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Abstract: The objective of this inquiry is to illuminate the attributes of heavy metal contamination
and evaluate the potential ecological hazards inherent in the surface soil of Chenzhou City. A
comprehensive analysis was conducted on 600 systematically collected soil samples within the
study area, utilizing enrichment factors, geo-accumulation indices, comprehensive pollution indices,
potential ecological hazard indices, and health risk assessment models to evaluate the degree of
heavy metal contamination in the soil, potential ecological risks, and associated health hazards. The
findings reveal that the average enrichment factor (EF) for each heavy metal is below 2, with the
hierarchy from highest to lowest being Hg > Cd > Cu > Pb > Ni > Zn > Cr > As. Approximately
78.67% of soil samples exhibit no pollution to weak pollution levels based on heavy metal enrichment
factors. Moreover, the comprehensive pollution index (IPIN) indicates that 95.17% of soil samples are
within safe and pollution-free levels, indicating an overall environmentally secure setting. However,
2.67% of samples display heightened potential ecological risk levels, primarily concentrated in the
southwestern region of the study area, influenced by nearby industrial activities. Additionally,
it is noteworthy that both the non-carcinogenic and carcinogenic health hazards emanating from
soil heavy metals to adult individuals lie within tolerable thresholds. Among these, arsenic (As),
chromium (Cr), and lead (Pb) have been discerned as the principal non-carcinogenic agents. It is of
particular significance that only a solitary soil specimen, located in the southwestern quadrant of the
investigative region, manifests detectable health perils for children.

Keywords: soil; heavy metals; potential ecological risks; health risks; Chenzhou

1. Introduction

Soil contamination has emerged as a ubiquitous global environmental concern, at-
tracting considerable scrutiny, particularly in light of the pervasive infiltration of heavy
metals [1]. Soil contamination by heavy metals can be delineated into natural and anthro-
pogenic origins. The former emanates from inherent processes intrinsic to soil genesis,
encompassing the dissolution of elements through mineral weathering and background
sources [2]. Amidst the swift evolution of the Chinese economy and its hastened industrial-
ization, diverse heavy metal constituents have permeated the soil via assorted conduits.
This incursion not only disrupts the intrinsic ecological functionalities and equilibrium
of the soil milieu, but also poses formidable hazards to human well-being, significantly
constraining the sustainable progression of regional soil ecosystems.

The heavy metals entrenched within the soil manifest distinctive traits, encompassing
concealment, temporal lag, accumulation, and facile enrichment. Perturbed by exogenous
pollution, these heavy metals persist in accumulating within the soil, precipitating a diminu-
tion in the soil environment’s carrying capacity and engendering substantial ecological
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and environmental perils [3,4]. Heavy metals residing within the soil possess the potential
to engender risks to elevated trophic strata of organisms and human well-being via the
transmission and enrichment within the food chain. The quandary of soil heavy metal
pollution has garnered considerable focus from pertinent regulatory entities and presently
stands as a paramount subject in the realm of environmental science research.

Anthropogenic sources serve as extrinsic agents influencing the heavy metal landscape
within the soil. Human activities, encompassing industrial coal combustion, mining,
metallurgy, the utilization of agricultural fertilizers and pesticides, emissions stemming
from vehicular exhaust, and the disposal of electronic products, can induce varying degrees
of heavy metal contamination in the soil [5,6]. Nevertheless, heavy metal pollution is
distinguished by its formidable concealment, enduring presence, and bio-accumulative
proclivity, rendering its remediation from the soil a formidable undertaking. Elevated
concentrations of heavy metals not only impede the flourishing of plants within the soil,
but also yield diminished crop output and compromised quality of agricultural products.
Moreover, these metallic elements can infiltrate the human body through various pathways,
precipitating a range of health complications, whether directly or indirectly.

Elevated consumption of lead (Pb) not only precipitates hypertension, but also imposes
deleterious effects upon the skeletal, immune, and endocrine systems. It diminishes
cognitive faculties in both juveniles and adults, concurrently compromising renal and
cardiac functionality. Likewise, the excessive assimilation of copper (Cu), mercury (Hg),
and chromium (Cr) engenders adverse health ramifications. Moreover, protracted exposure
to cadmium (Cd) renders individuals increasingly susceptible to pulmonary carcinoma and
skeletal fractures. Nickel (Ni), too, qualifies as a heavy metal carcinogen. Depending on
the dosage and duration of exposure, it exhibits immunotoxic and carcinogenic properties.
The accrual of nickel within the body can precipitate pulmonary fibrosis, and kidney and
cardiovascular ailments, as well as respiratory malignancies. Furthermore, an estimated
20% of the global populace suffers from nickel allergies.

Henceforth, the principal objective of this investigation is to utilize Chenzhou City as
a case study to examine the attributes of heavy metal pollution in urban surface soil and
conduct an ecological health risk assessment. This endeavor holds immense importance for
fostering the harmonious coexistence between urban inhabitants and their environment,
and for promoting the sustainable progression of human society.

2. Literature Review

Presently, a multitude of scholars have employed a diverse array of research method-
ologies to undertake pertinent inquiries into soil heavy metal contamination across varied
urban settings. With regards to research substance, their primary emphasis revolves around
elucidating the attributes of heavy metal presence in urban soil, appraising pollution de-
grees, dissecting pollution origins, and appraising potential ecological hazards.

For instance, an investigation delved into the pollution status and spatial characteris-
tics of heavy metals in soil across diverse verdant landscapes, including urban parklands,
roadside greenery, and adjacent expanses of green. The findings unveiled the pollution
levels of these heavy metals, all indicating a state of mild contamination [7]. The concentra-
tions of zinc (Zn), chromium (Cr), nickel (Ni), manganese (Mn), copper (Cu), lead (Pb), and
cadmium (Cd) in soils from various types and regions in Shanghai were assessed, revealing
that their average concentrations exceeded the local background levels for soil elements [8].
Another investigation discerned that soil heavy metal contamination in industrial zones and
bustling traffic corridors in Nanjing exhibits a relatively severe profile, in contrast with the
comparatively lighter pollution levels observed in residential and parkland domains. The
principal contributors to soil heavy metal pollution have been attributed to vehicular emis-
sions and industrial discharges [9]. A study scrutinizing soil heavy metal pollution along
thoroughfares, residential vicinities, parks, and other sectors in Guangzhou revealed that
61% of soil samples demonstrated moderate to severe levels of heavy metal pollution, with
human activities discerned as the principal catalyst of this contamination [10]. The mean
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concentrations of heavy metals in the soil within Xi’an’s industrial sectors, transportation
hubs, commercial and transit amalgamated regions, residential quarters, cultural enclaves,
and parklands surpass the baseline values of soil elements in Shaanxi Province [11].

