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 i  g  h  l  i g  h  t  s

Elevated  magnetic  particles  and heavy  metals  coexist  in  dust.
Morphology  and  mineralogy  of  magnetic  particles  were  studied  by  SEM-EDX  and  XRD.
Magnetic  minerals  in  the  dust  consist  of  magnetite,  hematite,  and  metallic  iron.
Impact  of  metallic  iron  particles  and  multi-sources  of  metal  pollutants  was  notable.
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a  b  s  t  r  a  c  t

Magnetic  method  is  a  reliable  and  powerful  technique  for identification  of  the  relative  contribution  of
industrial  pollutants.  However,  it has  not  been  fully  applied  in  urban  area  impacted  by  non-ferrous  metal
(NFM)  smelting/processing  activities.  The  aim  of this  study  is  to  explore  the  applicability  of  magnetic
methods  for  detecting  heavy  metal  contamination  in  dust  from  three  NFM  smelting/processing  indus-
trial  cities  (Ezhou,  Zhuzhou,  and  Hezhang)  in  China.  The  enhancements  of magnetic  susceptibility  (MS)
and  saturation  isothermal  remanent  magnetization  (SIRM)  together  with  heavy  metals  were  significant
in the  studied  areas  in  comparison  with  the  background  values.  Scanning  electron  microscope  (SEM)  anal-
ysis revealed  that  magnetic  particles  in dust  from  Ezhou  were  dominated  by  spherules,  while those  from
eavy metals
ust
on-ferrous metal industries

Zhuzhou  and  Hezhang  were  mainly  consisted  of  irregular-shaped  particles.  �–T  curves  and  X-ray  diffrac-
tion (XRD)  analyses  indicated  that  the  magnetic  particles  from  Ezhou  were  dominated  by  magnetite  and
metallic  iron,  whereas  those  from  Zhuzhou  and Hezhang  were  consisted  of  magnetite  and  hematite.  Our
study  indicates  that  magnetic  properties  of  the dust  are  sensitive  to the  NFM  smelting/processing  related
heavy  metal  pollutants.  However,  the  relationship  between  magnetic  parameters  and  heavy  metals  was
influenced  by  the  presence  of  metallic  iron  particles  and  multi-sources  of  metal  pollutants.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Environmental contamination of heavy metals is still a seri-
us problem in urban areas due to the constant release of metal
ollutants from various industrial operations, traffic emissions,
ower generation facilities, fossil fuel burning, and munici-

al waste disposal. Heavy metals emitted from anthropogenic
ources are generally accompanied with emissions of ferromag-
etic/ferrimagnetic particles. In addition, iron hydroxides/oxides
re excellent absorbers and carriers of heavy metals, due to their

∗ Corresponding author. Tel.: +86 27 67883001; fax: +86 27 67883002.
E-mail address: zhumin@cug.edu.cn (Z. Zhu).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.12.024
large specific surface area. Therefore, the contaminated extent
and toxicity of heavy metals can be revealed by magnetic mea-
surement (e.g., magnetic susceptibility and saturation isothermal
remanence), which is considered to be a simple, rapid, low-cost,
and non-destructive method. In recent decades, magnetic approach
has been successfully applied to quantifying the levels of heavy
metals in various environmental samples, including soils [1–6],
road dusts [7–12], sediments or sludge [13–18],  and tree leaves
or mosses [1,19–23]. The published environmental magnetic stud-
ies have mainly focused on heavy metal contamination by iron and
steel smelting activities, coal-fired power plants, and traffic emis-

sions. However, reports on the application of magnetic properties to
studying the environmental pollution of non-ferrous metal (NFM)
smelting/processing and related activities were sparse, despite
the fact that they (especially Zn/Pb smelting) have long been

dx.doi.org/10.1016/j.jhazmat.2012.12.024
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhumin@cug.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.12.024
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ecognized as one of the most important local sources of metallic
ollution.

Urban dust, consisted of soil, deposited airborne particulate,
oot and fume discharged from various industries and vehicles
nd so on, is an important media which hosts environmental pol-
utants. Through resuspension–inhalation, hand-mouth ingestion
nd dermal contact, hazardous pollutants contained in urban dust
ould enter human bodies and endanger human’s health [24–27].
herefore, the development of rapid and efficient monitoring sys-
ems to study the concentration and distribution of heavy metals
n urban dust will help mitigate the effects of urban pollution on
ublic health [20].

