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ABSTRACT

Soil contamination by heavy metals is a significant environmental problem that adversely affects soil
systems and human health. However, integrated assessments that combine spatial distribution analysis,
microstructural characterization, and economic damage evaluation remain limited for industrial cities
such as Shymkent. This study aims to provide a comprehensive environmental assessment of heavy metal
contamination in urban soils through a combined geochemical, microscopic, and economic approach. Soil
and slag samples were collected along a transect at distances of 0-1000 m from a metallurgical waste
source and analyzed using Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), and Atomic
Absorption Spectroscopy (AAS). The results revealed elevated concentrations of Pb, Zn, Cu, and Fe
exceeding regulatory limits, with a clear decrease in concentration with increasing distance from the
pollution source. Strong positive correlations among heavy metal concentrations indicate a common
anthropogenic origin and synchronous migration within the soil profile. The economic assessment, based
on a standardized national methodology, showed that the total environmental damage exceeds 750 million
KZT per year, with iron and lead contributing most significantly to the overall impact. The novelty of this
study lies in the integration of spatial analysis, microstructural investigation, and economic evaluation,
providing new insights into the relationship among contamination distribution, migration processes, and
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economic consequences. The results provide a scientific basis for environmental risk assessment, soil
remediation planning, and sustainable urban land management in industrial regions.

Keywords-soil cover; sustainable development; heavy metals; environmental assessment; soil pollution;

economic damage assessment

I.  INTRODUCTION

Soil contamination from anthropogenic waste has a
significant negative impact on the environment, leading to soil
quality degradation and reduced biological productivity [1]. In
this study, soil cover refers to the upper layer of the Earth’s
crust composed of mineral particles, organic matter, water, and
air, which functions as a dynamic system supporting
ecosystems and regulating pollutant migration. Long-term
exposure to industrial activities, particularly metallurgical
operations, results in the accumulation of heavy metals in soils,
suppressing vegetation growth and increasing the risk of
secondary contamination through leaching and pollutant
transport processes [2]. Previous studies have reported average
heavy metal concentrations reaching 27.9 + 0.7 times the
Maximum Permissible Concentration (MPC), mainly due to the
historically intensive development of lead—zinc metallurgy and
the use of outdated industrial technologies [3]. Rapid expansion
of metallurgical production in the region occurred during
periods when environmental regulations were limited or absent,
contributing substantially to present-day contamination levels
[4]. Heavy metals such as cadmium (Cd) and lead (Pb) are of
environmental concern because of their toxicity, persistence,
and ability to accumulate in soils and food chains [5, 6].
Continuous accumulation of metallurgical waste further
increases the environmental burden on soil systems and
intensifies the risk of secondary pollution through alkalization
and migration of contaminants [7]. Among the most hazardous
pollutants are Pb, Cd, Zn, and Cu due to their high mobility and
ecological toxicity. Mineralogical investigations have shown
that metallurgical slags mainly consist of fayalite (Fe.SiOa),
magnetite  (FesOs), olivine-group minerals, zinc ferrite
(ZnFe20s4), sulfides, and Pb- and Zn-bearing phases, together
with both crystalline and amorphous components [8].

X-Ray Diffraction (XRD) research has indicated that the
amorphous phase content in slag materials ranges from 20% to
40% [9, 10]. In pyrometallurgical lead production, slag
generated during concentrate smelting typically contains 0.3%—
3% Pb, 3%—12% Zn, 25%—45% Fe, and 20%-35% SiO-, with
formation temperatures ranging between 1200°C and 1400°C
[11]. Gas-cleaning systems associated with metallurgical
operations also produce dust-rich wastes containing volatile Pb
and Zn compounds, with Zn concentrations ranging from 20%—
60% and Pb concentrations from 5%-25% [12]. In
hydrometallurgical processes, zinc slag leaching with sulfuric
acid produces residues enriched with insoluble Pb, Ag, and Fe
compounds, typically containing 8%—15% Pb and 1%—5% Zn.
Additional by-products, such as gypsum cake, are formed
during zinc solution purification and contain calcium sulfate
mixed with heavy metal impurities [13]. Globally,
metallurgical industries generate approximately 2-2.5 billion
tons of waste annually. Ferrous metallurgy contributes around
1.8 billion tons per year, while non-ferrous metallurgy accounts
for approximately 0.2-0.3 billion tons [14]. Asia is responsible

