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ABSTRACT: Heavy metals resulting from human activities pose
significant threats to human health and the soil ecosystem. In the
current study, 917 soil samples from Chongming Island in
Shanghai, China, were examined for eight heavy metals. The
sources of contamination were identified by using a Positive Matrix
Factorization (PMF) model. Meanwhile, spatial interpolation and
Moran’s I index were applied to validate the model in terms of
spatial linkages. The results revealed that the average concen-
trations of As, Cd, Hg, Pb, Cr, Cu, Zn, and Ni in the soil were 8.87,
0.19, 0.06, 28.75, 76.01, 37.74, 88.93, and 30.33 mg kg−1,
respectively. The PMF analysis proved that heavy metals in the
soil of the study area are mainly influenced by traffic sources (Cr
and Pb), industrial sources (Zn, Cd, and Cu), station sources
(Hg), and natural sources (As and Ni), with contribution rates of
22.23, 26.25, 36.38, and 15.14%, respectively. The combination of Moran’s index and the spatial analysis method not only verified
the analytical results of the receptor model on the one hand but also served as a supplementary explanation for the sources of heavy
metals in the soil. The health risk assessment indicated that noncarcinogenic values were below the threshold values. The total
carcinogenic risk (RT) of different heavy metals has a descending order of Cr > As > Ni > Cd. The RT values of multiple heavy
metals for children and adults were 5.28 × 10−04 and 4.10 × 10−05, respectively, which were close to the risk threshold. Therefore,
attention should be paid to the health risks, especially for children’s skin contact, which is the main exposure pathway.

1. INTRODUCTION
As one of the most important ecosystems for maintaining the
balance of energy flow and material circulation, soil is the main
medium involved in material transfer and transformation in
nature.1,2 In recent years, the prevention and control of soil
pollution have gradually become the focus of social attention.
In March 2022, the Ministry of Ecology and Environment of
China issued a document proposing specific requirements for
strengthening the control of heavy metal pollutant emissions
and effectively preventing and controlling environmental risks
related to heavy metals. Compared with other pollutants, soil
heavy metal pollutants accumulate easily and closely related to
their parent materials and human activities, which have spatial
heterogeneities.3−6 They also present a constant threat to both
the natural ecosystem and human beings.7,8 Heavy metal
pollution has become a worldwide environmental problem.9−11

Soil pollution by heavy metals has accelerated in China in the
last two decades owing to the rapid economic development
and industrialization.12 Once heavy mental pollutants exceed
the self-purification capacity of the soil, they pose a threat to
soil productivity and production potential and to human health
through food chain transmission.13−15 These elements are

derived from both anthropogenic sources, such as emissions
and agricultural activities, as well as natural processes,
including precipitation, atmospheric sedimentation, and weath-
ering.16,17 Therefore, clarifying the characteristics, source
distribution, ecological effects, and health risks of soil heavy
metal pollution is an important prerequisite for soil pollution
prevention and control.18

Heavy metals in soil have characteristics such as conceal-
ment, hysteresis, accumulation, and irreversibility, which pose
serious hazards. Heavy metals in soil can be absorbed by plant
roots, migrate and transform through soil root system plant
aboveground parts, and have a significant impact on human
health through food chain transmission.19,20 Excessive intake of
heavy metals into the human body can cause damage to the
kidneys, liver, and bones and even lead to serious systemic
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health problems. Therefore, fully exploring the health risks of
soil heavy metals under different sources can help achieve
refined environmental management of soil heavy metal
pollution and protect the ecological environment and human
health.
As the largest alluvial estuarine island in China, Chongming

Island is in the Yangtze River Estuary, and half of its present
area was obtained through reclamation of wetlands. Account-
ing for nearly one-half of Shanghai’s land area, the soil
environmental quality of Chongming is significant in ensuring
regional agricultural products, the safety of the drinking water,
and other ecological services. With the increasing attention
paid to soil quality and management, a series of studies have
been conducted on the heavy metal distribution in soils.21−24

Identifying the sources of heavy metal pollutants in soil
especially from anthropogenic source is an important step in
the implementation of source control, which is of great
significance to the prevention and control of soil heavy metal
pollution, economic development, and human health.25,26

