
Science of the Total Environment 541 (2016) 969–976

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Integrating hierarchical bioavailability and population distribution into
potential eco-risk assessment of heavy metals in road dust: A case study
in Xiandao District, Changsha city, China
Jinhui Huang a,b,⁎, Fei Li a,b,c, Guangming Zeng a,b,⁎, Wenchu Liu a,b, Xiaolong Huang a,b, Zhihua Xiao a,b,
Haipeng Wu a,b, Yanling Gu a,b, Xue Li a,b, Xiaoxiao He a,b, Yan He a,b

a College of Environmental Science and Engineering, Hunan University, Changsha 410082, China
b Key Laboratory of Environmental Biology and Pollution Control, Ministry of Education, Hunan University, Changsha 410082, China
c School of Information and Safety Engineering, Zhongnan University of Economics and Law, Wuhan 430073, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Total content based assessment of dust
metals may overestimate their eco-risks.

• Metal bioavailability was integrated in-
to Hakanson's potential eco-risk index.

• Population distribution density map was
made and incorporated by 3S technology.

• Cd was identified to be priority pollut-
ant based on Igeo, Er

i and bioavailability.
• Hierarchical risk map divided XDD into
4 area types under different priorities.
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Modified eco-risk assessment method (MEAM) integrated with the hierarchical bioavailability determined by
the fraction detection of Cd, Pb, Zn, Cu, Cr in road dust samples and the local population distribution derived
from the local land use map, was proposed to make the hierarchical eco-risk management strategy in Xiandao
District (XDD), China. The geo-accumulation index (Igeo), the original potential eco-risk index (Eri) and the mod-
ified eco-risk assessment index (MEAI) were used to identify the priority pollutant. Compared with the Hunan
soil background values, evaluated metal concentrations were found to different extent. The results of mean
Igeo, Er

i and bioavailability of studied metals revealed the following orders: Cd N Pb ≈ Zn N Cu ≈ Cr,
Cd N Pb N Cu N Cr N Zn and Cd N Zn N Cu ≈ Pb N Cr, respectively. Therefore, Cd was regarded as the priority
pollutant. To identify the priority areas taking into account cost consideration, the hierarchical risk map based
on the results of themodified eco-risk assessment indexwith overlay of the population density mapwas needed
and made. The west and partly south areas of XDD were under higher eco-risk generally. Moreover, the whole
XDD area was divided into 4 area categories with different management priorities based on the possibility of oc-
currence of eco-risk, and the hierarchical risk management strategy associated with protecting local population
was suggested to facilitate allocation of funds for risk management.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Industrial and economic activities are increasingly concentrated in
urban areas, and cities have become the geographic focus of resource
consumption and chemical emissions, which may cause a variety of
problems including ecosystem degradation, public health risk, biodiver-
sity decrease and so on (Lu et al., 2014; Tang et al., 2013). Road dust,
which consists of soil, deposited airborne particulates, construction
material, soot and fumes discharged from industry and vehicles, etc., is
a sensitive indicator of urban ecosystem status than single compart-
mental monitoring of air, water and soil for it reflects pollutants from
multi-media (H.M. Li et al., 2013; Z.G. Li et al., 2013; Lu et al., 2010).
Moreover, road dust often contains high levels of heavy metals and or-
ganic contaminants such as polycyclic aromatic hydrocarbons (Jiang
et al., 2014; Saeedi et al., 2012). Road dust contaminated by heavy
metals has drawn particular attention due to their property of high
toxicity, concealment, persistence and biological accumulation.
Dust particles can migrate via saltation, creep (diameters N 100 μm),
suspension (diameters b 100 μm), or can become incorporated in the
urban aerosol (diameters b 10 μm) (De Miguel et al., 1999; Wang
et al., 2006). Therefore, heavy metals associated with road dust may
cause hazardous effects or potential risks to urban environment and en-
danger the ecosystem's health for a short or long time (Cook et al., 2005;
H.M. Li et al., 2013; Z.G. Li et al., 2013; Tang et al., 2013).

