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of heavy metals (HMs) to the environment. However, assessing the impact of MSW
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incineration on HMs in the environment, especially soils, can be a challenging task because
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of various HM sources. To investigate the effect of MSW incineration on HMs in soils, soil
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samples collected at different distances from four MSW incinerators in Shanghai, China
were analyzed for their contents of eight HMs (antimony, cadmium, chromium, copper,
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lead, mercury, nickel, and zinc) and lead (Pb) isotope ratios. Source identification and

Municipal solid waste incineration

apportionment of HMs were accomplished using principal component analysis and Pb

Soils

isotope analysis. Results indicated that the relatively high contents of cadmium, lead,

Heavy metals

antimony, and zinc in the soils at 250 m and 750–1250 m away from the MSW incinerators

Source identification

were related to MSW incineration, while the elevated contents of the other four HMs were

Pb isotope ratios

associated with other anthropogenic activities. Based on Pb isotope analysis, the
contribution ratio of MSW incineration (which had been operated for more than 14 years)
to the accumulation of Pb in soil was approximately 10% on average, which was lower than
coal combustion only. Incinerator emissions of Pb could have a measurable effect on the
soil contamination within a limited area (≤ 1500 m).
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Thermal treatment has played an irreplaceable role in the
management of municipal solid waste (MSW) due to a number
of advantages, such as effective volume reduction, high
efficiency, and energy recovery (Fernandez et al., 1992;
Zhang et al., 2008a). Despite these advantages, there is an

increasing concern about the atmospheric emissions from
MSW incinerators. Heavy metals (HMs), which possess highly
toxic effects, are the typical contaminants emitted from MSW
incinerators (Tian et al., 2012; Zhang et al., 2008b). During
MSW incineration, most HMs in flue gases will be captured
into fly ash by the air pollution control system; however,
small amounts of HMs can escape the system and be emitted
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into the atmosphere in gaseous form or by adsorbing on fine
dust particles. As a “sink” or repository for most contaminants
from the atmosphere, soils surrounding MSW incinerators
must bear the deposition of atmospheric HMs from MSW
incinerators over the life time of the incinerators. These HMs
may pose health risks to humans through food chains
(Türtscher et al., 2017; Zhao et al., 2015a).
To identify the contribution of MSW incineration to HMs in
the environment, many studies have been conducted on the
temporal variation of HMs contents in soils surrounding MSW
incinerators (Llobet et al., 1999, 2002; Meneses et al., 1999;
Rimmer et al., 2006) or MSW open dumpsite (Bretzel and
Calderisi, 2011; Rizo et al., 2012). For example, with the
exception of nickel (Ni) and beryllium (Be), which increased
in concentration, the contents of most HMs showed no
significant differences in soils surrounding a MSW incinerator
in Montcada, Spain from 1996 to 1997 (Meneses et al., 1999).
Rimmer et al. (2006) also reported that compared to those in
other directions, there was no evidence of significant change
in the concentrations of HMs in soils down-wind of an
incinerator, nor of any trend in content at increasing distance
from the incinerator. However, others have reported that HMs
concentrations in soils have been significantly influenced by
anthropogenic sources, and the elevated levels were possibly
associated with MSW incineration (Meneses et al., 1999).
Because HMs in soils originate from numerous anthropogenic
sources, such as coal burning, pesticide use, waste incineration, and nonferrous metals smelting, it is often difficult to
identify the main sources of HMs and quantify their contributions (Ha et al., 2014; Mostert et al., 2010). Therefore, there is
an urgent need for source identification and apportionment of
HMs in soils surrounding MSW incinerators.
Source identification of HMs using multivariate statistical
analysis depends on the relationships of different HMs in
different environmental samples (Huang et al., 2015; Li et al.,
2009; Sofowote et al., 2008). One type of multivariate statistical
analysis is principal component analysis (PCA), which uses an
orthogonal transformation to convert a set of observations of
possibly correlated variables into a set of values of linearly
uncorrelated variables (Slavković et al., 2004). PCA has been
widely applied to identify natural or anthropogenic sources of
HMs in sediments (Zhang et al., 2011), urban soils (Davis et al.,
2009), and agricultural soils (Micó et al., 2006). Using PCA,
Borůvka et al. (2005) reported that HMs in urban soils in
Northern and North-eastern Czech Republic were likely to be
mainly of geogenic origin. Xu and Zhang (2017) also found by
using PCA that chemical and organic fertilizers are the major
anthropogenic sources of HMs in the vegetable-producing
soils in the coastal plain of eastern Zhejiang province, China.
However, multivariate statistical analysis can only approximately identify sources of HMs; precise quantification of
source contributions is not possible.
Isotope analysis serves as an efficient tool for identifying
and quantifying sources of heavy metal pollution (Bacon et al.,
2006; Cloquet et al., 2006; Ettler et al., 2004; Li et al., 2017;
Wiederhold, 2015). For example, using Pb isotope ratio
analysis, it was found that the percentage contribution of
coal combustion, metallurgic dust, and vehicle exhaust to the
Pb pollution of PM10 in Shanghai were around 50%, 35%, and
15%, respectively (Tan et al., 2006). Based on Pb and Zn

