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Abstract Soil heavy metal contamination is a serious envi-
ronmental problem. Human beings may be directly exposed to
heavy metals in soils through the inhalation of soil particles,
dermal contact, and oral ingestion, which can seriously threat-
en health. This study assesses the health risks associated with
heavy metals in soils by determining the concentrations of
eight heavy metals (Cr, Pb, Cd, Hg, As, Cu, Zn, and Ni) based
on 2051 surface-soil samples collected from the southern
Yangtze River Delta of China. The mean concentrations were
higher than the corresponding background values in Zhejiang
Province and China as a whole, indicating an accumulation of
heavy metals. The health risk assessment suggests that the
non-carcinogenic and carcinogenic risks in the study area
were not significant. The non-carcinogenic risk for children
was the highest, followed by those for adults and seniors; the
non-carcinogenic risk for the entire population was less than
1.0, the predetermined threshold. Carcinogenic risk for adults
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was the highest, followed by those for seniors and children; a
few sample points had a value larger than the threshold of
1.0E—04. Arsenic represented the greatest contribution to
non-carcinogenic and carcinogenic risk. Meanwhile, ingestion
of heavy metals in soil was the main exposure pathway for
carcinogenic risk, followed by inhalation and dermal expo-
sure. The spatial method of Getis-Ord was used to identify
hot spots of health risk. Hot spots with high hazard index
(HI) and total carcinogenic risk (TCR) for children, adults,
and seniors were mainly distributed in core urban areas, such
as Jiangbei, Haishu, Yinzhou, Jiangdong, and the urban areas
of some other counties, which coincided with industrial, min-
ing, and urban areas of the study area and were strongly in-
fluenced by anthropogenic activities. These results provide a
basis for heavy metal control in soil, source identification, and
environment management in the Yangtze River Delta and oth-
er rapidly developing industrial regions in China.

Keywords Heavy metals - Health risk assessment - Spatial
variability - Hot spot - Cold spot

Introduction

Heavy metal contamination and accumulation in soil have
attracted worldwide attention due to their wide sources, tox-
icity, non-biodegradable properties, and accumulative behav-
iors (Nriagu, 1990; Liu and Diamond, 2005). In the last few
decades, with continuous industrialization and urbanization,
heavy metal contamination, which is caused by industrial and
domestic wastewater emissions, sewage irrigation, vehicle ex-
haust, and overuse of pesticides and fertilizers, has become
more serious in China (Cai et al., 2015; Wu et al., 2016).
According to a national survey of soil pollution released by
the Ministry of Land and Resources and the Ministry of
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Environmental Protection of the People’s Republic of China,
the concentration of heavy metal in 16.1% of soil samples was
higher than the maximum safe concentration in China
(NSPCIR, 2014). The soil heavy metal contamination degree
in some areas, such as the Yangtze River Delta, the Pearl River
Delta, and an old industrial base in the northeast of China, are
more prominent (Hang et al., 2013). Therefore, it is significant
to investigate heavy metal contamination in soil and identify
the health threat it poses to citizens.

Heavy metals, especially trace metals, such as chromium
(Cr), lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As),
copper (Cu), zinc (Zn), and nickel (Ni), are found in most soils
in China. Unlike many organics, heavy metals are highly re-
sistant to environmental degradation, and tend to
bioaccumulate, sequentially posing a great threat to microbi-
ota, flora, and fauna once they have been transformed from
solid form into ionic moieties or through biomethylation to
organometallic moieties (Wei and Yang, 2010;Chen et al.,
2015). Furthermore, trace metals in soils can threaten human
health through consumption of infected animals, and the
chronic low-level intake of soil metals through ingestion or
inhalation has a seriously negative effect on human health (Qu
et al., 2012; Tsai and Lee, 2013). Previous studies also re-
vealed that chronic exposure to Cd can have harmful effects,
such as lung cancer, prostatic proliferative lesions, bone frac-
tures, kidney dysfunction, and hypertension (Satarug et al.,
2003), while chronic effects of As consist of bladder cancer,
kidney cancer, skin cancer, lung cancer, and liver cancer
(Chen et al., 1985; Smith et al., 1998). Exposure to Pb may
cause plumbism, anemia, nephropathy, gastrointestinal colic,
and central nervous system symptoms (Li et al., 2014).
Moreover, there is no known medical treatment that is able
to reverse these health effects (Huang et al., 2007), so soil
contamination caused by trace metals and the health risk it
causes to human beings has attracted attention worldwide
(Giller and McGrath, 1988; Cheng et al., 2007; Ha et al.,
2014; Hu et al., 2017). The US Environmental Protection
Agency (USEPA) lists some trace metals, such as Cd, Cr,
As, Hg, Pb, Cu, Zn, and Ni, as priority control pollutants,
according to their toxicity, bioaccumulation, and low degrad-
ability (Giller and McGrath, 1988; Abrahams, 2002).