At present, methods of source apportionment involve source
identification and quantification.27,28 The receptor model is a
source analysis technique that qualitatively identifies the types
of sources of the pollutants in soil samples and quantitatively
determines the contributions of each pollution source.29 The
existing receptor models mainly include the known source
component spectral method (Chemical Mass Balance,
CMB)30,31 and the unknown source component spectral
method (Positive Matrix Factorization, PMF),32,33 principal
component multiple linear regression (Absolute Principal
Component Score-Multiple Linear Regression, APCS-
MLR),34,35 and the UMIX model.36−38 Among those, PMF
advocated by the U.S. Environmental Protection Agency
(EPA) emerges as an ideal model for both identifying and
quantifying pollution sources. PMF adeptly dissects the initial
database into a contribution matrix and discrete profile group,
facilitating precise determination of contribution and source
delineation (U.S. EPA, 2014).39,40 However, owing to the
complexity of the spatial variability of soil heavy metal contents
and their diversity, it is difficult to meet the requirements for
the quantitative contribution to the pollution analysis using a
single scale as the source of the analytical method. It is still
impossible to accurately identify the specific sources of
pollutants when the source component spectrum is unknown.
Spatial autocorrelation refers to the scenario in which some of
the variables in the same or different distribution areas are
potentially interdependent of the observation data.41,42 The
bivariate Moran’s I compared two factors in space through
index calculation to characterize the spatial correlation
between the two factors. Liu et al.43 used the double variable
local Moran’s index of the city, county, and Hunan Province to
identify soil heavy metal sources and the spatial relationships
with enterprises, rivers, and roads. Han and Xu44 used
geostatistics and spatial autocorrelation to quantitatively
analyze the soil sources in Zhangqiu City, Shandong Province,
and verified the validity of their spatial autocorrelation analysis
as well. Combining the PMF model with Moran’s I, the
applications would function as a potent tool for effectively
identifying contamination.45 However, there are few studies
that have investigated the amalgamation and comparison of
different approaches in the vicinity of a megacity.
Based on the above discussion, the main purpose of our

research is to (a) use geostatistical methods to study the spatial
distribution of Cd, Pb, As, Cr, Cu, Ni, and Zn in soil; (b)

complete the determination of the sources of the soil heavy
metal distribution by PMF and Moran’s I; and (c) determine
the potential health risks of heavy metals via three routes of
ingestion, inhalation, and dermal exposure.

2. MATERIALS AND METHODS
2.1. Study Area. The Chongming District (31.45−31.85°

N and 121.16−121.90° E) in the Yangtze River Estuary in
China is the largest alluvial estuarine island in China,
consisting of Chongming Island, Changxing Island, and
Hengsha Island. Among them, Chongming Island is the third
largest island in China, and it has a northern subtropical ocean
climate, with an average annual temperature and precipitation
of 15.3 °C and 1117.1 mm.
2.2. Sampling and Analytical Procedures. A total of

917 (the number was the sum of the original sampling point
deducted by nonagricultural land) soil samples were collected
based on the area and distribution of agricultural land in
Chongming area from March to June in 2020, combined with
the grid method and 3S technology, using a 1 × 1 km grid for
agricultural land distribution in the three islands of the entire
area. The distribution of the sampling sites is shown in Figure.
1. During the sampling, soil samples were collected according

to the Technical Specifications for Soil Environmental
Monitoring (HJ166-2004) using stainless steel shovels within
a 1 × 1 km sampling grid. Each sample was a mixture of five
soil cores: one was collected in from the center, and four were
from the corners of the double-diagonal pattern. Each sample
consisted of 2 kg of fresh soil. In the laboratory, the soil
samples were air-dried with little light, and the debris from
animals, plants, and the gravel were removed. The soil samples
were ground, passed through a 100-mesh polyethylene sieve,
and then stored in a paper bag prior to analysis.
All the soil samples were digested in a polytetrafluoro-

ethylene system using a mixture of HF (1 mL), HNO3 (5 mL),
and HCIO4 (1 mL) at 180 °C for 10 h. The concentrations of
Cd, Pb, As, Cr, Cu, Ni, and Zn in the digester were determined
via inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500a, USA). The detection limits for Cd, Pb, As, Cr,
Cu, Ni, and Zn were 0.01, 2.50, 0.01, 0.25, 0.10, 0.10, and 0.50
mg·kg−1, respectively. After the soil samples were digested
using 5 mL of aqua regia and 5 mL of deionized water at 100
°C for 4 h, the concentration of Hg was determined using an

Figure 1. Distribution of sampling sites.
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atomic fluorescence mercury meter (AFS, AFS-9330 Jitian
Analytical Instrument Co., Beijing, China), and the laboratory
detection limit for Hg was 0.001 mg·kg−1. During the sample
analysis and testing, a standard reference material (GSS-1, the
National Research Center for Certified Reference Materials of
China) was used for quality control. The recovery of each
element was controlled at 100 ± 10%, and the relative standard
deviation between parallel samples was less than 20%.
2.3. Source PMF Model. In this study, the PMF5.0 model

developed by the United States Environmental Protection
Agency (U.S. EPA) was used to analyze the sources of the
heavy metals in the agricultural land in Chongming District.
Positive definite PMF, a multivariate factor analysis method
proposed by Paatero et al.,32 has been widely used in the
analysis of the sources of environmental pollutants. In this
model, the original matrix X is decomposed into a source
contribution matrix g, a source component spectrum matrix f,
and a residual matrix e.46 The calculation formula is as follows:

