe ecosystems of the region.
The concentrations of eight heavy metals in soils, which are indicators for assessing the
environmental risk on agricultural lands, were studied. The environmental risk of soil
pollution is assessed taking into account international and Kazakhstani environmental
quality standards for soils. The results of the study are aimed at improving land-use
methods and optimizing agricultural production planning, which will help ensure the
safety of agricultural products while minimizing environmental risks. The purpose of this
study is to conduct an ecological and geochemical assessment of the steppe ecosystems of
the Akmola region with an emphasis on the geochemical characteristics of heavy metals in
soils, which will help assess the degree of pollution of agricultural lands and identify the
environmental risk to the environment. The main focus is on studying the concentration of
heavy metals in the upper soil layer to assess their impact on the regional ecosystem, which
will allow for the formation of well-founded recommendations for sustainable development
of land resources and minimization of environmental impact in agriculture.

2. Materials and Methods
2.1. Characteristics of the Districts

The study was conducted in five administrative districts of the Akmola region: Atbasar,
Akkol, Egindykol, Ereymentau, and Yesil. These districts were selected due to their high
agricultural relevance and diverse ecological settings. The locations of the sampled areas
are shown in Figure 1, with each district clearly delineated on the updated regional map.

The Akmola region is located in north-central Kazakhstan, covering an area of
146,200 km?. It forms part of the Kazakh Uplands (Saryarka) and the Tengiz Depres-
sion, characterized by undulating hills, low mountains, and extensive plains. The region
includes 17 administrative districts, the cities of Kokshetau and Stepnogorsk, and the
capital city, Astana [27,28].

The total land fund comprises 146,122 km?, with approximately 74% (107,840 km?)
allocated for agricultural use [29]. The selected districts encompass a variety of land-use
types: arable lands, natural pastures, hayfields, and fallow plots.

The climate of the Akmola region is sharply continental, characterized by cold winters
and hot summers. The average temperature in January is approximately —11.9 °C, while
in July it reaches around +20.1 °C. The region receives annual precipitation ranging from
400 to 500 mm, and snow cover persists for up to 150 days per year.



Sustainability 2025, 17, 6576

40f19

Soil types in the selected districts include chernozems, dark chestnut, carbonate,

solonetzic, and meadow soils [30,31].
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Figure 1. Location of the study area within Kazakhstan. The map shows the administrative bound-
aries of the Republic of Kazakhstan (A) and highlights the selected districts of the Akmola region (B)
(Atbasar, Akkol, Egindykol, Ereymentau, and Yesil) in blue (source: compiled by the authors based
on official administrative boundaries).

2.2. Methods
2.2.1. Collection and Preparation of Soil Samples

Fieldwork was conducted in five administrative districts of the Akmola region: At-
basar, Egindykol, Ereymentau, Yesil, and Akkol. A total of 60 composite soil samples were
collected, evenly distributed across the study area. Sampling was performed in accordance
with ISO 10381-4:2003, using a stratified sampling strategy that considered topographic
variability and land-use patterns. The sampling depth was 0-20 cm for arable soils and
0-10 cm for virgin soils, and multilayered sampling was conducted horizon by horizon
where applicable. Composite samples were formed from multiple subsamples, air-dried
at room temperature, sieved through a 2 mm mesh, and stored in sealed containers prior
to analysis.

2.2.2. Determination of Heavy Metal Concentrations

The total concentrations of heavy metals (Pb, Cd, Zn, Cu, Co, Ni, Fe, and Mn) were
determined by acid digestion using a mixture of HNO3, HF, and HCIOy, following the na-
tional PND F 16.1:2.3:3.11-98 [32]. The analytical procedure adhered to ISO 11047:1998 [33]
for the determination of trace elements in soils. Analyses were performed using atomic
absorption spectrometry (AAS) on an Analyst 400 instrument (PerkinElmer, Waltham, MA,
USA). Quality control included certified reference materials, repeated measurements, blank
samples, and calibration curves with correlation coefficients R? > 0.995. Detection limits
ranged from 0.001 to 0.01 mg/kg depending on the element.
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2.3. Data Processing

This section describes the statistical and index-based approaches applied to evaluate
HM contamination and ecological risk in soils. All HM concentrations are reported on a
dry weight basis, ensuring comparability by excluding moisture-related variability.