for nearly 60% of global metallurgical waste production,
followed by Europe (20%) and North America (15%). China
alone contributes approximately 40% of global metallurgical
waste generation due to the rapid expansion of its metallurgical
industry [15].

Despite the extensive body of research on heavy metal
contamination, previous studies have primarily focused either
on assessing pollutant concentrations or on developing
remediation techniques. However, integrated approaches that
combine spatial distribution analysis, microstructural
characterization, and economic damage assessment remain
limited, particularly for industrial cities such as Shymkent.
Therefore, this study aims to provide a comprehensive
environmental assessment of heavy metal contamination in the
soil cover of Shymkent by integrating geochemical analysis,
microstructural characterization, and economic evaluation.
Specifically, the study investigates heavy metal concentrations
at different distances from a metallurgical waste source,
examines their spatial distribution and migration patterns,
analyzes the microstructural properties of slag and soil
samples, evaluates relationships among heavy metal
concentrations, and estimates the associated environmental and
economic damage. The novelty of this work lies in the
application of an integrated methodological framework that
combines field observations, laboratory analyses, and
economic assessment to achieve a holistic understanding of
heavy metal pollution in an industrial urban environment. The
findings contribute to the development of scientifically
grounded strategies for soil remediation, environmental
monitoring, and sustainable urban land management.

II. MATERIALS AND METHODS

The study was conducted in the industrial zone of
Shymkent, which is historically associated with lead-zinc
metallurgical activities (Figure 1). Sampling was carried out in
May-June 2024 in the zone affected by metallurgical waste
(slag dumps).

SRy
Map of the study area with sampling locations (adapted from
Google Maps).

Fig. 1.
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TABLE L CHARACTERISTICS OF SAMPLES
Sample Sampling DMS coordinates Sampling size | pH
places from

code

sources N E
Al 0m 42°18'43" 169°31'29”| 50 mm-150 mm | 7.5-8
A2 50 m 42°18'40” 169°31'39”|  50-150 mm | 7.6-8.1
A3 100 m 42°18'39” 169°31'41”| 10 mm-30 mm | 7.6-8.2
A4 200 m 42°18'37" 169°31'47"| 10 mm-30 mm |7.7-8.3
A5 500 m 42°18'35” 169°31'51"| 5 mm-20 mm |7.7-8.4
A6 1000 m 42°18'33” 169°31'59"| 5 mm-20 mm | 7.8-8.5

Sample preparation was carried out in accordance with
[16]. The samples were pre-dried in drying cabinets at 105°C
and then ground to a size of 0.1 mm in a grinding mill.
Measurements were carried out at element-specific
wavelengths (e.g., Pb: 217 nm; Zn: 213.9 nm; Cu: 324.8 nm).
The Limits of Detection (LOD) for the analyzed elements
ranged from 0.001 to 0.01 mg/kg, depending on the element.
The concentrations of heavy metals (Pb, Zn, Cu, Fe) were
determined using AAS (ContrAA 300). Measurements were
carried out at element-specific wavelengths (Pb: 217 nm; Zn:
213.9 nm; Cu: 324.8 nm). The LOD ranged from 0.001 to 0.01
mg/kg depending on the element. Microstructural analysis of
slag and soil samples was performed using SEM (JSM-
6490LV, JEOL, Japan). The analysis was conducted at an
accelerating voltage of 15 kV-20 kV in Backscattered Electron
(BSE) mode. The obtained images were used to evaluate the
morphology, porosity, and phase distribution of the samples.
Quality control procedures included the analysis of Certified
Reference Materials (CRM), procedural blanks, and duplicate
samples. All measurements were performed in five replicates.
The recovery rates for heavy metals ranged from 92% to 105%,
indicating acceptable analytical accuracy. The Relative
Standard Deviation (RSD) did not exceed 5%, confirming good
precision of the measurements. Statistical processing of the
data was performed using descriptive statistics (mean and
standard deviation) and Pearson correlation analysis to assess
the relationships between heavy metal concentrations. The
significance of the correlations was evaluated at a confidence
level of p < 0.05. In addition, the obtained concentrations were
compared with MPC to assess the level of soil contamination.

