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This study presents an application of environmental magnetism techniques for the characterisation of the soils
near Coimbra (central Portugal). Magnetic measurements, scanning electron microscopy and geochemical
studies were carried out on samples collected in 6 soil profiles in order to find possible relationships and to inter-
pret environmental implications.Magnetic susceptibility, saturation isothermal remanentmagnetisation and iso-
thermal remanentmagnetisation at the backfield of 100mT and 300mTweremeasured. HardIRM%, SIRM/χ and
S-ratios were also calculated. Polluted soils showed higher values of magnetic parameters in the superficial soil
horizons closer to the roads, plants and urban areas. The lowest values were observed in the deeper horizons
of the soil and in the areas least disturbed by human activity. The magnetic results also suggested that the mag-
netic signal of these soils is mainly influenced by ferrimagnetic magnetite-like minerals and with only a minor
contribution from antiferromagnetic carriers (such as hematite minerals). In unpolluted soils, lithogenic contri-
bution is reflected by the enhancement of magnetic susceptibility near parental rock material. Scanning electron
microscope images of the topsoil samples revealed the presence of magnetic spherules typical of vehicular ex-
haust and combustion processes. This evidence suggests that the atmospheric deposition of fly ash is the main
reason for the enhancement of themagnetic signal in the topsoil. Chemical analyses showed that the concentra-
tion of various heavymetals was higher than themean background values for Portuguese soils, and higher in su-
perficial soils. Heavy metals showed significant positive correlation with magnetic properties. The conclusions
highlight the importance of using environmental magnetism methods and techniques in the evaluation process
of soil evolution and pollution history throughout time.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the last three decades, environmental magnetism methods have
been applied to soils affected by industrial and vehicle emissions, with
very good results. These non-destructive and fast techniques have
been successfully applied in several fields, such as environmental mon-
itoring, paleoclimatology, pedology and archeology. Magnetic methods
(e.g. the measure of magnetic susceptibility) are valuable aids in the
detection and delimitation of areas affected by pollution (e.g. Lu et al.,
2008; Matýsek et al., 2008; Sant’ Ovaia et al., 2012; Strzyszcz and
Ferdyn, 2005; Xia et al., 2011; Zhang et al., 2012). Therefore, they can
be very useful when targeting and selecting sampling sites for subse-
quent geochemical analyses. Industrial and traffic processes, which
use fossil fuel combustion, release particulate matter (fly ash)
ço), hsantov@fc.up.pt

ghts reserved.
containing a significant proportion of magnetic minerals into the atmo-
sphere (Flanders, 1999). The particles produced in thisway are different
from natural magnetic particles. Particles produced by pedogenic pro-
cesses are smaller, predominantly in superparamagnetic (SP)
(b0.02 μm) to stable single domain (SSD) (0.02–0.04 μm) (Dearing,
1999; Maher, 1998). Magnetic particles produced by industrial process-
es have a diameter of N2 μm(Flanders, 1994; Hay et al., 1997) and those
from vehicular emissions are relatively smaller (b2.5 μm) (Matzka and
Maher, 1999). Generally, they are dominated bymultidomain (MD) and
SSD sizes (Hay et al., 1997). Due to their large surface area, such particles
are good absorbers of several toxic metals (e.g. Cd, Cr, Pb and Zn)
(Kapička et al., 1999; Taylor et al., 1987). These particles are carried by
thefly ash and their deposition causes an increase in themagnetic signal
of the soil. Its concentration can be easily detected by measuring
the magnetic properties of the soil surface samples (e.g. Lecoanet
et al., 1999; Lourenço et al., 2012). Magnetic parameters, such as mag-
netic susceptibility (χ), saturation isothermal remanent magnetisation
(SIRM) and ratios like S-ratio, SIRM/χ and HardIRM % (HARD %), can
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reflect the concentration, the type and the grain size of magnetic parti-
cles in the soil. A link between χ and heavymetal contents is reported in
many studies (e.g. El Baghdadi et al., 2011; Gautam et al., 2005; Heller
et al., 1998; Karimi et al., 2011; Lourenço, 2003; Meena et al., 2011;
Yang et al., 2011). The magnetic properties of soils proved to be
suitable parameters, as they reflect the various degrees of con-
tamination due to human activities and allow us to detect the
area most affected by pollution. The measurement of magnetic
properties in samples taken in soil profiles enables: 1) acquisition
of information about the boundary depth between polluted soil
and clean soil (Blaha et al., 2008), 2) discrimination between an-
thropogenic and lithogenic contributions (Fialová et al., 2006;
Magiera et al., 2006), 3) discovery of the underlying parent
material's influence on the magnetic signal (Hanesch and
Scholger, 2005), 4) understanding of the development of pedo-
genic processes (Jordanova et al., 2010; Maher et al., 2002) and
5) attainment of climate reconstructions (Alekseeva et al., 2007;
Maher et al., 2002). In the present study, data from 6 soil profiles,
which formed on diverse parent material and in different envi-
ronments (rural/urban), are analysed. The aims of the study are
1) to give a detailed characterisation of soil from selected areas
by measuring their magnetic, pedological and chemical proper-
ties, 2) to study possible relationships and 3) to interpret envi-
ronmental implications.
Fig. 1. Location of t
2. Materials and methods