= × +
=

x g f eij
k
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ik ik ij
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where xij is the content of element j in the ith soil sample; gik is
the contribution of the kth source to the ith sample; f tk is the
content of the ith element in the kth source; eij is the residual
matrix; and eij is calculated by defining the target function.
The objective function q is defined as follows:
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where xij is the uncertainty of element j in the ith soil sample.
Each individual data point can be weighted and given an
appropriate uncertainty size. The uncertainty is calculated
using eqs 3 and 4. When the concentration of each element is
less than or equal to the corresponding method detection limit
(MDL), the uncertainty is

= ×u 5
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jjj y
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When the concentration of each element is greater than the
corresponding MDL, the uncertainty is

= × +u C( ) 0. 5MDL2 2
(4)

where δ refers to the relative deviation, C is the element’s
concentration, and MDL stands for the method detection limit.
2.4. Spatial Autocorrelation Analysis (Calculations).

Spatial autocorrelation, which can be used to estimate the
value of one variable in different spatial positions, was adapted
to analyze the characteristics and spatial distributions of the
heavy metal accumulation in the agricultural land in
Chongming District. In addition, it is often used to measure
the aggregation degree of variables in a spatial domain and
analyze the characteristics of the spatial−temporal evolution.
The spatial autocorrelation indexes can be divided into the
Global Moran’s I and the Anselin Local Moran’s I.47

1) The Global Moran’s I is an effective method for
identifying the aggregation or dispersion of attribute
values in the entire region.
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Moran’s I ranges from [−1, 1]. I > 0 indicates a
positive spatial correlation, I < 0 indicates a negative
spatial correlation, and I = 0 indicates that the spatial
elements tend to be random in the entire region. n is the
number of units in space, xi and xj are the attribute
values of spatial elements i and j, and wij is the space
weight coefficient matrix and represents the proximity of
each spatial element.

2) The Local Moran’s I was adapted. The location of a
spatial agglomeration or an isolated area of spatial
element attribute values and the locations of outliers
were studied. This index measures the various clustering
values and regions. The spatial distribution of each
spatial unit in the study area was analyzed. According to
the value of each unit, the spatial pattern was analyzed,
and the equation used to calculate the Local Moran’s I is
as follows:
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Ii > 0 indicates a significant positive spatial autocorrelation
between the regional spatial unit i and the adjacent spatial unit
j, and Ii < 0 indicates a significant negative space
autocorrelation. n is the number of units in the space, xi and
xj are the attribute values of spatial elements i and j, and wij is
the spatial weight coefficient matrix.
2.5. Exposure Assessment Calculation. Health risk

assessment is a method to assess carcinogenic and non-
carcinogenic health risks by calculating the absorption amount
of human exposure to chemicals. The exposure routes of
residents’ heavy metals mainly include hand and mouth intake,
respiratory inhalation, and skin contact. The health risk
assessment method recommended by the U.S. EPA was used
to identify the degree of risk to human health from heavy metal
elements.48,49 The formulas for calculating the intake dose
under different exposure paths are as follows:

=
× × ×

×
×

C
EDI

IR EF ED
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Soil 6

(8)

= × × × × ×
×

×C
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= × × ×
× ×

×C
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Air 6

(10)

EDIing, EDIdermal, and EDIinh (mg/kg·day) represent the
average daily intake from ingestion, dermal, and inhalation
absorption, respectively. C is the measured value of the heavy
metal content in the sample. The meanings and values of other
parameters are shown in Table S1.
2.6. Noncarcinogenic and Carcinogenic Risk Assess-

ment. Different routes of entry of heavy metals into the body
(ingestion, dermal contact, and inhalation) were considered,
and the health risks from heavy metal contamination for
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different populations (adults and children) were assessed. The
potential ecological risk is expressed by the following
Equations:50

=HQ EDI /RfDi j j (11)

=HI HQ i (12)

HQi and HI are, respectively, the noncarcinogenic risks
caused by heavy metal i and the sum of noncarcinogenic risks
caused by multiple exposure routes j; RfDj represents the
toxicity reference dose of elements under different exposure
routes; and EDIj is the pollution dose of soil ingested by hand
and mouth, skin, and respiratory inhalation. Based on the
actual situation of the study area and specific reference to
relevant scholars, the reference values are displayed in Table
S2. HI or HQi ≤ 1 means that there is no obvious harm to
human beings, a value > 1 is very likely to be harmful, and a
value ≤ 10 means that there is a serious chronic risk.

= ×R EDI SFi i i (13)

=R RiT (14)

Ri refers to the carcinogenic risk caused by the heavy metal
pollution dose ingested under the three exposure routes of
hand and mouth, skin, and respiration; RT is the sum of
carcinogenic risks caused by different soil heavy metals in each
route; and SFi is the slope coefficient of carcinogenic risk of the
three exposure routes of hand and mouth, skin, and respiration,
with the unit of mg·(kg·d) −1.
2.7. Data Processing and Analysis. Excel 2013 and SPSS

20.0 were used for the preprocessing statistical analysis of the
heavy metal values, and the EPA’s PMF 5.0 software was used
for the heavy metal source analysis;
Origin 9.1 and ArcGIS 10.8 were used for the mapping and

spatial interpolation, and Geoda 1.18 was used for the spatial
correlation analysis based on Moran’s I.