Research on related underground heavy metal migration phenomena has also made
progress. The migration behavior and patterns of persistent pollutants in soil–groundwater
systems through heterogeneous distribution characteristics have been studied. The migra-
tion mode of heavy metals (HM) may be dominated by solute transport due to ground-
water flow [12]. Studies have also been conducted in metallogenic zones along river
basins. Self-organizing map (SOM) calculations and stable isotopes were employed to
elucidate groundwater hydrochemistry and the migration of heavy metals, with particular
emphasis on iron [13]. Additionally, there are pertinent studies in this domain. Through
the establishment of an enhanced one-dimensional convection-diffusion model and air
deposition model, alongside fitting experiments utilizing authentic urban soil data, the
findings demonstrate that the refined model adeptly incorporates factors such as adsorp-
tion, decomposition, crop root absorption and discharge, topography, and air deposition.
Consequently, it accurately delineates the transmission characteristics and diffusion process
of heavy metal pollution [14]. The manner in which metals migrate within sewage sludge
is of paramount importance, significantly influencing the assessment of their potential
utilization. A study devised a metal mobility ecological risk index and an environmental
risk index, with meticulous focus on the mobility of metals within the soil environment [15].

Within the domain of research methodologies, both domestic and international pur-
suits primarily deploy sophisticated frameworks, such as the geo-accumulation index,
single-item pollution index, potential ecological risk index, Nemeiro comprehensive pollu-
tion index, and the enrichment factor method. These tools serve as instrumental means to
evaluate the intricate landscape of heavy metal pollution within the soil [16,17]. Each of
these methodologies possesses inherent advantages and drawbacks in its utilization. As a
result, it is judicious to concurrently employ two or more methodologies during pollution
assessment, thus augmenting the reliability of research findings. Furthermore, certain
investigations employ mathematical statistical techniques such as correlation analysis and
principal component analysis to scrutinize the origins of heavy metal concentrations.

In conclusion, considerable research endeavors have been dedicated to the exploration
of heavy metal pollution in urban soil. Nevertheless, the focus of study locales primarily
revolves around major metropolises and industrial hubs, with relatively limited attention
directed towards small and medium-sized cities. The majority of research content delves
into the characteristics of heavy metal pollution in soil, spatial variances, pollution degree
assessments, and pollution source identification. However, studies concerning the ecologi-
cal health risk assessment of heavy metal pollution in urban soil remain relatively scarce.

As Chenzhou’s urbanization progresses, the issue of “urban maladies” has gained
prominence, drawing increased attention from pertinent researchers towards urban heavy
metal pollution. Currently, investigations into heavy metal pollution in Chenzhou City
primarily center on assessing pollution levels in street dust, riverbeds, forest soil, and farm-
land soil flanking highways. Nonetheless, there is a dearth of research on the characteristics
and evaluation of heavy metal pollution in urban surface soil, and a conspicuous lack of
data regarding human exposure to soil heavy metals and investigations into ecological
health risks.

This article aims to bridge this scholarly lacuna by selecting Chenzhou City as its focal
point, delving into the complexities of heavy metal pollution within urban surface soils,
and conducting a thorough ecological health risk assessment. The goal is to provide a
theoretical framework supporting the amelioration and mitigation of urban soil pollution,
the enhancement of ecological environment quality, and the safeguarding of resident health.
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3. Materials and Methods
3.1. Study Area Overview

Chenzhou City resides in the southeastern domain of Hunan Province, cradled be-
tween the magnificent Nanling Mountains and the esteemed Luoxiao Mountains. Poised at
the crossroads of the Yangtze River and Pearl River systems, its geographical coordinates
span from 112◦13’ to 114◦14’ E longitude and from 24◦53′ to 26◦50′ N latitude (Figure 1).
This locale, endowed with a subtropical monsoon climate, bestows upon its inhabitants a
tableau of distinct seasons—a tapestry woven with sultry, rain-laden summers and crisp,
arid winters. The annual mean temperature oscillates between 17 and 19 ◦C, while the
average annual precipitation is within the range of 1300 to 1600 mm, adding to the region’s
atmospheric allure [18,19]. The topographical tapestry of Chenzhou unfolds in a rich
panorama, where nearly three-quarters of the terrain is adorned with undulating moun-
tains and hills. Embraced by majestic peaks to the southeast, the western expanse unfolds
with more modest elevations, while the central precinct unveils a harmonious blend of
hills, plains, and plateaus, painting a tableau of geographic diversity [20]. The undulating
terrain gracefully descends from the southeast to the northwest, and this intricate interplay
of topography and climate begets a myriad of soil types in the region. Notable among
them are limestone red soil, granite red soil, and other variants. Chenzhou’s distinctive
landscape, characterized by predominant hills, plains with a plateau-like semblance, and
an intricately contoured terrain, engenders a rich tapestry of diverse soil compositions [21].
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3.2. Sample Acquisition and Analysis
3.2.1. Sample Acquisition

This investigation and exploration adopted a stratified, staggered, non-equilibrium
methodology to strategically position sampling locations and meticulously collect surface
soil specimens within the designated study area. The term “stratification” entails the
division of the study area into distinct sampling units of varying magnitudes, delineated
based on spatial dimensions. Notably, the sampling units of higher echelons harmoniously
integrate with those of lower orders in this layered framework [22]. The term “staggered-
unbalanced” denotes that the sampling units within higher strata are not evenly dispersed
among lower tiers. Instead, a stochastic element is introduced by selectively choosing one
or several units from each tier, thus perpetuating the hierarchical division into subsequent
layers of sampling units [23].

After comprehensive consideration of the study area, grid density, the significance of
statistical analysis data, efficiency, and economic feasibility, a grid with a sampling density
of 8 km × 8 km was selected as the top-level cell, which contains multiple lower-level
nested levels. Those of 4 km × 4 km, 2 km × 2 km, 1 km × 1 km, 500 m × 500 m, and
250 m × 250 m were randomly selected as target cells (Figure 2). According to the area
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of the study area, 30 top-level cells were deployed without affecting the layout of each
level. In this case, each top-level sampling cell contains 20 survey samples. The specific
locations of sample points in each sampling cell can be manually fine-tuned according to
soil types, land types, etc., to ensure that when statistics are derived according to different
classifications, the data satisfy the statistics requirements.
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numbers represent the sample point numbers deployed within the 4 km × 4 km sampling unit).

At designated sampling nodes, with the GPS positioning point serving as the focal
point, 3–5 sampling nodes are delineated within a radius of 20–50 m in all directions.
These nodes were amalgamated into composite samples, constituting a total of 600 soil
specimens extracted from depths ranging within 0–20 cm beneath the surface (see Figure 3).
Positioned across diverse land use categories, the sampled areas encompass 460 parcels of
arable land, 13 parcels of orchards, 5 parcels of pastures, 72 parcels of woodlands, 42 parcels
of urbanized land, and 8 parcels of miscellaneous land (refer to Figure 4).

