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The  magnetic  particulates  from  anthropogenic  activities  can  be  detected  by magnetic  methods  rapidly
and  cost-effectively.  This  study  focused  on  the  investigation  of  vertical  variations  in magnetic  properties
in  soil  profiles  and  magnetic  enhancement  originating  in  Baoshan,  Shanghai.  Also  the feasibility  of  using
arable  and  urban  park soils as  a new  context  for magnetic  monitoring  was explored.  A combination  of
magnetic  and  scanning  electron  microscopic  (SEM)  techniques  was  applied  to  three  soil  profiles.  Non-
pedogenic  magnetic  enhancement  in  topsoil  was  recorded  at all  three  sites  accompanied  by coarsening
of  magnetic  grain  size.  The dominant  magnetic  properties  reflect  multi-domain  (MD)  and  pseudo-stable
single  domain  (PSD)  ferrimagnetic  minerals.  Both  of magnetic  concentrations  and  grain  size  decrease
ollution
hanghai

with  the  depth,  depending  on the pollutant  input,  soil type  and  degree  of  vertical  mixing.  SEM  images
confirmed  the presence  of  anthropogenic  particulates  fly-ash.  It was  concluded  from  this  study  that
topsoil  magnetic  enhancement  arising  from  atmospheric  contaminants  was readily  identifiable  in  both
arable  fields  and  urban  parks,  thus  broadening  the  scope  of magnetic  research  on  urban  and  industrial
pollution.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Magnetic enhancement of topsoil is caused by either natural
edogenic, or anthropogenic (industrial dust, vehicle exhaust and
ther atmospheric pollutant) processes. The anthropogenic impact
n soil profiles can be easily separated from pedogenic enhance-
ent (Lecoanet et al., 2003; Magiera and Zawadzki, 2007; Blaha

t al., 2008; Blundell et al., 2009; Kim et al., 2009; Łukasik et al.,
014), since anthropogenic magnetic particles are characterized
y specific morphology and coarser magnetic grain size compared
ith the fine-grained superparamagnetic (SP) and single domain
SD) grains of pedogenic origin (Mullins, 1977; Lecoanet et al., 2001;
ka et al., 2004; Fialov et al., 2006; Lu and Bai, 2006; Magiera et al.,

∗ Corresponding author at: School of Environment and Architecture, University of
hanghai for Science and Technology, Shanghai 200093, China.

E-mail address: fatzhxd@126.com (X. Zhang).

ttp://dx.doi.org/10.1016/j.chemer.2017.07.007
009-2819/© 2017 Elsevier GmbH. All rights reserved.
2006; Magiera et al., 2007; Blaha et al., 2008; Magiera et al., 2008;
Muxworthy et al., 2002; Łukasik et al., 2014).

Owing to the significant correlation between magnetic suscep-
tibility (MS) and heavy metal contamination in soils (Georgeaud
et al., 1997; Xie et al., 2001; Robertson et al., 2003; Desenfant
et al., 2004; Gautam et al., 2005; Lu et al., 2007; Yang et al., 2014),
non-destructive and rapid magnetic techniques have been increas-
ingly used to detect environmental pollution of soils, sediments
and dusts in many studies (Hay et al., 1997; Strzyszcz and Magiera,
1998; Moreno et al., 2003; Boyko et al., 2004; Fialov et al., 2006; Lu
and Bai, 2006; Blaha et al., 2008; Sharma and Tripathi, 2008; Zhang
et al., 2008; Blundell et al., 2009; Morton-Bermea et al., 2009; Wang
et al., 2008; Wang et al., 2012; Pietrodangelo et al., 2013; Yang et al.,
2014).

With the rapid industrialization and urbanization, dust pol-

lution is a widespread phenomenon in urban areas. As a
result, farmland and parkland soils around industrial areas and
transportation lines are becoming increasingly susceptible to atmo-
spherically derived pollution, which may  pose serious threats to

dx.doi.org/10.1016/j.chemer.2017.07.007
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2017.07.007&domain=pdf
mailto:fatzhxd@126.com
dx.doi.org/10.1016/j.chemer.2017.07.007
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ood production and human health. Due to the up-to-down migra-
ion characteristics of the dust pollution in the topsoil, the study on
oil profiles can provide information on anthropogenic dust input,
hich may  be useful for pollution control and management.