The economic damage caused by environmental pollution
is estimated using a standardized calculation method that
combines pollutant emissions and regulatory coefficients. The
calculation is performed in accordance with the methodology
approved by the Government of the Republic of Kazakhstan for
environmental damage assessment [17]. The model
incorporates parameters such as pollutant mass, regulatory
limits, emission duration, and environmental risk coefficients.
All variables used in the calculation are defined in:

U= (Cract — Crorm) - 3600/1000000 - A; - T - 2.2MCI -
10 " Kl " Kz (1)
where U is the economic damage indicator, Crq., is the

actual emission rate of pollutants, C,,,, is the regulatory
emission rate, A; is the hazard coefficient of pollutant i (1/

MPC), T is the operating time (h/year), MCI is the monthly
calculation index (KZT), 10 is the increasing coefficient, K; is
the coefficient accounting for environmental conditions, and K,
is the coefficient of possibility of environmental consequences.
All parameters were selected in accordance with national
regulatory  guidelines, ensuring the consistency and
comparability of the obtained results.

II. RESULTS AND DISCUSSION

The chemical compositions of the samples are outlined in
Table II.

TABLE IL CHEMICAL COMPOSITION OF THE SAMPLES
Average amount of slag Average content of oxide and sulfide
components compounds in slag
Formula % Formula %

Na 2.28+0.11 Na,O 2.58+0.18
Mg 1.88+0.02 MgO 3.45+0.085
Al 2.89+0.02 AlL,O3 5.56+0.13
Si 0.85+0.0002 Si0, 25.12+1.21
K 0.89+0.001 K0 1.17+0.04
Ca 9.94+0.24 CaO 12.80+0.31
Ti 014+0.0001 TiO, 0.29+0.005
Cr 0.05+0.0 Cr,03 0.07+0.0003
Mn 0.46+0.001 MnO, 0.76+0.002
Fe 26.98+1.11 Fe,0s 37.9+1.22
Cu 1.16+0.0035 CuO 0.55+0.003
Zn 3.95+0.18 Zn0O 3.65+0.004
Pb 0.27+0.003 ZnS 1.48+0.003

The main metal content of lead-zinc residues, as depicted in
Table II, is Pb 2%-8%, Zn 3%-12%, Cu 0.5%-3%, Fe 15%-
25%, Ag 10 g/t-150 g/t, Bi 0.01%-0.5%, Sb 0.1-2%, Sn 0.05%-
0.3%, and Cd 0.01%-0.1%. It was found that non-metallic
components include: SiO2 25%-40%, Al:Os 8-15%, CaO 10%-
20%, MgO 2%-6%, Fe:O/FeO 20%-35%, SO2 1%-5%, and
P>0s 0.1%-0.8%. Physical properties include density from 2.8
g/cm? to 3.5 g/cm?, particle sizes from 0.1 mm to 50 mm, dark
grey to black color, sometimes metallic luster, vitreous or
crystalline or a mix of both, and a porosity of 15-40%. Figure 2
illustrates the microstructure and elemental composition of the
obtained samples.