In recent years, studies have increased in characterizing spatial pol-
lution level of roaddustmetals, identifying the dominant anthropogenic
sources of these metals, researching corresponding bioavailability by
the fraction analysis of these metals, exploring the correlation among
dust properties and these metal pollution features due to its important
influence to urban ecological safety and human health (Acosta et al.,
2014; Chen et al., 2014; H.M. Li et al., 2013; Z.G. Li et al., 2013; Liu
et al., 2014; Lu et al., 2014). However, based on previous pollution as-
sessment studies and the induced regional risk management strategies
(H.M. Li et al., 2013; Z.G. Li et al., 2013; Tang et al., 2013), most studies
are of less practical significance for: (i) possibly overestimating or
underestimating the risk posed by heavy metals without considering
of their specific chemical fractions and their binding state which are in
close relationship with their bioavailability and mobility (Luo et al.,
2012; Peijnenburg et al., 2007; Saleem et al., 2014). (ii) neglecting the
principle of “no exposure, no risk” (Gay and Korre, 2006; Leeuwen
and Vermeire, 2007) which may lead to meaningless management for
dissevering the exposure risk with the local receptor distribution
(since the source-pathway-receptor linkage is not intact) and (iii) not
developing the elastic regional risk management strategies to distin-
guish different control areas with relatively different priorities which
always makes decision making hard to determine the hierarchical
strategies for efficient budget use.

The objectives of this study were: (i) to investigate spatial geo-
accumulation degrees and hierarchical bioavailability of heavy metals
in road dust of Xiandao District (XDD); (ii) to determine the possible
population density map of XDD based on Landsat 7 remote sensing im-
ages; (iii) to develop a modified potential eco-risk assessment method
(MEAM) integrated with heavy metals' bioavailability and possible
population density for mapping the hierarchical risk map of XDD for
use by decision makers.

2. Materials and methods

2.1. Study area

Xiandao District is a municipal district with a population of over 3
million which belongs to the capital of Hunan Province, Changsha city,
Middle China. Changsha city is an important center of economy, culture,
transportation, education and manufacturing. XDD belongs to subtrop-
icalmonsoon climate and its annual average temperature is 17.2°°C. The
urban average annual rainfall is 1361.6 mm. The total area of XDD is
1200 km2 and the urban residents per capita disposable income reach
3449 dollars. From 2007 to 2013, the urbanization rate in Changsha
city has increased from 56.5% to 70.6%. The local vehicular fleet has
increased rapidly in recent years with an annual rate of over 17% and
may reach 2 million vehicles in 2015. Outdoor air quality of Changsha
city was not up to standard levels in 168 days out of the year in 2013.
Rapid urbanization and economic development in XDD have resulted
in a decline of environmental quality (Chen et al., 2011; Li et al., 2007;
Yang et al., 2012).

2.2. Land use analysis

Present land use mapping was determined from a remote sensing
image of the study area. Landsat 7 images acquired on January 15–23,
2014 were used in this work. The original images were successively
processed by geometric correction (image to image), image fusion,
radiometric calibration, atmosphere correction (Fast Line-of-sight
Atmospheric Analysis of Hypercubes, FLAASH), and supervised classifi-
cation using the remote sensing software ENVI 5.0 (ITT Visual Informa-
tion Solutions Inc.). According to the land usemap in 2011 and the land
use planning map in 2013 of XDD by the Hunan government, the study
area was divided into detailed land use types based on their remote
sensing spectral characteristics (Fig. 1).

