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Abstract

The risk of heavy metal pollution in industrial zones has received great awareness, but few studies have focused on urban
industrial zone of metropolises. In order to explore the pollution characteristic, ecological risks, human health risks, and
sources apportionment of heavy metals (HMs), the concentrations of 9 HMs (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn) in 48 soil
sites of a typical urban industrial zone in Shanghai, China were investigated. The mean concentrations of HMs except As
(8.09 ng/g) were higher than the background value of corresponding HMs in Shanghai, with Mn (717.60 pg/g) having the
highest concentration. The geo-accumulation index showed that Mn had the most severe pollution. The potential ecological
risk index indicated that most HMs were at lower risk, but Hg posed a relatively high risk in many sites. In addition, the
entire study area may cause potential ecological risks, especially in the northern and the southeastern areas. In light of the
results regarding health risk assessment for children and adults, HMs were negligible of non-carcinogenic risk in humans.
As for carcinogenic risk, all HMs had “no significant” cancer risk, except for Cr and Ni at the “acceptable” levels. The
results of source apportionment analysis using the positive matrix factorization model indicated that heavy metal pollution
was mainly caused by (1) metal manufacturing, (2) machinery manufacturing, (3) pesticides and fertilizers, and (4)
manufacture and metallic materials. Our results provide the underlying insights needed to guide soil pollution management
and remediation of urban industrial areas in metropolises.

Keywords Heavy metals - Urban industrial zone - Ecological risk assessment - Source apportionment - Positive matrix
factorization

1 Introduction Heavy metals (HMs) accumulated in soil will not only

cause deterioration of soil environmental quality, but also

Due to its toxicity, persistence and long-time accumulation,
heavy metal (HM) pollution has been a primary soil
environmental matter (Zhang et al. 2017; Ren et al. 2019).

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00477-020-01779-z) con-
tains supplementary material, which is available to autho-
rized users.

X Lei Fang
fanglei @fudan.edu.cn

< Zhengqiu Fan
zhgfan@fudan.edu.cn
Department of Environmental Science and Engineering,

Fudan University, Shanghai 200433, China

Ji’an Institute of Environmental Science,
Ji’an 343000, Jiangxi, China

Published online: 14 February 2020

cause negative effects on human health because humans
can absorb HMs through inhalation, dermal absorption and
ingestion (Islam et al. 2015; Gao and Wang 2018; Zhang
et al. 2018).

To explore the ecological risk, various technical meth-
ods, such as geo-accumulation index, potential ecological
risk index, contamination factor, Nemerow pollution index
and pollution load index were developed according to the
total concentration, bioavailability and toxicity of the HMs,
and widely used to evaluate HM pollution in soil (Zhao and
Li 2013; Trujillo-Gonzalez et al. 2016; Men et al. 2018;
Wu et al. 2018). Most of the previous studies regarding soil
HM pollution have been conducted in different sized
regions and cities (Gao and Wang 2018; Guan et al. 2018;
Zhang et al. 2019), and there are some studies focused on
the traditional industrial area, as industrial areas are more
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susceptible to HM pollution (Chen et al. 2016; Gao and
Wang 2018). In order to cope with the city’s economic
development, urban industrial zones have gradually
emerged in China and have many emerging enterprises
with various industrial types. Due to diverse sources of HM
pollution and certain large populations, HM pollution in
soil of urban industrial zones in metropolis may yet pose
greater potential ecological risks and health hazards.
However, these impacts and potential risks of HM pollu-
tion in the soil of urban industrial zones have not been fully
explored.