In recent years, health risk assessment of heavy metals in
contaminated soil has been carried out, but most of it was
concentrated on local urban, industrial, or mining areas and
focused on statistical analysis, ignoring the spatial pattern of
health risk assessment of heavy metals in contaminated soil
(Caoetal., 2010; Quetal., 2012; Lu et al., 2015). It will be of
great significance to explore spatial patterns and conduct spa-
tial analysis of health risk assessment in an administrative
region and then compare the results among different land
use types. In this study, a detailed investigation was conducted
to assess the health risk of trace metals in surface soils to make
an informed decision on approaches to reduce contamination,

minimize human exposure, and protect populations from risk.
This article combines spatial interpolation and spatial statisti-
cal analysis to identify the spatial features and potential health
risks of selected heavy metals in different land use types in the
southern Yangtze River Delta of China.

The main objectives of this study were to (1) establish a
general understanding of the concentrations of eight heavy
metals (Cr, Pb, Cd, Hg, As, Cu, Zn, and Ni) in surface soils
and assess the potential health risk for different age groups, (2)
investigate the contribution of different exposure pathways to
non-carcinogenic and carcinogenic risks and characterize their
spatial patterns for different age groups, and (3) identify areas of
non-carcinogenic and carcinogenic health risk in the study area.

Materials and methods
Study area

The selected study area is an important typical coastal indus-
trial city, located on a typical flat alluvial plain in the Yangtze
River Delta (YRD) region of China (28°51-30°33" N,
120°55'-122°16" E). The YRD is one of the most developed
economic districts in China. It is located in eastern China (Fig.
1). The study area has an area of 9816 km? and a population of
7.81 million. It enjoys a warm and humid subtropical climate,
with an annual average temperature of 16.4 °C, and the annual
precipitation is 1480 mm (Bai et al., 2010; Qin et al., 2015).
The selected study area is the starting port of the “Marine Silk
Road” and is the fourth biggest harbor in the world. It is also a
transportation hub of the YRD, with large amounts of traffic
on highways G1501, G92, G15, G1512, G9211, and G15W3.
Moreover, it is an important chemical industrial base in China.
The chemical, textile and garment, and machinery industries
are the three industrial pillars. It is one of 14 cities that imple-
mented the reform and opening policy early in 1984 and has
developed petrochemical, electronic, metallurgy, engineering,
building materials and textile industries since then. However,
with dramatically increased industrial operations and rapid
urban expansion over the past three decades, the soil environ-
ment of the selected study area is faced with heavy metal
contamination due to increasing pollutant inputs from anthro-
pogenic sources (Song et al., 2009). To protect and improve
the soil environment, it is necessary to identify the concentra-
tion level and spatial characteristics of trace metals in soils.
Understanding the exposure risk of trace metals via different
paths is the basic precondition for soil pollution prevention
and control.

Sampling and chemical analysis

A total of 2051 topsoil samples were collected from the study
area, which was first divided into strata according to land use
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Fig. 1 Location of study area and sampling points

type, and systematic grid sampling was applied. At some of
the grid nodes, grid sampling was augmented by sampling
nearby areas (Fig. 1). A total of 261 topsoil samples were
collected from the suburbs, 722 from mining and industrial
areas, and 1068 from basic farmland. The sampling density in
the suburbs and farmland was one sample per two square
kilometers, while the sampling density in mining and indus-
trial areas was two samples per square kilometer. The sample
points were distributed as evenly as possible. Each sample
was combined with five subsamples collected from five loca-
tions within 5 m. All soil subsamples were collected at a depth
of 0-20 cm using a stainless steel shovel.