2.3.1. Background Values and Environmental Risk Indices

Background concentrations of heavy metals were estimated using a statistical ap-
proach based on the methodology proposed by Hakanson (1980) [34]. Median values
were calculated from the dataset, and outliers were excluded based on the interquartile
range (IQR) method. These values served as the baseline for calculating geochemical and
ecological indices, including the geoaccumulation index (Igeo), contamination factor (CF),
ecological risk index (Er), comprehensive ecological risk index (RI), and the pollution
index (Zc).

Background concentrations of heavy metals were determined by a statistical method
based on empirical data for each region. The calculation of background concentrations
was performed:

B,=x+0 @)

where ¥ is the average content of the element in the soil (mg/kg), and ¢ is the standard

deviation of the sample [34].

2.3.2. Contamination and Risk Indices

The geochemical pollution index (Igeo) assesses the degree of anthropogenic impact
relative to natural background levels:

C
Ig0 =log>75 .an @)

where C;, is the concentration of the substance in the soil (mg/kg); B, is the background
value of the element; and the constant 1.5 is a correction factor to account for possible
variations in background data [35].
The pollution factor (CF) quantifies the extent of contamination:
Cn
CF=— 3
o )
The ecological risk index (Er) evaluates potential ecological risk based on contamina-

tion and toxicity:
C
E, =T,- Bi;l (4)
where T, — the toxic response factor (e.g., Cd =30, Pb =5, Cu =5, and Zn = 1) [34].

The pollution load index (PLI) is:

PLI = {/CF;-CF,-...-CF, (5)

where n—the number of elements analyzed [34—40].
The integral pollution index, Zc, shows the total excess of background concentrations
of all analyzed elements [41]:

Ze =) (CF; —1) (6)

2.3.3. Diagrams

Data visualization and statistical analysis were performed using the Python program-
ming language (v3.10). Comparative diagrams, heatmaps, and principal component analy-
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sis (PCA) plots were generated using the libraries Matplotlib (v3.7.1), Seaborn (v0.12.2),
Pandas (v1.5.3), NumPy (v1.24.2), and scikit-learn (v1.2.2). Raw data were pre-processed
and organized into structured tables to facilitate visualization and statistical interpretation.
PCA was applied to identify spatial patterns in heavy metal concentrations and to group
the study districts based on similarity in geochemical profiles.

Support and the interpretation of PCA and clustering results were partially assisted
by ChatGPT (OpenAl, GPT-4, 2025), which was used for refining data descriptions, summa-
rizing trends, and drafting manuscript preparation. However, all computational analysis
and figure generation were performed using reproducible Python scripts.

2.3.4. Maps

Geospatial analysis was conducted in ArcGIS 10.8 and georeferenced using WGS 84,
UTM Zone 42N. Thematic features (soils, agroclimatic zones, and vegetation) were digitized
with attribute tables. Elevation data from SRTM supported relief modeling. The NDVI
and productivity indices were used to assess land productivity using Landsat images.
Maps of virgin land development were created based on historical and current data with
visualization of changes in Layout View. The final materials were exported in PDF and
JPEG formats (scale 1:1,000,000). The methods used make it possible to identify spatial
patterns of soil cover changes and monitor land degradation and restoration processes.

3. Results

The historical transformation of land use shown in Figure 2 provides critical insight
into the agroecological changes that have shaped soil conditions in the Akmola region. The
Virgin Lands Campaign (1954-1961) was a large-scale Soviet agricultural project that led to
the plowing of vast steppe areas, including natural pastures and hayfields, primarily on
fertile chernozem and chestnut soils.

This transformation had several long-term consequences for soil quality and pollution.

Loss of soil structure and organic matter: The rapid conversion of natural grasslands
into croplands disrupted native soil horizons and led to a decline in humus content, which
plays a key role in buffering heavy metals.

Increased agrochemical input: The newly cultivated lands were intensively managed
using mineral fertilizers, pesticides, and mechanization, which, over decades, contributed
to the accumulation of heavy metals (HMs) such as cadmium (Cd), lead (Pb), and zinc (Zn).

Geographical correlation with HM indices: Many of the zones highlighted in Figure 2
as having been brought under cultivation during the campaign (e.g., Atbasar, Yesil, and
Ereymentau districts) coincided with areas that demonstrated elevated values of CF, PLI,
and Rl in this study. This suggests a direct link between historical land conversion and
current geochemical burdens.

Soil type vulnerability: Chernozem and chestnut soils, while agriculturally productive,
are known to retain certain heavy metals in the topsoil, especially when organic matter is
depleted, and their buffering capacity reduced.