Baoshan District, an industrial zone surrounded by arable land
n Shanghai, has suffered varying amounts of soil pollution by a

ide range of metal concentrations. Hu et al. (2007) reported that
he magnetic susceptibility (MS) of topsoils in Baoshan was sig-
ificantly correlated with heavy metal concentrations. However,

ew studies on soil profile pollution have been reported. In addi-
ion to magnetic susceptibility, additional magnetic parameters can
rovide detailed information on magnetic particles in terms of con-
entration, grain size and type. The aims of the present study are to
nvestigate how magnetic properties vary with soil depth and land
se, and to explore their linkage to atmospheric dust input.

. Samples and methods

.1. Study area and samples

Located in the northern part of Shanghai city (Fig. 1), Baoshan
istrict, has also been heavily affected by rapid urbanization in

ecent years. In this district, many heavy industries are sited, such
s, Baosteel, Shanghai No. 1 Iron and Steel Company, Shanghai Fer-
oalloy Company, Shanghai Chemical Plant, Shanghai Cement Plant,
hanghai Iron Smelting Plant. The predominant wind direction in
his region is northeast in winter and southeast in summer. The
and in Baoshan District mainly locates on the deltaic deposits of the
angtze River Estuary, and may  be classified as Entisols (Hu et al.,
007). In order to study the impacts of urbanization and industrial
irborne particulate matter on the soil environment, three short
oil cores (40 cm in length) were collected from Linjiang Park (LJ),
uepu Park (YP) and arable land (AL), respectively (Fig. 1). To pre-

ent any possible contamination, the outer ring of the core was
emoved before subsampling. The soil cores were sectioned at 2 cm
nterval, and the samples were oven dried at 40 ◦C before laboratory
nalysis.

Fig. 1. Maps of Shanghai an
de 77 (2017) 421–428

2.2. Methods

2.2.1. Magnetic measurement
About 4–5 g soil was  packed tightly into 8 ml  plastic boxes and

fixed for routine isothermal magnetic measurements. MS  (�) was
measured on samples at low frequency (0.47 kHz) (�lf) and high
frequency (4.7 kHz) (�hf) using a Bartington MS2  meter. Anhys-
teretic Remanent Magnetization was induced in a steady field of
0.04mT imposed on a peak AF field of 100 mT  using a DTECH
2000 demagnetizer. Values have been normalized for the DC bias
field and expressed as �ARM. Isothermal Remanent Magnetization
(IRM) was  grown in fields of 1 T, −100 mT  and −300 mT  using a
Molspin pulse magnetizer and all remanences were measured in
a Molspin low-speed spinner magnetometer. Magnetic hysteresis
loops and Curie Temperatures were measured on selected samples
using a variable field translation balance (Petersen Instruments,
MMvftb). Magnetic parameters are expressed as mass-specific val-
ues and inter-parametric quotients have also been calculated in
order to give quantitative and qualitative information of mag-
netic particulates. The properties recorded include MS  (�lf), �ARM,
SIRM (SIRM = IRM1000mT), HIRM (HIRM = [(SIRM + IRM-300)/2]), �fd%
(�fd% = [�LF-�HF]/�LF × 100), �ARM/�lf, �ARM/SIRM, SIRM/�lf and S-
ratio (IRM-300/SIRM). The magnetic susceptibility �lf indicates the
total contribution of magnetic minerals represented by the concen-
tration of ferrimagnetic minerals in the sample. �ARM and SIRM are
also magnetic parameters related to magnetic minerals concentra-
tions. HIRM estimates antiferromagnetic components in a sample.
�fd% relates to the superparamagnetic (SP) ferrimagnetic compo-
nent, while �ARM/�lf, �ARM/SIRM ratios can indicate ferrimagnetic
minerals grain size. SIRM/�lf and S-ratios are often employed as
grain size and type indicators for magnetic minerals. Further infor-
mation on the interpretation of these measurements and quotients
can be found in Chen et al. (Chen et al., 1995) and Walden et al.
(Walden et al., 1999).
2.2.2. SEM analysis
For each soil profile, three samples from the top, middle and

bottom part of the core were selected for SEM (Scanning Electronic

d soil core sampling.
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Table  1
Magnetic properties of the urban and agricultural soils in Baoshan District, Shanghai.