3. RESULTS AND DISCUSSION
3.1. Descriptive Statistics of Heavy Metals in Soil. The

descriptive statistics of the heavy metals are summarized in
Table 1. The average concentrations of As, Cd, Hg, Pb, Cr, Cu,
Zn, and Ni in the soil were 8.87, 0.19, 0.06, 28.75, 76.01, 37.74,
88.93, and 30.33 mg kg−1, respectively. The maximum values
of Pb and Cu were 5.65 and 4.06 times greater than their
background values, respectively. The percentages of the area in
Shanghai where the background values were exceeded were
43% for Cd, 13% for Pb, 1% for Cr, 32% for Cu, and 3% for
Zn. The coefficient of variation (CV) not only reflects the
degree of variation and the uniformity of the contents of
certain metals among the sampling sites but also reflects the
effects of human activities on the heavy metal pollution.51 The

coefficients of variation are as follows: Hg (0.48) > Cd (0.38)
> Pb (0.26) > Cu (0.25) > Cr (0.24) > Zn (0.21) > As (0.18)
> Ni (0.16). In the current study area, the notable standard
deviation and coefficient of variation for Hg (0.48) and Cd
(0.38) indicated substantial spatial variability, suggesting
elevated levels at specific locations potentially influenced by
external factors, such as long-term agricultural practices and
industrial activities.52 Furthermore, the mean values of Pb, Cu,
and Zn were notably higher than their respective medians,
indicating abnormal distributions of the concentration with
positive skewness and cliffy kurtosis. These results provide
further evidence of the external inputs of heavy metals in soils.
And the soil in a localized area was obvious and accompanied
by regional construction and development. The heavy metals
in agricultural soils in the Chongming District have been
affected by human activities to some extent.
3.2. Spatial Distribution of Heavy Metals in Soil. The

spatial distribution characteristics of the soil heavy metals that
were determined using the Ordinary Kriging (OK) inter-
polation method are shown in Figure 2. The root-mean-square
standardized error values indicate that the accuracy of the
interpolation is acceptable. The spatial distribution patterns of
Cd and Cu were similar. The hotspots were concentrated in
the northwestern and central regions of the study area, whereas
the values were lower in the eastern region, which exhibited a
decreasing trend from the northwest to southeast. The
concentrations of Cr and Zn were higher in the middle of
Chongming Island and Changxing Island but lower in the
northwestern and southeastern parts of the study area, which
suggested a decreasing trend from the middle to both sides.
The concentrations of Pb were higher in the central and
western regions of the study area and lower in the rest of the
study area, which exhibited the characteristic of high local
accumulation, and anthropic inputs generally caused significant
enrichment of Pb in the soils. Except for the high values in the
middle of the region, the As and Ni contents were low, which
indicated that the anthropic contributions of As and Ni were
low. This spatial distribution pattern directly reflects the
possible sources of the soil heavy metal accumulation and
provides a foundation for subsequent source model analysis.
3.3. Sources of Heavy Metals. The PMF model employs

a weighted least-squares fit with uncertainty and error
propagation problems appropriate for source profiles.16 This
model was utilized to quantify the contributions from various
sources of heavy metals and confirm the sources of the heavy
metals in agricultural soils. The standard deviations of
measured concentrations for each element at specific points
were selected as uncertainty data. Factor numbers (3−6) were
set for multiple iterative calculations. As the number of factors
was confirmed to be 4, Q (Robust)/Q (True) declined rapidly.
The residual was between −3 and 3. The fingerprint was

Table 1. Distribution Characteristics of the Soil Heavy Metal Contents (n = 917)

min (mg·kg−1) max (mg·kg−1) mean (mg·kg−1) median (mg·kg−1) local background (mg·kg−1) SD coefficient of variation (%)

As 4.09 17.27 8.87 8.11 9.10 1.64 0.18
Cd 0.10 0.38 0.19 0.18 0.13 0.07 0.38
Hg 0.004 0.31 0.06 0.06 0.10 0.03 0.48
Pb 13.60 144.00 28.75 23.20 25.47 7.45 0.26
Cr 46.00 211.00 76.01 74.00 75.00 18.06 0.24
Cu 12.00 116.00 37.74 27.00 28.59 9.45 0.25
Zn 47.00 201.00 88.93 80.00 86.10 18.59 0.21
Ni 14.00 61.00 30.33 29.00 31.90 4.90 0.16
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Figure 2. Spatial distributions of soil heavy metals.
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obtained after rotation at Fpeak = 0.5. The contribution rates
of the four factors to the heavy metals are displayed in Figure
3. The rotated component matrix shows that Cr and Pb were
associated with the first component (F1). The second
component (F2) included Cu, Zn, and Cd, and the third
component (F3) contained Hg. As and Ni were in the fourth
component (F4).
Cr and Pb had a relatively consistent source, which was