Thus, Figure 2 is essential for contextualizing the spatial patterns of soil pollution ob-
served in this study. It supports the hypothesis that historical land-use intensity, particularly
during the mid-20th century, played a major role in shaping current HM contamination
levels. This also underscores the importance of considering legacy agricultural practices
when designing modern strategies for sustainable land and soil management.
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Figure 2. Map of Virgin Lands development in the Akmola region.

The map illustrates the spatial extent of arable land prior to 1953 and areas cultivated
between 1954 and 1961 during the Virgin Lands Campaign. Pastures and hayfields are
shown in green, with the soil types indicated (1—common and southern chernozems; 2—
dark chestnut and chestnut soils). These land-use transformations contributed to long-term
changes in soil properties and set the foundation for heavy metal accumulation observed
in the study area.

Heavy metals (Pb, Cd, Zn, Cu, Co, Ni, Fe, and Mn) were analyzed in the soils of five
administrative districts: Atbasar, Akkol, Egindikol, Ereymentau, and Yesil.

Table 1 presents descriptive statistics and calculated ecological indices, including
the average concentration, standard deviation, coefficient of variation (CV), background
concentration, geoaccumulation index (Igeo), environmental risk factor (Er), contamination
factor (CF), pollution load index (PLI), and integrated pollution index (Zc) [36-39].
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Table 1. Geochemical and ecological parameters of heavy metal content in soils by districts of the
Akmola region.

Average Concentration Background Concentration

Elements (mg/kg) CV (%) X+ 0) T, Igeo Er CF PLI Zc
Atbasar (southern carbonate chernozem)
Pb 0.012 4+ 0.002 12.6 0.014 5 0.074 4.449 0.890
Cd 0.002 4 0.001 33.6 0.003 30 0.011 23.077 0.769
Zn 0.008 + 0.002 26.8 0.010 1 0.022 0.788 0.788
Cu 0.010 4 0.002 23.5 0.013 5 0.033 4.048 0.810 7 546 1384
Co 0.095 4+ 0.013 13.4 0.108 5 0.070 4410 0.882 ’ :
Ni 0.371 + 0.073 19.6 0.444 5 0.047 4.180 0.836
Fe 8.070 +2.781 34.5 10.851 - —0.004 - 0.744
Mn 0.370 4+ 0.042 11.4 0.412 1 0.078 0.898 0.898
Egindykol (dark chestnut carbonate)
Pb 0.036 + 0.050 141.2 0.086 5 —0.257 2.073 0.415
Cd 0.001 4 0.000 9 0.001 30 0.087 27.500 0917
Zn 0.008 4+ 0.003 34 0.011 1 0.001 0.752 0.752
Cu 0.005 4 0.000 7.4 0.006 5 0.092 4.636 0.927 5151 1744
Co 0.130 4+ 0.015 11.8 0.145 5 0.077 4.474 0.895 : ’
Ni 0.349 4+ 0.152 43.6 0.501 5 —0.032 3.483 0.697
Fe 13.900 £ 1.435 10.3 15.335 - 0.082 - 0.906
Mn 2.014 4+ 0.682 33.8 2.696 1 —0.002 0.747 0.747
Ereymentau (dark chestnut solonetzic)
Pb 0.108 +0.175 162.6 0.282 5 —0.294 1.904 0.381
Cd 0.002 4 0.001 459 0.004 30 —0.039 20.571 0.686
Zn 0.007 4+ 0.002 33.9 0.010 1 —0.002 0.747 0.747
Cu 0.002 + 0.002 76 0.004 5 —0.130 2.778 0.556 4937 2970
Co 0.074 + 0.013 17.7 0.087 5 0.054 4.251 0.850 : ’
Ni 0.369 + 0.073 19.7 0.441 5 0.047 4.177 0.835
Fe 11.875 £ 1.727 14.5 13.602 - 0.066 - 0.873
Mn 1.088 + 0.270 24.8 1.357 1 0.029 0.801 0.801
Yesil (southern carbonate chernozem, dark chestnut carbonate)
Pb 0.011 4+ 0.002 16.2 0.013 5 0.058 4.286 0.857
Cd 0.001 4 0.000 0 0.001 30 0.125 30.000 1.000
Zn 0.021 4+ 0.018 89.4 0.039 1 —0.152 0.528 0.528
Cu 0.007 4+ 0.002 29.3 0.009 5 0.013 3.864 0.773 788 1442
Co 0.094 +0.013 13.5 0.107 5 0.070 4.409 0.882 : ’
Ni 0.460 + 0.066 14.3 0.526 5 0.067 4.374 0.875
Fe 9.000 =+ 2.528 28 11.528 - 0.017 - 0.781
Mn 0.475 4+ 0.076 15.9 0.551 1 0.061 0.863 0.863
Akkol (southern solonetzic chernozem)
Pb 0.021 4+ 0.005 225 0.026 5 0.036 4.077 0.815
Cd 0.002 + 0.001 42.6 0.003 30 —0.018 21.563 0.719
Zn 0.005 £+ 0.001 16.3 0.006 1 0.060 0.862 0.862
Cu 0.004 + 0.002 54 0.006 5 —0.065 3.226 0.645 7004 _1.359
Co 0.101 £+ 0.010 10.2 0.112 5 0.083 4.539 0.908 ’ :
Ni 0.440 4+ 0.022 49 0.462 5 0.104 4.766 0.953
Fe 11.800 + 1.089 9.2 12.889 - 0.087 - 0.915
Mn 1.700 £ 0.365 215 2.065 1 0.040 0.823 0.823