When sampling, unrepresentative plots such as ditches, field ridges, and roadbeds
were avoided. Litter on the surface was manually removed. Where there were plant growth
points, the plants and their roots were removed first. Foreign matter such as gravel was
removed at the sampling site. Attention was paid to cleaning sampling tools in time to
avoid cross-contamination.

In this study, after digging with shovels and soil augers, bamboo chips were used to
scrape off the parts in contact with the metal samplers, and then bamboo chips were used
to collect samples. For samples of contaminated soil, appropriate protective measures were
taken according to the nature of the pollutants to avoid direct contact with the human body.
Following meticulous blending, 1.0–1.5 kg was retained and transferred into a specimen
pouch. The soil specimen underwent a process of natural desiccation, pulverization, and
filtration through a 10-mesh nylon sieve before being dispatched to the laboratory for
meticulous analysis and evaluation. The procedures for soil sampling and processing
adhered rigorously to the specifications outlined in DZ/T 0295-2016 [24,25].

3.2.2. Sample Testing and Quality Control

Soil sample analysis test indicators include As, Cd, Cr, Hg, Pb, Ni, Zn, Cu, soil acidity
and alkalinity (pH value) indices, Sc, and other element indices.

The methodologies employed for the analysis and testing of soil heavy metals were as
follows: As and Hg were scrutinized utilizing atomic fluorescence spectrometry (AFS) [26,27];
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Cd, Ni, Cu, Pb, Zn, and Se were scrutinized through the sophisticated technique of inductively
coupled plasma mass spectrometry (ICP-MS) [28,29]. Cr was analyzed by X-ray fluorescence
spectroscopy (XRF) [30], and the pH value was analyzed using the potentiometric method
(POT) [31]. In the course of analysis and testing, soil samples of national premier quality were
enlisted to oversee the precision of the procedures. The integrity of the analysis and testing was
ensured through the utilization of repetitive samples for precision monitoring. Remarkably,
the first-tier reference materials for all analytically tested elements achieved an unblemished
100% success rate, attesting to the rigor of the process. Furthermore, the overall success rate
for repetitive sample examination stood at an impressive 99.7%. In parallel, the overall success
rate for scrutinizing abnormal point samples reached a commendable 98.9%. The quality
of sample analysis and testing, alongside the detection thresholds for each elemental index,
aligned impeccably with the technical specifications for ecological geochemical evaluation
sample analysis, thereby affirming the reliability of the analytical data.
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3.3. Evaluation Methods
3.3.1. Enrichment Coefficient

The enrichment factor (EF) represents the enrichment degree of a certain element
or substance in a certain area, and is usually used to describe pollution levels or the
accumulation of certain chemical elements in the ecosystem [32,33]. The extent of the
contribution from anthropogenic and natural origins to the elemental composition of
particulate matter was examined and assessed, and pivotal metrics indicative of pollution
severity and its sources were quantitatively appraised. This entailed the selection of
elements meeting specific criteria as reference or standard elements. The enrichment factor
is defined as the quotient between the concentration of contaminating elements within
the sample and the concentration of reference elements, juxtaposed with the ratio of these
concentrations in the ambient background region [34]. The calculation formula is:

EF =
(Ci/Cr)sample

(Ci/Cr)baseline
(1)

Within the equation EF denotes the enrichment factor; Ci signifies the concentration of
element i; Cr denotes the concentration of the designated reference element; and “sample”
and “baseline” delineate the sample and background, respectively. In this investigation,
Sc was chosen as the reference element due to the discernible influence of human activities
on its source. The Sc content within the Earth’s crust is relatively stable, thereby mini-
mizing its susceptibility to external perturbations [35,36]. The relationship between soil
heavy metals and Sc content can serve as a criterion for discerning the extent to which
an element is influenced by human activities. Southerland classifies the enrichment fac-
tor (EF) into five distinct levels [37,38]. An enrichment factor (EF) less than 2 signifies
marginal contamination, while EF values between 2 and 5 denote moderate pollution. EF
values falling between 5 and 20 indicate substantial pollution, whereas values ranging from
20 to 40 suggest severe contamination. EF values surpassing 40 denote egregious pollution
levels. The categorization of EF is elaborated upon in Table 1.

Table 1. Enrichment factor (EF) classification.

EF Classification EF The Degree of Enrichment Source

1 EF < 2 weak pollution crustal or soil source
2 2 < EF < 5 moderate pollution Natural and man-made sources work together
3 5 < EF < 20 significant pollution man-made pollution sources
4 20 <EF < 40 high pollution man-made pollution sources
5 EF > 40 extreme pollution man-made pollution sources

3.3.2. Geo-Accumulation Index

The geo-accumulation index, conceived by the esteemed German scientist G. Müller,
serves as a metric to quantify the degree of accumulation of heavy metals or other pollutants
within soil matrices [39,40]. In contrast to alternative methodologies for assessing pollution,
the geo-accumulation index method stands as distinct because of its inclusion of factors
influencing shifts in baseline values due to natural diagenesis. This conceptual framework
finds primary application within the domains of environmental science and soil science [41].
Geo-accumulation indices are frequently employed to evaluate the magnitude of soil
contamination and aid in the formulation of suitable soil management and remediation
strategies. The computational formula is as follows:

Igeo = log2

[
Ci

k × Si

]
PIi = Ci/Ti (2)

In the equation, Igeo represents the geo-accumulation index of heavy metal i, where
Ci denotes the measured concentration of heavy metal i in soil, and Si stands for the
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background concentration of element i. The correction coefficient, denoted by k, typically
assumes a value of 1.5. Taking into account the genetic type and geomorphology of the
surface soil within the study region, alongside the evolutionary dynamics of the environ-
ment, this investigation employed the soil environmental background values derived from
a comprehensive survey conducted in the northern Haihe Plain area as reference points.
These background values serve as benchmarks for comparison. The geo-accumulation
index is subsequently categorized into seven tiers based on the Igeo values, as delineated
in Table 2.

Table 2. Classification of the geo-accumulation index (Igeo).

