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Abstract: Samples of atmospheric depositions from five types of functional areas in Shijiazhuang,
Hebei Province, China, were collected, and the concentrations of six toxic heavy metals (Cd, Cr, Cu,
Pb, Ni, and Zn) were measured. Geographic information system, Pb isotope assessment, multivariate
statistical analysis (principal component analysis, PCA), the geoaccumulation index (Igeo), potential
ecological risk index (PERI), and a health risk assessment model were used to study the degree of
pollution, identify sources of pollution, and assess the health risks to children and adults via three
pathways (hand–mouth intake, skin contact, and respiration). The results show that the high traffic
volume and exhaust gas emissions have led to high concentrations of heavy metals. The Igeo and
PERI values of Cd (0.38–2.0 and 108–4531, respectively), indicating the present high pollution level
and potential risk, respectively, varied the most. Pb isotope and PCA showed that Pb, Zn, and Cd
from atmospheric deposition come from power plants and traffic—Cu is related to traffic, and Ni and
Cr come mainly from soil particles (natural source). The health risk assessment showed that heavy
metals in atmospheric depositions are at a safe level in the study area.
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1. Introduction

Air pollution is a concern of scientists worldwide. In China, in particular, where the economy
is developing rapidly because of the continuous progress of urbanization and industrialization,
ecological damage has led to many kinds of air pollution in some areas. The increase in harmful
substances in the air has led to an increase in harmful substances in crops via atmospheric deposition.
Air pollution has seriously affected the quality of human living environments and has restricted
sustainable development [1–5].

The main human activities and industries causing atmospheric pollution include metal smelting,
the chemical and pharmaceutical industries, the production and use of chemicals, and the accumulation
and disposal of industrial waste [6–10]. Sources of pollution, such as industrial enterprises and the
air around them, are mainly reflected in the emission of air pollutants, sedimentation of particles on
the ground, and unreasonable accumulation of industrial solid waste [1,11–14]. In general, industrial
“three-waste” emissions are the direct cause of regional air pollution. Many particles from pollutant
discharge eventually enter the atmosphere, directly or indirectly. Heavy metals can enter the body
by ingestion, inhalation, or absorption through the skin, directly harming human health, especially
that of children, and indirectly affecting people by polluting the atmosphere, water, and food. Heavy
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metals influence the quality of the urban environment and harm human health [2,15–17]. Therefore,
atmospheric heavy metal pollution, health hazards, and their sources are an important aspect of the
quality and safety of the urban air environment and have been receiving increased attention [18–20].

In the past 30 years, the rapid economic development of Shijiazhuang has relied on
pharmaceuticals, textiles, and steel. The atmospheric environment has continuously deteriorated
because of sparse management, climate and topography, and power generation mainly from coal-fired
plants. The atmospheric environment in urban Shijiazhuang has become a global hotspot. There are
15 large and small power plants in the area with an annual fly ash discharge capacity of 1.86 mio t
and a total stock of ~11 mio t. The accumulation of a large amount of fly ash will pollute the urban
atmospheric environment, groundwater, and soil. Atmospheric deposition has always been the
dominant pollutant in terms of urban air quality. The general increase in atmospheric deposition and
a reduction in rainfall combined with a high quantity of sewage is causing serious damage to the
environment [21–23].

At present, geographic information system (GIS) tools, multivariate statistical methods, and isotope
ratio methods are widely used to evaluate urban heavy metal sources, that is, to estimate and quantify
the spatial distribution of these metals [17,24]. Potential pollution sources, including point or nonpoint
sources, can be identified by determining the distribution and transportation route of heavy metals
based on a GIS map. Multivariate statistical analysis is used to facilitate the distinction between
natural and anthropogenic sources. Two methods are widely used: isotope ratio methods and principal
component analysis (PCA) [25]. Isotope ratio analysis is used to accurately determine the source of
pollution and PCA is used to identify the main components and characteristics of source combinations.
In addition, the United States Environmental Protection Agency (USEPA) created noncarcinogenic
evaluation methods that include the risk factor and risk index as indicators [26,27]. They are also used
to evaluate health risk to both adults and children. Shijiazhuang City was selected as the research area
for this study. To investigate and obtain valuable data on the sources of air pollution, the objectives of
this study are to (i) survey the spatial distribution of pollutants using a GIS map, (ii) determine their
sources and combination characteristics using Pb isotope ratio and PCA, (iii) assess pollution level and
ecological risk using the geoaccumulation index (Igeo) and the potential ecological risk index (PERI),
and (iv) evaluate the health risk to adults and children using the noncarcinogenic evaluation method.