These indicators were selected to provide a multidimensional assessment of soil
contamination. While Igeo characterizes the extent of anthropogenic enrichment relative to
natural background levels, CF quantifies local contamination intensity. Er incorporates the
toxic potential of each metal. PLI and Zc help identify zones with elevated overall pollution
pressure. Together, these metrics allow for a nuanced interpretation of spatial differences
and inform soil quality status in the context of sustainable land management.

3.1. Pollution Load Index (PLI) Distribution

Figure 3 presents a comparative diagram of the pollution load index (PLI) values
across the five studied districts of the Akmola region. This index serves as an integrated
measure of overall soil pollution with heavy metals. According to Hakanson’s classification,
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PLI values greater than 1 indicate contamination levels that exceed natural background
values [34].

Comparg_tive diagram of the Pollution Load Index (PLI) by districts of Akmola Region
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Figure 3. Comparative diagram of the pollution load index (PLI) across districts of the Akmola region.

The highest PLI value was recorded in the Yesil district (7.880), followed by Atbasar
(7.546) and Akkol (7.224). The Egindikol and Ereymentau districts exhibited lower PLI
values of 5.151 and 4.937, respectively. All five districts demonstrated PLI values above 1,
confirming heavy metal pollution relative to the background.

3.2. Ecological Risk and Geochemical Indices

Cadmium (Cd) in the Yesil district showed the highest ecological risk index
(Er = 30.000), despite its relatively low concentration, due to its high toxic response fac-
tor. As shown in Table 2, the median Igeo values for all metals fell within the range of
—0.152 to 0.125, which, according to Hakanson's scale, corresponds to the classification of
“unpolluted” to “slightly polluted” soils.

Table 2. Median values of geochemical and ecological indices (Igeo, Er, CF, PLI, and Zc) for heavy
metals in the soils of the Akmola region.

Median Value
Elements Average Concentration of All Elements, mg/kg Igeo Er CF PLI Zc
Pb 0.017 £ 0.038 0.047 4181 0.836
Cd 0.002 £ 0.001 0.005 22.788 0.760
/n 0.008 £ 0.006 0.012 0.770 0.770
Cu 0.006 £+ 0.003 0.023 3.956 0.791
Co 0.095 + 0.020 0070 4410 o0s82 /315 —1438
Ni 0.399 4 0.046 0.047 4179 0.836
Fe 10.400 + 2.694 0.042 - 0.827
Mn 0.781 £ 0.711 0.040 0.822 0.822

Contamination factors (CFs) for all elements were below 1, indicating minimal an-
thropogenic enrichment. Additionally, the integrated pollution index (Zc) yielded nega-
tive values across all districts, suggesting no significant cumulative pollution relative to
background concentrations. Note that negative values of Igeo and Zc in Table 1 reflect
concentrations below background levels and should not be confused with typographical
hyphens. These are valid outcomes of the log-transformed or differential-based index
formulas used for environmental assessment.
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3.3. Correlation Analysis

Correlation analysis, visualized in the heatmap (Figure 4), revealed both positive
and negative associations among heavy metals. A strong negative correlation was found
between Pb and Cu (r = —0.77) and between Cd and Co (r = -0.66). Additionally, a strong
negative correlation was also found between Mn and Cu (r = —0.66), which may reflect
contrasting geochemical behaviors or competitive retention in soil minerals. In contrast, Co
and Mn exhibited a moderate positive correlation (r = 0.67).