Understanding the source of HMs in soil is meaningful
for the control of HM soil pollution. Source analysis pro-
vides a basic analytical tool for preventing and controlling
the pollution (Ren et al. 2019). Khademi et al. (2019) used
enrichment factor (EF) and found that among the elements
studied, Pb, Zn, and Cu were most enriched, especially in
street dust in industrial area. Yan et al. (2018) used prin-
cipal component analysis (PCA) and pearson correlation
analysis to classify the potential sources for each group of
trace metals based on their distribution. It was found that
most of trace metals in the roadside soil were mainly
controlled and influenced by traffic activity. Principal
component analysis used with a multiple linear regression
(PCA-MLR) is the most widespread model (Yang et al.
2013). Latif et al. (2015) used this method when it was
found that the most HMs in the area were dominated by
agricultural and biomass burning. But these methods are
employed to extract a small number of latent factors for
analyzing relationships among the observed variables
(Pathak et al. 2015; Liu et al. 2018), and they can only
identify a few independent primary components (Yang
et al. 2013). The results of these methods are greatly
influenced by the quality of dataset. The positive matrix
factorization (PMF) shows better general source allocation
capabilities (Chen et al. 2013), and can identify sources by
multivariate factor analysis (Jiang et al. 2017). Therefore,
the PMF model has better advantages than traditional
methods, because it can better deal with missing values and
can explain the accuracy of the data. The PMF model uses
covariance matrices and correlation matrices to simplify
the high-dimensional variables and convert them into
multiple composite factors (Phillips and Moya 2014),
which cannot only ensure non-negative factor distribution
and contribution, but can also handle some inaccurate
values (Manousakas et al. 2017). Although the PMF model
has been widely used for the source identification of
atmospheric, water or sediment pollutants (Gholizadeh
et al. 2016; Milic et al. 2016), it has rarely been employed
to detect soil pollution sources, especially in urban indus-
trial zones.

In this study, we selected Shebei industrial zone in
Shanghai as a case study area, which is located in a
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metropolis with high population density (of 20 million
people) and developed economy. The purposes of this
study were (1) to estimate the concentrations of HMs and
identify the distribution of HMs in the soil, (2) to evaluate
the levels of HM pollution and human health risks in the
area, and (3) to quantitatively analyze the sources of HMs
by using the PMF model.

2 Materials and methods
2.1 Study area

Shebei industrial zone (121.18° E, 31.13° N) is a typical
urban industrial zone in Shanghai, China (Fig. 1), and its
area is about 765.59 hectares. There are various urban land
uses in the study area, such as commercial, residential,
small farmland and industrial zones. A large residential
area is in the vicinity, with a population of approximately
125,000. The major industries are metal smelting and
pressing, building materials processing, electronic equip-
ment manufacturing, machine manufacturing, and there are
also some emerging industrial activities in smaller scale.
The surrounding area near the industrial zone, including the
land on both sides of the road, is mainly unused rural land.

2.2 Sampling and analysis

144 topsoil samples (0-20 cm) in 48 sites were collected
(three sets of parallel samples). Each sample consisted of a
mixture of five sub-samples collected from five spots of an
area of about 100 m?. The sampling sites were selected on
the main road soil in this area, and each site measured with
a GPS, whereby it could be plotted onto a map. All samples
were air dried, cleared of any waste, sieved by a 1 mm
nylon sieve. All samples were stored in bottles for con-
centration determination.

The concentrations of HMs including As, Cd, Cr, Cu,
Hg, Mn, Ni, Pb and Zn were determined. According to the
previous studies, As was classified as a heavy metal in the
field of environmental science (Khademi et al. 2019;
Kumar et al. 2019; Sun et al. 2019), because it has similar
hazardous properties to heavy metals. This study also
considered As as a heavy metal element for analysis. The
methods used for the determination of the HMs are listed in
Table 1 (Men et al. 2018). Three duplicates were used for
quality control for each sample. In this study, quality
control was strictly maintained during the experiment. The
recoveries of the studied HMs from the standard reference
samples were in the range of 94-108%, and the analytical
accuracy measured with relative standard deviation was
less than 12%. The errors of repeating the samples are
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Fig. 1 The study area and sample sites

Table 1 Methods for analyzing

HMs Type of the metal

Type of the method

As

Hg

Cd Cu Ni Pb Zn
Mn, Cr

Hydride generation-atomic fluorescence spectrometry (HG-AFS)
Cold vapor generation-atomic fluorescence detection (CV-AFS)
Inductively coupled plasma mass spectrometry (ICPMS)

Inductively coupled plasma-atomic emission spectrometry (ICP-AES)

within an acceptable range (Table S1). The blank operation
method indicated that there was no detectable metal.

2.3 Pollution risk assessment method

Geo-accumulation index (I,,) is widely applied to assess
pollution due to one single element. Meanwhile, for a given
factor, E’, means the potential ecological risk factor, and
potential ecological risk index (RI) has been used for

pollution assessment in many areas of multiple elements
(Awadh 2015).