2. Materials and Methods

2.1. Study Area

Shijiazhuang City is located in the south-central part of Hebei Province, between 113◦30′ and
115◦20′ E and 37◦27′ and 38◦47′ N. It borders Hengshui to the east, Xingtai to the south, Shanxi to
the west, and Baoding to the north. The Taihang Mountains are to the west and the study area is in a
plain. The urban area, including the main urban center (Chang An, Qiao Xi, Xin Hua, and Yu Hua
Districts), is governed by District 8 (Changan, Qiao Xi, Xinhua, Yuhua, Gaocheng, Luquan, Luancheng,
and Jingxing Mining Area). The research area is mainly located within the Second Ring, including
4 roads in the north–south direction: Heping, Zhongshan, Yuhua, and Huan An Roads. The study area
covers approximately 360 km2 and has a population of approximately 1.8 million people. The climate is
arid; annual mean temperature is 13–15 ◦C and precipitation ranges from 401 to 752 mm. The prevailing
wind comes from the north and southeast.

2.2. Sample Collection and Analysis

A total of 54 representative samples were collected from different functional regions in the study
area. Impervious ground atmospheric deposition was collected in 2016 and the samples were collected
using the wet method. A plastic bucket with a diameter of 29.5 cm and a height of 28.5 cm was filled
with distilled water and carried to the sampling point. It was fixed on an open roof platform ~5–10 m
from the ground, numbered, positioned, and recorded. One year later, the bucket was retrieved.
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The water had evaporated naturally and the dry settlement samples in the bucket were collected.
The samples were sealed in plastic bags and brought back to the laboratory, where they were naturally
air-dried and passed through a 100-mesh sieve. They were then sealed and stored for testing.

Power plants, building sites, and traffic based on vehicles were chosen as pollution sources.
The power plant samples were collected from the ChangAn and YuHua power plants. The building
samples were collected at 100 m around a construction site, and the traffic samples were collected
by fixing a sampler to the filter on the exhaust pipe of a vehicle. The traffic samples were divided
into gasoline and diesel components and the sampling objects were diesel- or gasoline-based vehicles.
The oil sludge ash was taken from the exhaust pipe with a clean toothbrush and the sampling sites
were major parking lots. After the sample was uniformly mixed, it was passed through a 63-µm nylon
sieve and a certain quantity (500 g) was taken for analysis. Five samples of each type of pollution
source were collected and mixed as one sample. In addition, sand samples were collected from the soil
surface layer (0–20 cm) outside the Second Ring.

All samples were processed at the Hebei Research Center for Geoanalysis. Microwave digestion
of the samples was performed using HNO3–HF–HClO4. The water sample was filtered through a
0.45-µm filter. All reagents were excellent grade, and the analysis water had high purity (Milli-Q).
Cd, Cr, Cu, Zn, Ni, and Pb were measured using an inductively coupled plasma mass spectrometer
(ICP-MS; 7500a, Agilent Technologies, Santa Clara, CA, USA). For the specific analysis method,
the China Geological Survey’s eco-geochemical survey standards and specifications (DD2005-3) were
referenced [28]. The detection limits of the method are 0.02 µg/g Cd, 3 µg/g Cr, 1 µg/g Cu, 2 µg/g Pb,
2 µg/g Ni, and 3 µg/g Zn. A national standard substance (soil composition analysis standard substance,
GBW07428) was added for quality control. The standard substance was measured 12 times by using
the same analysis method. The mean logarithmic deviation (∆lgC) between the mean and standard
values measured for each element of the reference substance was calculated. The relative standard
deviation (RSD) for the 12 determinations was calculated at the same time. RSD was within 8% for all
calculations. The recovery rate was between 90% and 110%. The measurement results met the quality
control requirements.