isotopic fingerprints of the main pollutant sources, a ternary
mixing model was developed to account vehicular traffic
(70%), industrial area (10%) and another uncharacterized
source (20%) contributions, possibly associated with industrial
and biomass burning emissions (Souto-Oliveira et al., 2018).
Therein, Pb isotope ratios are used most widely because Pb
isotopes do not experience significant mass-dependent fractionation during migration through environmental media.
However, few studies have reported the Pb isotope ratios of
byproducts from MSW incinerators. Consequently, Pb isotope
ratio analysis has been rarely applied in identifying sources
and quantifying the source contributions of Pb in soil
surrounding MSW incinerators.
Therefore, the aims of this study were (1) to determine the
variation in the contents of HMs in soils as a function of
distance from four MSW incinerators in Shanghai, China; (2)
to identify HMs sources using PCA and Pb isotope analysis;
and (3) to examine the influence of MSW incineration on HMs
in the surrounding soils and determine their relative
contributions.

1. Materials and methods
1.1. Soil samples
Shanghai is located in the southeast of China (30°40′-31°53′N,
120°52′-122°12′E). The prevailing winds in spring and summer
are biased in the southeast direction, and in autumn and
winter are biased in the northwest direction. As shown in Fig.
1a, soil samples were collected near four MSW incinerators
(denoted as MSWI1, MSWI2, MSWI3, and MSWI4, in which the
treatment capacities are 1500, 1050, 2000, and 3000 tons/day,
respectively) in Shanghai, which were located in two different
districts. MSWI1 and MSWI2 (which began operation in 1999
and 2001, respectively) are close to the city center, and MSWI3
and MSWI4 (which began operation in 2011 and 2013,
respectively) are far from the city center and close to the
East China Sea.

1.2. Sample collection and preparation
According to the wind rose diagram shown in Fig. 1b, a total of
13 soil samples were collected along two main transects
(northwest and southeast) from MSWI1, at distances of
250–2000 m from the stack in each direction. Samples were
collected in September and October 2015. For MSWI2, the
locations of soil sampling sites were similar to those around
MSWI1, and 13 samples were collected. In April 2016, seven
soil samples (at each location) were collected along the
northwest direction from MSWI3 and MSWI4 at distances of
250, 500, 750, 1000, 1250, 1500, and 2000 m from the stacks.
The sampling locations of the soils were selected following
the direction of prevailing winds (both northwest and
southeast directions for MSWI1 and MSWI2, northwest
direction for MSWI3 and MSWI4), while the collection period
was not related to the prevailing winds as cumulative effects
were investigated.
All soil samples were collected from the 0 to 20-cm depth
(surface soil) using a stainless steel auger. At each sampling
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Fig. 1 – Locations of the four studied MSW incinerators: (a) in Shanghai, and (b) locations of the soil sampling sites distributed
surrounding MSWI1 relative to the wind rose diagram (The base map was image-captured using the Google Earth® software).
Four MSW incinerators were denoted as MSWI1, MSWI2, MSWI3, and MSWI4.

site (3 m × 3 m), five soil sub-samples (1 kg for each) were
collected from diagonal points, and then mixed together,
according to the technical specification for soil environment
monitoring (HJ/T 166-2004).
The soil samples were air-dried at 30°C, sieved to <2 mm to
remove large stones and plant debris, then ground using a
grinding machine (ZM200, Retsch Ltd., Germany) and passed
through a 200 μm size sieve, which makes more accurate
analysis of HMs contents.
Air pollution control residues (APCR) were collected from
the four MSW incinerators. All APCR samples were dried in an
oven at 105°C for 24 hr and ground to a particle size < 150 μm
(Zhang et al., 2008c).