Background Linjiang Park Yuepu Park Arable land

Parameters (unit) Range Mean Range Mean Range Mean

�lf 30.6 42.4–120.5 64.2 29.7–116.5 60.3 12.4–78.1 31.0
(10−8m3 kg−1)
�ARM 134.9 177.4–373.9 242.6 102.8–222.9 160.79 54.2–238.5 122.8
(10−8m3 kg−1)
SIRM 398.1 555.8–1638.9 850.4 410.4–1518.4 789.32 140.4–1064.8 395.8
(10−5Am2 kg−1)
HIRM 31.4 32.2–65.1 39.9 22.3–58.7 33.01 26.8–56.9 34.3
(10−5Am2 kg−1)
�fd% 2.2 2.4–6.3 3.8 0.3–4.2 2.07 −3.2–4.8 1.4
SIRM/�lf 12.7 12.3–14.7 13.2 10.2–15.0 13.13 10.2–15.1 12.2
(kAm−1)
�ARM/�LF 4.4 3.1–5.0 3.9 1.9–4.9 3.10 3.0–5.8 4.4
�ARM/SIRM 0.4 0.2–0.4 0.3 0.2–0.4 0.24 0.2–0.5 0.4
(10−3m A−1)

M
u
5
s

S-ratio 0.78 0.86–0.94 0.9 

icroscopy) analysis. The magnetic components were extracted
sing a hand magnet. SEM analysis was carried out with a JEOL JSM-
610LV equipped with an energy dispersive x-ray (EDS) analysis
ystem,
Fig. 2. Vertical distribution of magn
0.86–0.95 0.91 0.57–0.95 0.75

3. Results and discussion

3.1. Magnetic properties of the soil profile
3.1.1. Magnetic mineral content
The magnetic properties of the soil cores are summarized

in Table 1, and with their vertical variations are shown in
Fig. 2. MS  (�lf) indicates approximately the total contribution of

etic properties in soil profile.
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Fig. 3. Thermomagnetic curves of 

agnetic minerals (mainly ferrimagnetic minerals such as mag-
etite) in the sample (Thompson and Oldfield, 1986). It ranges from
2.36 × 10−8m3 kg−1 to 120.52 × 10−8m3 kg−1 with an average of
1.80 × 10−8m3 kg−1. All the three soil profiles (Fig. 2) show notice-
ble magnetic enhancement in the uppermost layer (0–20 cm). The
amples from 0 to 10 cm have the highest MS  values. The samples
rom 10 to 20 cm still show relative high MS  values compared with
he lower horizons, but not as high as in the uppermost soil layers.
he magnetic susceptibilities in the basal horizons (20–40 cm)  are
elatively constant and have the lowest values.

The low and homogeneous MS  values in the lower part can be
onsidered as the background values (Table 1), and the values was
ound to be 44.46 × 10−8m3 kg−1 for LJ, 33.24 × 10−8m3 kg−1 for YP,
2.96 × 10−8m3 kg−1 for AL, respectively. They are comparable with
S  value of background soil in the district (30.55 × 10−8m3 kg−1),
hilst the maximum MS  values of the topsoil are about 4 times
igher than the background values.

SIRM and �ARM are also concentration related magnetic param-
ters (Oldfield and Yu, 1994). SIRM is contributed largely by
errimagnetic and antiferromagnetic minerals but not by param-
gnetic and diamagnetic materials (Thompson and Oldfield, 1986),

hile �ARM is especially sensitive to the content of stable sin-

le domain (SD) ferrimagnetic grains (Maher, 1988). HIRM can
rovide a rough estimate of changes in the relative importance
f antiferromagnetic components (mainly hematite) in a sample.
ed Shanghai Baoshan soil samples.

Mean values of SIRM and �ARM are 678.51 × 10−5Am2 kg−1 and
175.39 × 10−8m3 kg−1, respectively (Table 1). SIRM, �ARM and HIRM
values all show similar variations to those for magnetic suscepti-
bility (Fig. 2).

3.1.2. Magnetic mineralology
The so-called S-ratio (=IRM-300mT/IRM1T) provides a measure of

the relative contributions to IRM of high-coercivity (“hard”) rema-
nence to low-coercivity (“soft”) remanence. Values close to unity
indicate that the remanence is dominated by ‘soft’ ferrimagnets
(Evans, 2003). The values of the S-ratio in the study area show
that ferrimagnetic minerals dominate the magnetic properties of
the magnetically enhanced topsoil, and higher concentrations of
ferrimagnets exist in the urban park than in the arable land. Ther-
momagnetic curves on selected soil samples are shown in Fig. 3.
The Curie temperature of 580 ◦C indicates that magnetite is the
main ferrimagnetic mineral. All the plots have cooling curves much
higher than heating curves, suggesting the formation of new ferri-
magnetic minerals during these cycles, presumably as a result of
the presence of organic matter in the samples. Meanwhile, the sig-

nificant correlations between �lf and SIRM and �arm (Table 2) in the
soils also indicate the dominance of ferrimagnetic grains as the car-
rier of MS.  It is important to note that dominance of the magnetic
properties by magnetite does not reflect dominance of the mag-
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Table  2
The Spearman Correlation coefficients of �lf and other magnetic parameters for the soil samples in Baoshan.