The Pb isotope ratio was determined directly using ICP-MS. The National Institute of Standards
and Technology (NIST) standard NIST SRM-981 was used to control the quality of the entire analysis
process. NBS 981 standard solution corrected the mass discrimination effect and instrument parameter
drift and was used once for every 4 samples. The measured values of the Pb isotope ratios 207Pb/206Pb,
207Pb/204Pb, and 208Pb/206Pb were all within a small range around given values (0.91462 ± 0.000038,
15.52212 ± 0.000063, and 2.1683 ± 0.0007, respectively) with an error rate < 0.0862% relative to the
standard deviation value of <0.0751%. This met the accuracy of isotope ratio measurements. For the
specific methods and steps used in the Pb isotope ratio analysis test, see Hu et al. [29].

2.3. Data Analysis

Statistics of the parameters relevant to heavy metals were listed and box graphs of different
functional areas were drawn using Excel 2016. The spatial distribution of heavy metals was plotted
in ArcGIS 10.5 (Esri, Redlands, CA, USA) using a kriging method. SPSS 24.0 (IBM, Armonk, NY,
USA) was used to extract the 3 main components and their contribution rates via PCA (maximum
rotation method).

2.4. Evaluation of Heavy Metal Pollution

2.4.1. Geoaccumulation Index

The geoaccumulation index (Igeo), often referred to as the Muller index [30], reflects natural
changes in the distribution of heavy metals. It can also be used to determine the influence of human
activities on the environment and is an important parameter with which to distinguish the influence of
such activities. It can be calculated with the following equation.
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Igeo = log2

[ Cn

1.5× Bn

]
(1)

where Cn is the concentration of element n in the sample, Bn is the background concentration value of
the element in the environment, and 1.5 is a correction index usually used to characterize sedimentary
characteristics, geology, and other influences.

The Igeo has 7 classification levels: unpolluted (Igeo ≤ 0), unpolluted–to-moderately polluted
(0 < Igeo ≤ 1), moderately polluted (1 < Igeo ≤ 2), moderately-to-strongly polluted (2 < Igeo ≤ 3),
strongly polluted (3 < Igeo ≤ 4), strongly-to-extremely polluted (4 < Igeo ≤ 5), and extremely polluted
(Igeo > 5).

2.4.2. Potential Ecological Risk Index (PERI)

In 1980, Hakanson [31] established a method to assess heavy metal pollution and ecological
hazards using sedimentological principles; this became the potential ecological risk index (PERI).
The PERI reflects the bioavailability, relative contribution, geographical spatial differences, and potential
impact of heavy metals in soil. The RI can be calculated as follows

Ci
f =

Ci
d

Ci
r

(2)

Ei
r = Ti

r ×Ci
f (3)

RI =
∑

Ti
r ×

Ci
d

Ci
r

(4)

where Ci
f is the pollution factor for a single metal, Ci

r is the background soil reference value, Ci
d is

the concentration measured in the sample, Ti
r is the metal biological toxicity response factor, Ei

r is the
potential risk factor of a single metal, and RI is the potential ecological risk index.

Hakanson discussed this issue from the perspective of the elemental abundance principle and
elemental dilution. This means that the potential toxicity of a heavy metal is inversely proportional
to its abundance or proportional to its sparsity. The potential biological toxicity of a certain heavy
metal is also related to the release rate of elements (the ratio of water content to sediment content).
An easily released element has high potential toxicity. The order of toxicity of heavy metals proposed by
Hakanson is Cd > Pb = Cu > Ni = Cr > Zn. The toxicity response coefficients are Cd = 30, Pb = Cu = 5,
Ni = Cr = 2, and Zn = 1 [31]. The RI can be used to quantitatively evaluate the risk level of a single
element and the overall risk level of multiple elements.

The following terminology is used to describe the risk levels. Er < 40, low potential ecological
risk; 40 ≤ Er < 80, moderate potential ecological risk; 80 ≤ Er < 160, considerable potential ecological
risk; 160 ≤ Er < 320, high potential ecological risk; Er ≥ 320, very high ecological risk; RI < 150, low
ecological risk; 150 ≤ RI < 300, moderate ecological risk; 300 ≤ RI < 600, considerable ecological risk;
and RI ≥ 600, very high ecological risk.