In the present study, we investigated magnetic properties and
eavy metal concentrations in urban dust from three typical

ndustrial areas in China, which might have been contami-
ated predominantly by NFM smelting/processing and related
ctivities. The aims of this research are (1) to determine the
agnetic characteristics of urban dust impacted by NFM smelt-

ng/processing and related activities, and (2) to explore if there
s a possible relationship between the enhanced concentrations
f NFM smelting/processing related magnetic minerals and heavy
etals.

. Materials and methods

.1. Studied areas and sample collection

In this study, ground deposited dust samples were collected
rom three typical industrial cities in China, which were Zhuzhou
ity in Hunan province, Ezhou city in Hubei province, and
ezhang city in Guizhou province. Zhuzhou (112◦57′–114◦07′E,
6◦03′–28◦01′N) is located at eastern Hunan province with a popu-

ation of 3.85 million and an area of 11,262 km2. Zhuzhou is one of
he largest lead and zinc producers in Asia. Lead and Zn are smelted
sing traditional pyrometallurgical and hydrometallurgical meth-
ds. In addition, this city also has some smelting related industries,
uch as hard alloy plants. Hezhang city (104◦10′–105◦03′E,
6◦46′–27◦28′N) is situated at about 340 km west of Guiyang, the
apital of Guizhou Province. It lies on the Yunnan–Guizhou Plateau
1230–2900 m above sea level) with a population of 0.69 million
nd an area of 3245 km2. Artisanal zinc smelting using indige-
ous methods had been widely applied in this area since the 17th
entury. Ezhou (114◦32′–115◦05′E, 30◦00′–30◦06′N) is located at
astern Hubei province with a population of 1.07 million and an
rea of 1505 km2. Ezhou is a relatively small scale industry city
hich had been impacted by historical copper and iron smelting

nd processing activities. Furthermore, small steel and NFM (cop-
er and aluminum alloys) processing plants are widespread in this
tudied area.

Dust samples were collected at the edges of main roads with
n interval of 500–1000 m between sampling sites from the main
rban areas of the studied cities. At each sampling site, 50–100 g
ust was sampled within an area of about 2 m × 2 m using a
rush and plastic spatula, stored in polyethylene bags, and then
ransported to the laboratory. In total 43, 26, and 22 road dust sam-
les were taken from Zhuzhou, Hezhang, and Ezhou, respectively.

n order to assess the contamination extent of the NFM smelt-
ng/processing activities, relatively uncontaminated soil dusts from
ach of the studied cities were also collected as background samples
or comparison.

In the laboratory, the dust samples were air-dried at room tem-

erature, and passed through a 1.0 mm sieve to remove rocks,
lants, hair and other impurities. The homogenized dust samples
ere ground to a fine powder texture with an agate mortar prior

o chemical analyses.
als 246– 247 (2013) 189– 198

2.2. Experimental methods

Bulk magnetic susceptibility (�) of the dust was  measured with
a kappabridge KLY-3 (AGICO, Brno) at 875 Hz operating frequency
and 300 Am−1 field intensity, and it was calculated as mass sus-
ceptibility (s) in 10−8 m3/kg. Magnetic susceptibility (MS) at low
(�lf, 976 Hz) and high (�hf, 15,616 Hz) frequencies were measured
with a kappabridge MFK1-FA (AGICO, Brno) at 200 Am−1 field
intensity. Frequency-dependent susceptibility (�fd%) was  then cal-
culated and expressed as a percentage �fd% = (�lf − �hf)/�lf × 100%.
An isothermal remanent magnetization (IRM) experiment was per-
formed with an ASC Scientific (Model IM-10) impulse magnetizer
and Molspin magnetometer. The IRM acquired in a field of 1.0 T was
regarded as saturation IRM (SIRM). The temperature-dependence
of the low-field magnetic susceptibility curve of typical dust sam-
ples was  conducted with a Kappabridge KLY-4 equipped with a CS-4
high temperature furnace in an argon atmosphere.