Site �ARM SIRM HIRM �fd% SIRM/�LF �ARM/�LF �ARM/SIRM S-ratio

�LF

LJ 0.874(**) 0.962(**) 0.293 −0.396 0.281 −0.895(**) −0.887(**) 0.850(**)
YP  0.749(**) 0.959(**) 0.602(**) 0.164 −0.448(*) −0.979(**) −0.965(**) 0.854(**)
AL  0.970(**) 0.992(**) 0.505(*) 0.393 0.817(**) −0.474(*) −0.580(**) 0.981(**)

N
*

n
t

p
b
B
d

3

n

 = 20 **. Correlation is significant at the 0.01 level (2-tailed).
. Correlation is significant at the 0.05 level (2-tailed).

etic mineral assemblages, since hematite is under-represented in
hese measurements by around two orders of magnitude,

Four loops taken from both upper and lower layers of three sam-
ling sites, show very similar hysteresis loops (Fig. 4). All the loops
ecome closed below the field of 300 mT,  and the samples have
cr of less than 45 mT  (Fig. 4) further confirming that magnetite
ominates the magnetic properties.
.1.3. Grain size of magnetic minerals
The magnetic parameter ratios can be used to infer mag-

etic grain size. Frequency-dependent susceptibility �fd reflects

Fig. 4. Magnetic hysteresis loop with maximum field of 1.0 T for re
the presence of grains at the transition between SP and SD
and has often been used to approximate the importance of the
superparamagnetic (SP) ferrimagnetic component (Dearing et al.,
1996). Expressed as a percentage of �lf, �fd% can help do dis-
tinguish between pedogenic and non-pedogenic ferrimagnetic
assemblages. The low �fd% values of the surface samples (all but
one <4%) confirm that fine pedogenic gains contribute little to the

magnetic enhancement of the profiles studied (Fig. 5).

�ARM/SIRM ratios can also indicate ferrimagnetic grain size, with
the values decreasing with increasing grain size (Maher, 1988;
Evans, 2003). �arm/SIRM values in the upper layers are signifi-

presentative soil samples collected from different soil layers.
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antly lower (Fig. 5), pointing to coarser magnetic grains in the
rban (0–20 cm)  topsoils. In magnetic assemblages where the dom-

nant grain size is greater than SD, �ARM/�lf also decreases with
ncreasing grain size. The negative relationships between �lf and
oth �arm/�lf and �arm/SIRM (Table 2), therefore confirm that the
agnetic enhancement of the urban topsoil is caused by coarser
agnetic particles. Mineral grains containing many domains are

alled multidomain (MD) particles; those containing only one are
eferred single-domain particles. The grains are MD  which pos-
ess many of the properties of assemblages of true SD grains are
eferred pseudo-single-domain (PSD) particles. In addition, quo-
ients derived from the hysteresis plots and shown in Fig. 4 are
ypical of PSD grains close to the PSD/MD border (Day et al., 1977)
hich is consistent with the position of the samples in Fig. 5 based

n Dearing et al. (1997). It is assumed that SP grains block as
ne SSD grains on the SP/SSD boundary (≈0.030–0.040 �m),  not
s coarser SSD (0.040–0.050 �m)  or pseudo-single domain (PSD)
rains (0.050–8.000 �m)  (Day et al., 1997). All these magnetic indi-
ators confirm that the samples from the upper part of each profile
re relatively coarser than the lower samples, confirming the view
hat atmospheric deposition of industrial/urban contaminants is
he dominant source of the magnetic ‘enhancement’.

.2. SEM analysis

The SEM analysis demonstrates the prevalence of magnetic
pherical particles in the samples (Fig. 6). Such spherules are typi-
al of industrial emissions from the high-temperature combustion
f fossil fuels and have been illustrated in various publications
Hanesch et al., 2003; Blaha et al., 2008). Soil samples collected from
he upper layers show a higher concentration of magnetic spher-
cal particles and the particles are larger, with diameters ranging
rom ∼40 up to ∼125 �m (Fig. 6); whilst soil samples collected
rom lower part show few spherical particles except the sample
n Yuepu Park (at −38 cm soil layer) (Fig. 6). EDS spectrum analysis
ndicates that the spherical particles are primarily composed of Fe
nd O with minor presence of Si and Al (Fig. 6).