2.5. Health Risk Assessment

2.5.1. Exposure Model

Atmospheric deposition enters the human body in 3 main ways: direct intake via the hand–mouth
route, skin contact, and inhalation. The 6 heavy metals studied here all present chronic noncarcinogenic
health risks, although Ni, Cr, and Cd also present carcinogenic risks [27,32–34]. Because the USEPA
only provides reference values for respiratory pathway exposure, only the carcinogenic risks of Ni, Cr,
and Cd via respiratory exposure are considered in this study. The correlation values refer to the USEPA
soil health risk assessment model and related studies [35–38]. The health risk assessment equations are
as follows.
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Long-term daily exposure from hand–mouth intake:

ADDing =
C× IngR×CF× EF× ED

BW ×AT
(5)

Long-term daily exposure from inhalation:

ADDinh =
C× InhR× EF× ED

PEF× BW ×AT
(6)

Long-term daily exposure from skin contact:

ADDderm =
C× SA×CF× SL×ABS× ED× EF

BW ×AT
(7)

Average daily exposure from inhalation of carcinogenic heavy metals (Ni, Cr, and Cd):

LADDinh =
C× EF

PEF×AT
×

(
InhRchild × EDchild

BWchild
+

InhRadult × EDadult
BWadult

)
(8)

Equations (5)–(7) can be used to calculate chronic noncarcinogenic exposure (unit: mg/(kg·d)).
Equation (8) can be used to calculate carcinogenic exposure based on respiratory pathways
(unit: mg/(kg·d)). Supplementary Table S1 shows the values of the evaluation parameters.

2.5.2. Health Risk Characterization

The 6 heavy metals researched in this study all present chronic noncarcinogenic risks and Ni, Cr,
and Cd also present carcinogenic risks, as follows

HQ =
E

R f D
(9)

HI =
∑

HQi (10)

Risk = Dinh × SF (11)

(Risk)T =
∑

(Risk)i (12)

where HQ is the risk quotient, that is, the noncarcinogenic risk index of individual pollutants based on
exposure pathways; E is the exposure dose of noncarcinogens; RfD is the reference dose (mg/(kg·d)),
which is the maximum amount of a pollutant that will not cause adverse reactions in the human body
in terms of time and body weight; and HI is the noncarcinogenic risk index. When the HI value is
less than 1, the risk is considered to be minor or negligible; when it is greater than 1, risk should be
considered. The parameter Risk is carcinogenic risk and indicates the probability of cancer in the
human population; Dinh is the average daily ingestion dose per unit of time and body weight of a
human exposed to carcinogens, that is, the daily dose via respiratory pathways; SF is the carcinogenic
slope factor (mg/(kg·d))−1; and (Risk)T is the total carcinogenic risk, which is the sum of multiple
carcinogenic risk values. If the carcinogenic risk value is between 1 × 10−6 and 1 × 10−4, there is a
carcinogenic risk. If the value is lower, there is no carcinogenic risk [26,39,40].

3. Results and Discussion

3.1. Concentration of Heavy Metal

Statistics for the atmospheric deposition of heavy metals (Table 1) show that the average values of
the six heavy metals are greater than the background values in Hebei and Chinese soil. The average
values of Cd, Zn, and Pb are 18, six, and five times higher than the background values of Hebei soil,
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respectively, indicating strong human interference. In particular, the coefficient of variation of Cd is
greater than 1 and the intensity of variation is the greatest. The coefficients of variation of the other
five elements are Cr 71.16%, Cu 57.94%, Pb 45.62%, Ni 32.85%, and Zn 65.23%. Ni has the smallest
variation and originates from natural sources. The order from high to low variation is: Cd > Cr > Zn >

Cu > Pb > Ni.

Table 1. Statistical values of heavy metal concentrations in urban atmospheric deposition (mg/kg).

Element Maximum Minimum Average Standard
Deviation

Variable
Coefficient

95%
UCL 1

Background
Value of Hebei

Soil [41]

Background
Value of Chinese

Soil [42]

Cd 0.34 14.2 1.76 1.96 110.9% 2.30 0.094 0.097
Cr 61.2 592 115.85 82.43 71.16% 138.35 68.3 61
Cu 25.3 243 74.66 43.26 57.94% 86.47 21.8 22.6
Pb 34.2 217 107.93 49.24 45.62% 121.36 21.5 26
Ni 18.6 102 38.52 12.65 32.85% 41.97 30.8 26.9
Zn 114 2194 475.61 310.23 65.23% 560.29 78.4 72.4

1 95% confidence limit of heavy metal concentration.