Heatmap of Element Correlations Across Districts
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Figure 4. Heatmap of correlation coefficients between heavy metal concentrations in soil.

3.4. Cluster and Principal Component Analysis

Figure 5 displays (a) a dendrogram based on hierarchical clustering and (b) principal
component analysis (PCA) followed by K-means clustering. These analyzes classified the
five districts into clusters based on similarities in heavy metal concentrations. Yesil is now
represented as a single unified district.

PCA with K-Means Clustering: Districts by Heavy Metal Profile

Dendrogram: Hierarchical Clustering of Districts by Heavy Metal Content Egindykol % Cluster 0
6 % Cluster 1
2 X Cluster 2
5
1
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Figure 5. Dendrogram (a) and PCA with K-Means clustering (b) of districts by heavy metal content.
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3.5. Integrated Pollution Profiles

Radar diagrams in Figure 6 display normalized median values for the Igeo, CF, and
Er indices across all elements and districts. These profiles help visualize multi-metal
contamination trends and identify districts with elevated ecological risks.

Radar Chart of Normalized Median Indices by Element

Co

Figure 6. Radar diagram of median pollution indices (Igeo, CF, and Er) for heavy metals in soils of
the Akmola region.

Overall, the study revealed that although all districts exhibit pollution exceeding
background levels (PLI > 1), the magnitude and composition of contamination vary. The
Yesil, Atbasar, and Akkol districts show the highest cumulative burden, driven in part by
cadmium, which consistently displayed the highest ecological risk. The use of multiple
indicators—such as PLI, Igeo, Er, and CF—provided a multidimensional view of contami-
nation levels and sources, facilitating robust ecological interpretation. These findings offer
a basis for prioritizing remediation or monitoring strategies across different districts in line
with sustainable land management goals.

4. Discussion
4.1. Interpretation of Pollution Indices

To assess the ecological and geochemical state of soils in the Akmola region, sev-
eral standardized indices were employed. These indicators are widely used to quantify
contamination levels, potential risks, and anthropogenic impacts on the environment:

The geoaccumulation index (Igeo), proposed by Miiller (1979), classifies soil pollution
based on the deviation from natural background concentrations. It includes the following
categories: <0 (unpolluted), 0-1 (slightly polluted), 1-2 (moderately polluted), 2-3 (heavily
polluted), 34 (very heavily polluted), and >5 (extremely polluted) [35].

The ecological risk index (Er), introduced by Hakanson (1980), estimates the po-
tential environmental impact of heavy metals, factoring both concentration and toxicity.
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Values < 40 indicate low risk, 40-80 medium, 80-160 significant, and >160 high ecological
risk [34].

The contamination factor (CF) describes the degree of contamination relative to back-
ground levels. A CF < 1 suggests low contamination, 1-3 moderate, 3-6 significant, and >6
very high pollution [40].

The pollution load index (PLI) is an integrated indicator summarizing overall soil
contamination. A value of PLI = 1 reflects baseline levels, PLI < 1 indicates clean soil, and
PLI > 1 denotes contaminated conditions [38].

The integrated pollution index (Zc) reflects the total pollution load in a region.
Values < 16 suggest permissible pollution, 16-32 moderate pollution, and >32 indicate
hazardous levels [41].

The pollution load index (PLI) values indicated that soils in all districts experienced
pollution above background levels, with the highest levels recorded in the Yesil, Atbasar,
and Akkol districts. These values reflect a significant technogenic impact, which may be
associated with intensive land use, fertilizer application, or proximity to transportation
infrastructure. These regions were heavily involved in agricultural expansion during the
Virgin Lands Campaign, supporting the hypothesis that historical land use significantly
contributed to heavy metal (HM) accumulation [34].

The high PLI values observed in the Atbasar and Yesil districts suggest the influence of
similar pollution factors, both natural and anthropogenic. This may be linked to intensive
agricultural activities and the natural geochemical background enriched with elements
such as Ni, Cu, and Zn [42,43].

The Akkol district demonstrated an average PLI value of 7.224, indicating a moderate
pollution level. Elevated concentrations of Co and Mn may reflect the natural geochemical
heterogeneity of the parent rock or the influence of agrochemical inputs. Although the PLI
value exceeds the threshold, it does so to a relatively lesser extent. Lower concentrations of
Cu and Pb in this district may be explained by reduced anthropogenic pressure or specific
features of the soil profile (Table 2) [44].