1.3. Analysis of HMs contents
The soil and APCR samples (0.3 g each, approximately) were
digested using the conventional hot-plate digestion method
(Li et al., 2017; Shi et al., 2008). The concentrations of
chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn) in the
diluted digestion solutions were analyzed using an inductively coupled plasma optical emission spectrometer (ICPOES, 720ES, Agilent Scientific Technologies Ltd., USA), and the
concentrations of cadmium (Cd), lead (Pb), and antimony (Sb)
in the diluted digestion solutions were measured using an
inductively coupled plasma mass spectrometer (ICP-MS,
Agilent-7700, Agilent Scientific Technologies Ltd., USA). The
contents of mercury (Hg) in the soil and APCR samples were
directly determined using the Hg analyzer (DMA, DMA-80,
Milestone Ltd., Italy). These metals were elected considering
their priority pollution for soils and their levels in MSWI flue
gas. Quality assurance and quality control (QA/QC) for HMs in
the samples were estimated with one duplicate sample, two
external monitor samples, and two standard samples (GSS-24,
the Center of National Reference Materials of China). The

recovery ratios ranged from 87% to 109%. Each soil and APCR
sample was tested in triplicate (n = 3). The relative standard
deviations were < 5.0% for all batch treatments.

1.4. Analysis of Pb isotope ratios
The digestion solutions of the soil and APCR samples were
purified by micro-exchange columns using AG1 X8 (100–200
mesh, Bio-Rad Laboratories, Inc., USA) anion exchange resin
(Strelow, 1978). The Pb isotope ratios in the purified solutions
of the APCR and soil samples were determined using a multicollector inductively coupled plasma mass spectrometer (MCICP-MS, Nu Plasma, Nu Instruments Ltd., UK) and an
inductively coupled plasma mass spectrometer (ICP-MS,
Agilent-7700, Agilent Scientific Technologies Ltd., USA), respectively. The Pb isotopic standard SRM-981 and thallium (Tl)
standard SRM-997 solutions were measured every five samples to determine and update the ratio correction factors and
correct the instrumental mass bias (Li et al., 2017; Zhao et al.,
2015b).

1.5. Data analysis
All statistical analyses were performed using the statistical
package SPSS 22.0 (IBM Corp., Armonk, NY, USA). The
medians, range, standard deviation (S.D.) and coefficient of
variation (C.V.) value were calculated to assess the concentrations of HMs in the soil samples. Pearson correlation
analysis was used to measure the strength of relationships
between pairs of analyzed HMs. PCA was used to help identify
the origin of the contaminants, according to the Kaiser
criterion (Pires et al., 2009).
The source contributions were calculated using a leastsquares optimization method in MATHLAB (R2015b, The
MathWorks, Inc., Natick, MA, USA) and the equations were
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calculated 206Pb/204Pb,
sample i, respectively.

as follows (Yu et al., 2016):
ð 206Pb=204PbÞc;i ¼

n
X

k j;i ð 206Pb=204PbÞ j

208
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2. Results and discussion
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In Eqs. (1)–(5), j (j = 1, 2, 3,…, n-1, and n) represents the
end member contributed for sample i (i = 1, 2, 3,…, m-1, and
m); kj,i is the contribution ratio of end-member j for sample i;
(206Pb/204Pb)j, (208Pb/206Pb)j, and (207Pb/206Pb)j represent the
observed 206Pb/204Pb, 208Pb/206Pb, and 207Pb/206Pb ratios of
end member j, respectively; (206Pb/204Pb)i, (208Pb/206Pb)i, and
(207Pb/206Pb)i represent the observed 206Pb/204Pb, 208Pb/206Pb,
and 207Pb/206Pb ratios of sample i, respectively; and (206Pb/204
Pb)c,i, (208Pb/206Pb)c,i, and (207Pb/206Pb)c,i represent the