3.2. Distribution of Heavy Metals

3.2.1. Concentration of Heavy Metals in Different Functional Areas

Based on the location, the sampling points were classified into functional areas. The urban areas
were divided into five main functional areas: residential, commercial, industrial, office, and traffic,
with 14 (green), seven (yellow), 11 (red), nine (purple), and 13 (blue) samples in each area (Figure 1).
Figure 2 shows the heavy metal concentration in each functional area. Based on a comparison of
all areas, the average concentration of the heavy metal Cd in the functional areas has the following
order; industrial > traffic > business > office > residential. The order of the average Cr content
is commercial > residential > industrial > office > traffic. The order of the average Cu content is
industrial > traffic > office > residential > commercial. The order of the average Pb content is traffic
> industrial > commercial > office > residential. The order of the average Ni content is industrial >

traffic > commercial > office > residential. The order of the average Zn content is traffic > commercial
> industrial > office > residential. The overall trend shows that the heavy metal contents in industrial,
commercial, and traffic areas are higher than those in the office and residential areas.
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4, office area; 5, traffic area).

3.2.2. Spatial Distribution of Heavy Metals

ArcGIS 10.5 was used to spatially interpolate the heavy metal content to generate the spatial
distributions of the six heavy metals (Figure 3). Their distributions are as follows.

Cd has high concentrations in the eastern corner of the Second Ring, mainly around the Shuguang
Pharmaceutical Factory, chemical fertilizer plant, and coking plant. The smoke emitted by the three
plants affects the eastern part of the Second Ring Road. As shown in Section 3.2.1, the coefficient of
variation of Cd is greater than 1 and the Cd concentration is 18 times higher than the background value.
The accumulation could have serious consequences and should be monitored by local environmental
authorities. The accumulation of Cd is due mainly to the dust emitted by these three factories.
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The concentration of Zn is high in three areas: near the chemical fertilizer plant and coking
plant, near the West King Bus Terminal, and near the northwestern corner of the Third Ring Road.
The average value of Zn is six times higher than the Hebei background value (the second highest value
after Cd). High-value areas are distributed over a wide area and cannot be ignored. Moreover, Zn and
Cd are found in the vicinity of chemical fertilizer and coking plants due to dust emissions that are
influenced mainly by industry.

Most areas with high concentrations of Pb are near the intersection of Yuhua Road and Youyi
South Street, near the thermal power plant and Nanjiao Terminal, and near the high-speed entrance to
Yuhua District. In general, the concentration decreases from the interior to the exterior of the Second
Ring. The reasons for these high concentrations are as follows; (1) there is heavy traffic on the Yuhua
Road and near the Nanjiao Terminal; these areas are extremely congested, which allows for easy
accumulation of automobile exhaust dust, and (2) the continuous emission of flue gas from thermal
power plants also has a certain impact on Pb accumulation; therefore, Pb originates mainly from traffic
and industrial dust.
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High concentrations of Cu are observed mainly between the old railway station, thermal power
plant, and South Nanjiao Terminal. The Cu concentration in the steel industry area is also relatively
high. Cu is related to automobile tire friction and flue gas emissions from thermal power plants.

The distribution of Cr in the Second Ring is relatively uniform. High concentrations are observed
in the southeastern part of the urban area, near the industrial area (with a relatively large range),
and close to the East Third Ring Road, South Third Ring Road, and Shi’An Expressway. The Ni
concentration is high near the intersection of Jianhua North Street and Heping Road. The external
concentration gradually decreases from the interior to the exterior of the Second Ring. The average
Ni concentration is close to the background value in Hebei Province and is attributed mainly to
natural sources.