Fresh soil samples (about 1 kg) were transported to the
laboratory in polyethylene zip-lock bags, lyophilized and
sieved through a 2-mm mesh. All samples were stored at room
temperature until analysis. A portion of the soil samples were
passed through 0.149-mm sieves to completely dissolve the
soil particles for heavy metal analysis (CNEMC, 1990). Soils
(0.5 g) were digested with a mixture of concentrated HF—
HCIO4~HNOj; on a hot plate (CEPA, 1995). The digested
solution was cooled, filtered, and finally diluted to 25 mL.
The concentrations of Cd, Cr, Pb, Cu, Zn, and Ni were mea-
sured using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, iCAP6300DUO, Thermo Electron
Corporation), while the concentrations of As and Hg were
measured using atomic fluorescence spectrometry (AFS;
Beijing Jitian Instruments Co., Ltd. production, AFS-820)
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after the soil samples were microwave digested using aqua
regia (Hu et al., 2016). Reagent blanks and standard reference
materials were used in the analysis for quality assurance and
quality control. The recoveries of the elements ranged from 90
to 110%.

Health risk assessment of heavy metals in soils

Human health risk assessment is used to determine probabi-
listic non-carcinogenic and carcinogenic risks to the public
after chemical exposure. Due to their behavioral and physio-
logical differences, in this study, the population was divided
into three groups—children, adults, and seniors—and the ex-
posure paths were divided into three paths: inhalation, dermal,
and ingestion.

Exposure analysis Chronic daily intake (CDI, mg/kg/day)
was used to evaluate exposure to heavy metals in the soils.
The direct exposure to the soil was estimated by three path-
ways: (1) inhalation of particulates emitted from the soil, (2)
dermal contact with the soil, and (3) incidental ingestion of the
soil. The CDI of the three exposure pathways was defined
using USEPA methodology (SEPAC 2009; USEPA 2010).
The three equations are as follows:

PMg X Mpyy X ET X IR,;; X EF x ED

CDInaainn: 1
[nhalat BW x AT x PEF (1)
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Cyoit X SA X PE x AF x ABS x ED

CDIpermar = 2

Dermal BW x AT x 10° @)

CDI ~ Cyoit X IRgoiy X EF x ED 3)
Ingestion — BW x AT x 106

where C,,; is the concentration of heavy metals in the soil
(mg/kg); PM, is ambient particulate matter in a similar area
in the YRD region (0.146 mg/m3) (Shen et al., 2014); Mpy, is
the heavy metal concentration of airborne particulate matter,
assumed to be equal to Cg,;, where dust is derived from the
soils (Wang, 2010); ET is exposure time (24 h/day); IR,;; is
inhalation rate of air (m*/day); EF is exposure frequency
(days/year); ED is exposure duration (year); SA is the skin
surface area for the soil contact (cm”/day); FE is the fraction
of dermal exposure ratio to the soil; AF is the soil adherence
factor (mg/cm); ABS is the fraction of applied dose absorbed
across skin; and 10° is the conversion factor from kg to mg.
Body-function parameters, such as body weight (BW), came
from China’s Health Statistical Yearbook (CHSY, 2006).
Other exposure variables are from the USEPA Integrated
Risk Information System. The CDI of heavy metals for chil-
dren (3—12 years old), adults (1845 years old), and seniors
(>45 years old) were calculated separately. The parameters are
provided by USEPA (USEPA 2002; USEPA 2010).

Non-carcinogenic risk assessment The hazard quotient (HQ)
represents potential non-carcinogenic risk for an individual
heavy metal. HQ is defined as the ratio of CDI (mg/kg/day)
to the reference dose (RfD, mg/kg/day), which is an estima-
tion of daily exposure to the human population and is likely to
be without an appreciable risk of deleterious effects during a
lifetime (USEPA, 2010):

DI
=D

HI = ;1 HQI = HQInhalation + HQDermal + HQIngestion (5)

HQ (4)

The values of RfD for the selected heavy metals in different
exposure pathways are provided by USEPA (USEPA 2002;
USEPA 2010). With respect to the assessment of the overall
potential risk posed by more than one heavy metal, HQs can
be added to generate a hazard index (HI) to estimate the com-
bination of risks (Eq. 5) (Risk Assessment Guidance for
Superfund, 1989). If HI exceeds one, there is a chance that
non-carcinogenic effects will occur, and the probability tends
to increase with the value. Otherwise, there are likely to be no
non-carcinogenic effect.