2.1. Descriptive statistics of heavy metal pollution
Table 1 summarizes the basic descriptive statistics for the
contents of eight HMs in the soils surrounding four MSW
incinerators, as well as background values for the HMs in
Shanghai soils. Obviously, the mean contents of most HMs in
the samples were higher than their corresponding background values in Shanghai soils, with the exception of Cr
(MSWI2), Cu (MSWI2), Hg (MSWI2), Ni (MSWI1, MSWI2, and
MSWI4), and Sb (MSWI2, MSWI3 and MSWI4). Furthermore,
Cd, Hg, Pb, Sb, and Zn contents in the soils surrounding
MSWI1 were higher (p < .05) than those surrounding the other
three MSW incinerators. Similarly, Chen et al. (2012) reported
concentrations of 0.19, 0.15, 40.24, and 149.8 mg/kg for Cd, Hg,
Pb, and Zn, respectively, in the soils from an industrial area in
Shanghai. Compared with the data from suburban Shanghai,
the mean values of Cd, Pb, Zn, and Cu concentrations were
relatively higher (Bi et al., 2018). These results indicated that
the soils surrounding MSWI1 were affected significantly by
anthropogenic activities (Morselli et al., 2002; Nadal et al.,
2005). In comparison, the HMs contents in the soils surrounding MSWI4 were close to their corresponding background
values, suggesting that these soils were not significantly
affected by human activities (Wang, 1992).

Table 1 – Descriptive statistics of heavy metal contents in the soils surrounding the four MSW incinerators.
Sampling site
MSWI1 (n = 13)

MSWI2 (n = 13)

MSWI3 (n = 7)

MSWI4 (n = 7)

Background value a

Statistical value
Mean (mg/kg)
S.D. (mg/kg)
Median (mg/kg)
Max. (mg/kg)
Min. (mg/kg)
C.V. (%)
Mean (mg/kg)
S.D. (mg/kg)
Median (mg/kg)
Max. (mg/kg)
Min. (mg/kg)
C.V. (%)
Mean (mg/kg)
S.D. (mg/kg)
Median (mg/kg)
Max. (mg/kg)
Min. (mg/kg)
C.V. (%)
Mean (mg/kg)
S.D. (mg/kg)
Median (mg/kg)
Max. (mg/kg)
Min. (mg/kg)
C.V. (%)
Mean (mg/kg)

Cd

Cr

Cu

Hg

Ni

Pb

Sb

Zn

0.291
0.085
0.280
0.460
0.180
29.4
0.157
0.12
0.170
0.462
0.0842
78.3
0.257
0.14
0.205
0.550
0.180
56.3
0.172
0.038
0.165
0.240
0.130
21.9
0.138

76.7
7.6
76.1
86.8
62.5
9.95
63.6
12
70.3
88.9
54.5
18.4
93.9
21
85.9
134
78.4
21.9
74.5
6.3
72.2
85.8
69.2
8.48
70.2

36.0
5.9
36.5
44.1
27.3
16.3
24.8
7.0
27.2
39.2
19.1
28.2
37.1
17
30.5
65.9
23.0
44.6
27.6
2.0
27.3
31.4
25.3
7.33
27.2

0.138
0.045
0.130
0.250
0.080
32.6
0.142
0.046
0.13
0.240
0.12
32.3
0.107
0.019
0.105
0.140
0.090
17.4
0.087
0.014
0.090
0.100
0.070
15.8
0.095

28.4
2.6
28.5
32.2
23.1
9.10
25.5
2.8
25.9
30.5
22.3
10.8
37.7
7.3
38.5
45.1
28.4
19.3
27.3
2.4
27.4
31.2
24.2
8.92
30.7

46.1
12
42.7
73.3
32.6
25.1
25.8
13
31.3
63.2
20.4
48.8
30.2
5.8
28.6
41.1
24.6
19.3
26.6
3.0
25.5
32.4
24.3
11.3
25.0

1.69
0.61
1.67
3.29
1.00
35.9
1.11
0.73
1.19
3.29
0.590
65.3
1.02
0.32
0.860
1.54
0.770
30.7
0.923
0.075
0.910
1.04
0.820
8.09
1.14

