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Abstract: Soil heavy metal pollution is a severe and growing problem, and it is crucial to assess the
level of soil heavy metal contamination and determine the origins of pollutants. However, there is
limited research on soil heavy metal source apportionment and its carcinogenic and non-carcinogenic
hazards. Positive Matrix Factorization (PMF) is a powerful technique for source apportionment of
pollutants in environmental matrices such as atmospheric particulate matter and soil, as it can handle
missing and imprecise data to ensure data reliability, among other benefits. In order to explore the
distribution characteristics and main sources of heavy metals in agricultural land, the contents of Cd,
Cr, Cu, Pb, and Ni were collected and determined. The positive matrix factorization (PMF) model
was used to analyze the source of heavy metals in the soil in the study area, and the human health
risk evaluation was carried out. The results showed that (1) the coefficient of variation of Cd in the
four areas was much higher than that of the other four heavy metals, which showed strong variability;
(2) the content and distribution of heavy metals in different regions were different under the influence
of different environments; (3) the PMF model analysis showed that the heavy metal pollution sources
in the four areas were divided into two types: the soil parent material, which had industrial pollution,
traffic pollution, and agricultural pollution; and the contribution rate of each pollution source; (4) the
non-carcinogenic risks of heavy metals in children at all points in the study area were greater than
those of adults, and the carcinogenic risks were the opposite of the carcinogenic risk in the study area.
And the most serious carcinogenic risk in the study area was the harm caused by oral ingestion of
heavy metal Cr into the adults’ bodies.

Keywords: carcinogenic risk; human health risks; PMF model; source analysis

1. Introduction

In recent years, heavy metal pollution in soil has attracted great attention [1]. As, Cd,
Ni, Cu, Hg, and Pb in 19.4% of agricultural soil samples in China were contaminated with
different degrees of heavy metals [2]. Because of its ecotoxicity, non-degradability, and
persistence, it brings detrimental effects to the environment and human health [3–6].

At the same time, soil heavy metal pollution has the characteristics of concealment [7].
Due to the complexity and diversity of soil, the distribution of heavy metals in soil presents
high spatial variability and source uncertainty, which leads to great difficulties in the
study of soil source analysis [8]. There are two main methods for soil heavy metal source
analysis: qualitative and quantitative. Up to now, a complete and systematic analysis
method system has not been established. The research on source analysis of heavy metals
in soil has shown a fold increase since 2010. The main used methods include [9–11] absolute
principal component score/multiple linear regression, principal component multiple linear
regression, principal factor analysis/multiple linear regression (FA/MLR), and positive
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matrix factorization (PMF). Additionally, several isotopic tracing methods are implemented
to identify the sources of contamination. Ai et al. [12] used the UNMIX model to analyze
four pollution sources of soil samples from Jipi Gully gold mine in the upper reaches of
Songhua River. The results of the UNMIX model were consistent with the local land use
types, human activities, and distribution of Cd, Hg, and Pb contents. When using the
model, components with fewer missing values should be selected as much as possible;
otherwise, it will have some impact on the model results. Zhu et al. [13] used multivariate
statistical analysis and the lead isotopic ratios method to identify the sources of heavy metal
pollution in topsoil samples from Beijing Capital Iron and Steel Factory and its surrounding
areas. The results showed that the heavy metals in the soil mainly came from anthropogenic
factors such as industrial activities, traffic emissions, and atmospheric deposition, among
which the main source of lead was the dust generated during the steel production process.
However, the isotopic ratios method can only trace back to specific pollutants, and the
number of pollution sources that can be analyzed is limited. The sample pretreatment is
also costly.

PMF has the ability to accurately determine the significant factors and contributions,
based on the assumption of mass conservation and chemical mass balance between the
emission source and acceptor [14,15]. PMF can limit the factor matrix to a range of non-
negative values to obtain more meaningful factors [16].