Carcinogenic risk assessment For carcinogens, risk is esti-
mated as the incremental probability of an individual devel-
oping cancer over a lifetime as a result of exposure to the
potential carcinogenic risk (Luo et al., 2012). Potential

carcinogenic risk can be evaluated from the following equa-
tions:

CR = CDI x CSF (6)

TCR = 3 CDI, x CSF, (7)

i=1

where CR is the probability of carcinogenic risk (unitless),
TCR is the total probability of carcinogenic risk, and CSF is
the carcinogenic slope factor of each metal (1/mg/kg/day).
Total carcinogenic risk is equal to the sum of the risk from
all exposure pathways from all individual metals. The values
of CSF for the selected heavy metals in different exposure
pathways are provided by USEPA (USEPA 2010). The range
of acceptable total risk for regulatory purposes is 1[E-06 to 1E
—04 (USEPA, 2010; Park and Choi, 2013). In regulatory
terms, when TCR is less than or equal to 1E-06, it denotes
virtual safety and when TCR is equal to or greater than 1 E—04,
it indicates a potentially great risk (USEPA, 2002).

Hot spot analysis

Getis-Ord is a spatial statistics method used for hot spot anal-
ysis. It can identify statistically significant spatial clusters of
high values (hot spots) and low values (cold spots). The gen-
eral G statistic of overall spatial association is given as

i (8)

> XXX
=15

where X; and X; are attribute values for features i and j, and
W, ; is the spatial weight between features i and j. The ZG-
score for the statistic is computed as

i GElG] o)
V[G]
where
G= e Y (10)
V[G] = E[G*]-E[G] (11)

Data analysis

Statistical analysis of the data was performed using Origin8
and Microsoft Excel 2010. ArcGIS10.2 software (ESRI,
USA) was used to map the sampling sites and the hot spot
map. Ordinary Kriging was used to construct the spatial maps
of' heavy metal health risk for the study area. The Getis-Ord Gi
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index was used to investigate the hot spots and cold spots of
heavy metal health risk for the study area. The map of land use
type was provided by the Data Center for Resources and
Environmental Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn). Due to the lack of the
carcinogenic slope factor for Hg, Cu, Ni, and Zn, only the
carcinogenic hazard indices for Cr, Pb, Cd, and As were
estimated.

Results and discussion
Descriptive statistics of heavy metals in soils

The statistics of the total concentrations of the elements in the
soils are shown in Table 1. The coefficient of variation (CV)
indicates the degree of variability for the concentrations of
metal in the soil. CV <20% is regarded as low variability,
21% < CV < 50% is moderate variability,
50% < CV < 100% is high variability, and CV above 100%
is exceptionally intense variability (Karim Nezhad et al.,
2015). The CV of metals in research area soils in decreasing
order are Hg (104.55%) > Ni (56.96%) > Cd (50.68%)> Cu
(47.99%) >As (45.20%) > Cr (43.41%) > Pb (37.23%) > Zn
(33.00%). Hg showed exceptionally intense variability. Ni and
Cd showed high variability while Cr, Pb, As, Cu, and Zn
showed moderate variability. The skewness values of all
metals were greater than one, and the concentration after
log-transferred still deviate the Gaussian distribution evident-
ly. This indicates that these metals positively skew towards
lower concentrations compared with the mean concentration.

According to the statistical results, the concentrations of Cr,
Pb, Cd, Hg, Cu, Zn, and Ni were higher than their background
values in Zhejiang Province and China (CNEMS, 1990).
Specifically, the mean concentrations of Cr, Pb, Cd, Hg, Cu,
Zn, and Ni were 1.28, 1.81, 2.86, 3.37, 1.98, 1.57, and 1.19

times their background values in Zhejiang Province and 1.11,
1.60, 2.06, 4.46, 153, 1.49, and 1.09 times their background
values in China, respectively. In contrast, the mean concentra-
tion of As was lower than its background value in Zhejiang
Province and China. The concentrations of Hg and Cd for
some sampling sites were higher than the second grade of
the national soil quality guideline value of China (CNEPA,
1995), where 6.92% of samples exceeded the standard value
of Cd concentration in soil and 31.15% samples exceeded the
standard value of Hg concentration in soil. The results indicate
that Cd and Hg have accumulated to a serious degree com-
pared with the relatively low concentrations of Cr, Pb, Cu, Zn,
and Ni. The concentration level of As remained at a safe level.