predominately controlled by F1, with a percentage of 97.9 and
68.8%, respectively. Cr and Pb in the soil of the study area are
moderately variable, and the average values are higher than the
background values of soil elements in Shanghai, which mean
that the soil Cr and Pb in the study area have been affected by
human activities. Relevant studies have shown that Pb is a
symbolic element of vehicle exhaust emissions in traffic
activities.53 The exhaust emissions of vehicles using leaded
gasoline cause PB to enter the surrounding environment.
Although leaded gasoline has been banned in Chongming
District, the standard for lead-free gasoline mainly requires a
lead content of less than 0.013 g·L−1. Small amounts of lead-
containing compounds and particles still exist in automobile
exhaust. It was discovered that the high values of Cr and Pb
were distributed at the intensive intersections of the traffic
network. The high values were in the central and western
regions of the Chongming District, containing two local parks
with heavy traffic. The high-value area in the southeast is the
junction of two highways and is also the only entrance to and
exit from Chongming Island. Over the past 50 years, it was
identified that vehicle emissions were the main source of lead
in agricultural soils.54,55 Xie et al.56 also found that Pb in
agricultural soils was closely related to transportation in

Baoshan District (Shanghai). Therefore, it is speculated that
F1 is the traffic source.
F2 explained 87.7, 60.4, and 51.7% of Cu, Zn, and Cd,

respectively. According to the spatial distributions of Cu, Zn,
and Cd, the contents of Cu, Zn, and Cd were higher in the
northwestern and central regions of the study area. Through
field investigation, it was found that many heavy-metal-related
enterprises, such as metal structure manufacturing, metal
surface treatment and heat treatment, and steel rolling
processes, were located near the high-value area. Negahban
and Mokarram57 reported that the source of Cu and Zn may
be affected by an aluminum plant and the surrounding
industrial activities. It was also found that the Cu contents of
the different types of soil were influenced by pesticides, and Cu
is a degerming agent. In addition, nonagricultural factors, such
as industrialization, also made significant contributions. In
heavy metal enterprises, compound production, byproducts,
and alloy production processes are often accompanied by Cd,
Cu, and Zn complexes. Through atmospheric precipitation and
surface runoff into the soil, the heavy metals in industrial waste
led to enrichment of these heavy metals. Therefore, F2 is
inferred to be an industrial source dominated by heavy metal
processes.
Hg was dominantly controlled by F3, with a percentage of

100%. And the coefficient of variation (0.48) was the highest
among the eight metals, which suggested that the metals may
be contaminated by point sources. Based on the spatial
distribution shown in Figure 2, it was determined that the high
Hg contents were distributed in the southwest coast and
coincided with the location of the Chongming wharf and coach
station. It has been determined that exhaust gas from ships
fueled by oil and natural gas cause atmospheric Hg pollution.58

Figure 3. Contributions of different factors to the heavy metals in the soil obtained using the PMF model.
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Then, Hg could indirectly pollute the soil through dry and wet
deposition. Therefore, it can be speculated that F3 was related
to the exhaust gas from ferries, automobiles, and the
surrounding refueling facilities.
As and Ni were predominately controlled by F4 with

percentages of 96.3 and 59.3%, respectively. According to the
descriptive statistical analysis, the average values of As and Ni
were lower than the background values of soil pollution in
Shanghai. In addition, the degree of variation was low, which
indicated that the two elements were less affected by human
activities. Figure 2 shows that the spatial distributions of these
two heavy metals were similar, with a wide range and low
values. Numerous studies have proven that the contents of Ni
and As in soil are mainly affected by natural geological
background factors and have no significant correlation with
human activities.59−61 Hu et al.62 also explored the topsoil in
parks in an urban area in Lanzhou, and their results revealed
that As and Ni contents were significantly correlated with the
main products of the soil’s parent material, so F4 is concluded
as a natural source.
3.4. Spatial Autocorrelation of Soil Heavy Metals. We

use the Kolmogorov−Smirnov test to test the normal
distribution of the data itself before data analysis. The normal
distribution test results of eight heavy metal contents in soil are
shown in Table S4. It can be seen that the significance level of
all heavy metals is less than 0.05, rejecting the null hypothesis
that the population from which the sample comes has no
significant difference from the normal distribution. These data
do not follow a normal distribution. Therefore, we perform a
logarithmic or square root transformation on the raw data
before the Moran analysis. The spatial correlation index.
Global Moran’s I, and the related parameters of the eight heavy
metals were calculated using ArcGIS 10.8 (Table 2). All eight
heavy metals in the agricultural soil from Chongming exhibited
positive spatial correlations with Global Moran’s I, from the
highest to the lowest, as follows: Cr (0.91), Cd (0.35), Hg
(0.28), Zn (0.14), Cu (0.08), Pb (0.06), Ni (0.15), and As
(0.01). All values greater than zero suggest a notable level of
spatial autocorrelation. The Z score represents the number of
standard deviations, and when the large value of the Z score is
used, it directs an aggregation state in the spatial distribution.
Thus, based on the comprehensive analysis of the Z score and
P value, the multiple of the standard deviation and the
probability of generating random patterns for Cr and Cd
exhibited a strong spatial correlation and obvious clustering
characteristics, whereas Ni and As exhibited a random
distribution.
To further explore the characteristics of the local spatial