PMF is widely used in various fields. In terms of air pollution control, Dai et al. [17]
and Li [18] used PMF models to analyze the Chinese atmosphere and derive its main
characteristics and sources. In terms of VOC pollution control, Su et al. [19] used PMF
to analyze the data of VOCs for one year and found that the petroleum complex was the
largest source of single volatile organic compounds in the local area. Regarding the control
of heavy metal pollution in soil, Chen et al. [20] utilized the PMF model and determined
that the contamination of Cd and Cr in the soil was severe. The main sources of this
pollution were identified as local zinc smelting, agricultural production, and coal usage.
Ling et al. [21] combined PMF models with geostatistical analysis for source identification,
and the findings emphasized the importance of considering waste industrial legacy when
developing risk reduction strategies in the area. Wang et al. [22] verified the accuracy
of PMF source contribution analysis with correlation analysis and principal component
analysis. Qiao et al. [23] used PMF analysis to identify four main pollution sources in Beijing,
and the results showed that PMF resolved the four factors to be stable and appropriate.
Yin et al. [24] analyzed the source of heavy metal elements in the soil of Guangzhou and
found that the PMF model can identify an agricultural source that has not been recognized
by the other three receptor models. And it could better distinguish different types of
pollution sources. All these show that the PMF model has unique advantages of processing
and optimizing data.

Ecological risk assessment is essential for heavy metals in soils that alter soil ecosys-
tems [25]. Heavy metals enter the human body through the food chain and pose a serious
threat to human health [26,27]. Soil risk assessment is mainly used for the risk management
of toxic and harmful chemicals and the risk assessment of soil heavy metals in environ-
mental fields, mostly from the perspective of soil safety, and gradually changes into the
safety perspective of soil and agricultural products [28]. Albert et al. [29] first proposed
the problem of predicting the toxicity of complex mixtures, generally ignoring synergies
between substances that may weaken or increase potential risk when considering the sum
of individual and potential toxicity risks. Chen et al. [30] found that the more complex
the contaminant mixture, the greater the co-toxicity. Wierzbicka et al. [31] found that
although the single concentration of each pollutant did not exceed the limit value, the
mixed pollutants had a highly toxic effect on organisms. The applicability of the combined
toxicological method under specific conditions was limited and the data could not be
generalized [32]. The health risk assessment model [33] developed by USEPA was used
to evaluate the non-carcinogenic and carcinogenic risk of heavy metals entering human
health in the study area.
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Heavy metals can potentially cause harm to humans and ecosystems. Conducting
source analysis can help us identify the sources and migration paths of heavy metals in soil,
which is crucial for developing effective response measures. These efforts not only protect
human health and ecological safety, but also provide a solid foundation for sustainable
development.

In this study, we initially assumed the following: “Environmental factors influence
the content and distribution of heavy metals in soil, which are also related to soil parent
material, land use type, and human activities. These factors pose a threat to human health.
The PMF model can identify different sources of pollution in soil.” The objectives of this
study were to (1) measure the content of heavy metals and analyze their distribution
characteristics, (2) use the PMF model to analyze soil heavy metal sources and determine
the source of pollution, (3) evaluate soil heavy metal risks based on human health risks,
and (4) evaluate the harm that heavy metals may cause to human bodies.

2. Materials and Methods
2.1. Description of the Study Area

Xuzhou is located in the southeast of the North China Plain and northwest of Jiangsu
Province. The terrain of the plain of Xuzhou covers the largest area, reaching 90%, and
belongs to the warm temperate semi-humid monsoon climate. The annual average temper-
ature and annual average frost-free period in Xuzhou are 14 ◦C and 200~220 d, respectively.
The average annual precipitation is 800~930 mm, with the rainy season precipitation ac-
counting for 56% of the total precipitation [34]. The ground elevation of Xuzhou is about
39.5 m. Its lithology is mainly sub-sand, silty sand, and medium and fine sand, and the
seismic intensity is 7.0 m. In the sampling area, area 1, area 2, and area 3 contain leaching
brown soil, and area 4 contains sandy soil. The background values of the five heavy metals
Cr, Ni, Cu, Cd, and Pb are 55.50 mg/kg, 32.80 mg/kg, 12.61 mg/kg, 0.29 mg/kg, and
16.30 mg/kg, respectively [35].

2.2. Sample Collection and Analysis

The layout of sampling points and the sample collection for the soil pollution investi-
gation of agricultural land were subject to HJ/T 166 technical specifications in this paper.
The soil samples collected were mixed. The sampling depth was 0–20 cm, with a total of
79 sampling points. Among them, 23, 13, 24, and 19 sampling points were deployed in
areas 1, 2, 3, and 4, respectively. The specific sampling diagram is shown in Figure 1.

Area 1 is surrounded by many industrial plants, there are more varieties of crops in
agricultural land, and the research area is about 3100 hectares. Area 2 is agricultural land,
far from rural and industrial plant areas, and the crops are mainly wheat and corn, with a
research area of about 2800 hectares. Area 3 is located around a treatment plant. The land
is dominated by weeds, representing the agricultural land of the only treatment plant in
the surrounding area, and the study area is about 29 hectares. Area 4 is also agricultural
land. The sampling point in Area 4 is far from the road. The crop is rice, and the study area
is about 3.6 hectares.