Human health risk assessment of heavy metals in soils

As shown in Table 2, the mean non-carcinogenic risk (HQ) of
all eight heavy metals for children was the largest among the
different age groups. That means that children experienced the
most serious non-carcinogenic risk. Among the eight trace
metals, people were most exposed to As and Pb, mainly due
to relatively strong toxicity and low RfD values. Though the
mean HQs of different age groups were less than 1.0, the
maximum non-carcinogenic risk of As for children reached
2.03E+00. This suggests that in some places, non-
carcinogenic risk has reached a dangerous level, and measures
need to be taken to protect children from the non-carcinogenic
risk of As. For example, parents should avoid exposing their
children to contaminated soil, and schools should be built in
sites that are far from mining or industrial companies.

As the Table 2 suggested, the mean hazard index (HI) for
children was the largest. This indicates that children experi-
ence the greatest non-carcinogenic combination risks. Adults
had the next highest mean HI, followed by seniors, but the
mean HI values of children, adults, and seniors were all less
than 1.0, which means that citizens in the study area are

Table 1 Descriptive statistics for

heavy metal concentrations in Items Cr Pb Cd Hg As Cu Zn Ni

soils (mg/kg)
Mean 67.72 43.11 0.20 0.29 6.61 34.77 110.67 29.22
Median 69.70 42.40 0.18 0.19 6.26 33.00 106.00 29.80
Std 29.40 16.05 0.10 0.30 2.99 16.69 36.52 16.64
Skewness 1.47 244 7.17 2.34 5.11 4.56 5.16 5.33
Kurtosis 10.23 21.63 99.19 6.72 97.26 51.17 62.49 62.08
Min 6.04 8.13 0.03 0.02 0.87 4.28 34.30 2.89
Max 326.00 263.00 1.84 2.26 69.80 315.00 714.00 293.00
CV(%) 43.41 37.23 50.68 104.55 45.20 47.99 33.00 56.96
BV1 529 237 0.07 0.086 9.2 17.6 70.6 24.6
BV2 61 26.9 0.097 0.065 112 22.6 74.2 26.9

Number of samples is 2051 (CNEMC, 1990)
BVI background value of Zhejiang Province, BV2 background value of China
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Table 2 Descriptive statistics for non-carcinogenic risk in soils

Item Ages HQ (non-carcinogenic risk)

Cr Pb Cd Hg As Cu Zn Ni HI

Mean  Child 391E-03  9.36E-02  834E-03  1.69E-02  1.92E-01 7.55E-03  3.20E-03  4.22E-03  3.30E-01
Adults  3.82E-03  2.76E-02  7.98E-03 1.44E-02  5.67E-02 2.23E-03 9.45E-04  2.06E-03 1.16E-01
Senior  1.65E-03  2.11E-02 3.05E-03 5.79E-03  4.34E-02 1.70E-03 7.23E-04 1.15E-03 7.86E-02

Min Child 3.49E-04 1.77E-02 1.27E-03  2.46E-03  2.52E-02 9.30E-04  9.93E-04 1.36E-03 1.18E-01
Adults  3.40E-04  5.20E-03 1.21E-03 1.37E-03 7.44E-03 2.74E-04  293E-04  534E-04  4.06E-02
Senior  1.47E-04  3.98E-03  4.64E-04  7.06E-04  5.70E-03 2.10E-04  2.24E-04  3.77E-04  2.80E-02

Max Child 1.88E-02  5.71E-01 7.78E-02  9.82E-02  2.03E+00  6.84E-02  2.07E-02  2.06E-02  2.16E + 00
Adults  1.84E-02 1.68E-01 7.44E-02 1.06E-01 5.98E-01 2.02E-02  6.09E-03 1.53E-02  6.60E-01
Senior  7.93E-03 1.29E-01 2.84E-02  3.83E-02  4.58E-01 1.54E-02  4.66E-03 6.13E-03  4.94E-01

unlikely to experience obvious adverse health effects.
However, we still need to note that the mean HI for children
was 0.33 and the HI of all sample points was bigger than 0.1.
The total exposure hazard index of 4.6% of sample points was
between 0.5 and 1.0.