distributions of the soil heavy metals, the Local Moran’s I was
adopted, aiming to analyze the clustering characteristics of the
observed values within the local scope and the locations of the
inferred outliers to obtain the cluster distribution results for
the soil heavy metal contents (Figure 4). There were five types
of clustering: high value clustering (H−H), low value
clustering (L−L), low values surrounded by high values (L−
H), high values surrounded by low values (H−L), and no

clustering. H−H represents areas with high-value accumu-
lation, L−L denotes areas with low-value accumulation, L−H
designates areas with low-value anomalies, H−L signifies
regions with high-value anomalies, and no clustering indicates
samples lacking statistically significant patterns. The H−H
areas for Cr and Pb only occurred on both sides of the main
traffic lines and did not coincide with the other point source
factors. A considerable number of L−L areas also existed in the
eastern region of Chongming, which indicated that there was a
certain correlation between the high Cr and Pb contents and
the traffic network. Huang et al.63 used a random forest
regression model to illustrate that the traffic was significantly
correlated with the Pb and Cr contents. Based on the analysis
of the Local Moran’s I index, source 2 was identified as the
traffic source. Cd, Cu, and Zn mostly exhibited H−H points,
which were distributed in the western part of Chongming
Island. Moreover, these sites were accompanied by numerous
L−H sites corresponding to Figure 4. The Cd, Cu, and Zn
contents were significantly correlated with the distribution of
the enterprises. It was also found that raw materials containing
heavy metals, such as Cd, Zn, and Cu, were used in industrial
production. The wastes generated by the production processes
were discharged into the soil, thus resulting in the
accumulation of heavy metals, which further confirmed that
source 2 was mainly an industrial source of heavy metals. The
clustering results showed that the H−H and L−H Hg sites
were distributed in the southern part of Chongming Island
along the Yangtze River. Most of the L−L sites were
concentrated in the upper area and on both sides of
Chongming Island. Based on the high variation coefficient of
Hg, point source pollution may be possible. Therefore, it is
reasonable to conclude that source 3 was vehicle exhaust,
petrol pump vapor from the wharfs, and bus stations. The L−L
sites for As and Ni did not correspond to the transportation
network or enterprise distribution, which were consistent with
the characteristics of a natural source. The contribution rate of
source 4 was >50%, and the spatial distributions were also
similar, which suggested that As and Ni were affected by the
same factors. Therefore, it is reasonable to conclude that
source 4 was a natural source.
3.5. Health Risk Assessment of Heavy Metals in Soil.

Based on the exposure risk evaluation model and correspond-
ing related parameters, the results of noncarcinogenic and
carcinogenic risks under different exposure paths are shown in
Tables 3 and 4. The total noncarcinogenic risk (HQ) of the
three different exposure routes varies greatly, among which the
risk of hand and mouth intake is the highest, followed by skin
contact, and the risk of respiratory inhalation is the lowest.
These research results are consistent with previous studies.64,65

The total noncarcinogenic risk (HQ) of different heavy metal
elements is ranked as As > Cr > Pb > Hg > Ni > Cu > Zn > Cd
in descending order. Although the degree of noncarcinogenic
risk of different heavy metal elements in soil varies, they do not
reach the upper limit of acceptable noncarcinogenic risk (HQ
≤ 1): the risk is small or negligible, which indicates that a
single element does not generate noncarcinogenic risk to the

Table 2. Global Moran’s I and Related Parameters

index As Cd Cr Cu Ni Pb Zn Hg

Global Moran’s I 0.01 0.35 0.91 0.08 0.15 0.06 0.14 0.28
Z score 0.07 1.66 4.79 0.39 0.22 0.31 0.65 1.35
P value 0.94 0.10 0.11 0.69 0.47 0.75 0.52 0.18
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Figure 4. Local Moran’s I cluster plots.
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surrounding area. The total noncarcinogenic risk (HQ) of
heavy metals in adults and children under three different
exposure paths was 4.88 × 10−02 and 6.93 × 10−01,
respectively. The health risk of children was greater than that
of adults but lower than the risk warning value. The
carcinogenic risk Ri of the three different exposure routes is
ranked from large to small as Ring > Rdermal > Rinh. The total
carcinogenic risk of different heavy metals has a descending
order of Cr > As > Ni > Cd. According to the research of
Hadei et al.,66 R > 1 × 10−4 is defined as a clear carcinogenic
risk, 1 × 10−4 to 1 × 10−5 is defined as a high probability
carcinogenic risk, and 1 × 10−5 to 1 × 10−6 is defined as a
possible carcinogenic risk. R < 1 × 10−6 is defined as a
negligible carcinogenic risk, and the U.S. EPA similarly defines
1 × 10−6 as a safety threshold. The total carcinogenic risk (RT)

of multiple heavy metals for children and adults was 5.28 ×
10−04 and 4.10 × 10−05, respectively, and the carcinogenic risk
was close to the risk threshold. Therefore, attention should be
paid to health risks, especially to children.