After the soil mixture sample was air-dried, gravel and weeds were removed. The
ground sample was sieved using a 100-mesh sieve. The sample was dried to constant
weight in a dryer. The treated sample was placed in a ziplock bag sealed for use, and the
analysis method was carried out according to “Soil Environmental Quality Standard for
Soil Pollution Risk Control of Agricultural Land (Trial)”, National Standard of the People’s
Republic of China GB15618–2018, 2018.



Sustainability 2023, 15, 13225 4 of 17

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 19 
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Figure 1. Schematic diagram of sampling points in the study area.

The soil samples to be tested were placed in crucibles, and hydrochloric acid, nitric
acid, hydrofluoric acid, and perchloric acid were added in a 3:1:3:1 ratio to the crucible. The
soil samples were digested completely with these acids. After digestion, the samples were
filtered and made up to a precise volume for measurement. All the acids used for digestion
were analytical grade. An Agilent Technologies LA-ICP-MS (NWR 213–7900, ESI, America)
was employed to measure the total content of heavy metals in the soil (LA-ICP-MS is
suitable for the detection of soil digestion solutions with low salt root ion content). The
maximum value of the relative standard deviation (RSD) of the determination of heavy
metal data in this paper was 5.49, and 82.6% of the RSD did not exceed 1.8, which was
highly accurate. In the process of experimentation, a sample was randomly selected as a
standard sample for sampling and testing of every ten samples, and all test samples were
subtracted from the blank sample as the final value of the sample. And the sample was
compared with the reference material during the test to ensure the reliability and accuracy
of the test results.

The data of heavy metals were analyzed and calculated by using Excel and IBM SPSS
Statistics 20 software. The sources of heavy metals were apportioned by using EPA PMF
5.0 software. The graphs were drawn by using Origin 2022 software.

2.3. PMF Model

The PMF model was used to study the source analysis of areal soil heavy metal
pollution, and the main methods are illustrated by Equations (1)~(4):

Xij =
P

∑
k=

(
Gik × Fkj

)
+Eij (1)

where Xij is the content of the jth element in the ith sample, Gik is the relative contribution
of the sample to the contribution rate of the kth contamination source in sample i, Fkj is the
characteristic value of pollution source k for the jth concentration of heavy metals, Eij is the
residuals and P is the number of factors, and i, j, and k = 1, 2, 3, . . .. The original matrix X is
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decomposed by the PMF model to obtain the optimized matrices F and G, the objective
function Q is minimized, and the Q formula is as follows:

Q =
n

∑
i=1

m

∑
j=1

(
Eij

Uij

)2

(2)

Among them, Uij is the magnitude of the uncertainty of the jth element content of the
ith sample. This model weights each data point and assigns an appropriate uncertainty size
to each data point, when the element concentration is less than or equal to the corresponding
method detection limit. The equation is

Uij =
5
6
× MDL (3)

Otherwise,

Uij =

√
(δ × c)2+MLD2 (4)

where δ is relative standard deviation, C is the concentration of heavy metal elements, and
MDL is the Detection method limit. This analysis used USEPA’s software PM5.0, increased
the number of factors by 3–6, set the number of operations to 20, and randomly selected
points to run the PMF model.

2.4. Risk Assessment of Heavy Metals in Soil

The calculation equations of soil heavy metal risk assessment based on the human
health risk method are as follows:

CDIInhalation =
PM10 × MPM × ET × IRair × EF × ED

PEF × BW × AT × 106 (5)

CDIDermal =
Csoil × SA × PE × AF × ABS × ED

BW × AT × 106 (6)

CDIIngestion =
Csoil × IRsoil × EF × ED

BW × AT × 106 (7)