It was found that the HQ of all age groups due to
different exposure routes occurred in the following de-
creasing order: ingestion > dermal > inhalation (Fig. 2).
This is in accordance with previous studies (Wang, 2010;
Hu et al. 2016). The risk of soil ingestion was more than
10 times higher than that of inhalation and dermal expo-
sure, which must receive more attention during health risk
assessment. This suggests that ingestion poses the highest
risk to citizens in the study area, and more attention
should be paid to the food chain.

The mean carcinogenic risks due to Cd and As among
children, adults, and seniors exceeded 1.0E—06 but were less
than 1.0E—04 (Table 3), which means that concentrations of
Cd and As have posed carcinogenic hazard risks to all people;
fortunately, it is not a great risk (USEPA 2010). The mean
carcinogenic risks due to Cr and Pb among children, adults,
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Fig. 2 Mean HQ of different exposure paths of different ages

and seniors were less than 1.0E—06. This indicates that con-
centrations of Cr and Pb are at a safe level.

The TCR for children, adults, and seniors were 1.18E
=05, 2.77E-05, and 1.63E—05, respectively, which are all
within the acceptable limit. However, both the maximum
carcinogenic risk due to Cd and the maximum carcinogenic
risk for adults exceeded the safe threshold of 1.0E—04 and
were up to 2.0E—04. This indicates that though the mean
value of carcinogenic risk due to each kind of heavy metal
and TCR are at a relatively low risk level, some areas are
still confronted with serious carcinogenic risk caused by
heavy metals in soil, especially that caused by Cd pollu-
tion. Cd accumulation had been shown to be related to
anthropogenic activities (e.g., industrial activities) (Hu
and Cheng, 2013; Sun et al., 2013). In this study, we only
considered the total concentration of heavy metals, but the
bioaccessibility values of these heavy metals are lower
than their total concentration, so the health risk we calcu-
lated may be larger than its actual value. Bioaccessibility
concentration should be taken into consideration in future
work (Luo et al., 2012; Niu et al., 2013).

Table3  Descriptive statistics for carcinogenic risk (CR) and HI in soils

CR

Cr Pb Cd As

5.89E-08 2.77E-09 4.36E-06 7.40E-06
1.94E-07 2.81E-09 2.04E-05 7.28E-06
1.95E-07 3.21E-09 7.96E-06 8.35E-06
525E-09 5.23E-10 6.63E-07 9.72E-07
1.73E-08 5.30E-10 3.10E-06 9.56E—07
1.74E-08 6.05E-10 1.21E-06 1.10E-06
2.84E—07 1.69E-08 4.07E-05 7.81E—05
9.33E-07 1.72E-08 1.90E-04 7.69E—05
9.39E-07 1.96E-08 7.42E-05 8.81E—05

TCR

1.18E-05
2.77E-05
1.63E-05
3.28E-06
7.07E-06
4.48E-06
8.28E-05
2.00E—04
9.66E-05

Mean Child
Adults
Senior
Child
Adults
Senior
Child
Adults

Senior

Max
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Spatial distribution and hot spot of human health risk

According to the spatial distribution pattern of HI and total
TCR for children, adults, and seniors (Fig. 3), children had the
greatest non-carcinogenic risk, followed by adults and seniors.
The maximum HI for adults and seniors was less than 1,
which indicates that adults and seniors were confronted with
low potential non-carcinogenic risk caused by heavy metals in
soil. The maximum HI for children was larger than 1.0, indi-
cating a potential human health risk in the corresponding