2.3.1 Geo-accumulation index

The I,,, considers both background values and diagenesis.
The formula is (Pathak et al. 2015):

Leeo = log,(C,/1.5B,) (1)

@ Springer
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C,, is the concentration of HM n of soil and 1.5 is the
constant used to neutralize changes caused by diagenesis.
B,, is the geochemical value of background of HM n (Wang
et al. 2009). The different pollution levels of I,,,, which are
partitioned in 7 classes according to its value, are listed in
Table 2:

2.3.2 Potential ecological risk index

The RI can be determined by the following formula
(Hakanson 1980):

RI=) E (2)
i=1

E, =T, xC (3)

G =Co /G, (4)

EL represents a given substance named the potential eco-
logical risk factor. T is a toxic response factor. The T for
As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, and Zn are 10, 30, 2, 5, 40,
1,5, 5, and 1, respectively. C} is a pollution factor, Ci_,is
the average concentration, and C, is the geochemical
background values of soil. Table 3 shows the values of RI
for categorizing the risk level.

2.4 Human health risk assessment method

In this study, humans are divided into adults group and
children group to determine the potential non-carcinogenic
and carcinogenic risks of HMs in surface soil, because their
behavior and physiology are different (Taiwo et al. 2016).

Generally, humans are exposed to HM pollution in soil
mainly through three ways, including direct ingestion,
inhalation, and absorption of soil. The cancer risks (CR)
and hazard quotients (HQ) through the three ways men-
tioned above can be calculated by the following formulas
(Ke et al. 2017):

Table 2 The levels of geo-accumulation index (Muller 1971)

Value Level

Leo <0 Uncontaminated

0<Ig =1 Uncontaminated to moderately contaminated
1 <lg, <2 Moderately contaminated

2 <lge =3 Moderately to heavily contaminated
3<p, <4 Heavily contaminated

4<lgeo =<5 Heavily to extremely contaminated

5 <lgeo Extremely contaminated
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Table 3 The threshold values of RI for determining the ecological
risk level (Hakanson 1980)

Value of the RI Value of the E. Level
RI < 150 Ei< 40 Low
150 < RI < 300 40 < EL < 80 Moderate
300 < RI < 600 80 < E’, < 160 Considerable
600 < RI 160 < E. < 320 High
E’, > 320 Extreme
Cioit X IngR x EF, x ED,
CRingess = —— B < ATe % CF x SF (5)
Csoit X IngR x EF, x ED,
HQingest = sor n8 . . x CF (6)
BW x AT X RfDj,,
Cyoit X SA X AFy,i1 X ABS X EF, X ED,
CRdermal _ soil soil e e « CF
BW x AT
x SF x GIABS
(7)
Cioit X SA X AF,;; X ABS X EF, x ED
Hngrma[ _ soil soil e e « CF
BW x AT X RfD g,
X GIABS

(3)
Csoit X InhR x EF, x ED,
CRiphate = L . a x SF (9)
PET x BW x AT

C,oit X InhR x EF, x ED,

HO. = 10

Qinvate = pET > BW % AT x RDin (10)
CR = CRingest + CRyermar + CRinpate (1 1)
HQ = HQingest + HQdermal + HQinhale (12)

where CR;,, and HQ,,, refer to risks through ingestion;
CR,., and HQ,,, indicate risks through dermal contact;
CR;,, and HQ;,, represent risks through inhalation. Details
of the parameters used in formula 5-12 were listed in
Table S2. The values of RfD and SF were listed in
Table S3. All the variables and their values refer to the
guidelines of US EPA (2016), but some parameters (such
as BW, PEF, InhR etc.) were adjusted according to the
actual situation of China residents in this study. HQ
value stands for Non-carcinogenic risk to the human
body. The condition of HQ > 1 indicates the HM pose a
non-carcinogenic risk to human; In another condition,
HQ < 1, the risk is “insignificant”. In HQ evaluation,
Mn was not analyzed because of the lack of RfD,,, and
RfDinh~

CR is the carcinogenic risk due to all pathways. When
CR>1x 107® and <1x 10_4, it means “accept-
able risk”. When CR>1 x 107% the risk is



Stochastic Environmental Research and Risk Assessment

“unacceptable”. If CR < 1 x 107, it represents “no sig-
nificant” risk. Because of the lack of SF, this study did not
evaluate the risks of Cu, Hg, Mn, Pb, and Zn.