Among these variables, CDI represents the daily exposure measurement in milligrams
per kilogram of body weight per day (mg/(k·d)). PM10 is the concentration of atmospheric
particulate matter in the study area, measured at 0.096 mg/m3. MPM represents the con-
centration of heavy metals found in airborne particulate matter, assumed to be equivalent
to soil heavy metal concentration. ET stands for exposure time, measured at 0.56 hour per
day for children and 3.3 hours per day for adults. IRair denotes the average daily intake
of air, measured at 9.7 m3/day for children and 15.7 m3/day for adults. EF represents
exposure frequency (350 days per year), while ED represents the duration of exposure
(9 years for children and 30 years for adults). Csoil stands for soil heavy metal concentra-
tion in milligrams per kilogram (mg/kg), and SA represents soil contact area, measured at
8880 cm2/day for children and 16,000 cm2/day for adults. PE represents the proportion of
skin that comes into contact with soil (39.3%), AF represents the soil adhesion factor (0.2 for
children and 0.07 for adults), and ABS is the skin absorption efficiency factor (0.001 for
As and 0.03 for non-carcinogenic substances). BW refers to body weight, measured at
23.24 kg for children and 60.6 kg for adults. AT represents the average contact time with
soil (70·365 days for carcinogenic substances and ED·365 for non-carcinogenic substances),
IRsoil indicates the per-capita soil intake (87 mg/day for children and 50 mg/day for
adults), and PEF is the particulate matter emission factor (1.36·109 m3/kg).

HQ =
CDI
RFD

(8)
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HI =
n

∑
i=1

HQi= HQinhalation+HQDermal+HQingestion (9)

where HQ is dangerous entropy, RfD is the reference dose of heavy metals, and HI is the
overall potential risk index (HI > 1, non-carcinogenic risk may occur).

CR = CDI × CSF (10)

TCR =
n

∑
i=1

CDI × CSF (11)

Among them, CR is the probability of carcinogenic risk, TCR is the total probability of
carcinogenic risk, and CSF is the carcinogenic intensity coefficient for each heavy metal.
When CR < 10−6, the area is not carcinogenic. When 10−6 < CR < 10−4, the area has an
acceptable carcinogenic risk. When CR > 10−4, the area is more likely to have cancerous
risk [36]. The reference doses are shown in Table 1.

Table 1. Reference doses of heavy metals.

Reference Dose Ingestion Mode Cr Ni Cu Cd Pb

RfD
Ingested by breath 0.0000286 0.00009 0.04 0.00001 0.00352

Ingested through the skin 0.00006 0.0054 0.012 0.000025 0.000525
Ingested by mouth 0.003 0.02 0.04 0.001 0.0035

CSF
Ingested by breath 84 0.26 1.8 0.042

Ingested through the skin 0.001 0.38
Ingested by mouth 0.5 6.1

2.5. Coefficient of Variation

The degree of variation is divided into weak variability, moderate variability, and
strong variability. The sample has weak variability when the coefficient of variation
(CV) < 10%, moderate variability when 10% < CV < 100%, and strong variability when the
CV > 100% [37].

3. Results
3.1. Characteristics of Soil Heavy Metal Content in the Study Area

The statistical results of soil heavy metal content parameters in four areas are shown
in Table 2.

Table 2. Soil heavy metal content in the study area.

Area Parameter (mg/kg) Cr Ni Cu Cd Pb

Area 1
average value 25.65 33.12 78.57 0.9 28.49

standard deviation 8.001 6.192 15.684 1.809 6.579
coefficient of variation 0.312 0.187 0.2 2.008 0.231

Area 2
average value 31.07 24.21 64.26 1.18 32.5

standard deviation 7.902 4.323 10.031 1.444 12.386
coefficient of variation 0.254 0.179 0.156 1.222 0.381

Area 3
average value 41.04 21.88 44.42 1.07 15.76

standard deviation 6.006 2.995 11.076 1.953 1.79
coefficient of variation 0.146 0.137 0.249 1.818 0.114

Area 4
average value 40.66 22.37 48.59 1.42 20.04

standard deviation 4.015 2.386 6.533 1.527 2.345
coefficient of variation 0.099 0.107 0.134 1.076 0.117
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As shown in Table 2 and Figure 2, Cd’s average values in four areas all exceeded the
risk value. Except for Cd, the other heavy metals’ averages were within the risk value. But
within the control value, there may be edible agricultural products that do not meet food
quality and safety standards, and in principle, agronomic regulation, alternative planting,
and other measures should be taken.
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Figure 2. Parameters of heavy metals.