2.3. Samples collection, preparation and analytical methods

A total of 51 samples (3 parallel samples for each sampling site)
were collected at the trunk road throughout XDD (Figs. 1 and S1). Sam-
ples at each sampling site were collected in October 2013 by gently
sweeping an area of about 2 m2 adjacent to the curb of the street with
a clean plastic dustpan and brush, transferring about 300 g dust to a
polyethylene bag for transport to the laboratory. In the laboratory, all
samples were air-dried for 3 weeks, and then sieved through a 100
mesh nylon sieve to remove stones, dead organisms and coarse debris.
As the road dust with diameters below 100 μm can be considered to
mainly arise from atmospheric deposition and be transported by re-
suspension (Charlesworth et al., 2011; Zhao and Li, 2013), therefore
all the samples were sieved through 200 mesh nylon sieve (diameters
below 73 μm) for analysis. For the total heavy metal content detection,
0.40 g samples were weighed on an electronic balance (Sartorius
TE124S, Germany). Subsequently, the samples were placed in Teflon
tubes and digested with HCl, HNO3, HF, and HClO4. Then the solutions
were diluted with 2% (v/v) HNO3 to a final volume of 50 ml, and ana-
lyzed for Cr, Cu, Zn, Pb, Cd by an atomic absorption spectrophotometer
(AAnalyst700, Perkin-Elmer Inc., US). The metal fractions were studied
using a sequential extraction scheme and the procedure proposed by
Tessier et al. (1979) which is widely applied in various studies of
heavy metal bioavailability (Acosta et al., 2014; Gao et al., 2015; Jiang
et al., 2013) was used to study the partition of toxic metals. The selected
Tessier method has been described in detail elsewhere (Shao et al.,
2009).

Quality assurance and quality control were assessed using dupli-
cates, method blanks, and State first-level standard materials (GBW
GSS–5), with each batch of samples. The analysis results were reliable
when repeat sample analysis errorwas below5%, and the analytical pre-
cision for replicate samples was within±10%. The recovery of standard
samples ranged from 95.7% to 103.6%. The results of five fractions were
summed up and compared with total concentration to check the recov-
ery percentage of the five-stage Tessier method. The obtained recovery
percentages were Cr (85.32%), Cu (95%), Zn (93.5%), Pb (107.57%) and
Cd (102.3%), respectively, indicating that the Tessier sequential extrac-
tion worked reasonably well. Throughout the experimental process,
ultra-pure water was utilized for preparing the solutions, dilutions
and blanks. All used chemical reagents was GR (guaranteed reagent).
All the glassware and plastic vessels were treated with 10% (v/v)
HNO3 for at least 12 h and then washed with distilled and deionized



Fig. 1. Sampling sites in Xiandao District. The right images aremaps of China and the present land usemap of Changsha city respectively; the left image is a detailed land usemap inwhich
different functional zones and urban roads are labeled.
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water respectively before use. To avoid potential cross-contamination of
the samples, contact with metals was avoided during all procedures.
The resultsmet the accuracy demandof the Chinese Technical Specifica-
tion for Soil Environmental Monitoring HJ/T 166-2004.

2.4. Pollution and bioavailability assessment methodology

2.4.1. Geo-accumulation index
The geo-accumulation index (Igeo) was originally defined by Muller

(1969) and widely used to study level of metal enrichment in soils,
sediments and dust (Tang et al., 2013; Zhang et al., 2012; Zhu et al.,
2013). It is computed using the following equation:

Igeoi ¼ log2 Ci=kBi½ � ð1Þ

where Ci represents the measured concentration of the metal i in the
samples. k, k=1.5, is introduced tominimize the effect of possible var-
iations in the background value or in this case reference, which may be
attributed to anthropogenic influences or lithologic variations in the
sediments. Bi is the geochemical background value or reference value
of metal i in Hunan province (Pan and Yang, 1988; Zhou et al., 2008).
Igeo is split into seven classes as follows: Igeo ≤ 0, class 0, uncontaminated
(UC). 0 b Igeo ≤ 1, class 1, uncontaminated to moderately contaminated
(UMC). 1 b Igeo ≤ 2, class 2, moderately contaminated (MC). 2 b Igeo ≤ 3,
class 3, moderately contaminated to heavily contaminated (MHC).
3 b Igeo ≤ 4, class 4, heavily contaminated (HC). 4 b Igeo ≤ 5, class 5, heavi-
ly to extremely contaminated (HEC). 5 b Igeo, class 6 and extremely
contaminated (EC).