After obtaining the magnetic measurements of the bulk samples,
the magnetic particles were separated from the dust samples using
a hand magnet and were used for morphology and mineralogy anal-
ysis. The � and SIRM were measured before and after the magnetic
extractions to evaluate the extraction efficiency [7,28].  The � and
SIRM values of the magnetic extracts were found to be >96% of those
before extraction, indicating that the magnetic particles in the dusts
were effectively separated. For morphology analysis, the extracts
were fixed by gum and covered by a gold layer, and then ana-
lyzed with an environmental Scanning Electron Microscope (SEM)
(Model Quanta 200) equipped with an energy dispersive X-ray
spectrometer (EDX) microanalyzer (analytical condition of 20 kv of
accelerating voltage and 2 × 10−9 A of beam current). Mineralogy
of the magnetic extracts was  characterized using a powder X-ray
diffractometer (XRD) (X’ Pert PRO DY2198, PANalytical Inc.). The
diffraction pattern was  recorded from 3◦ to 65◦.

About 0.25 g of the prepared dust sample was  digested with a
concentrated HNO3–HClO4–HF–HCl mixture. The concentrations of
common heavy metals of the digested solution were determined
by an inductively coupled plasma-atomic emission spectrometer
(ICP-AES). QA/QC included reagent blanks, analytical duplicates,
and analysis of the standard reference material (SRM) (SRM 2704
and 1648). The recovery rates for the considered metals in the SRM
were between 75 and 115%.

2.3. Statistical analysis

The data were statistically analyzed using the statistical
package, SPSS v13.0 (SPSS Inc.). A one-way ANOVA test (p < 0.05)
was used to analyze the difference in analytical results among dif-
ferent sampling sites. The correlation analysis between magnetic
parameters and metal concentrations was conducted by a Pear-
son correlation, and the level of significance was set at p < 0.05 and
p < 0.01 (two-tailed).

Pollution assessment for single heavy metal was  conducted
using geoaccumulation index (Igeo) introduced by Müller [29],
which is calculated using the following equation:

Igeo = log2

[
CmSample

(1.5 × CmBackground)

]
(1)

where CmSample is the measured concentration of the metal in
dust, CmBackground is the geochemical background value. The fac-
tor 1.5 is introduced in this equation to minimize the effect of
possible variations in the background values. According to Muller

[29], the Igeo for each metal is calculated and classified as: uncon-
taminated (Igeo ≤ 0); uncontaminated to moderately contaminated
(0 < Igeo ≤ 1); moderately contaminated (1 < Igeo ≤ 2); moderately
to heavily contaminated (2 < Igeo ≤ 3); heavily contaminated
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ig. 1. Correlation scatter diagram between � and SIRM (a) and between � and �fd

b) in dust.

3 < Igeo ≤ 4); heavily to extremely contaminated (4 < Igeo ≤ 5);
xtremely contaminated (Igeo ≥ 5).

In order to assess the integrative impact of anthropogenic activ-
ty related heavy metals, the Tomlinson pollution load index (PLI)

as calculated based on each of the metal concentrations (Fe, Mn,
s, Ba, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn) [30]. The PLI index is defined
s the nth root of the multiplication of the concentration factors
CF):

LI = n√
(CF1 × CF2 × CF3 × · · ·CFn) (2)

here CF is the ratio between the concentration of each heavy
etal and its corresponding background value. According to

ingh et al. [31], the PLI was classified as: 0 < PLI ≤ 1 unpolluted;
 < PLI ≤ 2 moderately to unpolluted; 2 < PLI ≤ 3 moderately pol-

uted; 3 < PLI ≤ 4 moderately to highly polluted; 4 < PLI ≤ 5 highly
olluted; PLI > 5 very highly polluted.

. Results and discussion

.1. Magnetic parameters and heavy metals

The summary of basic magnetic parameters, including �, SRIM
nd �fd%, and heavy metal concentrations of the dust samples
re listed in Table 1. Dust samples from Ezhou had extremely
igh values of �, which varied from 593 to 5098 × 10−8 m3/kg
ith a mean of 4150 × 10−8 m3/kg, while the levels of � in dust