4.2. Spatial Patterns of Heavy Metal Contamination

Ecological and geochemical assessment of the steppe soils in the Akmola region
reveals spatial differences in pollution patterns and ecological risks from heavy metal
(HM) contamination.

The analysis of HM content (Pb, Cd, Zn, Cu, Co, Ni, Fe, and Mn) showed that overall
contamination levels are relatively low. According to the median values of the geochemical
pollution index (Igeo), pollution levels fall within the range of <0 to 0.07, indicating a status
of “unpolluted” to “slightly polluted” (Table 3). This classification is based on Miiller’s
scale for Igeo values [35].

Table 3. Classification of the degree of soil pollution according to the geochemical pollution index
(Igeo) [35,39].

Igeo Value Pollution Rating
<0 Unpolluted
0-1 Slightly polluted
1-2 Moderately polluted
2-3 Heavily polluted
34 Very heavily polluted
>5 Extremely polluted

The ecological risk index (Er) showed that cadmium poses the highest environmental
hazard (Er = 22.788), despite its low absolute concentration. This is due to Cd’s high
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toxicological coefficient and mobility in the soil environment. Although classified as a “low
risk” (Er < 40), cadmium still warrants close attention.

All other elements had Er values below 40, placing them within the “low ecological
risk” category (Table 4), as defined by Hakanson'’s classification [34].

Table 4. Classification of the degree of soil pollution by the ecological risk index (Er) [34].

Er Value Environmental Risk Level
<40 Low
40-80 Medium
80-160 Significant
160-320 High

All other elements exhibited Er values below 40, corresponding to a low ecological
risk category (Table 4).

The contamination factor (CF) values for all investigated elements were less than 1, in-
dicating only minor pollution levels. According to the classification scale [35], CF values < 1
represent low contamination, which is consistent with predominantly lithogenic sources of
heavy metals and minimal anthropogenic influence (Table 5).

Table 5. Classification of the degree of soil pollution by the pollution coefficient (CF) [40].

CF Value Pollution Level
<1 Minor
1-3 Mild
3-6 Moderate
>6 Heavy pollution

The pollution load index (PLI) ranged from 4.937 to 7.880 across districts, significantly
exceeding the threshold value of 1, which indicates pollution above background levels. This
confirms cumulative soil contamination, especially in the Yesil, Atbasar, and Akkol districts,
where agricultural intensification and historical land use are likely contributors. These
results align with the PLI classification scale proposed by Tomlinson et al. [40] (Table 6).

Table 6. Classification of the degree of soil pollution by the pollution load index (PLI) [38].

PLI Value Soil Condition Assessment
=1 Conventionally clean soil
>1 Contaminated soil
<1 Relatively clean soil

Despite high PLI values, the integral pollution index (Zc) showed negative values for
all districts. This suggests that, when considering the total load relative to background
concentrations, there is no severe exceedance, and the soils remain within permissible
pollution levels (Zc < 16) (Table 7), based on standards used in ecological risk assessment
studies [40].

Table 7. Classification of the degree of soil pollution by the integral pollution index (Zc) [41].

Zc Value Pollution Level
<16 Permissible pollution
16-32 Moderate pollution

>32 Hazardous pollution
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Overall, the results indicate that the steppe soils of the Akmola region are in a con-
ditionally stable ecological state, although localized pollution is observed, primarily as-
sociated with cadmium content. Continued monitoring is necessary, especially regarding
cadmium and lead concentrations.

4.3. Inter-Element Correlations and Cluster Structure

To explore inter-element relationships, a heatmap was constructed to display correla-
tions between the concentrations of HMs in the soil. Correlation coefficient ranged from +1
to —1, with a value of 0 indicating no linear relationships. Correlation analysis of heavy
metals in the Akmola region revealed both positive and negative relationships between the
elements. The discrepancy between these values shows the heterogeneity of their origin,
behavior in the soil environment, and possible sources of entry.

The most pronounced negative correlation (Figure 4) was observed between Pb and
Cu, suggesting an inverse proportionality: areas with elevated Pb levels tend show reduced
Cu concentration. This may reflect a difference in their sources: lead is associated with
anthropogenic pollution, particularly from transportation [45-47], while Cu is more likely
of geogenic origin, influenced by the use of copper-containing fertilizers.

A strong negative correlation was also found between Cd and Co, with r = —0.66,
where higher cadmium concentrations corresponded with lower Co levels. This may be
attributed to competitive sorption processes or variation in geochemical environments,
where one element displaces the other within the soil profile. Similar trends have been
observed noted in other steppe and industrial regions [48].