Classification Igeo Meaning

1 Igeo ≤ 0 No pollution
2 0 < Igeo ≤ 1 No pollution to moderate pollution
3 1 < Igeo ≤ 2 Moderately polluted
4 2 < Igeo ≤ 3 Moderate to strong pollution
5 3 < Igeo ≤ 4 strong pollution
6 4 < Igeo ≤ 5 Strong pollution to extremely strong pollution
7 Igeo > 5 Extremely polluted

3.3.3. Comprehensive Pollution Index

The pollution index (PIi) and comprehensive pollution index (IPIN) of each soil heavy
metal are employed to assess the degree of soil contamination [42,43]. The calculation
formula is delineated as follows:

PIi = Ci/Ti (3)

IPIN = [(IPIavg
2 + IPImax

2)/2]
1/2

(4)

In the equation, Ci represents the measured concentration of element i in the sur-
face soil, while Ti signifies the target management value for trace element i in soil. This
assessment relies upon the screening threshold outlined in the Soil Environmental Qual-
ity Standard for Agricultural Land and Soil Pollution Risk Management and Control
(GB15618-2018) [44]. IPIavg represents the mean value of all pollution indices (PIi) of heavy
metals within the surveyed soil, while IPImax denotes the highest recorded value. Based
on the magnitude of the IPIN value, which reflects the extent of soil contamination, it is
categorized into five levels ranging from absence of pollution to severe pollution. The
corresponding relationship between IPIN and pollution severity is outlined as follows:
IPIN values less than or equal to 0.7 indicate safety, those exceeding 0.7 but not surpassing
1.0 signify an early warning, while values between 1.0 and 2.0 indicate mild pollution. Sim-
ilarly, IPIN values ranging from 2.0 to 3.0 suggest moderate pollution, and values exceeding
3.0 indicate severe pollution. The parameters of IPIN are detailed in Table 3.

Table 3. Classification of the integrated pollution index (IPIN).

Classification IPIN Meaning

1 IPIN ≤ 0.7 Safety
2 0.7 < IPIN ≤ 1.0 Early warning
3 1.0 < IPIN ≤ 2.0 Light pollution
4 2.0 < IPIN ≤ 3.0 Moderately polluted
5 IPIN ≥ 3.0 Heavy pollution

3.3.4. Potential Ecological Risk Index

The potential ecological risk index (RI) method stands as the prevailing approach
for evaluating the magnitude of soil heavy metal contamination and its concomitant eco-
logical ramifications. This method, pioneered by the esteemed Swedish geochemist, Lars
Hakanson, embodies a cornerstone in environmental assessment [45]. This method not
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only considers the concentration of heavy metals, but also integrates ecological, environ-
mental, and toxicological effects, rendering it a widely adopted approach for ecological risk
assessment. Its computational formula is delineated as follows:

RI =
n

∑
i=1

Ei
r =

n

∑
i=1

(TT
i × Ci

f ) =
n

∑
i=1

(Ti
r ×

Ci

Ci
n
) (5)

In the formula, Ci
f represents the pollution index of a specific metal; Ci denotes the

measured concentration of a specific heavy metal within the soil; and Ci
n represents the

reference concentration of a specific heavy metal. Given the geographical context of the
study area nestled within the middle and lower reaches of the Yangtze River Plain, the
fluctuation in heavy metal concentrations within its soil is predominantly influenced by
the underlying soil parent material and geological backdrop. Consequently, this investi-
gation adopts the eastern Gansu Plain as a comparative model due to its similar genetic
characteristics and analogous material origins to those found in the study area. The soil
environmental baseline in the eastern territory serves as the benchmark value; Ei

r represents
a singular potential ecological risk index for heavy metals; Ti

r signifies the toxicity response
parameter of a particular heavy metal.

The toxicity factor increases with the increase in metal toxicity. The toxicity response
parameters of each heavy metal are 1 for Zn; 2 for Cr and Mn; 5 for Cu, Ni, and Pb; 10 for
As; 30 for Cd; and 40 for Hg.

RI represents the cumulative potential ecological risk index. Based on Ei
r and RI, the

classification is conducted for both the potential ecological hazards attributed to individual
factors and the comprehensive total potential ecological hazards [46,47] (Table 4).

Table 4. Hakanson potential ecological hazard evaluation indicators.

Index
Ecological Hazard

Slight Medium Powerful Very Strong Extremely Strong Slight

Ei
r <40 40–80 80–160 160–320 ≥320 <40

RI <150 150–300 300–600 600–1200 ≥1200 <150

3.3.5. Health Risk Assessment

Health risk assessment entails establishing a nexus between human well-being and
environmental contamination, while quantitatively scrutinizing and elucidating the perils
posed by environmental pollution to human health [48]. The assessment of health risks
posed by soil heavy metals entails a meticulous inquiry into the potential detrimental
effects these elements may inflict upon human well-being. The accumulation of excessive
quantities of heavy metals such as arsenic (As), cadmium (Cd), chromium (Cr), mercury
(Hg), lead (Pb), nickel (Ni), zinc (Zn), copper (Cu), and scandium (Sc) within soil matrices
may precipitate adverse consequences for both the local ecosystem and human health [49].

Soil heavy metals permeate the human organism through three primary avenues:
direct oral ingestion, respiratory inhalation, and dermal contact. They pose both non-
carcinogenic and carcinogenic hazards to human health. Presently, the predominant
international framework for assessing health risks comprises carcinogenic risk assess-
ment models and non-carcinogenic risk assessment models [50,51]. The formulas for their
calculation are as follows:

HQ = ∑ HQi = ∑
ADDiing + ADDiinh + ADDiderm

R f Di
(6)

CR = ∑ CRi = ∑ (ADDiing + ADDiinh + ADDiderm)× SF (7)
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In the formulas, HQ signifies the composite index of non-carcinogenic health risks
associated with all heavy metals, where HQ < 1 denotes that the non-carcinogenic risk
posed by heavy metals is negligible, whereas any deviation from this indicates a non-
carcinogenic risk; CR denotes the carcinogenic health risk index associated with all heavy
metals, and CR values below 1 × 10−6 indicate it will not have a significant impact on health.
A CR value between 1 × 10−6 and 1 × 10−4 is with the acceptable range. A CR value ex-
ceeding 1 × 10−4 indicates that exposure to a specific environment will cause an individual
to have a certain risk of cancer.

ADDiing, ADDiinh, and ADDiderm symbolize the mean daily exposure of a heavy metal
via oral ingestion, respiratory inhalation, and dermal contact, respectively. RfDi represents
the non-carcinogenic average daily intake of heavy metal “i”, while SF symbolizes the
carcinogenic slope factor.

Within the framework of the soil heavy metal health risk assessment model, the av-
erage daily exposure to heavy metals varies between children and adults. It becomes
imperative to factor in the average exposure for each individual child and adult, subse-
quently distributing this exposure uniformly over their entire lifespan. The calculation
formulas are as follows:

HQ = ∑ HQi = ∑
ADDiing + ADDiinh + ADDiderm

R f Di
(8)

CR = ∑ CRi = ∑ (ADDiing + ADDiinh + ADDiderm)× SF (9)

HQ = ∑ HQi = ∑
ADDiing + ADDiinh + ADDiderm

R f Di
(10)

In the equations, IngR and InhR denote the daily rates of soil intake and soil inhalation,
respectively; Ci signifies the concentration of a particular contaminant heavy metal within
the soil; EF denotes the frequency of exposure; ED represents the duration of exposure
in years; BW denotes the mean body weight; AT represents the mean duration of expo-
sure; PEF signifies the emission factor for surface dust; SA denotes the surface area of
exposed skin; SL represents the coefficient of skin adhesion; and ABS signifies the factor of
skin absorption.