rom Zhuzhou (mean 663 × 10−8 m3/kg) and Hezhang (mean
27 × 10−8 m3/kg) were significantly lower. Similarly, the highest
alues of SIRM were consistently found in the samples from
zhou (mean 276 × 10−3 Am2/kg). These enhanced magnetic
esults clearly indicate the serious impact of NFM smelting and
rocessing activities on the ambient environment. There was
 significant correlation between SIRM and � in dust from the
hree areas (r2 = 0.829 ∼ 0.954, p < 0.001) (Fig. 1a), indicating that
errimagnetic phases are the dominant magnetic minerals in the
ust samples [32]. But this linear correlation from Ezhou was  less Ta
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ignificant than those from Zhuzhou and Hezhang (Fig. 1a), which
ight be attributed to the presence of ferromagnetic minerals

i.e., metallic iron) in these samples because the contributions of
etallic iron to the intensity of SIRM and � are different from the

errimagnetic minerals (magnetite) [33].
Frequency-dependent magnetic susceptibility (�fd%) is sensi-

ive to the superparamagnetic (SP) component and thus can provide
nformation on the relative contribution of SP magnetite grains
n the material. If �fd% > 4%, the assemblage of magnetic grains
ontains a significant portion of SP particles, whereas �fd% < 4% indi-
ates a low proportion of SP particles [34]. Dust samples from Ezhou
nd Zhuzhou had mean �fd% values of 2.9 and 3.3%, respectively,
hich suggests that magnetic carriers in these samples are predo-
inately coarse-grained particles and the proportion of SP particles

s much low. However, dust from Hezhang had relatively higher
alues of �fd% (mean 4.4%), which may  reflect the presence of a mix-
ure of pedogenic ferromagnetic particles, which are indicated to
e very fine grains (SP), combined with larger anthropogenic ones
1]. A clear trend of increasing �fd% with decreasing � was found
n dust from the studied areas (Fig. 1b), which suggested that the
oarse anthropogenic particles dominated the � in the dust.

Consistent with the enhanced magnetic parameters, heavy
etal concentrations in dusts from the NFM smelting/processing

ndustrial cities were significantly elevated in comparison with
he background values (Table 1). The highest mean concentrations
f Fe (142 g/kg), Mn  (7.6 g/kg), Ba (743 mg/kg), Co (76 mg/kg), Cr
8790 mg/kg), Cu (822 mg/kg), Ni (1030 mg/kg), and V (111 mg/kg)
ere consistently found in Ezhou, whereas higher concentrations

f As, Cd, and Zn were found in Zhuzhou and Hezhang. The con-
amination situation of each metal can be clearly reflected by
he geoaccumulation index (Igeo) (Fig. 2). With regard to dust
rom Ezhou, Cr, Ni, Cu, and Mn  showed high values of Igeo (mean
.7–6.2), representing heavily contaminated to extremely con-
aminated, while an uncontaminated to moderately contaminated
tatus was found for V, Ba, and As (Igeo = 0.12 ∼ 0.67). For Zhuzhou
nd Hezhang, the major metal pollutants were Cd, Zn, and Pb, which
evealed a contaminated status of between moderately to heavily
ontaminated and extremely contaminated (Igeo = 2.4–5.3). On the
ontrary, the contamination of Ni, Fe, Co, V, and Ba in these cities
ere less serious (Igeo < 1). The Tomlinson pollution load index (PLI)

eveals the integrative contamination of the whole metal pollut-
nts. As shown in Table 1, dust from Ezhou had the highest PLI
mean 12), revealing a very high pollution. On the other hand, dusts
rom Zhuzhou had been highly polluted (mean PLI = 5.0) and those
rom Hezhang had been moderately polluted (mean PLI = 2.9) by
he considered heavy metals.

Magnetic parameters and heavy metals in dust of this study
ere compared with those in other cities around the world (Table 2)

8,12,35–39]. The mean concentrations of �, SIRM, and heavy
etals in Ezhou were significantly higher than those in both the

ndustrial city (Loudi) [35] and most common cities [8,12,35–39].
eanwhile, the data in Zhuzhou and Hezhang were higher (or sim-

lar) than those in most of the listed common cities [8,12,36,38],
xcept Zn in Hong Kong [37] and Pb and Zn in Liverpool [39].
his comparison indicates that the contribution of the NFM smelt-
ng/processing industries to the enhancement of magnetic minerals
nd heavy metals is obvious, and the coexistence of elevated mag-
etic minerals and heavy metals is a common phenomenon in both

ndustrial and common cities.