Fig. 3 Spatial distribution
patterns of HI for a children, ¢
adults, and e seniors and TCR for
b children, d adults, and f seniors
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areas. High values of HI for children, adults, and seniors were
found in the central and southern parts of the study area, such
as Yinzhou, Haishu, Jiangdong, Jiangbei, and Zhenhai and the
urban area of Ninghai. These are the core urban areas in the
study and witness much industrial, commercial, and transpor-
tation activities. Most industrial and mining factories in the
study area are located in these sites. The TCRs for children,
adults, and seniors presented a similar spatial pattern. The
TCR values were relatively high in Yinzhou, Haishu,
Jiangdong, Jiangbei, and Zhenhai and the urban areas of
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Ninghai, Xiangshan, and Yuyao. The TCRs for children and
seniors in the study area were less than 1E—04, indicating that
the carcinogenic risks for children and seniors remain at a safe
level throughout the study area. However, in some places,
such as Beilun, TCR for the adults was higher than 1E-04,
which suggests that the adults in this area are potentially ex-
posed to great carcinogenic risk. Beilun is famous for its for-
eign trade industry, construction industry, small- and medium-
sized enterprises, and the first giant coal-fired power plant,

Fig. 4 Hot spots of HI for a
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and TCR for b child, d adults, and
f seniors
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which has an installed capacity of five million kilowatts, all
of which may lead to the accumulation of heavy metals in soil.

The hot spots of HI for children, adults, and seniors had
similar spatial distributions (Fig. 4). The hotspots were mainly
distributed in core urban areas, such as Jiangbei, Haishu,
Yinzhou, and Ninghai, which means people there are faced
with a significantly high non-carcinogenic risk compared with
other places. Cold spots of HI for children, adults, and seniors
were mainly distributed in the north and west, such as Cixi,
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Yuyao, Fenghua, and Ninghai. Compared with Fig. 3, the
spatial pattern of hot spots of HI and TCR among different
age groups was similar to that of non-carcinogenic and carci-
nogenic risk among different age groups (Fig. 4).

The spatial pattern of TCR had similar hot spots for chil-
dren and seniors (Fig. 4b, d, f), and the hot spots mainly
located in the northeast part of the study area, like Jiangbei,
Jiangdong, Haishu, Yinzhou, Ninghai, and Beilun, which in-
dicates that the citizens in these places are confronted with a
serious carcinogenic risk, although the TCR was still below
the threshold of 1.0E—4. The hot spots of TCR for adults
located in the northwest and northeast parts of the study area,
e.g., Jiangbei, Jiangdong, and Yinzhou, also the urban areas in
Yuyao.

Land use and heavy metal pollution

Land use cover change (LUCC) is one of the most important
human activities that drives the evolution of the environment.
It has great effect on the accumulation, distribution, and mi-
gration of heavy metals in the environment (Imperato et al.,
2003; De Vries et al., 2007). Many studies have found that
land use and land use cover change control soil heavy metal
accumulation and spatial distribution. Vegetation can absorb
heavy metals directly, and it can also change the physical,
chemical, and biological properties of soil and then control
the mobility and activity of heavy metals in soil, which will
eventually cause pollution of heavy metals in soil
(Satsananan, 2012).

Land used for industry and transportation usually is at high
risk for heavy metal pollution because industry and transpor-
tation are important sources of heavy metals and therefore
have great influence on the spatial distribution and accumula-
tion characteristics of heavy metals in soil (Hoehun H et al.,
2014; Mohammed AH et al., 2015).

Land use mode determines the type and intensity of indus-
trial activities as well as fertilization, pesticide application, and
the cultivation management system used in agricultural land.
These factors then lead to spatial variation of heavy metals in
soil for a certain land use type (Zhao and Chen, 2011).

The core urban area of the study area includes Haishu,
Yinzhou, Haishu, Jiangbei, and Jiangdong. Most electronics
factories, battery factories, plastics factories, metallurgy facto-
ries, and textile factories in the study area are distributed in
these areas and discharge waste water and waste residue that
contain heavy metals. Therefore, the topsoil in these places
may be significantly affected by heavy metals due to the emis-
sions from industry, transport, commercial, and life activities.
Zhenhai is famous for its petrochemical industry, and it has a
petrochemical economic and technological development zone
at the national level. Beilun district is an important chemical
industry base and has two economic and technological devel-
opment zones at the provincial level, and many chemical
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factories are located there. In contrast, the cold spots are main-
ly distributed outside the cities, where the main land use types
are forest and arable land. These areas are the main agricul-
tural production base of the study area and have less industrial
activities. The spatial patterns of the hot and cold spots implies
that anthropogenic activities, especially industrial activities,
have caused significant accumulation of heavy metals in the
soil, which has threatened the health of local citizens.