The exposure parameters, along with the reference dose (RfD) and slope factor (SF)
values pertaining to various exposure pathways within the soil heavy metal health risk
assessment model, are drawn from the prescribed values delineated in HJ 25.3-2019, issued
by the Ministry of Ecology and Environment of China, and the “Outline of the Chinese
Population Exposure Parameters Manual (Children’s Volume)” [52–54]. The reference mea-
surements and exposure parameters for various exposure pathways in this investigation
are elaborated upon in Tables 5 and 6.

Table 5. The reference quantities and carcinogenic slope factors for diverse heavy metal
exposure pathways.

Heavy
Metal

Reference Metrology (RfD) [mg/(kg d)] Carcinogenic Slope Factor
(SF) [(kg d)/mg]

Oral Intake Skin Contact Breathing
Inhalation (Aldult)

Breathing
Inhalation (Children) Oral Intake Skin Contact Breathing

Inhalation

As 3.0 × 10−4 3.0 × 10−4 3.52 × 10−6 5.86 × 10−6 1.5 1.5 4.3 × 10−3

Cd 1.0 × 10−3 2.5 × 10−5 2.35 × 10−6 3.91 × 10−6 6.1 6.1 6.3
Cr 3.0 × 10−3 7.5 × 10−5 2.35 × 10−5 3.91 × 10−5 - - -
Cu 4.0 × 10−2 4.0 × 10−2 - - - - -
Hg 3.0 × 10−4 2.1 × 10−5 7.04 × 10−5 1.17 × 10−5 - - -
Ni 2.0 × 10−2 8.0 × 10−4 2.11 × 10−5 3.52 × 10−5 - - -
Pb 3.5 × 10−3 5.3 × 10−4 8.21 × 10−5 1.37 × 10−4 - - -
Zn 3.0 × 10−1 3.0 × 10−1 - - - - -
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Table 6. Parameters for exposure risks associated with heavy metals.

Symbol Reference Name Unit Adult (Reference
Value)

Children (Reference
Value)

ED years of exposure A 24 6
BW average weight Kg 61.80 19.20
EF exposure frequency d/a 350 350

AT average exposure time d Carcinogenic 27,740
Non-carcinogenic 9125

Carcinogen 27,740
Non-carcinogenic 9125

IngR daily soil intake mg/d 100 200
InhR daily respiratory volume m3/d 14.50 7.50
SA exposed skin surface area cm2 5373.99 2848.01
SL skin adhesion coefficient mg/(cm2 d) 0.07 0.20

PEF surface emission factor m3/kg 13.6 × 109 13.6 × 109

ABS skin absorption factor dimensionless As: 0.03 Cd: 0.001 Cr:0.001 Cu: 0.06
Hg: 0.05 Ni: 0.001 Pb:0.006 Zn: 0.02

4. Results and Discussion
4.1. Examination of Soil Heavy Metal Levels and Contamination Severity

The average contents of heavy metals As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in the surface
soil of Chenzhou in the study area were 11.2, 0.23, 69.7, 31.1, 0.049, 32.9, 27.81, and 82.9 mg/kg,
respectively (Table 7). The values ranging from 7.6 to 9.3 were mainly alkaline and strongly
alkaline. The coefficient of CV serves as an indicator of the uniformity and extent of variation
among elements present in the soil. In the study area, the soil heavy metals As, Cd, Cu, Hg, and
Pb exhibit notable variability. Notably, cadmium displays the most pronounced coefficient of
variation and highest level of heterogeneity, potentially influenced by anthropogenic activities.
Conversely, Cr, Ni, and Zn demonstrate moderate variability.

Table 7. Characteristics of heavy metal content in surface soil in Chenzhou.

Item
Element (mg/kg)

pH
As Cd Cr Cu Hg Ni Pb Zn

Maximum value 44.80 2.73 107.00 156.0 0.274 58.90 198.0 329.0 9.30
Minimum value 3.90 0.006 47.90 11.60 0.015 13.50 8.90 33.80 7.60
Average value 11.20 0.230 69.70 31.10 0.049 32.90 27.80 82.90 8.30

Coefficient of variation (%) 36.30 83.50 15.80 52.30 53.70 22.50 47.30 32.20 2.80
Agricultural land filter value 25.00 0.60 250.00 100.00 3.40 190 170.00 300.00 /

Agricultural land control value 100.00 4.00 1300.00 / 6.00 / 1000 / /
Background values 10.80 0.16 66.30 22.70 0.028 28.90 21.20 73.80 8.22

As per the guidelines stipulated in GB15618-2018 [55] Soil Environmental Quality
Agricultural Land Soil Pollution Risk Management and Control Standards, the concen-
trations of Cr, Hg, Ni, and Zn in all 600 soil samples within the study area fell below the
threshold designated for agricultural land soil pollution risk screening. This observation
suggests a safe and uncontaminated level of risk. While the levels of As, Cd, Cu, and Pb in
certain soil samples surpassed the specified threshold for agricultural land soil pollution
risk screening, they remained below the threshold for agricultural land soil pollution risk
control. Notably, cadmium concentrations exceeded the agricultural land soil pollution risk
screening threshold at 22 sampling points, predominantly situated in the southwest region
of Chenzhou.

The heavy metals arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb),
nickel (Ni), and zinc (Zn) in the study region exhibit a pronounced positive correlation
with the content of Sc (p < 0.01), and there exists a positive correlation between mercury
(Hg) and the content of Sc (p < 0.05) (Figure 5). Hence, in the evaluation of soil heavy metal
enrichment factors within the study area, it is judicious to designate Sc as the reference
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element. Sc stands out due to its solitary natural geological provenance, its intimate
association with pollutants, and its consistent spatial dispersion [56,57].

Figure 5. Cont.
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Figure 5. Correlation between heavy metals and Sc content in soil in the study area. ((a): Correlation
between As and Sc content; (b): Correlation between Cd and Sc content; (c): Correlation between
Cr and Sc content; (d): Correlation between Cu and Sc content; (e): Correlation between Hg and
Sc content; (f): Correlation between Ni and Sc content; (g): Correlation between Pb and Sc content;
(h): Correlation between Zn and Sc content).