.2. Magnetic mineralogy
Magnetic mineralogy was analyzed for three representative
ust samples (one sample from each of the studied cities), which
ere collected near the industrial emission sources and had typical

alues of magnetic parameters and heavy metal concentrations Ta
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sample (deduced from the result of XRD, see below). This could
be confirmed by the enhanced susceptibility in cooling curves for
temperatures between 600 and 700 ◦C.
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Fig. 2. Geoaccumulation ind

close to the mean of each data set). IRM acquisition and back-field
emagnetization curves are shown in Fig. 3. The measured samples
apidly acquired IRM at low fields (<100 mT)  and near saturation
t ∼300 mT  (>90%), whilst back-field demagnetization curves
isplayed a softer behavior with Bcr values less than 50 mT.  This
attern indicates a predominance of low-coercivity Fe-oxides
e.g., Fe3O4) [7].  This finding can be further supported by the
emperature-dependent susceptibility (�–T) cycles (Fig. 4). The
hermomagnetic behavior for all samples showed a Curie temper-
ture (TC) at about 580 ◦C, revealing the presence of magnetite as
he dominant magnetic carrier. An increase of � with temperature
p to 500 ◦C was observed and suggested a neoformation of
agnetite as a result of thermal alteration of Fe-rich clay-minerals

40]. These alterations could be confirmed by the significantly
levated � values (more than twofold) in cooling curves for
emperatures <580 ◦C [41]. The increased susceptibility below
50 ◦C and the peaks around 250–300 ◦C is probably due to single
omain (SD) or pseudo-single domain (PSD) particles becoming
uperparamagnetic (SP) at elevated temperatures [18,41,42].  A
light indication for hematite could be seen in dusts from Zhuzhou
nd Hezhang (Fig. 5b and c) due to the decreasing of � during
eating treatment between 600 and 700 ◦C [41]. However, an

ncrease of � with temperature between 600 and 700 ◦C was
ound in dusts from Ezhou (Fig. 5a). This may  be explained by

wo possible reasons. One is due to the presence of metallic iron
articles, which might undergo transformation from SD/PSD to
P. The other is attributed to a neoformation of metallic iron as a
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Fig. 4. Temperature-dependence of magnetic susceptibility (�–T) heating (black
line)  and cooling (gray line) curves of selected dust samples. Each curve was nor-
malized with its corresponding magnetic susceptibility at room temperature (�0).
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Fig. 5. SEM photographs of magnetic extracts from selected dust samples. (a) E

The observations of environmental SEM of the extracts revealed
wo major groups of iron oxides, spherule and irregular shape,
mong the magnetic phase (Fig. 5). Magnetic particles in dust from
zhou were dominated by spherules with grain sizes ranging from
everal to more than one hundred of micrometers (Fig. 5a). In some
ases, a calcium core can be seen inside the spherules (Fig. 5a, point
). EDX analysis revealed that the concentrations of Fe in these
agnetic spherules were about 75%, whereas the rest irregular-

haped magnetic particles had a wider range of Fe concentrations
44.65–82.33%). Some of the irregular-shaped particles also con-
ained substantial amounts of Cr and Mn  (Fig. 5a, point 2 and 11
nd Table 3). This is consistent with the results of chemical analysis
Table 1). On the contrary, magnetic particles in dust from Zhuzhou
nd Hezhang were mainly irregular shape with grain sizes up to
00 �m (Fig. 5b and c). Fe concentrations in these irregular particles
aried greatly, from 9.10 to 73.86% and 11.47 to 83.73% for Zhuzhou
nd Hezhang, respectively (Table 3). However, small amounts of
agnetic spherules can still be found in these samples. Moreover,

he spherules from Zhuzhou had a saccharoidal surface (Fig. 5b,
oint 1 and 3) with high Al and Si contents (Table 3), probably indi-
ating the existences of amorphous aluminum silicate coater [43].
he iron spherules are typical products of high temperature com-
ustion, whilst the irregular-shaped particles and metallic iron are
robably associated with the emission during NFM processing (e.g.,
haping, cutting, and polishing the metal alloy) and the erosion of

raffic parts.