HI and TCR hot spots are mainly observed in urban areas,
along Yuyao River and Fenghua River, including Haishu,
Yinzhou, Jiangbei, Zhenhai, and Jiangdong. These areas are
the core urban industrial and commercial regions in the study
area. They also have many factories and undertake business
activities. There are more than 21,000 enterprises related to
mining, metallurgy, electronics, construction, plastics, etc.
Among them, 89 enterprises are severe pollution enterprises
monitored by the Ministry of Environmental Protection of the
People’s Republic of China.

Therefore, we can take some corresponding measures to
prevent and control soil heavy metal pollution and health risk
caused by it: (1) establishing a spatial buffer for industrial
land—improper utilization of industrial land can lead to seri-
ous negative influence on the ecological environment in the
surrounding areas. This is also a main source of spatial pollu-
tion of soil heavy metals. Therefore, it is necessary to set up a
buffer zone between industrial areas and residential areas to
keep a safe distance between polluted land and residents. (2)
Beginning special rectification work in polluted land area—
soil heavy metals caused by industrial production can reside in
the soil for a long time (Kasassi et al., 2008). This poses great
health risk to citizens living in and attending schools in these
areas. The government should pay more attention to industrial
discarded land and take measures to govern it. (3) Regulating
the usage of farmland polluted by heavy metals—we should
establish a reasonable monitoring network for soil pollution
and assess the pollution condition of farmland. If the soil in
farmland is compromised, the farmland should be converted
to another use type.

Conclusion

This article assessed the potential health risk of heavy metals
in soils, taking an important coastal industrial region in the
YRD as an example. The concentrations of eight heavy metals
were first investigated; non-carcinogenic and carcinogenic
risks were then assessed for different age groups, and their
spatial distribution pattern was characterized. Finally, the hot
and cold spots of non-carcinogenic and carcinogenic health
risks were identified.

The mean concentrations of the eight heavy metals were all
higher than the corresponding background values in Zhejiang
Province and China. The mean HIs for children, adults, and
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seniors were less than 1; among these, the HI for children was
the largest, which means children are experiencing the greatest
non-carcinogenic combination risks. HQs for different expo-
sure pathways witnessed the following decreasing order: in-
gestion > dermal > inhalation. The mean carcinogenic risks of
Cd and As for children, adults, and seniors all exceeded 1.0E
—06 but were less than 1.0E—-04. The mean carcinogenic risk
of Cr and Pb for children, adults, and seniors were all less than
1.0E—-06. The total carcinogenic risks for children, adults, and
seniors were 1.18E—05, 2.77E—-05, and 1.63E-05, all lower
than the corresponding threshold values. The hot spots of HI
and TCR for children, adults, and seniors were mainly distrib-
uted in core urban areas, such as Jiangbei, Haishu, Jiangdong,
and Yinzhou, while the cold spots were distributed in the north
and west parts of the study area, such as Cixi, Yuyao,
Fenghua, and Ninghai.

The results suggest that trace heavy metals in the study area
represent a certain degree of enrichment caused by anthropo-
genic activities. In general, the potential health risk from
heavy metals in soils for children, adults, and seniors are still
at a safe level, but some of the samples exceeded the threshold
of safe concentrations, so effective measures should be taken
to protect the citizens, especially children, from exposure to
heavy metals. The study results provide a basis for policy
makers and regulators.

Some issues still need to be considered, however. In this
study, we only considered the impact of total concentrations of
heavy metals on human health risk. Future studies should
involve a calculation of the available heavy metal content
and combine the bioavailability and bio-accessibility of heavy
metals, as well as toxicity, into the health risk assessment to
acquire more rigorous results. Furthermore, the processes by
which heavy metals are transported from food to human be-
ings are not clearly understood. Additionally, the lack of the
slope factor of some heavy metals made it impossible to cal-
culate the carcinogenic risk, which negatively affected the
final result. Finally, in this study, we used some parameters
like SA, AF, ABS, and EF provided by USEPA because there
is still no specified value of these parameters for Chinese
people. In the future, we should replace these parameters for
Chinese population, which can help us get more reasonable
results.
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