4. CONCLUSIONS
The concentrations, pollution levels, spatial distributions,
possible sources, and health risks of eight heavy metals in
soils were explored in the Chongming District, Shanghai. The
average concentrations of As, Cd, Hg, Pb, Cr, Cu, Zn, and Ni
in the soil were 8.87, 0.19, 0.06, 28.75, 76.01, 37.74, 88.93, and
30.33 mg kg−1, respectively. The coefficients of variation for
Hg and Cu were higher than others, so some areas were
seriously affected by human activities. Based on the PMF
model, four origins were identified, and exact contributions

Table 3. Results of Different Exposure Paths and Noncarcinogenic Risk Assessment

element category

HQ ing HQ dermal HQ inh HI

adult children adult children adult children adult children

As max 4.24 × 10−02 6.96 × 10−01 3.66 × 10−10 1.50 × 10−09 4.24 × 10−04 3.90 × 10−04 4.28 × 10−02 6.96 × 10−01

min 2.45 × 10−03 4.02 × 10−02 2.12 × 10−11 8.68 × 10−11 2.45 × 10−05 2.25 × 10−05 2.48 × 10−03 4.02 × 10−02

average 1.87 × 10−02 3.06 × 10−01 1.61 × 10−10 6.62 × 10−10 1.87 × 10−04 1.72 × 10−04 1.89 × 10−02 3.07 × 10−01

Cd max 2.79 × 10−04 4.58 × 10−03 1.21 × 10−11 4.96 × 10−11 1.12 × 10−04 1.03 × 10−04 3.91 × 10−04 4.69 × 10−03

min 7.35 × 10−05 1.21 × 10−03 3.18 × 10−12 1.30 × 10−11 2.94 × 10−05 2.70 × 10−05 1.03 × 10−04 1.23 × 10−03

average 1.37 × 10−04 2.24 × 10−03 5.91 × 10−12 2.43 × 10−11 5.47 × 10−05 5.02 × 10−05 1.91 × 10−04 2.29 × 10−03

Cr max 3.04 × 10−02 4.99 × 10−01 3.94 × 10−10 1.62 × 10−09 1.22 × 10−02 1.12 × 10−02 4.25 × 10−02 5.10 × 10−01

min 2.45 × 10−04 4.02 × 10−03 3.18 × 10−12 1.30 × 10−11 9.80 × 10−05 9.01 × 10−05 3.43 × 10−04 4.11 × 10−03

average 1.55 × 10−02 2.54 × 10−01 2.01 × 10−10 8.25 × 10−10 6.20 × 10−03 5.70 × 10−03 2.17 × 10−02 2.60 × 10−01

Cu max 2.13 × 10−03 3.50 × 10−02 2.13 × 10−05 1.96 × 10−05 2.15 × 10−03 3.50 × 10−02

min 3.68 × 10−05 6.03 × 10−04 3.68 × 10−07 3.38 × 10−07 3.71 × 10−05 6.03 × 10−04

average 4.71 × 10−04 7.73 × 10−03 4.71 × 10−06 4.33 × 10−06 4.76 × 10−04 7.73 × 10−03

Hg max 2.43 × 10−03 3.98 × 10−02 1.05 × 10−12 4.30 × 10−12 3.47 × 10−04 3.18 × 10−04 2.77 × 10−03 4.01 × 10−02

min 2.45 × 10−04 4.02 × 10−03 1.06 × 10−13 4.34 × 10−13 2.45 × 10−06 3.22 × 10−05 2.48 × 10−04 4.05 × 10−03

average 1.27 × 10−03 2.08 × 10−02 5.48 × 10−13 2.25 × 10−12 1.27 × 10−05 1.67 × 10−04 1.28 × 10−03 2.10 × 10−02

Ni max 2.24 × 10−03 3.68 × 10−02 2.15 × 10−10 8.82 × 10−10 5.61 × 10−04 5.15 × 10−04 2.80 × 10−03 3.73 × 10−02

nin 7.35 × 10−05 1.21 × 10−03 7.05 × 10−12 2.89 × 10−11 1.84 × 10−05 1.69 × 10−05 9.19 × 10−05 1.22 × 10−03

average 9.81 × 10−04 1.61 × 10−02 9.41 × 10−11 3.86 × 10−10 2.45 × 10−04 2.25 × 10−04 1.23 × 10−03 1.63 × 10−02