The CVs of Cr in the four areas were 0.312, 0.254, 0.146, and 0.099, respectively. The
CVs for Ni were 0.187, 0.179, 0.137, and 0.107, respectively. The CVs of Cu were 0.2, 0.156,
0.249, and 0.134, respectively. The CVs of Cd were 2.008, 1.222, 1.818, and 1.076, respectively.
The CVs of Pb were 0.231, 0.381, 0.114, and 0.117, respectively. The order of the CVs of
heavy metals in area 1 was Cd > Cr > Pb > Cu > Ni. Cd was strongly variable, and Cr, Pb,
Cu, and Pb had medium variability in area 1. The CVs of heavy metals in area 2 were Cd >
Pb > Cr > Ni > Cu, where Cd had strong variability and Cr, Pb, Cu, and Pb had medium
variability. The order of the CVs of heavy metals in area 3 was Cd > Cu > Cr > Ni > Pb,
where Cd and Pb had strong variability, and heavy metals Cr, Ni, and Cu had medium
variability. The CVs of heavy metals in area 4 were as follows: Cd > Cu > Pb > Ni > Cr.
Cd had strongly variability. Ni, Cu, and Pb had medium variability, and Cr had weak
variability in area 4.

There was no apparent pattern in the average values of heavy metals in different
regions. Cr and Cd showed an increasing trend from Area 1 to Area 4, while Ni and Cu
showed a decreasing trend. This suggested that the content and distribution of heavy
metals in different regions varied due to the influence of different environmental factors.
The results of the standard deviation showed that the data fluctuated greatly, which also
proved that environmental factors could affect the distribution of heavy metal content.

3.2. The Factor Contribution Rate Based on PMF

The four areal factors and contribution rates are shown in Table 3:
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Table 3. Contribution rates of factors in the study areas.

Area Heavy Metal Cr Ni Cu Cd Pb

Area1
Factor1 71.1% 41.5% 45.8% 20.6% 40.9%
Factor2 28.9% 52.5 49.8 0% 51.2%
Factor3 0% 6.0% 4.4% 79.4% 7.9%

Area2
Factor1 52.6% 41.9% 26.7% 0% 40.1%
Factor2 18.6% 23.9% 21.2% 100% 41.8%
Factor3 28.8% 34.2% 52.1% 0% 18.1%

Area3
Factor1 5.0% 5.5% 0% 75.0% 4.7%
Factor2 76.3% 71.7% 35.2% 0% 68.8%
Factor3 18.7% 22.8% 64.8% 25.0% 26.4%

Area4
Factor1 75.4% 74.1% 72.5% 4.2% 75.1%
Factor2 24.6% 25.9% 27.5% 95.8% 24.9%

With the exception of area 4, the remaining three areas were all affected by three
factors. And the contribution rate of the three factors to a certain heavy metal in some
areas was 0, which was related to the different environment. In addition, in terms of Cr,
the contribution rate of factor 1 in the four areas was ranked as area 4 > area 1 > area 2 >
area 3. The contribution rate of factor 2 was ranked as area 3 > area 1 > area 4 > area 2. And
the contribution rate of factor 3 was area 2 > area 3 > area 1, where the contribution rate
of factor 3 to Cr in Area 1 was 0. The highest contribution rate was that of factor 2 to Cd
in area 2 of 100%, indicating that Cd in this area was only affected by factor 2. The lowest
contribution rate was 0 and up to 6, of which, in three areas (except area 4), the contribution
rate of each factor to Cd was 0.

3.3. Soil Heavy Metal Risk Assessment

The average, maximum, minimum, and standard deviation of the overall potential
risk index for different exposed groups at different exposure routes were calculated as
shown in Table 4:

Table 4. Numerical range of carcinogenic risk in the study area.