2.4.2. Potential eco-risk index
To further study degree of eco-risk of dust pollution caused by heavy

metals, thepotential eco-risk index,whichwasdeveloped based on sed-
imentary theory and abundance principle (Saeedi et al., 2014), was
introduced. The potential eco-risk index was originally proposed by
Hakanson (Hakanson, 1980) and widely used (Guo et al., 2010; F. Li
et al., 2013; H.M. Li et al., 2013; Z.G. Li et al., 2013; Saeedi et al., 2012;
Soltani et al., 2015). The potential eco-risk index states that the eco-
system risk is posed directly by heavy metals and further indicates the
induced risk for corresponding local population indirectly. The original
RI can be calculated by the following formulas:

RI ¼
Xm

i¼1

Eir; E
i
r ¼ Ti

r � Ci
f ;C

i
f ¼ Ci

D=C
i
B ð2Þ

where RI is the sum of the potential risk of individual heavy metal, Eri is
the potential risk of individual heavy metal, Tri is the toxic-response
factor for a given heavy metal, Cfi is the contamination factor, CDi is the
present concentration of heavy metals in road dust, and CB

i is the pre-
industrial record of heavy metal concentration in road dust. Based on
the Hakanson's approach, the toxic-response factors for Cr, Cu, Zn, Pb
and Cd are 2, 5, 1, 5, and 30, respectively. In this study, the pre-
industrial concentration records for Cr, Cu, Zn, Pb and Cdwere replaced
by their corresponding background values for Hunan province soil (Pan
and Yang, 1988; Zhou et al., 2008). Hakanson defined five categories of
Er
i and four categories of RI, as shown in Table 1.

2.5. Modified potential eco-risk assessment method

It is widely recognized that the distribution, mobility, bioavailability
and eco-toxicity of heavy metals in the environment depends not only
on their total concentration but also on their fraction (Acosta et al.,
2014; Zhao et al., 2009). Heavy metals with higher environmental bio-
availability and mobility can migrate in different environmental media
and be absorbed by the plant more easily. Afterwards they may enter
the human food chain and thus pose a potential health risk to humans
(Banerjee, 2003; He et al., 2005). Therefore, the modified potential



Table 1
Indices and corresponding degrees of potential eco-risk.

Er
i value

Extent of eco-risk
of single metal

RI value
Extent of potential
eco-risk to the
environmental

Er
i b 40 Low risk RI b 150 Low risk

40 ≤ Er
i b 80 Moderate risk 150 ≤ RI b 300 Moderate risk

80 ≤ Er
i b 160 Considerable risk 300 ≤ RI b 600 Considerable risk

160 ≤ Er
i b 320 High risk RI ≥ 600 Very high risk

Er
i ≥ 320 Very high risk
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eco-risk assessment method (MEAM) was developed as the flow dia-
gram in Fig. 2, namely: (i) developing themodified eco-risk assessment
index (MEAI) and then mapping the corresponding interpolation maps
of the hierarchical RIs; (ii) making the hierarchically potential eco-risk
map based on the maps of the hierarchical RIs with overlay of the
population density map (PDM).

Chen et al. (2008) established the relationship among heavy metal
fractions, eco-toxicity, and bioavailability through the European Com-
munity Bureau of Reference sequential extraction (BCR). In this study,
the fraction of heavy metals was measured using Tessier's method.
Thus the hierarchical relationship among fractions of heavy metals,
eco-toxicity, and bioavailability was modified (L. Li et al., 2012) and
were calculated as follows:

CBio ¼ Ci � f F1 þ f F2ð Þ ð3Þ

CPbio ¼ Ci � f F3 þ f F4ð Þ ð4Þ

CNbio ¼ Ci � f F5 ð5Þ

where fF1, fF2, fF3, fF4, and fF5 are the percentages of the total metal
concentration for exchangeable fraction (F1), carbonates associated
fraction (F2), Fe–Mn oxide-associated fraction (F3), organic-associated
fraction (F4), and residual fraction (F5). CBio,CPbio and CNbio are concentra-
tions of the bioavailable, potentially bioavailable and non-bioavailable
fractions in corresponding road dust samples, respectively. To integrate
Fig. 2. Flowchart showing the modified potential eco-risk assessment method (MEAM)
process for heavy metals.
bioavailability information into potential eco-risk assessment of heavy
metals, the equations of the MEAI, based on Eqs. (2)–(5), were compre-
hensively defined as follows:

Ci
f1 ¼ Ci

Bio=C
i
B;C

i
f2 ¼ Ci

Bio þ Ci
Pbio

� �
=Ci

B;C
i
f3

¼ Ci
Bio þ Ci

Pbio þ Ci
Nbio

� �
=Ci

B ð6Þ

RIm ¼
Xm

i¼1

Eirm; E
i
rm ¼ Ti

r � Ci
fm ð7Þ

whereCf1i ,Cf2i andCf3
i are the hierarchical contamination factors formetal i

based on their bioavailability analysis. Ermi is the hierarchically potential
risk of heavymetal i atm (m=1, 2 or 3) tier. RIm is the sumof the poten-
tial risk of individual heavy metal hierarchically. Based on Eqs. (6)–(7),
the three sets of modified potential eco-risk results were calculated and
the calculated RI1, RI2 and RI3 would be mapped by Inverse Distance
Weighted interpolation (IDW), respectively.

To further identify the priority control area with the aim of
protecting the safety of citizens, their possible exposure time and the
exposure frequency were considered, and the PDM derived from the
detailed land use types of XDD (Fig. 1) would be made based on the
close relationship between the population distribution and the local
land use pattern. Furthermore, the hierarchically potential eco-risk
map would be obtained based on the spatial MEAI results combined
with the PDM in order to make scientific reference for efficient regional
risk identification and management.

2.6. Data mining and spatial analysis methods

To explore the spatial pollution characteristics of the studied metals
in road dust samples, the software package ArcGIS 9.3 and SPSS version
16.0 for Windows were utilized. Under consideration of the study
requirement and number of sampling sites, the spatial analysis method
(including Inverse Distance Weighted interpolation (IDW), Local Poly-
nomial interpolation (LP) and Radial Basis Functions interpolation
(RBF)) and the geostatisticalmethod (including Simple Kriging interpo-
lation (SK)) were tested simultaneously to find optimal interpolation
method with better parameter uncertainty control. IDW method was
finally applied to map the spatial characteristics of regional pollutants.
IDWemploys a specific number of nearest points that are thenweighted
according to their distance from the point being interpolated. In this
study, the power of 2 and the number of neighboring samples of 15
were chosen to clearly show both spatial variation and spatial patterns
of the pollutants.

3. Results and discussion

3.1. Heavy metal enrichment in road dust

Statistical information about the original analysis results of three
samples from each site and the total metal concentrations (Cu, Zn, Pb,
Cd and Cr) in road dust in XDD are shown in Tables S1 and 2 respective-
ly. It can be seen that the mean concentrations of all studied metals
exceeded corresponding soil background values which indicated
anthropogenic input. This was especially true for Cd and Zn which
were on average 130.1 and 2.2 times their background values. Com-
pared with the secondary class values of the Chinese Environmental
Quality Standard for Soils, the mean concentrations of Cu, Zn, Pb and
Cr were below their secondary standard values except for Cd was 15.2
times higher than its secondary standard value. Higher coefficients
of variation (CV = 100SD/Mean) were found for Zn and Cd indicating
their higher spatial variability which are probably due to human
activities.

To study enrichment levels of heavy metals in road dust, the
calculated results of Igeo are presented in Fig. 3. The order of pollution



Fig. 4. Box-plots of the potential eco-risk index for metals for the studied metals in road
dust of XDD.

Table 2
Descriptive statistics of metal concentrations in road dust from XDD mg/kg.

Elements Cu Zn Pb Cd Cr

Mean 43.90 214.92 66.58 9.11 80.66
SD 21.69 179.68 30.17 6.28 47.86
CV(%) 49.41 83.60 45.31 68.94 59.34
BVHunan

a 25 96 30 0.07 68
Class I 35 100 35 0.2 90
Class IIb 100 300 250 0.6 250
Class III 400 500 500 1.0 300

Mean: arithmetic-mean; SD: standard deviation; CV: coefficient of variation.
a Soil background value of Hunan province, China (Pan and Yang, 1988; Zhou et al., 2008).
b Environmental quality standard secondary grade for soils, soil limitations to ensure

agricultural production and human health (National Environmental Protection Agency of
China, 1995).
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levels based on their mean Igeo values was Cd (6.15) N Pb (0.40) N Zn
(0.25) N Cu (−0.17) N Cr (−0.51), and mean Igeo values of Cu, Zn,
Pb, Cd and Cr belonged to classes UC, UMC, UMC, EC and UC, re-
spectively. Specifically it shows that 88.2% of the Igeo values for Cd
belonged to EC, and the values of other sites belonged to HEC,
which suggested that the road dust in XDD was significantly con-
taminated by Cd.
3.2. Original potential eco-risk assessment

To further study the original potential eco-risk of heavy metals in
road dust, based on Eq. (2), the Er

i and RI of the studied heavy metals
were calculated and shown in Fig. 4. The mean Er

i of Cu, Zn, Pb,
Cd and Cr decrease in the order: Cd (3689.8) N Pb (10.76) N Cu
(8.57) N Cr (2.35) N Zn (2.17), which is different from the result of
Igeo to some extent. Spatially, Eri of Pb, Cu, Cr, and Zn at each sampling
sites belongs to low risk, while Er

i of Cd at each sampling site belongs
to very high risk. Further, the calculated RI values of every sampling
site were in the descending order: S2, S12, S1, S15, S13, S14, S3, S6,
S11, S5, S10, S16, S7, S4, S9 and S8. Fig. 4 shows that the RI of every
sampling site belonged to very high risk (RI N 600), and the Er

i for Cd
made average contribution of 93.9%. Cd was preliminarily identified to
be the priority pollutant in road dust of XDD, and decision makers
should take immediate measures to handle its levels.
Fig. 3. Box-plots of the geo-accumulation index (Igeo) for studied metals in road dust from
XDD.
3.3. Modified potential eco-risk method based on the hierarchical
bioavailability and the local population distribution

Based on the total contents of the studiedheavymetals and the com-
monly used evaluation methods, Cd was identified to be the priority
pollutant. However, there is abundant evidence showing that total
contents of heavy metals in road dust do not suffice for an evaluation
of their mobility, which is critically dependent on their chemical
fraction alongside with their bioavailability and toxicity (Acosta et al.,
2014; Ma et al., 2016). With consideration of metals' bioavailability,
may the result of the priority pollutant be changed?Where are priority
control areas? Therefore, the developed MEAM (Fig. 2) was introduced
to handle these questions.

Firstly, the percentages of heavy metals in different fractions in road
dust fromXDD are calculated and shown in Fig. 5 based on Eqs. (3)–(5).
Results indicated that the percentage of Cd and Zn were higher in the
bioavailable fraction with mean value of 18.29% and 10.38% respective-
ly. Furthermore, the mean percentages of Cu, Pb and Cr in the bioavail-
able fraction were 7.87%, 8.50% and 9.71% respectively. Cu and Pb were
found in the higher potentially bioavailable fraction with respective
mean values of 56.49% and 43.73%. In addition, the mean percentage
of Cd, Zn and Cr in the potentially bioavailable fraction were 37.16%,
37.47% and 31.46%, respectively. Spatially, for Pb the sites S2, S3, S8,
S9, S13 and S14 had higher bioavailability. For Cd the sites S2, S3, S5,
S8, S10, S11, S12, S14 and S17 had higher bioavailability (Fig. 5). In
short, bioavailability of the studied metals were ranked in the order:
Cd N Zn N Cu ≈ Pb N Cr. Spatially, sampling sites S2, S3, S5, S10 and
S12 generally had higher bioavailability of all the studiedmetals. There-
fore, combined with the previous results and Eq. (6), Cd was finally
identified as the priority pollutant owing to its highest enrichment
level and bioavailability than the remaining 4 metals.

Secondly, when to further identify priority control areas, some ques-
tions were posed like “with the calculated RI values, the whole XDD
should be regarded as the control area (map of RI3 in Fig. 6) which
needs environmental management, but is it the optimal decision with
the aim of protecting civil health and related eco-system ?” and “With
limited human and material resources, how to utilize the budget
efficiently with the different extents of management measures to the
different priority classes of the areas”. Therefore, to make the original
RI integrate with the information of metals' bioavailability and local
population distribution is significant for producing amore realistic eval-
uation (Gay and Korre, 2006; Saleem et al., 2014). According to Fig. 2,
the interpolation maps based on calculated hierarchical data of the
MEAI (Fig. 5 and Eqs. (6)–(7)) were obtained as shown in Fig. 6 assisted
by the IDW interpolation. Maps of RI1, RI2 and RI3 as shown in Fig. 6
show the different bioavailabilities of metals divided the area of XDD
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into three different eco-risk distributions. Areas at moderate risk, con-
siderable risk and every high risk account for around 3%, 41% and 56%
of the area in RI1 map. For RI2 map, areas at moderate risk, considerable
risk and every high risk account for around 1%, 3% and 94%. The total
area was under very high eco-risk based on RI3 (RI3 equal to the original
RI). Spatially, the west part of XDD was under higher eco-risk than the
east part, and generally the north part was under lower eco-risk than
the south part.

To further identify the priority control area with the aim of
protecting safety of urban eco-system and citizens, the local population
distribution derived from the detailed land usemap of XDD (Fig. 1) and
their possible exposure time, the exposure frequency were considered.
Afterwards, the areas of XDD were preliminary divided into four parts
including areas of high population density (Residential land, Public
facilities land included), moderate population density (Village land
and Urban green land included), low population density (Industrial
land included) and the rest area with scarce exposure possibility. The
processed PDM is shown in detail in Fig. 6. The PDM indicates areas at
high population density, moderate population density and low popula-
tion density account for around 20%, 10% and 15% of the XDD area. Fur-
ther, there was an obvious spatial distribution that the west corner and
east parts of XDD had higher population density than that of other areas.
Fig. 5. Percents of heavy metals in bioavailable fraction, potentially bioavailable fraction
and non-bioavailable fraction in road dust from XDD.

Fig. 5 (continued).
Finally, based on the processed maps of RI1, RI2 and RI3, XDDwas di-
vided into A, B, C and D class areas with decreasing modified eco-risk
index values (Table 1). The hierarchical eco-risk map for the studied
metals based on the modified eco-risk assessment index with overlay
of the PDM is shown in Fig. 6. Fig. 6 indicates that above 35% and 50%
areas of XDD are in A and B class respectively. Generally, the west and
partly south areas of XDD are under higher eco-risk. For local population
safety and efficient budget utilization, the whole area of XDD can be
divided into 4 area types with different management priorities based
on the possibility of occurrence of a risk (Fig. 6). Namely, the first prior-
ity areas included the areas in A class with high or moderate population
density and in B class with high population density. The secondary
priority areas contained the areas in B class with moderate population
density and in C class with high population density. The third priority
areas included the areas in C class with moderate population density.
At last the fourth priority areas contained the areas in A and B with
low population density and D class with all kinds of population density.
Furthermore, for different area types, risk management suggestions dif-
fer. For the first priority areas, preferentially environmental manage-
ment and remediation was required and worth preferred budget
support not only for its highest eco-risk and bioavailability of dust
heavy metals but also its higher population density. As shown in Fig. 6,
it was found that the secondary priority areas were in close relationship
with the first priority areas geographically. Therefore, it was suggested
to make a plan for 2 stages to be an extension of the management plan
for the first priority areas, and the corresponding population protective
measures and risk prevention propaganda were required as the transi-
tionalmeasures. At last, it was suggested that the third and fourth prior-
ity areas should take conservative measures temporarily for their
relatively low eco-risk and population density, and perform regular
monitoring for any new contamination changes. Fig. 6 also shows that
the spatial modified eco-risk index for the studied metals was in close
relationship with the industrial land use of XDD, and the farm land and
forest land were under higher eco-risk. Therefore, the very high eco-
risk of XDDmainly caused by Cd is probably derived from local industry
type and industry distribution, and the local food safety is of concern.



Fig. 6. Hierarchical eco-risk map for heavy metals using modified potential eco-risk assessment with overlay of the processed population density map.
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The evaluation of uncertainty is an important step accompanying
risk assessment. In the present study, it is recognized that the devel-
oped methodology has its limitations and is at the screening level. It
is clear, for example, that the assumption that population never
moves and is at same risk tolerance. The dust properties (pH and
Dust Organic Matter) variance and the climate variance are likely
to influence the total concentration and bioavailability of heavy
metals. Therefore further research concerning the correlation
among these factors is in progress in order to establish relevant re-
gression prediction equation. The seasonal contamination changes
of the studied metals were not considered and heavy metals pollu-
tion in one environment medium was considered. Some sources of
uncertainty are well emphasized in literature (F. Li et al., 2012).
However, boundaries for any study must be set, and seen in the
light of the original eco-risk assessment method, the developed
MEAM does provide an improvement and a useful tool, especially for
making efficient environment research and management policy in
condition of limited human and material resources.
4. Conclusions

The concentrations of Cu, Zn, Pb, Cd and Cr in road dust in XDDwere
higher than their local soil background values to different extent, indi-
cating an anthropogenic input. Mean concentration of Cd was 15.2
times higher than its secondary standard value of the Chinese Environ-
mental Quality Standard for Soils. The ranking of mean Igeo of the
studied metals follows the order: Cd (EC) N Pb (UMC) ≈ Zn
(UMC) N Cu (UC) ≈ Cr (UC). The mean Er

i showed in decreasing order:
Cd N Pb N Cu N Cr N Zn. Bioavailability of the studiedmetals were ranked
in order: Cd N Zn N Cu ≈ Pb N Cr. Therefore, Cd was identified as the
priority pollutant based on MEAI.

To further identify the hierarchical priority areas of XDD, themodified
potential eco-risk assessment method (MEAM) was developed and per-
formed. Based on the hierarchical eco-risk map, XDD was divided into 4
area categories (A, B, C and D) with the different management priorities
based on the possibility of occurrence of a risk, and the hierarchical risk
management strategy associated with local population distribution was
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recommended for maximizing social and environmental benefits from
limited administrative resources. Overall, MEAM proved to be an im-
provement on previous methods in as so far as it spatially incorporated
the hierarchical bioavailability and the local population density for
providing a more realistic level of conservatism which thus enhanced
the accuracy of predicting risk to receptors of concern, and supplying
decision-makers with the valuable references to efficiently formulate or
improve the regional risk management policy, the regional environmen-
tal research plan and land use planning.
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