There are three contributors to the high concentrations in urban areas: (1) the high volume of
traffic outside the Second Ring, because vehicle exhaust emissions lead to high concentrations of heavy
metals; (2) the heavy flow of traffic (near Yuhua Road, Jianhua Street, and passenger terminals) causes
traffic congestion, increases exhaust emissions, and leads to an increase in heavy metal content [43];
and (3) exhaust gas emitted from pharmaceutical and industrial districts in the urban area can absorb a
large amount of particulate matter; the heavy metal concentration is high in these areas.

In addition, there are some heavily polluted hotspots where concentrations of five heavy metals
are high, mainly in the southern and northeastern parts of the study area. These hotspots are related to
the prevailing wind directions (north and southeast).

3.3. Source Appointment

3.3.1. Pb Isotope Ratio Analysis

To accurately trace and discriminate the sources of atmospheric deposition, samples from pollution
sources, such as power plants, building sites, and traffic based on vehicles, were collected and tested
for Pb isotopes. The results of the analysis are shown in Supplementary Table S2.

The Pb isotope ratios of different pollution sources indicate that radioactive Pb content is the highest
in sand and the lowest in traffic. The Pb isotope ratios of atmospheric depositions in Shijiazhuang
are similar to those in traffic and power plants, and compared to the ratios in sand and building sites,
there is a large difference. The plot of Pb isotopes also shows that most of the atmospheric depositions
accumulate near traffic and power plants (Figure 4), further indicating that they are the main sources
of atmospheric deposition in Shijiazhuang.
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3.3.2. Principal Component Analysis (PCA)

PCA was used to identify the feature combination of pollution sources and gain insight into
the isotope ratio results. Based on the PCA (maximum variance method), three components were
extracted. The cumulative contribution rate of the three components is 73.9% (Table 2 and Figure 5).
The first component (PC1) includes Pb, Zn, and Cd and has a large positive load with a contribution
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rate of 33%. Because the characteristic combination of Pb, Zn, and Cd elements is affected by power
plants (coal-fired) and traffic [21,25,43,44], PC1 was named “coal-fired traffic mixed type”. The second
component (PC2) includes Cr and Ni and has a contribution rate of 21%. The Ni and Cr are mainly
affected by natural sources. Because the average Ni content is close to the soil background value, we
concluded that PC2 is controlled mainly by soil particles. The third component, PC3, shows a 19%
contribution rate for Cu related to traffic [1,45–47]. Therefore, PC3 was named “traffic group.”

Table 2. Total principal component analysis (PCA) variance for heavy metals.

Element
Rotated Component Matrix

Communalities
1 2 3

Cd 0.433 −0.027 −0.702 0.681
Cr −0.097 0.925 −0.102 0.876
Cu 0.328 −0.021 0.756 0.680
Pb 0.858 −0.026 0.091 0.745
Ni 0.518 0.657 0.242 0.760
Zn 0.824 0.101 −0.066 0.694

Eigenvalue 1.988 1.301 1.146
% of variance 33.134 21.676 19.102
Cumulative % 33.134 54.810 73.912

Extraction method: principal component analysis. Rotation method: varimax with Kaiser normalization.Atmosphere 2019, 10, x FOR PEER REVIEW 11 of 16 
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3.4. Pollution Degree Evaluation

Based on the local soil background value [41] and the samples for heavy metal enrichment,
the relative enrichment coefficient can be calculated by dividing the atmospheric deposition by the soil
background. The enrichment factor reflects the urban pollution type to a certain extent. The relative
enrichment coefficient indicates that the heavy metal concentrations of atmospheric deposition are
higher than the corresponding values for soil. The Zn, Cd, Pb, and Cu concentrations of atmospheric
deposition are more than four times higher than the soil background level. This shows that the
atmospheric deposition characteristics in Shijiazhuang are controlled mainly by human activity.
The order of the enrichment factor from large to small is Zn 5.4 > Cd 5.2 > Pb 4.6 > Cu 2.5 > Cr 1.5 >

Ni 1.2. The relative enrichment coefficient of Ni and Cr is small and close to the soil background value;
the concentration of these elements is controlled by other factors (mainly natural sources).