Area Heavy Metal Crowd Category Average Value Standard Deviation Maximum Minimum

1

Cr
Adults 2.13 × 10−3 6.65 × 10−4 3.82 × 10−3 1.15 × 10−3

Children 3.46 × 10−3 1.08 × 10−3 6.20 × 10−3 1.87 × 10−3

Ni
Adults 4.11 × 10−4 7.69 × 10−5 6.84 × 10−4 3.03 × 10−4

Children 6.63 × 10−4 1.24 × 10−4 1.10 × 10−3 4.88 × 10−4

Cu
Adults 4.88 × 10−4 9.74 × 10−5 8.73 × 10−4 3.82 × 10−4

Children 7.87 × 10−4 1.57 × 10−4 1.41 × 10−3 6.16 × 10−4

Cd
Adults 2.24 × 10−4 4.51 × 10−4 2.13 × 10−3 5.93 × 10−5

Children 3.63 × 10−4 7.30 × 10−4 3.45 × 10−3 9.59 × 10−5

Pb
Adults 2.02 × 10−3 4.67 × 10−4 3.16 × 10−3 1.29 × 10−3

Children 3.26 × 10−3 7.53 × 10−4 5.10 × 10−3 2.09 × 10−3

2

Cr
Adults 2.50 × 10−3 6.02 × 10−4 3.19 × 10−3 1.33 × 10−3

Children 4.05 × 10−3 9.77 × 10−4 5.17 × 10−3 2.15 × 10−3

Ni
Adults 2.95 × 10−4 5.20 × 10−5 3.86 × 10−4 1.73 × 10−4

Children 4.76 × 10−4 8.38 × 10−5 6.22 × 10−4 2.79 × 10−4

Cu
Adults 3.89 × 10−4 5.34 × 10−5 4.73 × 10−4 2.81 × 10−4

Children 6.28 × 10−4 8.61 × 10−5 7.63 × 10−4 4.53 × 10−4

Cd
Adults 2.09 × 10−4 1.91 × 10−4 6.90 × 10−4 8.69 × 10−5

Children 3.38 × 10−4 3.10 × 10−4 1.12 × 10−3 1.41 × 10−4

Pb
Adults 2.33 × 10−3 9.10 × 10−4 4.94 × 10−3 1.37 × 10−3

Children 3.75 × 10−3 1.47 × 10−3 7.96 × 10−3 2.21 × 10−3
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Table 4. Cont.

Area Heavy Metal Crowd Category Average Value Standard Deviation Maximum Minimum

3

Cr
Adults 3.41 × 10−3 4.99 × 10−4 4.32 × 10−3 2.52 × 10−3

Children 5.53 × 10−3 8.10 × 10−4 7.00 × 10−3 4.09 × 10−3

Ni
Adults 2.72 × 10−4 3.72 × 10−5 3.33 × 10−4 2.08 × 10−4

Children 4.38 × 10−4 6.00 × 10−5 5.37 × 10−4 3.36 × 10−4

Cu
Adults 2.76 × 10−4 6.88 × 10−5 3.94 × 10−4 7.61 × 10−5

Children 4.45 × 10−4 1.11 × 10−4 6.36 × 10−4 1.23 × 10−4

Cd
Adults 2.68 × 10−4 4.87 × 10−4 2.45 × 10−3 4.10 × 10−5

Children 4.33 × 10−4 7.88 × 10−4 3.96 × 10−3 6.64 × 10−5

Pb
Adults 1.12 × 10−3 1.27 × 10−4 1.44 × 10−3 9.60 × 10−4

Children 1.80 × 10−3 2.05 × 10−4 2.33 × 10−3 1.55 × 10−3

4

Cr
Adults 3.41 × 10−3 3.13 × 10−4 4.17 × 10−3 2.88 × 10−3

Children 5.53 × 10−3 5.07 × 10−4 6.76 × 10−3 4.67 × 10−3

Ni
Adults 2.80 × 10−4 2.90 × 10−5 3.26 × 10−4 2.30 × 10−4

Children 4.51 × 10−4 4.67 × 10−5 5.25 × 10−4 3.71 × 10−4

Cu
Adults 3.05 × 10−4 3.90 × 10−5 3.98 × 10−4 2.40 × 10−4

Children 4.92 × 10−4 6.29 × 10−5 6.41 × 10−4 3.87 × 10−4

Cd
Adults 3.67 × 10−4 3.86 × 10−4 1.47 × 10−3 6.60 × 10−5

Children 5.94 × 10−4 6.25 × 10−4 2.39 × 10−3 1.07 × 10−4

Pb
Adults 1.44 × 10−3 1.60 × 10−4 1.76 × 10−3 1.22 × 10−3

Children 2.32 × 10−3 2.59 × 10−4 2.84 × 10−3 1.96 × 10−3

The average HI of heavy metals in each area was 5.53 × 10−3, which was the overall
potential risk index of Cr in children in area 4. The minimum mean HI was 2.09 × 10−4,
which was the overall potential risk index of Cd in adults in area 2. The maximum value
of HI in all zone points was 7.96 × 10−3, where the overall potential hazard index of Pb
was 2–7 in area 2. The minimum value of HI in all zone points was 4.10 × 10−5, where the
overall potential hazard index of Cd was 3–11 in area 2.

4. Discussion
4.1. Analysis of Soil Heavy Metal Content and Differences in the Study Area

It can be seen from Table 2 that the CV of Cd in the four areas was much higher than
those of the other four heavy metals, and the coefficients of variation of the other four
heavy metals were less different. It is preliminarily believed that human activities have a
greater impact on the distribution difference of Cd content in soil [38] and have little effect
on the distribution difference of Cu, Ni, Pb, and Cr in soil. There was no obvious regularity
in the average values of heavy metals in each area. Cr and Cd showed an increasing trend
from area 1 to area 4, while Ni and Cu showed a downward trend, which indicated that the
content and distribution of heavy metals in different areas were diverse due to the influence
of divergent environmental effects. We further carried out statistical analysis of the content
of different heavy metals in four areas, and the content of each area is shown in Figure 3.