120
23
113
176
95.1
19.0
98.9
26
102
176
81.9
25.8
119
33
109
182
93.2
27.7
90.9
8.8
89.4
105
80.8
9.67
81.3

n: the number of sampling sites.
a
The background heavy metal concentrations of soil in Shanghai (Wang, 1992).
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The coefficient of variation (C.V.) value was used to assess
the degree of variation of HMs in soils (Zhao et al., 2010). Most
of the HMs in the soils surrounding the four MSW incinerators
exhibited a moderate of variation. In particular, although the
mean Cd, Pb, and Sb concentrations in the soils surrounding
MSWI2 were lower than MSWI1, their corresponding C.V.
values were nearly double those in soil surrounding MSWI1,
indicating that Cd, Pb, and Sb were obviously enriched more in
some parts of the studied area surrounding MSWI2 than in
others. Moreover, Cd concentrations in soil surrounding
MSWI3 had both a large C.V. value and relatively high mean
value, suggesting that Cd in soil surrounding MSWI3 was
influenced seriously by extrinsic factors such as human
activities.
Overall, results showed that the soils surrounding three
MSW incinerators (MSWI1, MSWI2, and MSWI3) were contaminated by HMs from human activities, such as coal
burning, pesticide use, and waste incineration, albeit in
different degrees. Among the three sites, heavy metal
pollution in soils surrounding MSWI1 was the most serious.
Besides, Cd in soils surrounding most of MSW incinerators
was more highly influenced by anthropogenic sources than
other HMs.

2.2. Spatial distribution of HMs
To assess the spatial distribution of HMs within sampling
transects, the concentrations of the eight HMs in the soils
surrounding the four MSW incinerators were plotted as a
function of distance (Fig. 2 and Appendix A Fig. S1).
With regard to MSWI1 (Fig. 2a), there was no distinct
tendency of spatial distribution for some HMs, such as Cr and
Ni, along the northwest and southeast transects, or for Hg

along the northwest transect. In particular, in spite of having a
uniform distribution, the Hg concentrations in all of the soil
samples along the northwest transect of MSWI1 exceeded the
background value of Shanghai soil (0.095 mg/kg), suggesting
that the Hg pollution in this area might be caused by a nonpoint (diffuse) anthropogenic source such as atmospheric
deposition. Moreover, there appeared to be serious contamination “hotspots” for most of the HMs in the soils at 250 m
and 750–1250 m away from MSWI1. For example, the concentrations of Pb in soil at 250 m northwest (63.2 mg/kg) and
250 m southeast (73.4 mg/kg) from MSWI1 were approximately 1.5–2.0 times those at other sampling sites. High
concentrations of Cu and Zn in soil were also shown in the
range 750–1250 m southeast of MSWI1.
Similar to MSWI1, two serious contamination hotspots for
HMs in soils at 250 m and 750–1250 m away from MSWI2 were
found, as shown in Fig. 2b. At 250 m northwest, the contents
of Pb and Cu in the soils were almost 1.5 times higher than
that at other soil sampling sites in the northwest direction.
Meanwhile, at 1000 and 1250 m southeast of MSWI2, the
contents of several HMs (Zn, Cu, Pb, Sb, and Hg) were higher
than their corresponding background concentrations of soils
in Shanghai.
For MSWI3 (Appendix A Fig. S1a), the contents of all eight
HMs in the soils at 250 m from the incinerator along the
northwest transect were significantly higher than at other soil
sampling sites. In contrast, there was no distinct tendency in
the spatial distribution of most of HMs in soils surrounding
MSWI4 (Appendix A Fig. S1b). These results are in excellent
agreement with the C.V. values.
Based on these results, contamination hotspots of HMs in
soils appeared predominantly at 250 m and 750–1250 m away
from the incinerators, depending on the specific metal.
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Fig. 2 – Contents of heavy metals in the soil samples collected at different distances from (a) MSWI1 and (b) MSWI2.
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Table 2 – Comparison of Pb isotope ratios of soils.
Sampling site

207

Surrounding MSWI1
Surrounding MSWI2
Surrounding MSWI3
Surrounding MSWI4
Yangtze river intertidal zone
(Zhang et al., 2008a)
Park in Shanghai (Li et al., 2011)