The Igeo values of heavy metals in the study area are shown in Figure 6. The average Ni and Cr
contents are below zero (no pollution); the average Zn, Cu, and Pb concentrations are in the range of
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0 to 1, reaching level 2 (slight–moderate pollution); and the average Cd content is between 1 and 2,
reaching level 3 (moderate pollution). The average Igeo value of the heavy metals is in the order of
Cd > Zn > Pb > Cu > Cr > Ni.
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The Er and RI results for the study area (Figure 6) show that the average ecological risk index
from Zn, Pb, Cu, Cr, and Ni is less than 40, indicating that the potential ecological risk is low. There are
also three samples with Cu and six samples with Pb between 40 and 80, presenting low potential risk.
The lowest value of Cd is 108, the highest value is 4531, and the average value is 562, indicating very
high potential ecological risk. The order of Er is Cd > Pb > Cu > Zn > Cr > Ni. The average RI is 616,
indicating a very high level of ecological risk.

3.5. Health Risk Assessment

3.5.1. Exposure Calculation

The atmospheric deposition exposure for both children and adults was calculated, as shown in
Table 3. The order of noncarcinogenic exposure is Zn > Cr > Pb > Ni > Cu > Cd for children and
Zn > Cr > Pb > Cu > Ni > Cd for adults. The exposure in children is significantly larger than that seen
in adults. The differences in the exposure of the six heavy metals based on the three pathways are in
the order of hand–mouth intake > skin contact > respiratory inhalation. This is consistent with results
obtained for Lanzhou, Anshan, and Shanghai [4,38,48]. The carcinogenic risk exposure values of the
heavy metals Cd, Cr, and Ni are 1.18 × 10−10, 7.10 × 10−9, and 2.15 × 10−9, respectively, indicating low
carcinogenic risk. The values for Shanghai are 5.39 × 10−11, 3.67 × 10−9, and 1.22 × 10−8, respectively,
and those for Cd and Cr in Lanzhou are 8.44 × 10−11 and 8.63 × 10−9, respectively. The exposure to Cd
in the study area was higher than that in Shanghai and Lanzhou. The exposure to Cr was higher in the
study area than in Shanghai but lower than in Lanzhou, and the Ni exposure in the study area was
lower than in Shanghai.

Table 3. Exposure doses of heavy metals in atmospheric deposition (mg/(kg·d)).

Exposure Dose Cd Cr Ni Cu Pb Zn

Children
ADDing 1.51 × 10−5 9.1 × 10−4 2.76 × 10−4 1.19 × 10−4 7.9 × 10−4 3.68 × 10−3

ADDinh 4.24 × 10−10 2.55 × 10−8 7.74 × 10−9 1.59 × 10−8 2.24 × 10−8 1.03 × 10−7

ADDderm 1.73 × 10−8 1.05 × 10−6 3.17 × 10−7 6.54 × 10−7 9.18 × 10−7 4.24 × 10−6

Adults
ADDing 1.62 × 10−6 9.75 × 10−5 2.96 × 10−5 6.09 × 10−5 8.55 × 10−5 3.95 × 10−4

ADDinh 2.38 × 10−10 1.43 × 10−8 4.35 × 10−9 8.96 × 10−9 1.26 × 10−8 5.80 × 10−8

ADDderm 2.43 × 10−9 2.43 × 10−9 4.43 × 10−8 9.13 × 10−8 1.28 × 10−7 5.91 × 10−7

Average cancer risk
exposure dose for

children and adults
LADDinh 1.18 × 10−10 7.10 × 10−9 2.15 × 10−9
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3.5.2. Health Risk

The reference doses (RfDs) and carcinogenic slope factors (Sfs) are shown in Table 4.
The noncarcinogenic and carcinogenic risks of the six heavy metals were calculated using a model
recommended by the USEPA. The calculation results are shown in Table 4. The total noncarcinogenic
risk is Cr > Pb > Cd > Ni > Zn > Cu for children and Cr > Pb > Cu > Zn > Cd > Ni for adults.
Children have a higher overall noncarcinogenic risk than adults. Hand–mouth intake is the dominant
pathway for both children and adults compared to skin and respiratory uptake. The risk of total
hand–mouth intake for children is 96.32%. None of the total risks exceed the health risk threshold
(1.00). The remaining two pathways (skin and respiratory uptake) account for a risk of 3.53% and
0.15%, respectively. The risk for the three adult pathways is 86.96% (hand–mouth intake), 12.33% (skin),
and 0.70% (respiration). For the total noncarcinogenic risk, adults (0.072) are at lower risk compared to
children (0.597). The total noncarcinogenic risk for children is mainly due to Pb and Cr uptake via the
hand–mouth pathway. Therefore, children should wash their hands and bathe frequently to avoid
harmful heavy metals.