In urban and industrial areas, the effect of topsoil susceptibility
nhancement is obvious; however, the anthropogenic enhanced
ayers are quite different according to the land use type. �lf in the
rban park topsoil is significantly higher than in the agricultural
opsoil (Fig. 2). Here, the �(�lfi-�lfo) is used to estimate the total
nventory of the ferrimagnetic input to the soil profiles in this study.
lfi is the measured MS  value of each subsamples, while �lfo is the
ackground MS  value of each profile, obtained by calculating the
verage MS  value below 30 cm in each case. The calculated val-
es are 373.94 × 10−8m3 kg−1 (LJ), 532.58 × 10−8m3 kg−1 (YP) and
61.05 × 10−8m3 kg−1 (AL), respectively. All three sampling sites
re close to the industrial area, but the arable site is much fur-
her from the residential district and high-density traffic lines than
ther two urban park sampling sites. The Yuepu Park site, located in
he densely populated residential and business area with a viaduct
earby, is more impacted by anthropogenic activities than other
wo sampling sites. Thus, in addition to the influence of soil par-
nt material and industrial pollution on magnetic enhancement,
he effect of urban boilers, home hearths and the traffic emissions
ould also be significant contributors to magnetic enhancement. MS
alues at the arable land site are lower than the back ground value
elow 10 cm,  while MS  values in other two profiles are still slightly
igher than the background value. This may  reflect the effects of
loughing, soil type or the degree of pollution.

Magnetic enhancement as a result of atmospheric deposition

as been recorded in many study areas (Hu et al., 2006; Magiera
t al., 2006; Lu et al., 2007; Magiera et al., 2007; Duan et al., 2010).
he depth, to which magnetic enhancement is recorded, may  be
seful as an indicator of the depth of penetration of other contam-
Fig. 5. Scatter diagram of �fd% and �ARM/SIRM of soil profiles in Baoshan urban area.

inants. The low and stable magnetic concentrations below 20 cm
are in accord with the studies of Magiera (Magiera et al., 2006).

However, the degree, to which the anthropogenically enhanced
surface layers exceed the background values in the Chinese sites,
is 30–80 times lower than in several published soil profiles from
other countries (Hu et al., 2006; Magiera et al., 2006; Lu et al., 2007;
Magiera et al., 2007; Duan et al., 2010). This may be the result of dif-
ferences in parent material, the history of iron and steel production
or the distance between the sampling sites and the plant.

Thus, magnetic and SEM/EDS analysis indicate that spherical
particles rich in magnetite of coarse MD-PSD size make a signifi-
cant contribution to the topsoil of the urban and arable fields in the
Baoshan industrial district. These results confirm significant input
from industrial activities and traffic emissions to each of the soil
profiles studied.

4. Conclusions

This study illustrates a widely applicable approach for large-
scale, high-resolution magnetic industrial pollution research in
China, where it is often difficult to find the undisturbed soils in
industrial districts. Nondestructive soil magnetic measurements
can be rapidly carried out at low cost both in the field and lab-
oratory, and it can be easily used to trace the extent of soil
contamination in industrialized areas. The anthropogenic origin
of magnetically enhanced topsoil MS  in the study area has been
confirmed by a series of diagnostic measurements.

The conclusions can be summarized as follows.

(1) Anomalous magnetic enhancement is observed in the soil sam-
ples of the areas close to industrial or urban sources of pollution.
The strongest enhancement of susceptibility is located within
the uppermost 20 cm of each soil profile, and the magnetic con-
centrations of the soil below 20 cm are relatively stable and
low.

(2) Particles rich in relatively coarse MD-PSD magnetite domi-
nate the magnetic properties of the surface soils, which can
be concluded as a result of atmospheric deposition from vehi-
cle exhausts, iron and steel works and domestic sources in the
Baoshan District.

(3) The SEM/EDS analysis demonstrates that magnetic spherules,
which is prevalent in Baoshan district, result from the high-

temperature combustion of fossil fuels. The SEM results confirm
that the input of the particulates in all soil profiles is mainly
derived from industries.
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ted m

(

Fig. 6. SEM results and EDS spectra of extrac

4) Although it has been found in the previous studies that for-
est soils and other natural soil profiles can preserve more

undisturbed information on the concentration and migration of
magnetic minerals and heavy metals, arable soil and urban park
soil can also be used in pollution monitoring, and atmospheri-
cally derived magnetic enhancement can be readily detected.
agnetic particles from three sampling sites.
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