According to the obtained results, the residual minerals
identified in the samples included pyroxenes, olivine, melilite,
magnesioferrite, zincoferrite, galena (PbS), sphalerite (ZnS),
magnetite, hematite, and zinc.

Figure 3 presents the analysis of the sample matrix and its
mineralogical composition. Correlation analysis revealed an
extremely high positive linear relationship between the
concentrations of Pb, Zn, Cu, Ni, As, Hg, Cr, and Cd at 0-1000
m from the source of contamination. This indicates the almost
synchronous nature of the change in the content of all studied
elements within the considered zone. The distribution profile of
the elements was derived from the obtained correlation
coefficients. The highest correlation coefficient values (r =
0.9998-1) were found for the Pb—Cd, Cd—Cu, Ni-As, and Zn—
As pairs.
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Fig. 2. Mineralogical and elemental composition of the samples: (a) — Al sample, (b) — A2 sample, (c) — A3 sample, (d) — A4 sample, (¢) — A5 sample, and (f)
— A6 sample.
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The minimum values (r = 0.9982-0.9988) recorded for
combinations of Hg-Cr, Cr-Cd, and Pb-Cr also remain
statistically significant. They are extremely high and do not
reflect significant geochemical differentiation. The extremely
high correlation coefficients (r = 0.999-1) can be explained by
the common anthropogenic source of contamination
(metallurgical waste), leading to synchronous deposition and
migration of heavy metals in the soil. In 2022, the institution
had to pay the state a fine of 1322762.3 tenge for
52.664358912 tons of harmful emissions into the environment
allocated from the technological process. This amount is the
cost of environmental damage caused to the atmosphere in
financial terms. According to the previous service of the
institution for this number of fines, Standard Steel KZ LLP
would have to pay 144716685.8 tenge per year for 5761.7 tons.
The economic assessment of environmental damage (U) is
portrayed in Table III.

Cr 4

Hg

As

Ni 0,9996 | 0,99965 0,99916 0,99933|

0,99885 0,99923 (LR

0,99902 0,9993 0,99885 09986

Cu

Zn 0,

Pb 0,99958 (+1=E27/] 0,99937 0,99879 (i)l -y
T 0,9982

5 8

Fig. 3. Correlation matrix of heavy metal intake.
TABLE III. CHARACTERISTICS OF SAMPLES
The Difference U (million
pollutant Crace (t/year) | Cuorm (Uyear) (t/year) tenge/year)
Pb 5761,7 0 5761,7 87.3
Zn 3785 0 3785 57.3
Cu 1475 0 1475 22.3
Fe 38560 0 38560 584.6

IV. CONCLUSIONS

This study provides a comprehensive environmental
assessment of heavy metal contamination in the soil cover of
Shymkent, synthesizing geochemical analysis, microstructural
characterization, and economic evaluation. The findings
demonstrate that metallurgical waste creates a distinct
geochemical anomaly, where heavy metals such as Pb, Zn, Cu,
and Fe are distributed synchronously within a 1000 m radius of
the pollution source. The obtained data confirm elevated
concentrations of heavy metals in the topsoil layer, exceeding
permissible limits and indicating a strong anthropogenic impact
associated with long-term industrial activity. Correlation
analysis revealed a high positive relationship between the
studied elements, suggesting a common source of

contamination and similar migration mechanisms in the soil
profile. The economic assessment indicates that environmental
damage from heavy metal pollution is substantial, exceeding
750 million KZT per year, with iron and lead contributing the
most significantly to the total impact. These findings highlight
the importance of prioritizing the specific elements in
remediation and monitoring strategies. The novelty of this
study lies in the integration of spatial analysis, microstructural
investigation, and economic evaluation, providing a holistic
understanding of contamination processes in an industrial
urban environment. Finally, these outcomes have practical
implications for environmental management, including the
development of targeted soil remediation strategies,
optimization of monitoring systems, and support for decision-
making in urban land use planning.
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