0.8481
0.8513
0.8454
0.8429
0.8429

206

Pb/

±
±
±
±
±

Pb

208

0.0037
0.0050
0.0021
0.0012
0.0018

2.1001
2.1032
2.0905
2.0915
2.0918

0.8575 ± 0.0098

206

Pb/

±
±
±
±
±

Pb

0.0043
0.0078
0.0016
0.0020
0.0025

2.0959 ± 0.0116

Schuhmacher et al. (1996) reported that the highest metal
concentrations (Cr, As, Pb, Cu, Mn, Ni, Hg, V, and Zn) in soils
occurred at 500 m from a MSW incinerator stack, whereas in
grass, the highest metal concentrations were found at 250 m
from the incinerator. For surveys completed in 1994 and 1997,
the highest HMs concentrations in soils were found at
1000–1500 m from the stack of a MSW incinerator (Tarragona,
Catalonia, Spain) (Llobet et al., 1999, 2002). These studies
suggest that incinerator emissions can have a measurable
effect on soil contamination within a limited area (≤ 1500 m
radius). Moreover, Tian et al. (2014) and Domingo et al. (2000)
found notable variations and high contents of organic
pollutants in soil within an approximately 1000-m radius of
a MSW incinerator. Therefore, a possible explanation for the
contamination hotspots observed in the current study (at
250 m and 750–1250 m away from the MSW incinerators) may
be attributed to MSW incineration.

2.3. Multivariate statistical analysis
2.3.1. Correlation analysis between HMs concentrations

the total variance in the data. These components were
retained for further analysis.
The first principle component (PC1) explained 32.5% of the
total variance and was heavily weighted by Cr, Cu, and Ni.
According to previous studies and the statistical analysis
described above, the C.V. values of Cr and Ni were low and
their contents were close to their corresponding background
values. Together, these results suggest that Cr and Ni in the
soils were significantly controlled by natural factors, rather
than by anthropogenic inputs. Some studies also reported
that Cr in soils can originate from soil parent materials and Ni
is controlled by the soil parent rock on a regional scale (Cai et
al., 2012; Sun et al., 2013). Therefore, in the current study this
principle component (PC1) was regarded to be a consequence
of natural sources.
Cd, Pb, Sb, and Zn were positively associated with the
second PC (PC2, accounting for 28.0% of the total variance).
The high contents of Cd in soils are mainly related to
emissions from metal fabrication, application of sewage
sludge, and the use of chemical fertilizers (Hansen et al.,
1981; Niemitz et al., 2013). Zn accumulation can be attributed
to the influence of the metal industry and municipal wastes
(Yaylalı-Abanuz, 2011). The primary sources of Pb are also
varied, and include vehicle emissions, coal combustion, and
MSW incineration (Facchinelli et al., 2001). MSW incineration
is the main source of Sb; in 2009, Sb emission from MSW
incineration in Shanghai was 10.7 tons, accounting for 29.9%
of the total Sb emissions (Tian et al., 2012). In addition, on the
basis of the above research and analysis, the contamination
hotspots of Cd, Pb, Sb, and Zn in soils at 250 m and
750–1250 m away from MSWI1 were associated with MSW
incineration. Given the above, PC2 can be identified as having
been affected by industrial activities and vehicle exhaust.

The correlation matrixes for eight HMs in the soils surrounding four MSW incinerators are illustrated in Appendix
A Table S1.
For MSW1, Appendix A Table S1 shows there was a
significant positive correlation between the concentrations
of Cd and Sb (R2 = 0.703, p < .001) and between Cr and Ni (R2 =
0.691, p < .001), indicating that these HMs had a similar origin.
For MSWI2, the correlation coefficients of Cd-Sb and Cr-Ni
were positive and similar to those for MSWI1. Cu and Pb also
showed a significant positive correlation (R2 = 0.810, p < .001).
These correlations, combined with the data showing the
spatial distribution of the HMs, suggest that Cd, Sb, Cu, and
Pb in the soils might originate from similar anthropogenic
sources. However, for MSWI3 and MSWI4, the eight HMs
showed no significant correlations with each other, possibly
because of the small variances in the spatial distributions of
these metals in soils surrounding MSWI3 and MSWI4.

2.3.2. Principal component analysis of HMs in soils
Principal component analysis was conducted on the HMs
concentrations in soils to identify patterns in their magnitudes and spatial distributions and, based on these patterns,
to identify their origins. The results of PCA for MSWI1 and
MSWI2 are shown in Appendix A Fig. S2.
As shown in Appendix A Fig. S2a, for MSWI1 three
principal components (PC) with eigenvalues exceeding a
value of 1 were extracted, and these accounted for 75.1% of

Fig. 3 – Plot of 208Pb/206Pb versus 207Pb/206Pb in the soils
surrounding four MSW incinerators and some main emission sources such as coal (Mukai et al., 2001; Widory et al.,
2010), coal combustion ash (Tan et al., 2006), vehicle
exhausts (Chen et al., 2005; Zheng et al., 2004), iron ore sinter
dust (Tan et al., 2006), and metallurgical dust (Tan et al.,
2006). Also shown is the lead growth curve.
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Fig. 4 – The contribution ratios of MSW incineration on Pb in soils surrounding MSWI1 and MSWI2.