The assessment of soil heavy metal enrichment factors within the study locale, as
delineated in Table 8, indicates that the enrichment factors for chromium (Cr) and nickel
(Ni) across all soil samples were below 2, suggesting a general state of minimal to negligible
pollution. The manifestations of pollution wrought by mercury (Hg) and cadmium (Cd)
were large, with their impact weightier than that of other heavy metals, and a multitude
of samples exhibiting contamination. Specifically, there are 94 sample points demonstrat-
ing moderate contamination by Hg, and 26 by Cd, constituting 15.67% and 4.33% of the
total samples, respectively. Moreover, seven samples evinced significant pollution lev-
els, accounting for 1.17% of the total, while no samples registered highly or extremely
contaminated levels.

Table 8. Classification statistics of heavy metal enrichment factors in surface soil within
Chenzhou City.

Heavy
Metal EF Average

Mean Value of EF for Different Land Use Types Number of Samples at Each Level

Cultivated
Field Garden Woodland Grassland Hydraulic

Construction
Building

Land
Other

Land Use

EF < 2 2 < EF < 5 5 < EF < 20 20 < EF < 40 EF > 40

Weak
Pollution

Medium
Pollution

Significant
Contamination

Highly
Polluted

Extremely
Polluted

As 0.83 0.83 0.77 0.85 0.84 0.970 0.85 0.68 596 4 0 0 0
Cd 1.17 1.20 0.99 0.96 1.00 0.731 1.25 1.03 567 26 7 0 0
Cr 0.86 0.86 0.86 0.84 0.86 0.749 0.86 0.88 600 0 0 0 0
Cu 1.08 1.09 0.97 0.98 0.89 0.963 1.20 0.93 583 16 1 0 0
Hg 1.46 1.49 1.67 1.11 1.07 2.304 1.60 1.21 499 94 7 0 0
Ni 0.92 0.92 0.93 0.91 0.91 0.908 0.91 0.90 600 0 0 0 0
Pb 1.06 1.08 0.94 0.95 0.97 0.973 1.05 1.00 584 15 1 0 0
Zn 0.91 0.91 0.90 0.85 0.82 0.764 0.99 0.79 595 5 0 0 0

The enrichment factors of Pb and Cu each reached a significant level of pollution
in one sample. The average soil heavy metal enrichment factors in descending order
were Hg > Cd > Cu > Pb > Ni > Zn > Cr > As. The factor mean values were generally at
no pollution to weak pollution levels (Figure 6).

The statistical analysis of soil heavy metal enrichment factors across various land
use categories in the study area reveals that the mean disparities in chromium (Cr) and
nickel (Ni) enrichment factors remain relatively stable across different land use types. This
suggests that the spatial dispersion of these heavy metals is predominantly influenced
by geological background variables. Conversely, in comparison to other land use types,
construction areas exhibit the highest average enrichment factors for cadmium (Cd), cop-
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per (Cu), and zinc (Zn), indicative of the significant impact of human activities on the
enrichment levels of these metals.
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Table 9 delineates the assessment outcomes regarding soil heavy metal accumulation
indices in the designated region. The descending order of average accumulation index
values for heavy metals is as follows: mercury (Hg), cadmium (Cd), copper (Cu), lead (Pb),
nickel (Ni), zinc (Zn), chromium (Cr), and arsenic (As), aligning with the enrichment factor
evaluation results. Notably, the investigation reveals significant soil pollution attributable
to mercury (Hg) and cadmium (Cd) within the area. Mercury-contaminated samples con-
stitute 44.50%, 6.33%, and 1.00% of the total samples, respectively, while Cd-contaminated
samples comprise 22.83% of the total, including one sample reaching a level of severe
pollution. However, no samples exhibit heavy to extremely severe pollution. On the other
hand, the geo-accumulation index (Igeo) of arsenic (As), chromium (Cr), nickel (Ni), lead
(Pb), and zinc (Zn) generally indicates a non-polluted state, with a minor presence of
copper (Cu) and lead (Pb) samples exhibiting light to moderate pollution levels. Samples
displaying severe contamination or above are absent.

The comprehensive soil heavy metal pollution index (IPIN) within the study region
spans from 0.2 to 3.32, with an average of 0.39, underscoring a relatively low level of soil
heavy metal pollution and an overall environment that is deemed relatively safe.

The assessment outcomes of the comprehensive pollution index (PIN) reveal that the
IPIN of 571 samples within the study area indicates a level of safety and absence of pollution,
constituting 95.17% of the total sample pool. The IPIN of 14 samples reached an early
warning status, representing 2.33% of the total sample set. Among these, twelve samples
exhibited a light contamination level, while two samples showed moderate contamination,
and only one sample reached a severe contamination level. Thus, the proportion of samples
in a contaminated state amounted to 2.50% of the total samples.

Of the aforementioned fifteen samples exhibiting contamination, thirteen samples
were dominated by cadmium (Cd) in terms of the IPImax of the comprehensive soil heavy
metal pollution index, while the remaining two contaminated samples were predominantly
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influenced by copper (Cu) in this regard. This suggests that cadmium (Cd) primarily
contributes to the contamination level surpassing the threshold in these samples.

Table 9. Classification statistics of heavy metal accumulation indices in surface soil within
Chenzhou City.

Heavy
metal

Exponential
Average

Number of Samples at Each Level

Igeo < 0
(No

Pollution)

0 < Igeo ≤ 1
(Light

Pollution)

1 < Igeo ≤ 2
(Medium
Pollution)

2 < Igeo ≤ 3
(Medium–

Heavy
Pollution)

3 < Igeo ≤ 4
(Heavy

Pollution)

4 < Igeo ≤ 5
(Heavy–

Very Heavy
Pollution)

5 ≤ Igeo
(Extremely
Polluted)

As −0.62 545 52 3 0 0 0 0
Cd −0.24 463 106 22 8 1 0 0
Cr −0.53 594 6 0 0 0 0 0
Cu −0.26 441 139 18 2 0 0 0
Hg −0.06 289 267 38 6 0 0 0
Ni −0.44 538 62 0 0 0 0 0
Pb −0.28 507 80 11 2 0 0 0
Zn −0.47 547 47 6 0 0 0 0

The soil heavy metal content is affected by different land use patterns. The ranking of
the average soil heavy metal comprehensive pollution index IPIN of each land use pattern
in the region is construction land (0.425) > cultivated land (0.397) > water and hydraulic
construction land (0.391) > forested land (0.374) > artificial grass (0.344) > garden (0.308).
The statistical results further reflect that the intensity of human production activities directly
affects the degree of soil heavy metal pollution.