X-ray diffraction analysis of magnetic extracts confirmed the
ndings of magnetic parameters. As shown in Fig. 6, magnetic
xtracts from Ezhou sample primarily consisted of magnetite
(b) Zhuzhou, and (c) Hezhang. The dark dots indicate the spots of EDX analysis.

(Fe3O4) but also small amounts of metallic iron. In addition,
graphite could also be found in these extracts. However, magnetic
minerals in samples from Zhuzhou and Hezhang were dominated
by magnetite and small amounts of hematite.

3.3. Correlation analysis

The results of correlation analysis between different heavy
metals are listed in Table 4. For dusts from Ezhou and Hezhang, most
of the considered metals, except As and Cd, were correlated signif-
icantly with each other, indicating the common origins of heavy
metals in each of the sample sets. Furthermore, the strong correla-
tion between iron and the other heavy metals confirmed that iron
hydroxides/oxides are important absorbers and carriers of heavy
metals in these samples. In comparison with data from Ezhou and
Hezhang, the correlations between different metals in dust from
Zhuzhou were less significant. There were two groups of metals,
As–Cd–Cu–Pb–Zn and Co–Cr–Ni–V, showed significant interrela-
tionship, suggesting different sources of heavy metals in these
samples. This finding may  explain the poor correlation between
iron and the other heavy metals because particles from different
sources might have different iron to metal ratios. For example,
the plots of iron versus Pb and Zn (Fig. 7) revealed that anthro-
pogenic particles in dust from Zhuzhou were derived from at least

two sources with significantly different Fe/Pb and Fe/Zn ratios. One
had high Fe/Pb and Fe/Zn ratios up to 250 and 70, respectively,
whereas the other had low Fe/Pb and Fe/Zn ratios down to 11 and
4, respectively.
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Table  3
EDX analysis results of magnetic extracts from Ezhou, Zhuzhou, and Hezhang.

Sample Location Element weight (%)

Fe C O Al Si Ca Cr Mn

Ezhou 1 80.68 5.21 9.51 0.63 0.79 0.16 0.32 0.59
2  52.93 6.15 10.41 0.90 1.20 0.24 9.16 16.20
3 75.77  7.25 12.79 0.61 0.81 0.15 0.23 0.39
4 74.20  6.58 10.00 1.59 2.43 0.32 1.01 1.66
5 18.94  3.31 23.22 3.06 5.80 40.84 0.70 0.64
6  82.33 0.79 2.41 0.62 1.10 0.30 2.80 8.51
7  65.98 6.66 17.93 0.59 3.20 1.38 0.29 0.68
8  75.25 4.95 12.03 0.15 3.17 1.75 0.50 0.84
9 70.58  7.44 8.58 1.45 4.80 0.78 3.75 0.54

10 73.10 6.39 15.61 0.68 0.88 0.17 0.27 0.66
11 44.65 16.89 13.85 3.12 4.11 0.41 7.96 5.34

Zhuzhou 1 27.01 7.09 24.89 10.65 26.43 1.35 0.30 0.21
2 9.10  32.74 29.22 5.71 11.89 5.66 0.08 0.18
3  18.42 8.92 23.62 8.88 24.92 2.18 0.12 0.43
4  44.79 12.74 22.72 2.88 4.91 4.47 0.26 0.48
5  5.90 11.92 26.27 5.68 23.57 17.25 0.25 0.14
6  43.71 12.75 21.82 4.16 8.61 2.86 0.11 0.35
7  53.70 7.87 12.64 4.33 13.85 1.59 0.19 0.47
8 20.69  27.03 21.14 6.35 9.66 5.74 0.14 0.37
9  60.13 9.28 21.88 1.67 2.25 0.62 0.10 0.51

10 73.86 6.13 12.20 1.19 2.11 0.39 0.26 0.61
Hezhang 1 75.30 5.93 15.33 0.46 0.78 0.26 0.20 0.66

2  68.70 7.08 17.78 1.22 0.96 0.38 0.16 0.30
3  57.88 11.65 22.67 2.12 2.94 1.38 0.22
4  11.47 22.86 22.58 6.12 11.17 19.59 0.57 0.91
5 83.73  8.42 3.83 0.50 1.01 0.34 0.43 0.61
6  29.43 42.87 13.00 2.03 3.52 1.55 0.23 0.38

Table 4
Pearson’s correlation coefficients (r) between different heavy metals.