Lastly, Hg was isolated in the third component (PC3,
accounting for 14.6% of the total variance). Previous studies
showed that Hg contamination in soils in China originated
from industrial coal combustion and nonferrous metal
smelting, which together contributed more than 80% of the
total Hg emissions (Zhang et al., 2015). Duan et al. (2016)
reported that coal combustion was the major source of
atmospheric Hg in Qingpu, Shanghai. Yang et al. (2016) also
found that the amount of coal consumption was one of the
three most important driving factors for Hg accumulation in
urban sediment of Shanghai. Although high Hg concentrations were found in soils surrounding MSWI1, they were
evenly distributed, which suggested that Hg was contributed by non-point source pollution. Therefore, PC3 was
deemed to be related to coal combustion via atmospheric
deposition.
Compared with MSWI1, the component matrix shows that
the eight HMs in soils surrounding MSWI2 were well
characterized by three principal components (PC1, PC2, and
PC3), which explained 86.2% of the total variance (Appendix A
Fig. S2b). Cu, Hg, Pb, and Zn showed a similar distribution
pattern in PC1, which explained 41.0% of the total variance.
Based on the data and analysis presented previously, PC1 was
judged to represent the effects of various anthropogenic
sources through atmospheric deposition, such as coal combustion and vehicles emission. PC2 (explaining 24.8% of the
total variance) was predominately composed of Cr and Ni
(similar to PC1 of MSWI1). The studies cited previously
indicated that Cr and Ni were affected by soil parent materials
(Sun et al., 2013; Cai et al., 2012), and therefore, PC2 was
deemed to be related to natural sources. As for PC3, Cd and Sb
occurred in high concentrations, suggesting that PC3 was also
affected by anthropogenic sources, but not those associated
with PC1. Metallurgical industries and municipal solid waste
have been regarded as a significant source of Cd. Moreover,
some hotspots of Cd and Sb concentrations were observed.
Hence, PC3 was regarded as being influenced by industrial
sources.
The eight HMs in soils surround MSWI3 and MSWI4 were
characterized by only one principal component (data not
shown). Thus, the HMs around these incinerators were related

to natural sources due to the low (near-background) concentrations observed.