It can be seen from Figure 3 that the Cr did not exceed the soil background value,
indicating that there was no Cr pollution in the area. Cu, Cd, and Pb all greatly exceeded
the soil background value, and the accumulation of heavy metals was serious. This is
consistent with the results from collecting data to conduct a risk assessment of heavy metals
in Chinese soil [39].
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Figure 3. Different heavy metal content in the study area (in broken line graph: red is average value
and yellow is background value). (A) Cr content. (B) Ni content. (C) Cu content. (D) Cd content.
(E) Pb content.

Some points of Ni in area 1 exceeded the soil background value, and the average value
was slightly larger than the soil background value, which was due to the accumulation of
Ni at some points because of the large number of surrounding industrial plants. In addition,
the Cu, Cd, and Pb contents of area 1 greatly exceeded the soil background value, and there
was heavy metal accumulation. The Cr and Ni contents and mean values of area 2 were



Sustainability 2023, 15, 13225 11 of 17

lower than the soil background values, and the average values of Cu, Cd, and Pb exceeded
the soil background values. Area 2 is agricultural land. Although it is far from the sources
of pollution in rural and industrial plants, the agricultural land is mainly wheat and corn,
which might be due to the accumulation of heavy metals caused by long-term irrigation.
The average content of Cu, Cd, and Pb in area 3 exceeded the soil background value. Ni
and Cr did not accumulate. Area 3 is located around the plant area, and the accumulation
of the former may be related to pollution from the treatment plant. The average Cr and Ni
content of area 4 was lower than the soil background value, while the average content of
Cu, Cd, and Pb was higher than the soil background value. Area 4 is far from the road and
has no influence on automobile exhaust, so the content of Cr and Ni was low. The crops in
area 4 were rice. Although the Cu, Cd, and Pb contents exceeded the soil background value,
they were all lower than those in area 2, which also indicated that rice had an absorption
effect on Cu and Pb content.

4.2. Research on Pollution Source Analysis and Risk Assessment based on PMF Method

The PMF source analysis of four areas is shown in Figure 4. According to the possible
source of heavy metals, traffic factors and the use of organic fertilizers for livestock and
poultry will cause Cu pollution. If the heavy metal content does not exceed the background
value, it indicates that it is less affected by human activities and it is the soil’s parent
material. Cd sources mainly include agricultural factors, transportation factors, etc. Pb is
mainly derived from industrial activity and traffic factors [40,41].
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Figure 4. Analysis of PMF pollution sources in 4 areas.

The figure of the factor and contribution rate of area 1 is shown in Figure 3A. The
first factor in area 1 was involved in all heavy metals. The second factor was involved
in heavy metals except Cd, and the third factor was mainly involved in Cd. According
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to the surrounding conditions of area 1, the determination factor 1 was the soil parent
material, factor 2 was the industrial factor, and factor 3 was the traffic factor. The factors
and contributions of area 2 are shown in Figure 3B. The first factor in area 2 was involved
in all heavy metals except Cd. The second factor was involved in heavy metals, Cd was
the mainstay, and the third factor was involved in heavy metals except Cd. According to
the surrounding conditions of area 2, factor 1 was the soil parent material, factor 2 was
the traffic factor, and factor 3 was the agricultural factor. As shown in Figure 3C, the first
factor in area 3 was mainly Cd. All heavy metals were involved in the second factor except
Cd and accounted for more, and the third factor was involved in all areas. According to
the surrounding conditions of area 3, factor 1 was determined to be an industrial factor,
factor 2 was soil parent material, and factor 3 was an agricultural factor. The factors and
contribution rates of area 4 are shown in Figure 3D, the first factor in area 4 was involved
in each heavy metal residue, and the second factor mainly involved Cd. According to the
surrounding conditions of area 4, the determination factor 1 was the soil parent material
and factor 2 was the agricultural factor.

In this study, the PMF method also had some drawbacks, such as the lack of a clear
criterion for choosing the optimal number of factors. Therefore, the program had to be run
multiple times to minimize the objective function Q and the residual matrix e value, and to
maximize the correlation between the simulated and observed results. In future studies,
multiple models can be combined to trace back the sources of pollution, to correct each
other and make the results more accurate.