As Ba Cd Co Cr Cu Fe Mn  Ni Pb V

EZ (n = 22)
Ba 0.224
Cd 0.520* 0.245
Co 0.060 0.663** 0.097
Cr 0.089 0.578** 0.057 0.961**

Cu 0.070 0.619** 0.070 0.977** 0.977**

Fe 0.158 0.706** 0.125 0.954** 0.949** 0.967**

Mn 0.079 0.669** 0.010 0.979** 0.958** 0.968** 0.961**

Ni 0.062 0.660** 0.076 0.981** 0.956** 0.962** 0.936** 0.959**

Pb 0.316 0.650** 0.392 0.572** 0.510* 0.600** 0.637** 0.551** 0.518*

V 0.253 0.701** 0.235 0.954** 0.922** 0.945** 0.954** 0.939** 0.918** 0.733**

Zn 0.404 0.782** 0.478* 0.774** 0.707** 0.749** 0.782** 0.752** 0.708** 0.744** 0.868**

ZZ (n = 43)
Ba 0.094
Cd 0.934** 0.096
Co −0.066 0.100 −0.013
Cr −0.196 0.157 −0.234 0.068
Cu  0.868** 0.262 0.815** 0.013 0.067
Fe  0.265 0.358* 0.276 0.105 0.366* 0.484**

Mn 0.135 0.269 0.102 0.162 0.155 0.164 0.295
Ni  −0.111 0.252 −0.054 0.578** 0.469** 0.159 0.539** 0.283
Pb  0.966** 0.093 0.976** −0.018 −0.156 0.859** 0.336* 0.134 −0.036
V 0.140  0.275 0.285 0.330* 0.088 0.191 0.506** 0.295 0.498** 0.247
Zn  0.888** 0.052 0.875** −0.064 −0.245 0.797** 0.270 0.129 −0.106 0.893** 0.243

HZ  (n = 26)
Ba 0.044
Cd 0.382 0.479*

Co 0.168 0.772** 0.367
Cr 0.123 0.716** 0.372 0.767**

Cu 0.371 0.499** 0.448* 0.763** 0.667**

Fe 0.347 0.818** 0.510** 0.916** 0.827** 0.795**

Mn 0.061 0.789** 0.553** 0.668** 0.644** 0.528** 0.729**

Ni 0.435* 0.621** 0.624** 0.794** 0.756** 0.833** 0.840** 0.591**

Pb 0.581** 0.562** 0.470* 0.633** 0.628** 0.691** 0.733** 0.451* 0.729**

V 0.043 0.775** 0.299 0.918** 0.715** 0.697** 0.852** 0.680** 0.782** 0.533**

Zn 0.445* 0.591** 0.845** 0.457* 0.559** 0.470* 0.631** 0.614** 0.724** 0.554** 0.457*

* Significant level at p < 0.05 (two-tailed).
** Significant level at p < 0.01 (two-tailed).
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Pearson correlation coefficients (r) between magnetic proper-
ies (� and SIRM) and heavy metals are shown in Table 5. For
ust from Hezhang, all heavy metals except As, as well as PLI,
howed a strong positive correlation with � and SIRM. For dust
rom Zhuzhou, � was correlated significantly with Fe, Ba, Cr, Cu, Ni,
nd PLI, and SIRM was correlated significantly with Fe, Mn,  Ba, Cr,
u, Ni, Pb, V, and PLI. It should be noted that SIRM in dust from the
wo cities showed a better relationship with heavy metals (except
r) than �. This finding is in agreement with many of the previ-
us studies [8,12,18,44] and suggests that SIRM is a more efficient
ndicator than � for dust heavy metals due to the fact that anthro-
ogenic emitted particles are generally ferrimagnetic minerals. On
he contrary, no significant correlations were found between either

 or SIRM and heavy metals for samples from Ezhou. This may  be

xplained by the presence of iron particles in the dust, which in
inor amounts may  have a great influence on the magnetic param-

ters [33] but not on the total iron concentrations. A similar result
ad been found in street dust from Loudi, China [35].

able 5
earson’s correlation coefficients (r) between magnetic properties (� and SIRM) and heav