In contrast, Co and Mn displayed a moderate positive correlation (r = 0.67), which
may indicate a shared lithogenic origin or joint migration behavior, as both are common
constituents of mafic and ultramafic rocks and oxides in soil [44].

4.4. Integrated Risk Visualization Using Radar Plots

Multivariate statistical techniques were used to identify patterns in the distribu-
tion of heavy metals across the Akmola region. The dendrogram (Figure 5a) and PCA
biplot (Figure 5b) revealed spatially coherent clusters based on similarities in metal
concentration profiles.

The hierarchical clustering analysis separated the five districts into three main groups:

Akkol and Ereymentau were grouped together in the first cluster, indicating similar
contamination profiles. This cluster was characterized by moderate levels of Mn and
Co, which likely reflect shared lithological backgrounds and agrochemical inputs. Such
grouping has been associated with moderately altered soils due to mixed geogenic and
anthropogenic sources [40,41,44,49].

Atbasar and Yesil formed the second cluster, reflecting relatively high concentrations of
Cu, Ni, and Zn. Their close proximity in the dendrogram suggests a common geochemical
environment and intensive land-use histories. This aligns with areas affected by the Virgin
Lands Campaign, where long-term cultivation and fertilization practices have contributed
to the accumulation of metals [38].

Egindikol stood apart as a distinct cluster. The PCA analysis showed it projecting
separately along the PC2 axis, suggesting a unique metal distribution pattern, particularly
due to elevated levels of Cd and Mn. This pattern may reflect specific local factors such as
lithology or unique agro-technical practices [34,35].

The PCA analysis supported these groupings, with PC1 (44.1%) and PC2 (29.0%)
accounting for a combined 73.1% of the total variance. The spatial separation observed
confirms the heterogeneity of metal sources and behaviors across the region.
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These results offer a scientifically grounded basis for regional monitoring: areas like
Egindikol may require more targeted ecological risk assessment, while Atbasar and Yesil
demonstrate cumulative impacts likely associated with long-term anthropogenic activity.
Multivariate analysis thus complements traditional indices (Igeo, CF, Er, PLI, and Zc) and
enhances spatial understanding of pollution dynamics.

In the dendrogram. the Egindikol and Akkol districts formed a stable cluster at the
lowest Euclidean distance. indicating a high degree of similarity in their HM contamination
profile. This is likely due to the similar soil-forming parent materials and comparable
anthropogenic inputs. particularly from agriculture [45]. Both districts exhibited elevated
concentrations of Mn and Cd suggested common pollution sources [46].

The Ereymentau district clustered next with Egindikol and Akkol, reflecting a moder-
ate level of similarity. The concentrations of Co and Pb indicate an intermediate nature of
pollution, which allows us to consider Ereymentau as a transition zone between groups
with different levels of anthropogenic impact [43].

A separate cluster comprised the Yesil and Atbasar districts, which showed similar
concentrations of Zn, Ni, and Cu. This may be due to the geochemical homogeneity of soils
and similar natural background conditions, as well as comparable forms of land use [50].

The PCA results supported these clustering results. The Atbasar and Yesil districts
grouped closely the PC1-PC2 space. while Akkol and Ereymentau also showed proximity,
reflecting similar derivations in Mn and Cd. The Egindykol district demonstrates as a
distinct outlier along the PC2 axis, indicating a unique pollution profile.

Combined PCA and hierarchical clustering successfully identified spatially coherent
groups with differing pollution levels and compositions. The principal component analysis
allowed us to identify zones of the greatest dispersion and visualize the main directions of
differences. The results obtained can be effectively applied to substantiate priority zones
for environmental monitoring and to plan soil remediation activities [46].

Figure 6 presents a radar diagram displaying the normalized median values of the
geochemical pollution index (Igeo), the contamination factor (CF), and the ecological risk
index (Er) for HMs in Akmola region soils.

Cd demonstrates the highest value of ecological risk. However, the average value
of cadmium concentration is low, which is due to its extremely high toxicological coeffi-
cient (30) and high mobility in the soil environment. Such indicators confirm the data of
previous studies, in which Cd is classified as one of the most dangerous soil pollutants,
even at minimal concentrations [34,47].

The radar diagram (Figure 6) provides a comprehensive visualization of the normal-
ized median values of three key indices—the geochemical index (Igeo), contamination
factor (CF), and ecological risk index (Er)—for each heavy metal across the studied dis-
tricts. This representation highlights the relative behavior of individual elements and their
contribution to ecological risk.