2.5 Source identification method

In this study, the PMF model was used to identify the
potential sources of HMs from the soil by following the
guidelines of the US EPA (2014). The sample concentra-
tion data matrix in this model was divided into a factor
distribution matrix and a factor contribution matrix.
According to the analysis results, the collected overview
information and the survey’s emissions inventory, the
sources can be defined (Yu et al. 2015). The number of
factors was set to 2, 3, 4, 5, and 6, and the number of runs
was 40 until the model can be considered stable in this
study (Guan et al. 2016). After testing, when the number of
factors was 4, the difference between Qe and Qopust Were
minimum and stable, the values of scaled residuals were
between -3 and 3, and the signal-to-noise (S/N) ratios of all
heavy metals were ranged from 5 to 9 (Table S4).

2.6 Statistical analysis

Descriptive statistics of the HMs concentration and health
risk assessment performed with Excel Office 2016. The
spatial distribution characteristics caused by HMs were
represented through the Ordinary Kriging (OK) method in
ArcGIS 10.2 software (ESRI, US), and the sample size was
sufficient to support robust predictions (Table S5). Origin
2018 (ESRI, US) was used to draw a box plot to determine
the data dispersion of I, and EL. Pollution source analysis

Table 4 Concentrations of HMs in the study area (ng/g)

was conducted by following the PMF 5.0 (US EPA 2016).
The statistical analysis was conducted by using IBM SPSS
22.0 (SPSS, USA).

3 Results and discussion
3.1 Concentrations of HMs in soil

Generally, the concentrations of HMs in this area were not
very high and varies by space and type. As shown in
Table 4, the average value of Mn (717.6 ng/g) was the
highest, and the other 8 HMs in the soil could be arranged
in decreasing order: Zn (152.67 ug/g) > Cr (101.64 pg/
g) > Ni (38.52 pg/g) > Pb (38.29 pg/g) > Cu (36.66 pg/
g2) > As (8.09 pg/g) > Cd (0.26 ng/g > Hg (0.14 pg/g).
The mean concentrations of most HMs, except As, sur-
passed the corresponding background concentrations, with
a value of Zn (152.67 pg/g) which was twice as high as its
background concentration. The mean concentrations of Cu,
Cr and Mn were also much higher than their background
values.

Shebei industrial zone is a typical urban industrial zone,
which is located in a densely populated area. The con-
centration of most HMs in Shebei industrial zone were
much lower than the concentration of the counterparts in
BAO steel industry, a traditional industrial area in Shang-
hai. The average concentration of all HMs except As and
Hg in study area were much lower than the concentration
of HMs from Shanghai urban street deposited sediments,
because this study area was not in the city center, and the
traffic was not too heavy. But when compared with

Area Parameter As Cd Cr Cu Hg Mn Ni Pb Zn References
Shebei industry zone Mean 8.09 026 101.64 36.66 0.14 717.60  38.52  38.29 152.67 This study
Media 8.04 0.19 90.05 36.05 0.11 728.00 3595 31.35 112.00
Max 11.40 272 391.00 92.00 044 980.00 140.00 165.00 918.00
Min 6.00 0.12 74.30  20.70 0.03 414.00 24.40  20.00 76.10
Variance 1.41 0.14 2196.74 11630 0.01 13221.20 238.40 563.86 20665.09
SD 1.19 0.37 46.87 10.78 0.09 11498 1544 2375 143.75
CV (%) 14.69 141.70 46.11 2942 63.49 16.02  40.09 62.02 94.16
Background values of ~ Mean 9.10 0.13 75.00 2859 0.10 560.20 3190 2547 86.10 CNEMC (1990)
Shanghai
BAO steel industry of  Mean 0.84 43140 16630 3443 023 - 32.85 180.87 202.53 Gao and Wang
Shanghai (2018)
Urban street in Mean 8.01 097 26432 257.63 0.14 - 66.44 236.62 753.27 Shi et al. (2010)
Shanghai
Suburban of Shanghai ~ Mean 7.70 0.17 - 2790 049 - - 27.10 131.10 Bi et al. (2018)
The Yangtze River Mean 9.45 0.20 7147 2750 0.12 627.09 3026 3391 86.12 Zhou and Wang