Table 4. Noncarcinogenic risk index and carcinogenic risk of heavy metals (children and adults) in
atmospheric deposition.

Reference Dose (RfD) Cd Cr Ni Cu Pb Zn

RfDing (mg/(kg·d)) 0.1 × 10−2 0.3 × 10−2 0.02 0.04 3.5 × 10−3 0.3
RfDinh (mg/(kg·d)) 0.1 × 10−2 2.86 × 10−5 2.06 × 10−2 4.02 × 10−2 3.52 × 10−3 0.3

RfDderm (mg/(kg·d)) 0.1 × 10−4 0.6 × 10−4 5.4 × 10−3 0.012 5.25 × 10−4 0.06
Sfinh (mg/(kg·d)−1) 6.3 42 0.84

Children

Cd Cr Ni Cu Pb Zn

HQing 0.015 0.303 0.014 0.003 0.23 0.012
HQinh 4.24 × 10−7 8.92 × 10−4 3.76 × 10−7 3.97 × 10−7 6.36 × 10−6 3.44 × 10−7

HQderm 1.74 × 10−3 0.017 5.88 × 10−5 5.45 × 10−5 1.748 × 10−3 7.06 × 10−5

HIchild 0.017 0.322 0.014 0.003 0.23 0.012

Adults

Cd Cr Ni Cu Pb Zn

HQing 1.62 × 10−3 0.032 1.48 × 10−3 1.52 × 10−2 0.024 1.32 × 10−3

HQinh 2.38 × 10−7 0.50 × 10−3 2.11 × 10−7 2.23 × 10−7 3.57 × 10−6 1.93 × 10−7

HQderm 2.43 × 10−4 4.05 × 10−5 8.20 × 10−6 7.60 × 10−6 2.44 × 10−3 0.84 × 10−2

HIadult 1.86 × 10−3 0.033 1.49 × 10−3 1.53 × 10−2 0.025 0.97 × 10−2

Total cancer risk for children and adults

Risk 7.44 × 10−10 2.98 × 10−7 1.81 × 10−9

The carcinogenic risks of Cd, Cr, and Ni are 7.44 × 10−10, 2.98 × 10−7, and 1.81 × 10−9, respectively.
These values do not exceed the carcinogenic risk threshold (1× 10−6 to 1 × 10−4), indicating that the
heavy metals in atmospheric depositions have low carcinogenic risk and are in a safe range in the main
city area.

4. Conclusions

In this study, samples of atmospheric deposition were collected from the five functional areas
of Shijiazhuang City and comprehensively assessed for heavy metal spatial distribution, pollution
sources from power plants, building sites, and traffic based on vehicles, pollution level, and health
risks for representative studied areas. The distribution shows that the concentrations of heavy metal
content in the industrial, commercial, and traffic areas are higher than in the office and residential
areas. The average Cd, Zn, and Pb concentrations in the study areas are 18, six, and five times higher,
respectively, than the background value for Hebei soil. The pollution level and potential ecological
risk index are also high, indicating anthropogenic input. According to the results of Pb isotope ratio
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and PCA, Zn, Cd, and Pb contributions are from power plants (coal-fired) and traffic. The health risk
assessment shows that overall noncarcinogenic risk and carcinogenic risk (in children and adults) are
below the health risk threshold. The results indicate that the risk of heavy metal–related cancer in the
study area is at a safe level. However, the high pollution level suggests that faster progress should be
made in coal–gas conversion projects in urban areas, and that sources of coal dust should be cut off in
order to protect the ecological environment in Shijiazhuang. Moreover, the main polluting companies
are the coking plant, chemical fertilizer plant, and pharmaceutical factory. Enterprises that do not
follow pollution standards should implement measures such as limiting production and re-equipping
in order to further control the sources of heavy metal pollution.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/4/222/s1,
Table S1: Significance and value of health risk assessment parameters, Table S2: Analysis results for the Pb isotopes
and pollution sources.
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