2.1. Study area

The study area is located in central-northwest Portugal (Fig. 1).
The climate type is mild Mediterranean. Mean annual precipitation is
around 950 mm and mean annual temperature is 15 °C. Prevailing
soil types in the area are Fluvisols, Podzols, Cambisols, Luvisols
and Leptosols (Fig. 2), according to FAO/UNESCO classification (FAO,
2006).We selected this area because it presented unique and particular
conditions. It has been occupied since the VIII century B. C. It has a hy-
drographic networkwhere therewas a leadmine (Zorromine) and ura-
nium mines (Urgeiriça and Cunha Baixa) located upstream, which are
now inactive. There are many roads including a motorway (Lisbon–
Porto motorway) and railway lines (such as Lisbon–Porto, Coimbra–
Figueira da Foz and Coimbra–Lousã). Moreover, during the 2nd half of
the twentieth century, there were several branches of steel, baking,
tanning, textile, pottery, beer, and rubber industries, aswell as a cement
factory which was not originally equipped with filters currently re-
quired by European legislation, even though it was the largest contribu-
tor of cadmium, chromium and nickel emissions. Nowadays, only a
cement and pottery factory and a smelter are still in operation with en-
vironmental protectionmeasures. In addition, a hospital in the area also
burned hospital wastes for many years. Some urban and peri-urban
he study area.



Fig. 2.Major soil types and location of soil profiles (according to Soil Map 1/1000000 from Atlas do Ambiente, 2007).

Table 2
Results of the magnetic measurements.

Sample χ
(10-8m3 kg−1)

IRM 1T

(10−3Am2 kg−1)
S−100 S−300 SIRM/χ

(KAm−1)
HARD %

P1A 66.89 2.48 0.79 0.86 3.70 6.88
P1B 85.06 2.14 0.75 0.83 2.51 9.78
P1C1 46.75 1.50 0.61 0.73 3.22 13.35
P1C2 21.86 0.78 0.32 0.51 3.57 24.41
P2A1 22.49 2.01 0.62 0.70 8.96 15.16
P2A2 134.93 20.48 0.88 0.98 15.18 1.02
P2B 19.10 1.06 0.09 0.16 5.57 42.07
P2C 12.91 1.11 0.59 0.23 8.58 13.42
P3A 35.00 3.15 0.69 0.81 8.99 9.34
P3B 24.04 2.64 0.42 0.62 11.00 19.13
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areas have irregular relief causing vehicles to emitmore fumes andwaste.
This area also has high lead quantities as a result of the use of leaded fuel
in the past. This study also includes an extensive agricultural area where
agricultural machinery and chemicals, such as additives and pesticides
for pest treatments, have been and are currently still being used. In the
last 20 years, there was a very large expansion of urban and peri-urban
areas causing some of the inhabitants to move to the city outskirts, thus
contributing to an increase in road traffic and emissions.

2.2. Soil sampling

Profiles were collected from different locations in order to represent
different types of soils and different geological backgrounds (Table 1).
Table 1
Geological background and soil type (as given in the FAO classification) of the six
profiles.