Delta

(2019)
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«Fig. 2 The spatial distribution of the concentrations of 9 HMs in the 3.2 Pollution risks of HMs in soil
soil of the study area: a As, b Cd, ¢ Cr, d Cu, e Hg, f Mn, g Ni, h Pb,
iZn . . .
Based on the results of I,,,, there is no sampling site pol-
luted by As (Fig. 3a), and most of the sampling sites were

suburban areas near various traditional industrial factories
in Shanghai, it was obvious that all HM concentrations N
were higher than the HM concentrations of suburban area
except for Hg. The Yangtze River Delta metropolis cluster
centered on Shanghai, however, the concentrations of Mn
and Zn of Shebei industrial zone were much higher than the
average concentration of that in metropolitan groups.
Therefore, Shebei industrial zone was less polluted than the
traditional industrial area in Shanghai, but as an emerging
urban industrial zone, its HM pollution still needs attention.
The spatial distribution of 9 HM concentrations in the
soil of the study area was shown in Fig. 2. For most HMs,
except Mn, the higher concentrations were mainly con-
centrated in the northern and eastern areas. The concen-
trations of Cr (391 pg/g) and Ni (140 pg/g) at the S8 site (
were at peak levels. This may due to the types of industrial
factories surrounding the S8 site, which are mainly lighting

appliances and hardware. Cu was also a main heavy metal . RI
pollutant with higher concentration in the central and : s Sample
eastern parts, which have some machinery, metal pro- . : [ 1ea577 - 14a.847
cessing and other industries. Mn was highly concentrated ’ I vvea- 156718
in the southwestern part of the study area, which may %:::;;Z:jzz:
negatively influence the health of the residents nearby. The [ 175,660 - 185,930
high concentration areas of Pb and Zn were mainly located I 185.931 - 196.201
in the eastern part of the area probably due to the color I 196.202 - 206.471
steel factory and building materials factory. 0 500 1,000 2,000 B 206472 - 216.742
L — I 216.743 - 227.013

Fig. 4 Spatial distribution of RI of the HMs in the soil of the study
area

300
250
200

150
00 e e I
50 I B PRGN S—

-2 T T T T T T T T T 0 T T T T T T T T T

As Cd Cr Cu Hg Mn Ni Pb In As Cd Cr Cu Hg Mn Ni Pb In

Fig. 3 Risk assessment results of 9 HMs of study area: a the results of the levels of I,,, b the levels of EL with regards to potential ecological
risks
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Table 5 The results of health risk assessment

HM Group Non-carcinogenic risks Carcinogenic risks
HQing HQuermal HQinn HQ CRing CRuermal CRinh CR

As Adult 2.13E-03 4.52E—08 6.52E—06 2.36E—-03 1.06E—06 2.04E—11 1.21E—-08 1.07E—06
Children 2.20E—-03 4.44E—-08 4.43E—-06 2.44E-03 1.10E—06 2.00E—11 8.23E—-09 1.11E—-06

Cd Adult 2.28E—05 1.80E—08 2.59E—-06 2.54E—05 2.28E—08 1.8E—13 1.63E—10 2.30E—-08
Children 2.36E—05 1.76E—08 1.76E—06 2.54E—05 2.36E—08 1.76E—13 1.11E-10 2.37E-08

Cr Adult 2.96E—-03 1.16E—06 3.52E-04 3.32E-03 8.89E—06 6.99E—11 4.23E—07 9.31E—06
Children 3.06E—03 1.14E—06 2.40E—04 3.31E-03 9.19E—06 6.87E—11 2.88E—07 9.48E—06

Cu Adult 8.01E—05 2.10E—09 9.04E—08 8.02E—05 - - - -
Children 8.29E—05 2.06E—09 6.15E—08 8.30E—05 - - - =

Hg Adult 3.97E—-05 4.46E — 09 1.58E—07 3.99E—-05 - - - -
Children 4.11E-05 4.38E—09 1.07E—07 4.12E—-05 - - - -