Ezhou (n = 22) Zhuzho

� SIRM � 

Fe 0.188 −0.223 0.884**

Mn  0.133 −0.191 0.254 

As 0.072 −0.206 0.185 

Ba  −0.129 −0.230 0.383*

Cd −0.022 0.004 0.167 

Co 0.119 −0.195 0.035 

Cr 0.213 −0.099 0.589**

Cu 0.171 −0.90 0.441**

Ni 0.165 −0.216 0.479**

Pb −0.202 −0.208 0.259 

V 0.070 −0.209 0.248 

Zn −0.160 −0.269 0.160 

PLI 0.070 −0.232 0.478**

* Significant level at p < 0.05 (two-tailed).
** Significant level at p < 0.01 (two-tailed).
gnetite, Hm – hematite, I – iron, Gph – graphite, Q – quartz, Cal – calcite, Ab – albite.

3.4. Implication for detecting environmental heavy metal
contamination

The application of magnetic measurements to detecting heavy
metal contamination is based on the relationship between mag-
netic parameters (mainly � and SIRM) and heavy metals. This
is controlled by two  factors: the relationship between magnetic
parameters and iron concentrations and the relationship between
iron and heavy metals. Significant correlation between magnetic
parameters and iron is widespread because anthropogenic emit-
ted magnetic minerals are usually ferrimagnetic phases (iron
hydroxides/oxides), which have an equal contribution to magnetic
properties (� and SIRM) and total iron concentration. However, this
is not always the case. The results from Ezhou in this study indicate

that the presence of iron particles (Figs. 4a and 6) could weaken
the correlation between iron and magnetic parameters (Table 5)
because even very low levels of iron particles can contribute to
high magnetic susceptibility values [33,35]. Similarly, significant

y metals.

u (n = 43) Hezhang (n = 26)

SIRM � SIRM

0.942** 0.914** 0.928**

0.346* 0.648** 0.698**

0.273 0.354 0.331
0.417** 0.711** 0.736**

0.264 0.442* 0.486*

0.026 0.838** 0.871**

0.448** 0.789** 0.770**

0.526** 0.686** 0.710**

0.470** 0.707** 0.751**

0.346* 0.706** 0.709**

0.353* 0.662** 0.722**

0.255 0.541** 0.565**

0.582** 0.838** 0.869**
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Fig. 7. Correlation scatter diagram between Fe and Pb, Zn.

orrelation between iron and heavy metals has often been found in
arious environmental samples, such as the results from Ezhou and
ezhang in the present study (Table 4). However, this relationship

s influenced by the diversity of anthropogenic emission sources.
ignificant correlation between iron and heavy metals is generally
ound in pollutants from single sources (e.g., results from Ezhou and
ezhang), whereas multi-sources of pollutants usually have poor
oefficients of iron with heavy metals (e.g., results from Zhuzhou).
herefore, our study demonstrates that it is difficult to accurately
valuate the degree of heavy metal contamination by magnetic con-
entration if metallic iron particles and multi-sources of pollutants
re present. Nevertheless, magnetic concentration is sensitive to
he total load of heavy metal contaminants. For example, the high-
st � and SIRM in dusts from Ezhou are clearly a response to high
oncentrations of heavy metals in this area (Table 1). This demon-
trates that in many cases the magnetic method is a reliable and
owerful technique to detect and outline target regions with pos-
ible higher heavy metal contamination.

. Conclusion

The present study demonstrates a common coexistence of
agnetic particles and heavy metals in dusts from three NFM

melting/processing impacted cities. Two shapes of magnetic par-
icles, spherule and angular-shaped particles, were identified by
he SEM-EDX analysis. Mineralogical analyses indicate that the

agnetic particles from Ezhou were dominated by magnetite and
etallic iron, whereas those from Zhuzhou and Hezhang were

onsisted of magnetite and hematite. The relationship between
agnetic parameters (� and SIRM) and heavy metals varied among
ifferent cities, depending on the presence of iron particles and
ulti-sources of metal pollutants in the samples. Our study demon-

trates that magnetic parameters in dusts are sensitive to the NFM
melting/processing related heavy metal pollutants and thus can

[
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be used as a powerful proxy to detect and outline target regions
with possible higher heavy metal contamination.
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10] M.S. Bućko, T. Magiera, B. Johanson, E. Petrovský, L.J. Pesonen, Identification
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