4.3. Analysis of the Difference between Carcinogenic Risk and Non-Carcinogenic Risk

The differences in non-carcinogenic risk between adults and children in each area are
shown in Figure 5.

Figure 5 shows that the non-carcinogenic risk of heavy metals for children at each
point was greater than that for adults. The five heavy metals in the overall potential hazard
index of children were sorted as follows: Cr > Pb > Cu > Ni > Cd. The five heavy metals in
the adults’ potential hazard index were sorted as follows: Cr > Pb > Cu > Ni > Cd. Heavy
metal Cr posed a higher risk to children and adults than other heavy metals. From the
average and maximum values, the potential risk index of the five heavy metal elements in
the study area was less than 1, indicating that there would be no non-carcinogenic health
risk effects on the human’s body.

Figure 6 shows the probability of carcinogenic risk of heavy metals in the study area.
For the risk order of carcinogenic risk probability pathways, ingested by mouth > ingested
through the skin > ingested by breath, and the risk route in adults was greater than that in
children. From the perspective of different heavy metal elements, the order of carcinogenic
risk of heavy metals in adults and children in all areas was Cr > Cd > Pb > Ni. Therefore,
the most serious carcinogenic risk in the study area was the harm caused by oral ingestion
of heavy metal Cr into the adults’ body.

The order of Cr carcinogenic risk in different areas was area 3 > area 4 > area 2 >
area 1. And the carcinogenic risk of Cr in area 3 was the most serious, so a treatment plant
might aggravate the carcinogenic risk of Cr in the surrounding soil. But there was no such
phenomenon in industrial parks.

The order of Ni carcinogenic risk in different areas was area 1 > area 2 > area 3 > area 4.
Industrial parks might aggravate the risk of Ni carcinogenesis in the surrounding soil, but
a treatment plant would not.

The order of Cd carcinogenic risk in different areas was area 4 > area 3 > area 1 > area 2.
Area 4 agricultural land had a greater carcinogenic risk. It was believed that the industrial
park and a treatment plant did not increase the carcinogenic risk of the surrounding Cd,
and the carcinogenic risk of Cd mainly came from agriculture.

The order of Pd carcinogenic risk in different areas was area 2 > area 1 > area 4 >
area 3, and it was believed that the industrial park and a treatment plant did not increase
the carcinogenic risk of the surrounding Pd.
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Figure 5. Non-carcinogenic risk probability in the study area.
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Figure 6. Carcinogenic risk probability in the study area.
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In summary, the analysis of human health risk assessment showed that Cr and Cd
were more harmful than Ni, Cu, and Pb, and should be prevented. In addition, Cr had
a certain risk of cancer and non-cancer. This was related to the method of intake and the
reference dose of carcinogenic and non-carcinogenic risks. Different values and calculation
results were directly related. Therefore, when calculating human health risks, the value of
parameters should be clarified to obtain accurate results.

This study has some limitations that should be noted. In this study, heavy metals in
plants and agricultural products were not analyzed. Crop plants, agricultural products,
soil, and the human body were not uniformly assessed for risk. Further investigation and
analysis of heavy metals around high points to determine the extent of pollution were not
conducted in this paper.

5. Conclusions

In this paper, the PMF model was used to analyze the source of heavy metals in the
soil in the study area, and the human health risk assessment was used to evaluate the
human health risks. The main conclusions obtained are as follows:

1. The heavy metal content in soil did not show regularity as a whole, and the distribu-
tion of heavy metal content was affected by the environment. Cd in the four areas had
a pollution risk.

2. Based on the PMF model, this study showed that area 1, area 2, and area 3 had three
pollution source factors, and area 4 had two pollution source factors. The sources of
pollution were soil parent material, traffic factors, agricultural chemical use, industrial
factors, etc.

3. The non-carcinogenic risk of heavy metals in children at all points in the study area
was greater than that in adults. The risk of heavy metal Cr to children and adults
was higher than that of other heavy metals. For the probability of carcinogenic risk,
the risk pathway in adults was greater than that in children. And the most serious
carcinogenic risk in the study area was the harm caused by oral ingestion of heavy
metal Cr into the adults’ body.

4. The results of human health risk evaluation showed that Cr and Cd were more
harmful than Ni, Cu, and Pb, and should be prevented.

This study shows that the PMF model can well detect the source of heavy metal
pollution, and the human health risk evaluation on the basis of known sources also shows
the suitability and accuracy of the two. At the same time, it can provide reference for
government decision making.
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