Mn Adult - - - - - - - -
Children - - - - - - - -

Ni Adult 1.68E—04 4.90E—09 1.85E—07 1.69E—04 3.37E-06 2.65E—11 3.21E-09 3.37E-06
Children 1.74E—04 4.82E—09 1.26E—07 1.74E—-04 3.48E—06 2.60E—11 2.18E—09 3.49E—-06

Pb Adult 9.56E—04 5.01E—08 1.08E—06 9.57E—-04 - - - -
Children 9.90E—04 4.93E—-08 7.33E—-07 9.90E—04 - - - -

Zn Adult 4.45E—05 1.75E—09 5.05E—-08 4.45E—-05 - - - -
Children 4.60E—05 1.72E—09 3.43E-08 4.61E-05 - - - -

not contaminated by Cd, Cr, Cu and Ni. The contamination
level of Mn was much higher than any of the other HMs,
with its L., value higher than 4, indicating “heavily con-
tamination”. Pb and Zn also had “heavy contamination” at
some sites.

With regards to potential ecological risks, the E. value
of most HMs except Cd and Hg were lower than 40 at all
sampling sites, indicating “low risk” (Fig. 3b). The E.
value of Cd exceeded 40 in some sites, indicating “con-
siderable risk”. However, the E’, of Hg exceeded 40 in all
sites, even the values of Hg at some sites were higher than
160, which means at the level of “high risk”. Particularly,
there was a site (S21) with an outlier of Hg (293.33),
indicating that it was close to “extreme risk”. This site may
be related to the proximity of the sampling site to the
mechanical processing factories.

Comparing the assessment results of E. with Leo» Mn
was assessed as a heavy contaminant with L, whereas
showing a low risk with E.. Hg was considered as a
moderate contaminant, indicated moderate to high risks.
Among the results, E. and L., of Cd at some sites were
both higher.

The areas with high RI values were mainly centralized
in the north and the southeast (Fig. 4). The risk was lower
with decreasing distance to the southwest. Most values of
RI across the zone were < 150, indicating a “low risk”;
while some values were at the range of 150-300, which
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means “considerable risk”. More specifically, some sites in
the east suffered “moderate risks” with the values
exceeding 300. The heavy metal composites of these sites
were superimposed, because there are many types of fac-
tories around. Fuel combustion and much of sewage in
factories contain large amounts of heavy metal elements
(Taylor et al. 2010; Bergthorson et al. 2017). Perhaps the
discharge of HMs from factories is the most important
factor affecting the concentration of HMs in the soil.

3.3 Human health risks posed by HMs in soil

By following the Exposure Factors Handbook (US EPA
2016), hazard quotients (HQ) and carcinogenic risk (CR) of
human health can be estimated. With regards to both
children and adults, the values of HQ and CR followed the
order: ingestion > inhalation > dermal (Table 5). The
contribution through ingestion to HQ was little higher than
CR. None of the HQ values of HMs > 1, indicating that the
non-carcinogenic risk of all HMs was insignificant. For
children and adults, Cr and Ni had an “acceptable” cancer
risks with CR values ranging from 1 x 10 °to 1 x 107*.
Although these two HMs did not show a high ecological
risk, they should also be assessed on the aspect of human
health risk. Compared with adults, children have a lower
risk through ingestion contact and a higher risk through
inhalation and dermal contact. The higher risks of
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Fig. 5 Factor profile and concentration percentage of HMs in the soil from the PMF model

inhalation and dermal of adults were likely to be caused by
the longer duration of exposure (Li et al. 2017). Therefore,
although the non-carcinogenic risks caused by the soil HMs
were not significant, full attention should be paid to the
carcinogenic risks. In addition, there were also many res-
idential areas near the industrial zone, and children should
be paid special attention to health risks posed by HMs from
the soil.

3.4 Quantitative source analysis by using
the PMF model

In order to identify quantitatively the source of the soil
HMs in the study area, the PMF model was used to analyze

the data by using EPA PMF 5.0 (US) software. The mod-
eling results showed that there were four factors mainly
affecting the accumulation and concentration of the 9 HMs
(Fig. 5). The contribution of the different elements to each
factor was shown in detail in the factor fingerprint (Fig. 6).