Profile Location Geological
background

Major soil type
(according to
1/1000000 map,
Atlas do Ambiente,
2007)

Soil type

1 40°13′03′′N; 8°25′35′′W limestones Cambisol luvisol
2 40°12′30′′N; 8°26′29′′W sandstones Podzol luvisol
3 40°10′31′′N; 8°24′39′′W sandstones Cambisol cambisol
4 40°11′23′′N; 8°31′52′′W sandstones Podzol cambisol
5 40°10′22′′N; 8°22′15′′W schists Leptosol cambisol
6 40°13′18′′N; 8°35′40′′W sandstones Cambisol podzol

P3C1 9.30 1.33 0.04 0.40 14.32 29.84
P3C2 7.50 1.57 0.12 0.14 20.94 43.07
P4A1 17.18 1.45 0.43 0.84 8.43 8.12
P4A2 33.37 1.93 0.58 0.90 5.77 5.04
P4B 25.79 1.85 0.63 0.89 7.17 5.27
P4B/C 27.85 1.95 0.57 0.88 7.01 6.01
P4C 9.60 0.89 0.38 0.81 9.23 9.41
P5A 620.28 54.93 1.00 1.00 8.86 0.28
P5A/B 722.64 64.29 1.00 1.00 8.90 0.07
P5B 659.93 64.85 0.93 0.98 9.83 0.80
P5B/C 642.28 56.72 0.96 1.00 8.83 0.17
P5C 363.94 31.96 0.97 1.00 8.78 0.24
P6A1 3.83 0.52 0.56 0.88 13.58 5.93
P6A2/B 9.23 0.78 0.71 0.90 8.51 5.13
P6A2/E 16.94 1.36 0.65 0.90 8.03 4.99
P6B 8.38 0.69 0.52 0.81 8.21 9.73
P6B/C 7.48 0.71 0.57 0.90 9.45 4.92

image of Fig.�2
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The soil samples were taken from individual soil horizons and
subhorizons (the material is taken from the whole depth interval of
each horizon and subhorizon) with a plastic spade (carefully cleaned
after each sampling). There are no major industrial plants or power
plants in this area, only a smelter near profile 1.

2.3. Magnetic, SEM/EDS and chemical analyses

In the laboratory, samples were dried at a maximum temperature of
40 °C to avoid any possible mineralogical changes (Maher, 1986) and
then passed through a 2 mm sieve (we kept the b 2 mm fraction for
analyses). Low-field magnetic susceptibility (χ) was measured using a
KLY-4S Kappabridge magnetic susceptibility meter in the Geology
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Fig. 3.Magnetic parameters for
Centre of the University of Porto. Isothermal remanent magnetisation
(IRM) was measured in a minispin fluxgate magnetometer (Molspin
Ltd) after magnetisation in a pulse magnetiser (Molspin Ltd) in the De-
partment of Earth Sciences, University of Coimbra. The IRM acquired in
the magnetic field of one tesla (T) was defined as saturation isothermal
remanent magnetisation (SIRM). For the SEM/EDS analyses, strongly
magnetic particles were extracted with a hand magnet (wrapped in
plastic). Chemical analyses of As, Cd, Co, Cr, Cu, Ni, Pb and Zn were car-
ried out using the ICP-MS method. Scanning electron microscope
(SEM) observations were made using a JEOL JSM-5310 instrument.
Compositional data for the observed grains was obtained through
EDX analyses done using a Philips XL30 scanning microscope
equipped with an X-ray microprobe. Conventional soil analyses
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comprise the following variables: organic matter (OM), pH, P2O5,
K2O and exchangeable bases (Ca, Mg, Na e K). Soil colour observa-
tions were obtained from air-dried samples using the Munsell soil
colour chart. All the statistical data analyses were performed with
SPSS (version 18.0).

3. Results and discussion

3.1. Magnetic and SEM/EDS analyses

The results of magnetic analysis are presented in Table 2. Depth
changes in magnetic parameters for the 6 soil profiles studied are
presented in Figs. 3 and 4. The χ shows a similar trend along profiles 1,
2, 3 and 4, with higher values in superficial horizons. According to the
published literature on soil magnetism (e.g. Maher, 1998), the most
common causes for the increased values of χ are usually related with:
1) the synthesis of magnetite/maghemite during pedogenic processes,
such as by hydrolysis and biologically induced mineralisation or by
soil heating by fire; 2) the formation of greigite and 3) the deposition
of fly ash which originates from industrial activity or road traffic. Since
particles with typical spherical morphology were identified on the
SEM images (Fig. 5) of the samples of profiles 1, 2 and 6, the high χ

values measured on these samples are caused by anthropogenic factors
related to the deposition of fly ash (urban pollution). These particles are
typical of industrial emissions that involve the burning of fossil fuels
(Flanders, 1994) and are reported in several studies (e.g. Gomes et al.,
2008; Kim et al., 2009; Magiera et al., 2008; Maher, 2011; Spiteri et al.,
2005; