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� Magnetic measurements were combined with geochemical and Pb isotopic analyses.
� Magnetic properties showed more prominent values of Igeo than those of individual metals.
� Metal pollution sources were identified by Pb isotopes and PCA.
� Industrial emissions and coal combustion are major metal pollution sources in urban areas.
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a b s t r a c t

In the present study, magnetic measurements were combined with geochemical analysis and stable Pb
isotopic ratios to reveal the distribution and origination of trace metal pollutants in kindergarten dusts
from a typical urban environment of Wuhan, central China. The geoaccumulation index (Igeo) of magnetic
propertieswasmore prominent than those of individualmetals. Themagnetic susceptibility (MS) and trace
metals (Zn, Pb, andCu) in this study togetherwithpublished results fromother Chinese cities formed a liner
relationship, suggesting that metal contaminants in Chinese urban areas had similar MS to metal ratios,
which could be used as an indicator for identification of pollution sources between Chinese cities and the
other Asian cities. Stable Pb isotopic ratios (1.1125e1.1734 for 206Pb/207Pb and 2.4457e2.4679 for
208Pb/207Pb) in the urban dusts fromWuhanwere characterized by higher 208Pb component in comparison
with those from other Chinese cities. This result combined with principal component analysis (PCA)
indicated that metal pollutants in the dusts were derived from industrial activities and coal combustion,
whereas the traffic emissions were no longer a predominant pollution source in urban environment. Our
study demonstrated that environmental magnetic methods could not only reveal the overall situation of
trace metal contamination, but also prove evidence in the identification of pollution sources.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Trace metal pollutants have received increasing attention in
recent decades due to their potential adverse health effects to
humans andwidespread existence in urban environment as a result
of rapid urban expansion. Atmospheric deposited dust in urban
settings is an important carrier of trace metal contaminants. The
intensified human activities such as industrial operations, traffic,
fossil fuel combustion, and municipal waste disposal, have
: þ86 27 67883002.

All rights reserved.
produced large quantities of metal particles, which could eventu-
ally settle down in urban dust. Through resuspension-inhalation,
hand-mouth ingestion and dermal contact, trace metals con-
tained in urban dust could enter human bodies and endanger
human’s health, especially children’s (Roels et al., 1980; Ferreira-
Baptisa and De Miguel, 2005; Zheng et al., 2010; Soto-Jiménez
and Flegal, 2011). For example, many studies indicated that there
is a significant correlation between the blood lead levels (BLLs) of
children and Pb concentration in urban dust/soil (Laidlaw et al.,
2005; Laidlaw and Taylor, 2011). A recent research from the Pearl
River Delta region, China, demonstrated that lead contaminated
residential dust could be the primary driving mechanism of child
blood lead exposure in this area (Chen et al., 2012). Considering the
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high threat of dust metals to children, dusts deposited in kinder-
gartens should deserve more attention since they can be easily
contacted by children during their daily outdoor activities.

The contaminated extent and toxicity of trace metals are
generally assessed by their total concentrations and speciation,
which are usually determined by chemical analysis (e.g., AAS, ICP-
AES, and ICP-MS). In addition to the direct but time-consuming
chemical approaches, environmental magnetic methods (e.g.,
magnetic susceptibility and saturation isothermal remanence e

SIRM) have also been used to rapidly reveal the overall status of
trace metal contamination in various ecosystems, including soils
(Jordanova et al., 2003; Spiteri et al., 2005; Yang et al., 2007a;
Kapi�cka et al., 2008; Blundell et al., 2009; Rosowiecka and
Nawrocki, 2010), dusts (Kim et al., 2009; Yang et al., 2010; Bu�cko
et al., 2010, 2011; Qiao et al., 2011; Wang et al., 2012; Zhang et al.,
2012; Zhu et al., 2012), sediments/sludge (Chapparro et al., 2004;
Yang et al., 2007b; Zhang et al., 2007, 2011; Rijal et al., 2010;
Bijaksana and Huliselan, 2010), and plants (Matzka and Maher,
1999; Jordanova et al., 2003; Davila et al., 2006; Zhang et al.,
2006; Maher et al., 2008; Salo et al., 2012). This use of magnetic
techniques stems from the fact that heavy metal pollution in many
cases is accompanied by emissions of ferromagnetic/ferrimagnetic
particles because of the abundant presence of Fe in natural resource
materials (Jordanova et al., 2003).

It is well known that stable Pb isotopes provide a useful means
for identifying the origins of trace metals in the environment. This
is because Pb derived from anthropogenic sources is less radiogenic
than the geogenic Pb, and different sources of anthropogenic con-
taminantsmay contain Pbwith characteristic isotopic compositions
(Sangster et al., 2000).

Systematic assessment of trace metal contamination by the
combined proxies (metal concentrations, magnetic parameters, and
Pb isotopic ratios) has not been conducted before, which may pro-
vide detailed information about trace metal behaviors in urban
environment. In the present study, atmospheric deposited dust
sampleswere collected from kindergartens in ametropolis (Wuhan,
China), and the concentrations of trace metals (i.e., Cd, Co, Cr, Cu, Ni,
Pb, Zn, As, Sb, Ba, and Mo), magnetic parameters, and stable Pb iso-
topic compositions were fully investigated. The major objectives of
this research are 1) to assess the contamination status and sources of
trace metals in urban kindergarten dusts using magnetic,
geochemical and lead isotopic analyses and2) to explore thepossible
relationships between these different environmental proxies.

2. Materials and methods

2.1. Study area and sample collection

Wuhan (29�580e31�220N, 113�410e115�050E) is one of the
biggest metropolises in China with an urban population of about
10.02 million in 2011. Its climate represents a typical subtropical
humidmonsoonwith an average annual temperature of 17.7 �C and
an average annual rainfall of 1300 mm. The prevailing wind is
northeast wind in winter and south wind in summer. The number
of kindergartens in this city is 638 with a total children population
of 125,351 (WMBS, 2009).

Dust samples were collected from sixty-nine kindergartens in
five districts, including Qingshan district (QS), Wuchang district
(WC), Hankou district (HK), Hanyang district (HY), and Jiangxia
district (JX) (Sun et al., 2013). QS is an industries concentrated area
(including iron/steel smelters, machine manufacturing, and coal-
power plants), WC is a commercial and education area, HK is a
business and commercial area, HY is a residential area, and JX is a
suburban district. Sampling was conducted in dry periods when no
rain had occurred during the previous week. Approximately 50 g
dust sample was collected using polyethylene brush on impervious
surface (children activities equipment, pavement and windowsill)
from five to eight points of each kindergarten. All dust samples
were stored in sealed polyethylene bags, labeled and then trans-
ported to the laboratory. The samples were air-dried at room
temperature, and passed through a 1 mm sieve to remove rocks,
plants, hair and other impurities. The homogenized dust samples
were ground to a fine powder texture with an agate mortar prior to
chemical analyses.

2.2. Experimental methods

Magnetic susceptibility (MS) at low (clf, 976 Hz) and high (chf,
15,616 Hz) frequencies were measured with a kappabridge MFK1-
FA (AGICO, Brno) at 200 Am�1

field intensity. Frequency-
dependent susceptibility (cfd) was calculated and expressed as a
percentage cfd % ¼ (clf � chf)/clf � 100%. An isothermal remanent
magnetization (IRM) experiment was performed with an ASC Sci-
entific (Model IM-10) impulse magnetizer and spinner magne-
tometer (Model SMD-88). The IRM acquired in a field of 1.0 T was
regarded as saturation IRM (SIRM).

About 0.20 g of the prepared dust sample was digested with a
concentrated HNO3eHClO4eHFeHCl mixture. The concentrations
of trace metals of the digested solution were determined by an
inductively coupled plasmaemass spectrometer (ICPeMS) (Fin-
nigan MAT Element). For determination of As and Sb, the dust
samples were digested with aqua regia (3:1, HCl:HNO3) and deter-
mined by a hydride generationeatomic fluorescence spectrometer
(HGeAFS) (AFS-920, Beijing Titan Instruments Co., Ltd.). QA/QC
included reagent blanks, analytical duplicates, and analysis of the
standard reference material (SRM) (SRM 2710). The recovery rates
for the considered metals in the SRM were between 80 and 115%.

To determine the Pb isotopic composition, the solutions from the
strong acid digestionwere diluted to around 30 mg g�1 Pb�1 with 5%
(v/v) high-purity HNO3 and measured by ICPeMS (PerkineElmer
Elan 6100 DRCPlus). The analytical parameters were sent as 190
sweeps/reading, one reading/replicate, and 10 replicates per sample
solution. An international standard reference material (NIST SRM
981) was used for sample calibration and analytical control. The
relative standard deviation (RSD) of the 10 replicates was generally
below 0.5%. The measured 204Pb/207Pb, 206Pb/207Pb and 208Pb/207Pb
ratios of SRM 981 were 0.0645 � 0.0001, 1.0930 � 0.0025 and
2.3702� 0.0050, which were in close agreement with the standard
reference values of 0.0645, 1.0933, 2.3704, respectively.
2.3. Statistical analysis

The data were statistically analyzed using the statistical pack-
age, SPSS v13.0 (SPSS Inc.). A one-way ANOVA test (p < 0.05) was
used to analyze the difference in analytical results among different
urban areas. The correlation analysis was conducted by a Pearson
correlation, and the level of significance was set at p < 0.05 and
p < 0.01 (two-tailed). Principal component analysis (PCA) was
conducted using factor extraction with eigenvalues >1 after vari-
max rotation.

Pollution status of the studied area was assessed using geo-
accumulation index (Igeo) introduced by Muller (1969), which is
calculated using the following equation:

Igeo ¼ log2

"
Cm Sample�

1:5� Cm Background
�
#

Where Cm Sample is the measured concentration of the magnetic
parameters or metals in dust, Cm Background is the geochemical
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Fig. 1. Correlation scatter diagram between c and SIRM (a) and between c and cfd (b)
in the dusts.
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background value. In this study, the levels of the considered proxies
of the soil dust samples collected from uncontaminated area were
used as local geochemical background values, which are: c

74 � 10�8 m3 kg�1, SIRM 12 � 10�3 Am2 kg�1, Pb 28 mg kg�1, Zn
69 mg kg�1, Cu 16 mg kg�1, Cd 0.22 mg kg�1, Cr 52 mg kg�1, Ni
14 mg kg�1, Co 6.0 mg kg�1, As 12 mg kg�1, Sb 1.1 mg kg�1, Ba
321mg kg�1, andMo 1.5mg kg�1. The factor 1.5 is introduced in this
equation to minimize the effect of possible variations in the back-
ground values. According to Muller (1969), the Igeo is classified as:
uncontaminated (Igeo � 0); uncontaminated to moderately
contaminated (0 < Igeo � 1); moderately contaminated
(1 < Igeo � 2); moderately to heavily contaminated (2 < Igeo � 3);
heavily contaminated (3 < Igeo � 4); heavily to extremely
contaminated (4 < Igeo � 5); extremely contaminated (Igeo � 5).

3. Results

3.1. Magnetic parameters

Magnetic parameters of the dust samples varied greatly among
different urban areas (Table 1). The c values of thewhole sample set
ranged from 83 to 2620 � 10�8 m3 kg�1. The enhancement of c
(mean 1510 � 10�8 m3 kg�1) in dust from industrial area (QS) was
obvious compared to that from the other urban areas, whereas dust
from suburban district (JX) had the lowest mean values of c

(373 � 10�8 m3 kg�1). Similar to c, the highest values of SIRM
(mean 243� 10�3 Am2 kg�1) were found in dust fromQS, while the
low values were obtained from HY (mean 57 � 10�3 Am2 kg�1) and
JX (mean 50 � 10�3 Am2 kg�1). There was a significant correlation
between SIRM and c when the c values were lower than
1000 � 10�8 m3 kg�1 (r2 ¼ 0.891, p < 0.01) (Fig. 1a), indicating that
ferrimagnetic phases are the dominant magnetic minerals in these
dust samples. However, such correlation was not observed for
samples with high c values (>1000 � 10�8 m3 kg�1), which might
be attributed to the presence of some ferromagnetic minerals (i.e.,
metallic iron) in these samples because the contributions of
metallic iron to the intensity of SIRM and c are different from the
Table 1
Summary of magnetic properties and trace metal concentrations in the dusts.

QS (n ¼ 6) WC (n ¼ 27)

c (�10�8 m3 kg�1) Mean � SD 1510 � 560 594 � 432
Median (range) 1490 (650e2380) 550 (136e2620)

SIRM (�10�3Am2 kg�1) Mean � SD 243 � 109 81 � 41
Median (range) 249 (96e370) 78 (26e240)

cfd (%) Mean � SD 1.4 � 0.49 2.7 � 0.97
Median (range) 1.5 (0.75e1.9) 2.6 (0.73e5.0)

Pb (mg kg�1) Mean � SD 336 � 191 182 � 254
Median (range) 369 (80e555) 126 (41e1440)

Zn (mg kg�1) Mean � SD 1250 � 889 450 � 173
Median (range) 967 (363e2460) 442 (111e924)

Cu (mg kg�1) Mean � SD 213 � 180 120 � 86
Median (range) 137 (58e471) 99 (39e411)

Cd (mg kg�1) Mean � SD 2.8 � 1.8 1.1 � 0.36
Median (range) 3.4 (0.58e4.5) 1.1 (0.50e1.9)

Cr (mg kg�1) Mean � SD 172 � 96 117 � 92
Median (range) 150 (87e347) 90 (53e455)

Ni (mg kg�1) Mean � SD 38 � 14 29 � 8.4
Median (range) 35 (23e61) 28 (17e49)

Co (mg kg�1) Mean � SD 20 � 12 11 � 2.5
Median (range) 13 (11e39) 11 (7.4e18)

As (mg kg�1) Mean � SD 32 � 20 15 � 4.2
Median (range) 25 (16e72) 15 (9.5e29)

Sb (mg kg�1) Mean � SD 7.9 � 5.6 4.6 � 2.1
Median (range) 4.6 (3.3e16) 4.3 (1.4e10)

Ba (mg kg�1) Mean � SD 1610 � 984 896 � 369
Median (range) 1350 (805e3430) 835 (402e2030)

Mo (mg kg�1) Mean � SD 7.2 � 3.9 3.9 � 1.9
Median (range) 8.1 (2.8e11) 3.6 (1.8e11)
ferrimagnetic minerals (magnetite) (Zhang et al., 2010; Zhu et al.,
2013).

The distribution of cfd among different urban areas was
consistent with the results of c and SIRM, which was increasing in
HK (n ¼ 15) HY (n ¼ 8) JX (n ¼ 13) Total (n ¼ 69)

623 � 548 437 � 181 373 � 338 621 � 511
493 (242e2440) 358 (256e849) 278 (83e1370) 497 (83e2620)
77 � 47 57 � 18 50 � 49 86 � 70
70 (35e224) 49 (32e91) 40 (9.5e193) 70 (9.5e370)
1.8 � 0.79 3.0 � 1.2 3.9 � 2.3 2.6 � 1.4
1.9 (0.72e3.2) 2.8 (1.7e5.1) 3.6 (0.84e8.1) 2.4 (0.72e8.1)
148 � 79 94 � 41 118 � 51 166 � 185
117 (49e310) 85 (41e164) 122 (45e200) 118 (41e1440)
633 � 471 321 � 131 321 � 147 518 � 427
480 (154e2060) 325 (130e541) 292 (122e623) 424 (111e2460)
88 � 41 63 � 19 51 � 14 102 � 88
78 (40e166) 70 (30e90) 48 (30e70) 70 (30e471)
0.89 � 0.45 0.76 � 0.58 1.1 � 0.36 1.2 � 0.82
0.86 (0.26e1.8) 0.57 (0.26e2.2) 1.0 (0.70e1.9) 1.0 (0.26e4.5)
91 � 28 67 � 17 70 � 14 102 � 72
83 (61e140) 61 (52e107) 68 (52e92) 82 (52e455)
29 � 7.0 23 � 4.5 24 � 11 28 � 9.4
28 (21e45) 23 (18e34) 21 (15e55) 26 (15e61)
10 � 1.7 9.4 � 1.6 11 � 1.9 11 � 4.6
9.6 (7.8e15) 8.9 (7.5e12) 9.6 (8.3e15) 10 (7.4e39)
14 � 4.1 12 � 1.3 16 � 2.3 16 � 8.2
13 (9.8e24) 11 (10e14) 16 (13e21) 15 (9.5e72)
4.8 � 1.7 3.9 � 2.0 3.0 � 1.3 4.5 � 2.5
4.5 (2.3e7.9) 2.8 (1.8e7.5) 2.6 (2.0e6.5) 4.0 (1.4e16)
1050 � 360 708 � 138 823 � 311 951 � 469
873 (739e1900) 753 (531e895) 778 (383e1310) 844 (383e3430)
2.9 � 1.1 3.1 � 2.3 2.7 � 0.64 3.6 � 2.1
2.7 (1.4e5.2) 2.0 (1.1e8.2) 2.6 (1.9e3.9) 3.1 (1.1e11)
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the following order: QS (1.4%) < HK (1.8%) < WC (2.7%) < HY
(3.0%) < JX (3.9%). A clear trend of an increasing cfd with a
decreasing c was observed (Fig. 1b), which suggested that the
coarse anthropogenic particles dominate the c in the dust.

3.2. Trace metal concentrations

Eleven trace metals (Pb, Zn, Cu, Cd, Cr, Ni, Co, As, Sb, Ba, and Mo)
were determined in this study (Table 1). For the whole studied
areas, the concentrations of Pb and Zn had the widest ranges (more
than 20 folds), from 41 to 1440 mg kg�1 and from 111 to
2460 mg kg�1, respectively, followed by Cd (0.26e4.5 mg kg�1), Cu
(30e471 mg kg�1), Sb (1.4e16 mg kg�1), and Mo (1.1e11 mg kg�1),
varyingmore than 10 folds. Whereas, relatively narrow ranges (<10
folds) of concentrations were found for Cr (52e455 mg kg�1), Ni
(15e61 mg kg�1), Co (7.4e39 mg kg�1), As (9.5e72 mg kg�1), and
Ba (383e3430 mg kg�1). Among the five different urban areas, the
highest concentrations of trace metals were consistently found in
the industrial area (QS), while low metal concentrations were
usually found in the residential area (HY) or suburban district (JX).
Comparatively, dusts from commercial, business, and education
comprehensive areas (HK and WC) had intermediate metal
concentrations.

3.3. Pb isotopic compositions

Eleven samples with different Pb concentrations were
selected for Pb isotope analysis. As shown in Table 2, the Pb
isotopic ratios of the kindergarten dusts in Wuhan (except WC5)
remained in a relatively narrow range, varying from 1.1548 to
1.1734 for 206Pb/207Pb and from 2.4582 to 2.4679 for 208Pb/207Pb,
respectively. In the figure of 206Pb/207Pb vs 208Pb/207Pb (Fig. 2), all
these data form a linear array (R2 ¼ 0.498, p < 0.05), suggesting
the common origins of Pb in these dust samples. However, the
sample of WC5 had an abnormal low Pb isotopic ratio (1.1125 for
206Pb/207Pb and 2.4457 for 208Pb/207Pb) as well as a high Pb
concentration (1440 mg kg�1), which differed greatly from the
others.

4. Discussion

4.1. Contamination status

The significant correlation (p < 0.01) between magnetic pa-
rameters (c and SIRM) and trace metal concentrations (Table 3)
confirms that magnetic concentrations are sensitive to the en-
hancements of trace metals and thus can be used as a proxy to
study metal contamination in urban environment. In the present
Table 2
Pb isotopic ratios of selected dust samples.

Sample no. Pb concentration
(mg kg�1)

Pb isotopic ratio

204/207 206/207 208/207

QS1 80 0.0632 1.1616 2.4676
QS2 396 0.0634 1.1627 2.4643
QS5 555 0.0637 1.1657 2.4637
QS6 140 0.0635 1.1635 2.4637
WC5 1440 0.0642 1.1125 2.4457
WC12 329 0.0641 1.1583 2.4592
HK4 310 0.0636 1.1562 2.4582
HK6 226 0.0634 1.158 2.4647
HY6 41 0.0641 1.1734 2.4664
JX6 134 0.0639 1.1548 2.4605
JX10 83 0.0636 1.1682 2.4679
study, both magnetic properties and trace metal concentrations
can reveal the intensities of various anthropogenic activities in
different urban areas (Table 1). The contamination status of trace
metals can be clearly reflected by the geoaccumulation index (Igeo)
(Fig. 3). As shown in Fig. 3, the contamination extent of trace
metals in different urban areas was in the following order:
QS > HK ¼ WC > HY � JX. Zn, Pb, Cu, Cd, and Sb were the major
metal pollutants in the city, characterized by moderately to
heavily contaminate (Igeo ¼ 1e4). Comparatively, the contamina-
tion of Ba, Mo, Co, Cr, Ni, and As was less heavy (uncontaminated
to moderately contaminated) (Ige < 1). In comparison with indi-
vidual metals, the Igeo values of magnetic properties were more
prominent (Fig. 3). This is due to the fact that magnetic properties
can reveal the integrated loading of the whole metal pollutants
instead of individual metals (Kim et al., 2007). Therefore the
contamination situation of different urban areas can be more
easily summarized and classified bymagnetic concentrations than
by individual metals.

Magnetic parameter (c) and the most commonmetal pollutants
(Zn, Pb, and Cu) in the dust of this study were compared with those
in other cities around the world (Fig. 4). The levels of c and trace
metals in the present study were higher than that of the street
dusts from the common Chinese cities of Xi’an (Li et al., 2010),
Beijing (Qiao et al., 2011), Lanzhou (Wang et al., 2012), and Chibi
(Liu et al., 2009), and park road dust fromWuhan (Yang et al., 2011),
but lower than that of the street dusts from the industrial cities of
Baoji (Wang, 2008) and Loudi (Zhang et al., 2012). In comparison
with data from Hong Kong (Ng et al., 2003; Chan et al., 2006) and
Seoul (Kim et al., 2007), the value of c in this study was higher, but
the trace metal concentrations were lower. It is interesting to note
that the data sets from the cities in mainland China form a linear
relationship (R2 ¼ 0.875, p < 0.01) and differ from those of Hong
Kong and Seoul. This suggested that magnetic particles and trace
metals in Chinese urban settings widely coexisted and were
derived from the sources with similar MS to metal ratios. It is
therefore possible to use the ratios of MS/metal as an indicator for
identification of pollution sources between Chinese cities and the
other Asian cities.



Table 3
Pearson’s correlation coefficients (r) between magnetic properties (c, SIRM, and cfd) and trace metals.

Pb Zn Cu Cd Cr Ni Co As Sb Ba Mo

c 0.603** 0.558** 0.583** 0.403** 0.650** 0.568** 0.568** 0.542** 0.391** 0.381** 0.680**
SIRM 0.765** 0.564** 0.641** 0.578** 0.611** 0.601** 0.737** 0.686** 0.586** 0.396** 0.776**
cfd �0.360** �0.338** �0.290* �0.180 �0.292* �0.351** �0.148 �0.133 �0.247* �0.319** �0.287*

*Significant level at p < 0.05 (two-tailed).
**Significant level at p < 0.01 (two-tailed).

Z. Zhu et al. / Atmospheric Environment 77 (2013) 9e15 13
4.2. Sources identification

4.2.1. By Pb isotopic ratios
It is evident that anthropogenic Pb in urban environments is

commonly derived from traffic related emissions, combustion of
coal, and resource (mainly PbeZn ores) consumption in various
industries including metallurgy, hardware, plastic, ceramic, and
mining. In comparison with Pb isotopes of aerosol in other Chinese
cities, the Pb isotopic compositions of urban kindergarten dusts in
Wuhan were characterized by higher 208Pb component (Fig. 2). As
shown in Fig. 2, all data points (except sample WC5) of this study
were plotted between the regression lines of Chinese Pb ores and
Fig. 3. Geoaccumulation index (Igeo) of c, SIRM, and trace metals in the dusts from
different urban areas.

Fig. 4. Correlation scatter diagram between c and the sum of Zn, Pb, and Cu con-
centrations (mean values from each studied area). The metal concentrations were Log
normalized to eliminate the big variation between metals. The data sets were obtained
in kindergarten dusts from Wuhan (this study), street dusts from Baoji (Wang, 2008),
Loudi (Zhang et al., 2012), Xi’an (Li et al., 2010), Beijing (Qiao et al., 2011), Lanzhou
(Wang et al., 2012), Chibi (Liu et al., 2009), Hong Kong (Chan et al., 2006), and Seoul
(Kim et al., 2007), park road dust from Wuhan (Yang et al., 2011), and playground dust
from Hong Kong (Ng et al., 2003).
coals, suggesting that Pb in the dusts was mainly derived from
industrial emissions and coal combustion. On the contrary, our data
set shifted away from the Pb isotopic signatures of unleaded vehicle
exhaust and road dust (representing combined vehicle exhaust and
non-exhaust sources), indicating that the contribution of traffic
related emissions was not significant. This result is in agreement
with those from many previous studies which reported that traffic
emissions were no longer a predominant source of Pb in urban
environment after the phasing out of leaded gasoline (e.g., Zheng
et al., 2004; Tan et al., 2006; Zhu et al., 2010). Furthermore, some
researches demonstrated that vehicular derived metal pollutants
were unlikely to disperse far away from the emission sources
(Hoffmann et al., 1999; Blundell et al., 2009; Bi et al., 2013). Our on-
site investigation showed that there was a certain distance
(generally>50 m) betweenmost of the sampled kindergartens and
the main roads. Therefore, the influences of traffic emissions on Pb
concentrations in the dust might be insignificant.

Besides the above recognized Pb sources, there were also un-
known pollution sources in the studied city. For example, the
sample WC5 had a distinctly low radiogenic Pb composition and
plotted far away from the others. Meanwhile, this sample had a
high concentration of Pb. This might indicate that this site had
previously been used in another capacity.

The relationship between the Pb concentrations and 206Pb/207Pb
ratios is shown in Fig. 5 (excluding the data of WC5). There would
be a negative correlation between the level of Pb contamination
and the 206Pb/207Pb ratios if the direct contributions of Pb were
from the source(s) having distinctively less radiogenic isotopic
signatures. As shown in Fig. 5, the negative correlation was found
when the Pb concentrations were at a relatively low level (e.g.,
<300mg kg�1), however this correlationwas reversed when the Pb
concentrations were higher than 300 mg kg�1. This again indicated
that there were at least two sources of Pb in the urban dusts from
Wuhan. One had relatively low 206Pb/207Pb ratios (w1.155) and
moderate Pb concentrations, which might represent the coal
combustion source considering the moderate Pb concentrations in
coal fly ash (Ren et al., 2006). The other had slightly elevated
206Pb/207Pb ratios (w1.165) and high Pb concentrations, which
Fig. 5. The distribution of Pb concentrations and 206Pb/207Pb ratios in the dusts.



Fig. 6. PCA results of the kindergarten dust samples in the three-dimensional space.
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might represent the industrial sources because industrial activities
always release high levels of metal pollutants (Bi et al., 2013; Zhang
et al., 2011, 2012). Indeed, the dust samples (QS2 and QS 5) having
high Pb concentrations (396 and 555 mg kg�1, respectively) were
just from the industrial area (Table 2 and Fig. 5).

4.2.2. By PCA analysis
Principal component analysis (PCA) is a useful method to iden-

tify anthropogenic pollution sources in different urban settings. The
metal composition, together with the magnetic properties (c and
SIRM), was dominated by three principal components (PCs) that
explained 74.4% of the total variances (Fig. 6). PC1 explained 50.8%
of the total variances with high loadings of Cu, Cr, Ni, Mo, c, and
SIRM. PC2 was associated with Pb, Zn, Cd, Ba, and Sb, accounting for
13.6% of the variances. PC3 showed high factor loadings on As, Co,
and Mo, accounting for 10.2% of the variances. Pb (0.605) and SIRM
(0.564) also showed relatively higher values in PC3.

Cr, Ni, Cu, andMo in PC1 may indicate the influence of iron/steel
smelting and processing activities since they are the principal in-
dustries in the studied city. The highest affinity of magnetic prop-
erties (c and SIRM) with this component confirmed the
contribution of the iron/steel related industries (Zhang et al., 2011,
2012). The association of the tracemetals of Pb, Zn, Cd, Ba, and Sb in
PC2 is likely related to the influence of traffic emission sources and/
or non-ferrous metal production (Nriagu and Pacyna, 1988; Pacyna
and Pacyna, 2001; Adachi and Tainosho, 2004; Duzgoren-Aydin
et al., 2006; Duong and Lee, 2011). However, the aforementioned
Pb isotopic ratios have already ruled out the contribution of traffic
sources. So, the PC2 can only represent the sources of non-ferrous
metal related industries. The PC3, represented by As, Co, and Mo,
may be an indicator of the coal combustion source since the coal
burning emission is regarded as an important source of As and Mo
in urban environment (Nriagu and Pacyna, 1988; Pacyna and
Pacyna, 2001; Ren et al., 2006; Lu et al., 2009). Pb was also asso-
ciated with PC3, which was in agreement with the Pb isotopic re-
sults and confirmed that coal combustion was an important source
of Pb in the studied city. The relatively higher correlation of SIRM
with PC3 was reasonable because coal fly ashes usually contained a
substantial amount of magnetic spherules (Magiera et al., 2011).

Overall, PCA suggested that multiple anthropogenic sources
regulated the elemental compositions of the urban environment
(Duzgoren-Aydin et al., 2006). According to the results of PCA, the
metal pollutants in the kindergarten dusts from Wuhan can be
classified into three major groups/sources: (1) Cr, Ni, Cu, and Mo e

iron/steel smelting and processing industries; (2) Pb, Zn, Cd, Ba, and
Sb e non-ferrous metal related industries; (3) As, Co, Mo, and Pb e

coal combustion. Since the MS and SIRM are sensitive to some
specific anthropogenic activities (iron/steel smelting and coal
combustion), the incorporation of magnetic properties into PCA
could prove to be more persuasive in the identification of pollution
sources.

5. Conclusion

Magnetic properties and trace metal concentrations in the
kindergarten dusts from Wuhan varied greatly between different
urban areas with the highest values in industrial area and low
values in residential area or suburban district. The significant cor-
relation between magnetic parameters and trace metal concen-
trations indicated that the magnetic method is a useful tool for
identification of metal pollution. Our results also revealed that the
contamination status of different urban areas can be more easily
summarized and classified by magnetic concentrations than by
individual metals. Furthermore, the magnetic susceptibility (MS)
and trace metals (Zn, Pb, and Cu) in our study together with pub-
lished results from other Chinese cities formed a liner relationship,
suggesting that magnetic particles and trace metals in Chinese
urban areas widely coexisted and were derived from the sources
with similar MS to metal ratios. The results of stable Pb isotopic
ratios (1.1548e1.1734 for 206Pb/207Pb and 2.4582e2.4679 for
208Pb/207Pb) and PCA indicated that metal pollutants in the
kindergarten dusts from Wuhan can be classified into three major
groups/sources: (1) Cr, Ni, Cu, and Mo e iron/steel smelting and
processing industries; (2) Pb, Zn, Cd, Ba, and Sbe non-ferrousmetal
related industries; (3) As, Co, Mo, and Pb e coal combustion. The
results of the present study demonstrated that in comparison with
the single technique, the combined application of multi-proxies
could provide more detailed and accurate information on metal
distribution and origination in urban environment.
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