In Factor I, As, Cr, Mn and Ni provided 68.3%, 68.6%,
73.2% and 73.0% contribution, respectively. The percent-
age of Cd was 40.8%, which was also considerable. All
these HMs are often used as alloy additives and catalysts,
as well as some electroplated materials. Numerous studies
demonstrated that Cr, Mn, Ni and Cd usually came from
several industrial activities, such as long-term mining,
smelting of ores, coal consumption, steel production, and
metal processing (Zheng et al. 2010; Li et al. 2011; Qu
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et al. 2013; Yang et al. 2018). There were some metal
materials processing plants and automation equipment
companies in this area with high concentrations of As, Cr,
Mn, Ni and Cd nearby. Therefore, Factor I represents the
metal processing manufacturing industry.

Factor II accounted for 54.0% and 52.9% of the con-
centration of Pb and Zn. Some previously study reported
that Pb and Zn in the soil with high concentrations could
pose a threat to human health and ecosystems (Dao et al.
2013). Pb, a main element of vehicle emission (Cai et al.
2019), is also widely used in the production of lead storage
batteries. Zn might come from vehicle tires (Li et al. 2011),
and was widely used in the galvanizing industry due to its
excellent corrosion resistance and good mechanical prop-
erties. In the automotive and machinery industries, Zn is
also used to make batteries. According to the distribution
of concentration of these elements, they were concentrated
in a manufacturing processing area. Therefore, Factor II
may represent the machinery manufacturing industry.

Factor III was significantly affected by the concentration
of Hg (70.6%), with other HMs contributed less. According
to the results of I, and E. of Hg, most of the sites were
polluted which leads to high potential risks. Moreover, the
concentration distribution of Hg is relatively uniform.
Therefore, a wide range of human activities may be the
main sources of Hg, instead of natural sources. Hg is an
important element in the composition of pesticides or fer-
tilizers (Guo et al. 2015), which is volatile and easy to
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migrate. In spite of little farmland in the study area, long-
term use of pesticides and fertilizers in large areas of green
land in the study area may also cause Hg pollution. Thus,
Factor III may represent the pesticides and fertilizers.

Factor IV was dominated by Cu of 63.9%. Cu is released
in the metal processing and smelting industry (Zhang et al.
2004), and being used in the processing of building mate-
rials. These activities can discharge a large amount of
sewage and dust containing HMs, especially Cu, which will
cause pollution to the soil. According to the spatial distri-
bution of Cu, the high concentration sites were located in
the eastern part of the study area, where there was a
mechanical processing plant. Therefore, Factor IV may be
the manufacture and use of metallic materials.

Combining professional knowledge with mathematical
models to analyze pollution sources is a common practice
in the field of environmental pollution (Guan et al. 2018;
Men et al. 2018). Although the PMF model cannot only
ensure non-negative factor distribution and contribution,
but also handle some inaccurate values, which is more
realistic than solutions from general multivariate statistical
methods (Chen et al. 2013), the applicability and accuracy
of the PMF model in the soil HMs analysis need to be
further explored.
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4 Conclusions

In conclusion, we investigated the pollution characteristics,
ecological risks and source apportionment of HMs in the
urban industrial area of Shebei industrial zone in Shanghai,
China. The mean concentrations of most HMs except As
were higher than the background values, with Mn being the
highest concentration, and the high concentration values of
different HMs had different spatial distribution areas. Geo-
accumulation index indicated that the risk levels ranged
from “no pollution” (As, Cd, Cr, Ni) to “heavily con-
taminated” (Mn). According to RI analysis, the potential
ecological risks of HMs in the study area were serious,
especially in the north and southeast. On the basis of health
risk assessment, the contribution of risks through ingestion
to HQ was little higher than that to CR. There was
insignificant non-carcinogenic risk to either children or
adults. The analysis results of the PMF model indicated
that four main factors affecting the accumulation of HMs,
including (1) metal manufacturing industry, (2) machinery
manufacturing industry, (3) pesticides and fertilizers, (4)
manufacture and use of metallic materials. Urban industrial
zones in metropolis can be closely related to human’s
health and economic sustainability, and this study can help
decision makers to develop more effective exposure
reduction and management measures for soil pollution.
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