2.4. Pb isotope characteristics and Pb sources in soils
To further understand the origin of Pb in soils surrounding the
MSW incinerators, Pb isotope ratios (208Pb/206Pb and
207
Pb/206Pb) of the soils were compared.
In Table 2, Pb isotope ratios for Pb originating in the
Yangtze River intertidal zone are shown as background values
(Zhang et al., 2008a). Obviously, there are significant differences between background Pb isotope ratios ((0.8429 ± 0.0018)
for 207Pb /206Pb and (2.0918 ± 0.0025) for 208Pb/206Pb) and those
in soils surrounding MSWI1, MSWI2 and MSWI3. Among the
four sampling sites, Pb isotope ratios of soils surrounding
MSWI2 ((0.8513 ± 0.0050) for 207Pb /206Pb) were the highest, but
lower than those of park soils, road dust, and vegetables in
Shanghai (Bi et al., 2018; Li et al., 2011). This suggested that Pb
in soil surrounding the MSW incinerators was affected by
anthropogenic sources, corroborating the previously described results.
Pb isotope ratios of soils surrounding the four MSW
incinerators and their potential sources, including vehicle
exhaust (leaded and unleaded gasoline), metal smelting, iron
ore sinter, MSW incineration, and coal combustion are shown
in Fig. 3.
Coal combustion might contribute large amounts of Pb to
the environment (soils, atmospheric particulate matter, and
sediment) because it is a major energy source worldwide (Xu
et al., 2017). Total emission of Pb in China was estimated at
approximately 29,272 tons in 2010, approximately 50% of
which came from coal combustion (Cheng et al., 2015). Pb
isotope ratios of coal and coal combustion ash were compared
to that of soils surrounding the MSW incinerators. Among the
samples, some ratios for soils surrounding MSWI1 lay in the
range of the Pb isotopes for coal. Therefore, coal combustion
should be regarded as the one of major Pb contributors to soils
surrounding the MSW incinerators.
Industrial sources including iron ore sinter, smelting, and
waste incineration might also be major sources of Pb to the
soils. Comparatively, the Pb isotope ratios for iron ore sinter
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and metal smelting dust were lower than projected by the
lead growth curve, in contrast to those from the soil samples,
indicating that they were not the main sources of Pb to the
soils surrounding the MSW incinerators. The fly ash collected
from the four incinerators showed a 207Pb/206Pb ratio of
(0.8617 ± 0.0001) and a 208Pb/206Pb ratio of (2.1087 ± 0.0002).
The relations of Pb isotope ratios of the soils surrounding
MSWI, the fly ash, and background values are linear.
Combined with the results of the spatial distribution of HMs,
these may imply that MSW incineration is a dominant source
of Pb in soils surrounding the MSW incinerators.
For vehicle exhaust, because of the use of leaded gasoline
in the past, various studies have reported vehicle exhaust to
be the dominant source of Pb contamination in the environment (Liang et al., 2010; Page and Ganje, 1970; Thomas et al.,
1999). After 1997 in China, unleaded gasoline was used instead
of leaded gasoline (Chen et al., 2005). As shown in Fig. 3, Pb
isotope ratios of leaded gasoline dust were very different from
those of the soils surrounding the MSW incinerators. However, the contribution of leaded gasoline emission to Pb in soil
still cannot be neglected. For example, Li et al. (2011) found
that leaded gasoline emission contributed up to 50.3% of the
lead found in park soils along an urban–rural gradient in
Shanghai.
Based on the above discussion and analysis, coal combustion, leaded vehicle exhaust, and MSW incineration were
judged to be the three possible anthropogenic sources of Pb in
the soils surrounding the MSW incinerators (Teutsch et al.,
2001). Bi et al. (2018) found that the coal-fired, stationary
industrial emissions and municipal waste incineration emissions were the major sources of Pb in dust and vegetables in
Shanghai. Therefore, the contribution ratios of four endmembers (one natural and three anthropogenic sources)
were calculated using Eqs. (1)–(5) to quantify the contribution
of the main sources to soil Pb surrounding MSWI1 and MSWI2
(Appendix A Table S2).
Coal combustion was the most important anthropogenic
source of Pb soils surrounding MSW incinerators, and its
proportionate contribution to Pb in soils around MSWI1 and
MSWI2 exceeded 20%, with the highest ratio of approximately
50% (Appendix A Table S2). This was coincident with the fact
that coal is still the major energy source for China, and
suggested that the atmospheric deposition of coal combustion
dust might be the main pathway for anthropogenic Pb input
to soils in Shanghai.
As shown in Fig. 4, the average proportionate contribution
by MSW incineration to Pb in soil was approximately 10%, and
the highest contribution ratios pertinent to MSWI1 and
MSWI2 (which have been operated for more than 14 years)
reached 25% and 27%, respectively, at 250 m away from the
incinerators. High contributions by MSW incineration also
were found at 250–1250 m away from the incinerators. These
results suggested that long-term MSW incineration has
become a potentially significant anthropogenic source of
HMs in soils. Compared to those in soils around MSWI1 and
MSWI2, Pb isotope ratios of the soils surrounding MSWI3 and
MSWI4 were close to those in samples surrounding MSW1
and MSWI2 that had low Pb concentrations. This suggested
that Pb in soil surrounding MSWI3 and MSWI4 was less
affected by MSW incineration than were the soils around

MSWI1 and MSWI2, in agreement with the previously
presented results. The operation time of MSWI3 and MSWI4
is relatively shorter. Furthermore, the stricter HMs emission
limits for MSW incinerators (GB 18485-2014 Standard for
pollution control on the municipal solid waste incineration)
promoted the upgrading of air pollution control system
equipped in new incinerators (since 2014). Especially, wet
scrubber is equipped in MSWI4 following dry scrubber and bag
filter, which benefit to HMs removal.

3. Conclusions
In summary, long-term MSW incineration has become a
potentially significant anthropogenic source of HMs in soils,
and a measurable effect on soil contamination within a
limited area (≤1500 m) around incinerators. The average
proportionate contribution by MSW incineration to Pb in soil
was approximately 10%, and the highest contribution ratios
pertinent to MSW incineration (which have been operated for
more than 14 years) reached 26.6%, at 250 m away from the
incinerators. Therefore, more management approaches and
stricter laws need to be developed to control the emissions of
HMs from MSW incinerators.
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