4.2. Evaluation of Prospective Ecological Hazards Associated with Soil Heavy Metals

The assessment outcomes regarding the potential ecological risk extent of soil within
the study domain, as elucidated in Table 10, indicate that the single-factor potential eco-
logical risk indices of chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn) across all
soil samples in the region fall below 40, signifying a minor ecological risk. The poten-
tial ecological risk index for arsenic (As) ranges from 3.64 to 41.52, while, for lead (Pb),
it varies from 2.06 to 45.93, indicating slight to moderate ecological risks, but primarily
slight. Conversely, the potential ecological risk index for cadmium (Cd) ranges from
11.98 to 511.26, encompassing slight to very severe ecological risks, with predominantly
minor risks constituting 67.00% of the total samples, followed by samples exhibiting mod-
erate and severe ecological risks accounting for 27.67% and 3.50% of the total samples,
respectively. Regarding mercury (Hg), the risk index spans from 21.18 to 391.12, with
a distribution ranging from minor to very severe ecological risks, with mainly medium
risks, constituting 61.17% of the total samples, while samples with severe ecological risks
make up 22.83% of the total samples. Consequently, the primary potential ecologically
hazardous heavy metal elements present in the soil of the study area are mercury (Hg) and
cadmium (Cd).

The range of distribution for the overall potential ecological index (RI) of soil heavy
metals spans from 58.21 to 837.53. Within this range, ecological risks vary from slight to
severe, predominantly comprising slight and moderate risks, which constitute 69.67% and
27.33% of the total, respectively. Additionally, a minority of sample points exhibit strong
potential ecological risks, comprising 2.67% of the total sample set.

The spatial distribution map of RI (Figure 7) illustrates that Linwu County, situated
in the southwestern region of Chenzhou, exhibits the most elevated ecological risk. In the
local soils there exist formidable potential ecological risks alongside a minor presence of
exceedingly potent ecological risks. The inquiry has revealed the presence of localized
areas with significant potential ecological risks within Linwu County. Enterprises engaged
in the reclamation of non-ferrous metal waste and mining activities are prevalent. Linwu
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County boasts a mining legacy spanning over four centuries. However, the operations
of mining enterprises have inflicted significant environmental pollution upon the mining
locale. Following enterprise production, myriad tailings and waste ores remain, extensively
scattered throughout the rainfall catchment area spanning hundreds of square kilometers
in the upper reaches of the Wushui River. This accumulation has precipitated severe heavy
metal pollution and latent safety perils, including landslides and debris flows, within the
soil environment of the mining zone and downstream areas. Prolonged industrial activities
have escalated ecological risks associated with heavy metals such as cadmium (Cd) and
mercury (Hg) in the surrounding soil.

Table 10. Classification statistics of the potential ecological risk index of soil heavy metals in
Chenzhou City.

Hazard
Index

Metal
Element

Distribution Area
Number of Samples at Each Level

Light Middle Powerful Very Strong Extremely
Strong

Ei

As 3.64–41.52 599 1 0 0 0
Cd 11.98–511.26 402 166 21 9 2
Cr 1.45–3.21 600 0 0 0 0
Cu 2.56–34.35 600 0 0 0 0
Hg 21.18–391.12 81 367 137 14 1
Ni 2.33–10.18 600 0 0 0 0
Pb 2.09–46.58 599 1 0 0 0
Zn 0.46–4.46 600 0 0 0 0

RI 58.21–837.53 418 164 16 2 0
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Figure 7. Distribution of soil potential ecological risk levels in the study area.

4.3. Health Risk Appraisal
4.3.1. Non-Carcinogenic Health Hazard Evaluation

The outcomes of the daily exposure risk assessment within the non-carcinogenic health
risk model, as delineated in Table 11, reveal a notable disparity. Specifically, the mean
daily exposure to soil heavy metals via direct oral ingestion, primarily through crops, far
surpasses the average daily exposure via skin contact and inhalation.

The hierarchy of non-carcinogenic average daily exposure, ranging from most to least
significant, through the three distinct pathways, is as follows: ADDing > ADDderm > ADDinh.
In sequence from greatest to least, the average daily intake of various heavy metals through the
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three pathways unfolds as follows: Zn > Cr > Ni > Cu > Pb > As> Cd > Hg. The solitary-path
average daily exposure and cumulative daily exposure of children to all soil heavy metals
surpassed those of adults.

Table 11. The mean daily exposure to non-carcinogenic heavy metals in soil [mg/(kg·d)].

Metal
Element

Adult Children

ADDing ADDinh ADDderm ADDadult ADDing ADDinh ADDderm ADDchild

As 1.66 × 10−5 1.77 × 10−9 1.87 × 10−6 1.85 × 10−5 4.33 × 10−5 2.51 × 10−9 4.16 × 10−6 4.75 × 10−5

Cd 3.48 × 10−7 3.71 × 10−11 1.31 × 10−9 3.50 × 10−7 9.09 × 10−7 5.26 × 10−11 2.91 × 10−9 9.12 × 10−7

Cr 1.04 × 10−4 1.10 × 10−8 3.90 × 10−7 1.04 × 10−4 2.70 × 10−4 1.56 × 10−8 8.64 × 10−7 2.71 × 10−4

Cu 4.61 × 10−5 4.92 × 10−9 1.04 × 10−5 5.65 × 10−5 1.20 × 10−4 6.96 × 10−9 2.31 × 10−5 1.43 × 10−4

Hg 7.23 × 10−8 7.71 × 10−12 1.36 × 10−8 8.60 × 10−8 1.89 × 10−7 1.09 × 10−11 3.02 × 10−8 2.19 × 10−7

Ni 4.89 × 10−5 5.21 × 10−9 1.84 × 10−7 4.90 × 10−5 1.27 × 10−4 7.38 × 10−9 4.08 × 10−7 1.28 × 10−4

Pb 4.14 × 10−5 4.41 × 10−9 9.35 × 10−7 4.23 × 10−5 1.08 × 10−4 6.25 × 10−9 2.07 × 10−6 1.10 × 10−4

Zn 1.23 × 10−4 1.31 × 10−8 9.27 × 10−6 1.32 × 10−4 3.21 × 10−4 1.86 × 10−8 2.06 × 10−5 3.42 × 10−4

ADD 3.80 × 10−4 4.05 × 10−8 2.31 × 10−5 4.03 × 10−4 9.92 × 10−4 5.74 × 10−8 5.12 × 10−5 1.04 × 10−3

The outcomes of the non-carcinogenic health risk assessment reveal a distinctive order
in the non-carcinogenic health risk index across diverse exposure routes: HQing > HQderm >
HQinh. This hierarchy underscores that oral ingestion serves as the predominant avenue for
non-carcinogenic risks associated with soil heavy metals. Indeed, non-carcinogenic health
risks exhibit a correlation with exposure pathways. Notably, whether pertaining to children
or adults, the mean value of each soil heavy metal’s non-carcinogenic risk index registers
below 1. The ranking of non-carcinogenic risk for different heavy metals, from highest
to lowest, delineates as follows: As > Cr > Pb > Ni > Cu > Hg > Zn > Cd. This sequence
reflects the varied conditions prevailing within the study area. Importantly, individual soil
heavy metals do not present non-carcinogenic risks to human health.