Cadmium (Cd) exhibits the highest value for the ecological risk index (Er), despite its
low average concentration. This reflects its extremely high toxicological response factor
(Tr = 30), high bioavailability, and mobility in the soil. These characteristics make Cd a
priority pollutant in environmental monitoring, as even trace concentrations can pose
significant ecological risks. Similar findings have been reported in other steppe regions,
supporting Cd’s classification as one of the most hazardous soil contaminants [34,47].

Co, Ni, and Fe show elevated Igeo and CF values, suggesting geogenic sources due
to the composition of soil-forming rocks in the Akmola region [40,48]. However, their Er
values remain low, indicating that their ecological threat is limited under current conditions.
These elements are typically less mobile and often form stable complexes in slightly alkaline
and carbonate-rich soils.
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Pb demonstrates moderate values for both Igeo and CF, implying notable anthro-
pogenic input, likely from vehicular emissions and industrial activities. Yet, its Er remains
within a moderate range, due to the relatively low solubility and mobility of Pb in carbonate
soils [51-53].

Cu and Zn present balanced values across all three indices. Their presence in the
soil likely results from a combination of natural mineral weathering and anthropogenic
contributions, such as the use of fertilizers and pesticides. Their ecological impact depends
largely on their chemical form and bioavailability [54,55].

Mn is characterized by consistent, moderate index values, suggesting a stable geo-
chemical behavior. It is an essential micronutrient and is primarily lithogenic in origin in
the study area, with accumulation patterns strongly influenced by the mineral composition
of parent rocks [56].

Overall, the radar diagram illustrates that while most elements are within acceptable
geochemical and ecological risk thresholds, cadmium remains a standout risk factor. The in-
tegration of multiple indicators helps identify priority areas and pollutants for remediation
and future monitoring.

4.5. Conclusion to Discussion

The integrated analysis of geochemical and ecological indices confirms that the steppe
soils of the Akmola region are exposed to varying levels of anthropogenic and natural
heavy metal inputs. Although the pollution load index (PLI) values exceed the background
threshold in all districts, the low values of the ecological risk index (Er) and contamination
factor (CF) and the negative values of the integrated pollution index (Zc) indicate that
overall contamination remains within acceptable ecological limits. Cadmium stands out as
the primary risk element due to its high toxicity and mobility, despite its low concentrations.

Spatial and statistical analyses, including correlation matrices, hierarchical cluster-
ing, and principal component analysis (PCA), reveal distinct contamination profiles and
geochemical patterns among districts. These findings support the need for targeted
monitoring—particularly in Yesil, Atbasar, and Egindikol—where localized pollution or
distinct geochemical signatures suggest potential hotspots for environmental risk.

This multi-index approach provides a comprehensive framework for assessing soil
quality and can inform future environmental management strategies, including the prioriti-
zation of remediation areas and sustainable land-use planning.

5. Conclusions

This study presents a comprehensive environmental assessment of heavy metal pollu-
tion in steppe soils of the Akmola region using pollution indices and multivariate statistical
methods. The results revealed spatial variability of pollution levels in six districts. with
the highest pollution load index (PLI) values observed in the Yesil and Atbasar districts.
Cadmium (Cd), despite its low concentration, was identified as the most environmentally
hazardous element due to its high toxicological coefficient. highlighting the importance of
considering element-related risks when assessing environmental conditions.

The combination of the Igeo, CFE, Er, PLI, and Zc indices, along with PCA and cluster
analysis, allowed for the identification of both natural and anthropogenic sources of pollu-
tion. The classification of areas into distinct clusters based on pollution profiles provides a
practical basis for soil management and site-specific policy interventions.

The results of the study showed a relationship between the spatial distribution of
pollution and the historical development of virgin lands. The highest pollution values
are observed in areas actively involved in agricultural turnover during the Virgin Lands
Development Campaign. The data obtained show a significant impact of intensive agri-
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cultural exploitation on the ecological state of soils. This emphasizes the need to integrate
historical and geographical analyses into environmental monitoring and decision making
on sustainable land management.

The results highlight the need for targeted soil monitoring programs in regions with
intensive agricultural activities and demonstrate the usefulness of integrated assessment
tools to support sustainable land-use planning. Further research should focus on metal
bioavailability, their transport to crops, and long-term ecological impacts to develop land
restoration strategies and ensure food security in semi-arid ecosystems.
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