Pb max 3.02 × 10−02 4.96 × 10−01 3.31 × 10−12 1.36 × 10−11 2.02 × 10−03 1.86 × 10−03 3.23 × 10−02 4.98 × 10−01

min 4.20 × 10−04 6.89 × 10−03 4.59 × 10−14 1.88 × 10−13 2.81 × 10−05 2.58 × 10−05 4.48 × 10−04 6.92 × 10−03

average 4.62 × 10−03 7.58 × 10−02 5.05 × 10−13 2.07 × 10−12 3.09 × 10−04 2.84 × 10−04 4.93 × 10−03 7.61 × 10−02

Zn max 3.77 × 10−04 6.19 × 10−03 3.77 × 10−06 3.47 × 10−06 3.81 × 10−04 6.20 × 10−03

min 2.45 × 10−06 4.02 × 10−05 2.45 × 10−08 2.25 × 10−08 2.48 × 10−06 4.02 × 10−05

average 1.73 × 10−04 2.84 × 10−03 1.73 × 10−06 1.59 × 10−06 1.75 × 10−04 2.85 × 10−03

total risk 4.18 × 10−02 6.86 × 10−01 4.64 × 10−10 1.90 × 10−09 7.02 × 10−03 6.60 × 10−03 4.88 × 10−02 6.93 × 10−01

Table 4. Results of Different Exposure Routes and Total Carcinogenic Risk Assessment

element category

R hand and mouth intake R respiratory inhalation R skin contact RT

adult children adult children adult children adult children

As max 1.91 × 10−05 3.13 × 10−04 2.36 × 10−14 9.67 × 10−14 1.91 × 10−07 1.75 × 10−07 1.93 × 10−05 3.13 × 10−04

min 1.10 × 10−06 1.81 × 10−05 1.36 × 10−15 5.59 × 10−15 1.10 × 10−08 1.01 × 10−08 1.11 × 10−06 1.81 × 10−05

average 8.40 × 10−06 1.38 × 10−04 1.04 × 10−14 4.26 × 10−14 8.40 × 10−08 7.72 × 10−08 8.49 × 10−06 1.38 × 10−04

Cd max 2.17 × 10−16 8.91 × 10−16 2.17 × 10−16 8.91 × 10−16

min 5.72 × 10−17 2.34 × 10−16 5.72 × 10−17 2.34 × 10−16

average 1.06 × 10−16 4.36 × 10−16 1.06 × 10−16 4.36 × 10−16

Cr max 4.56 × 10−05 7.48 × 10−04 3.31 × 10−16 1.36 × 10−15 1.82 × 10−05 1.68 × 10−05 6.38 × 10−05 7.65 × 10−04

min 3.68 × 10−07 6.03 × 10−06 2.67 × 10−18 1.09 × 10−17 1.47 × 10−07 1.35 × 10−07 5.15 × 10−07 6.17 × 10−06

average 2.33 × 10−05 3.81 × 10−04 1.69 × 10−16 6.92 × 10−16 9.30 × 10−06 8.55 × 10−06 3.26 × 10−05 3.90 × 10−04

Ni max 5.05 × 10−15 2.07 × 10−14 5.05 × 10−15 2.07 × 10−14

min 1.65 × 10−16 6.78 × 10−16 1.65 × 10−16 6.78 × 10−16

average 2.21 × 10−15 9.05 × 10−15 2.21 × 10−15 9.05 × 10−15

total risk 3.17 × 10−05 5.19 × 10−04 1.29 × 10−14 5.28 × 10−14 9.38 × 10−06 8.62 × 10−06 4.10 × 10−05 5.28 × 10−04
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were calculated: 97.9% of Cr and 68.8% of Pb came from
traffic sources; 87.7, 60.4, and 51.7% of Cu, Zn, and Cd,
respectively, were derived from industrial sources; 100% of Hg
was closely related to the exhaust gas from ship docks and bus
stations; and 96.3% As and 59.3% of Ni were mainly from
natural sources. Traffic sources, industrial sources, exhaust gas
from ship docks and bus station sources, and natural sources
were the four main contributions to heavy metals in the soils of
peri-urban Shanghai Chongming Island. The validation of
spatial analysis methods such as geostatistics and the Moran
index showed that the analytical effect of PMF model was
good, and the combined application of the receptor model and
the spatial analysis method could optimize and verify the
effectiveness of the analytical model and more comprehen-
sively analyze the source of heavy metals in soil. In addition,
the noncarcinogenic risks under three exposure routes are
small or negligible and will not cause noncarcinogenic risks to
the surrounding areas. The total noncarcinogenic risk HQ for
children and adults is lower than the risk warning value,
whereas the total carcinogenic risk RT values are 5.28 × 10−04

and 4.10 × 10−05, respectively, which are close to the risk
threshold. The health risks for children deserve further
attention.
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