The non-carcinogenic health risk index, denoted as HQadult, spans from 0.078 to 0.371 among
adults, with an average of 0.122. All HQadult values fall below 1, signifying that the non-
carcinogenic health risks posed by the eight heavy metals in the soil to adults are negligible
and may be disregarded.

The pediatric heavy metal non-carcinogenic health risk index, denoted as HQchild,
spans from 0.198 to 1.007, with an average value of 0.310. Notably, one sample exhibits
an HQchild greater than 1, suggesting that heavy metals present in 99.83% of the study
area’s samples pose minimal non-carcinogenic health risks to children and may be deemed
inconsequential. Nonetheless, a mere 0.17% of isolated soil samples harbor heavy metals
that entail non-carcinogenic health risks to children.

The non-carcinogenic risk index for children surpasses that of adults, owing to their
distinctive behavioral and physiological traits, rendering them more susceptible to environ-
mental contaminants per unit of body weight than adults. Upon examining the average
composition ratio of the non-carcinogenic risk index HQ, as delineated in Table 12, it
becomes evident that arsenic (As), chromium (Cr), and lead (Pb) stand out as the primary
non-carcinogenic factors among heavy metals in the region. Indeed, the collective HQi
values of these three elements collectively represent over 95% of the non-carcinogenic risk
index HQ.

Table 12. Contribution rate of soil heavy metals HQ for adults and children.

As Cd Cr Cu Hg Ni Pb Zn

Adult 50.88 0.34 32.95 1.16 0.73 2.39 11.19 0.36
Children 51.11 0.33 32.87 1.16 0.67 2.28 11.22 0.37

4.3.2. Cancer Health Risk Assessment

In light of the absence of established carcinogenic slope factors pertaining to the
remaining six heavy metals, save for arsenic (As) and cadmium (Cd), this inquiry exclu-
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sively delved into the carcinogenic hazards emanating from soil contact with As and Cd.
Correspondingly, the findings from the daily exposure risk assessment employing the
non-carcinogenic health risk model remain unaltered. The hierarchy of average daily car-
cinogenic exposure, in descending order, delineates ingestion as surpassing dermal contact,
followed by inhalation. Notably, the primary contributor to the cancer risk index (CR)
emerges as the direct oral ingestion of soil-borne heavy metals through the consumption
of crops.

The assessment outcomes derived from the cancer health risk model within the study
locale reveal that the adult cancer risk index value (CRadult) is dispersed within the range of
4.40 × 10−6 to 4.22 × 10−5, with an average value of 9.82 × 10−6. Based on the CRadult value
of 600 samples in the study area within the acceptable range of 10−6~10−4, soil exposure
will not cause significant carcinogenic health risks to adults.

The cancer risk index values for children (CRchild) are distributed across a spectrum
between 1.13 × 10−5~1.09 × 10−4, with an average value of 2.53 × 10−5. Among them,
the CRchild values of 599 samples in the study area are between 10−6~10−4, and the soil
exposure is not significant. It will not engender considerable carcinogenic health hazards
for children. The cancer risk index (CRchild) value of a singular soil sample fell beyond the
anticipated range, exhibiting an excess rate of 0.17%.

Within this set, the individual child cancer risk indices pertaining to each heavy
metal, arsenic (As) and cadmium (Cd), fall within the acceptable spectrum. Thus, on the
whole, the cumulative cancer risk attributed to soil heavy metals within the study vicinity
remains within acceptable bounds. Only isolated soil samples containing heavy metals
pose carcinogenic health risks to children, warranting due attention.

5. Conclusions

(1) The variation coefficients of soil elements such as arsenic (As), cadmium (Cd), copper
(Cu), mercury (Hg), and lead (Pb) in the study area exceed 36%, rendering them highly
variable constituents. Notably, cadmium exhibits the highest variation coefficient,
displaying localized enrichment characteristics attributed to external influences.

(2) The mean heavy metal enrichment factor (EF) value for each soil sample was below
2, indicating an overall absence to minimal pollution level in the soil. Evaluation
using the geo-accumulation index (Igeo) suggests that soil samples exhibit generally
pollution-free levels of arsenic (As), chromium (Cr), nickel (Ni), lead (Pb), and zinc
(Zn). Moreover, the comprehensive soil pollution index (IPIN) indicates that 95.17%
of soil samples in the area are within safe and pollution-free levels, underscoring the
overall environmental safety of the region.

(3) The soil within the region predominantly exhibits mild and moderate levels of po-
tential ecological risk, comprising 69.67% and 27.33% respectively. A minority of
samples, constituting 2.67% of the total, demonstrate pronounced potential ecological
risk levels, primarily concentrated within the research area. In the southwestern sector
of the district, influenced by the waste nonferrous metal recycling, mining, and other
associated industrial operations of neighboring enterprises, the ecological hazards
posed by heavy metals such as cadmium (Cd) and mercury (Hg) in the surrounding
soil are relatively elevated.

(4) The human health risk assessment outcomes pertaining to heavy metals indicate that
oral ingestion constitutes the primary pathway of exposure to heavy metals present
in soil. In the study area, arsenic (As), chromium (Cr), and lead (Pb) emerge as the
principal non-carcinogenic factors within the soil matrix. The non-carcinogenic health
risk index (HQadult) for adults remains consistently below 1, rendering the associated
hazards negligible. However, the non-carcinogenic health risk index (HQchild) for
children exceeds 1 in one sample, signifying a certain level of non-carcinogenic risk
to children. This underscores the heightened vulnerability of children to the threats
posed by heavy metals compared to adults.
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6. Future Directions and Research Opportunities

In contemplating future trajectories and avenues for research concerning soil heavy
metal risk assessment in Chenzhou, it is imperative to accentuate the significance of bioavail-
ability scores in evaluating heavy metal risks. These scores offer critical insights into the
accessibility and potential harm posed by heavy metals present in soil to biological organ-
isms. Moving forward, further exploration into refining and standardizing methodologies
for determining bioavailability scores across diverse environmental contexts holds great
promise. Additionally, the examination of the effect of various factors such as soil prop-
erties, land use patterns, and climatic conditions on heavy metal bioavailability warrants
diligent attention. Environmental purification can be conducted using organisms and using
plants. It is hoped that, in the future, progress can be made in the decomposition of heavy
metals in soil. Moreover, the integration of advanced techniques such as molecular biology
and spectroscopy with traditional approaches can enrich our comprehension of heavy metal
dynamics in soil ecosystems. Embracing interdisciplinary collaboration and harnessing
cutting-edge technologies will undoubtedly pave the way for more comprehensive and
precise assessments of soil heavy metal risks, thereby contributing to the formulation of
effective mitigation strategies and the preservation of environmental and human health in
Chenzhou and beyond.
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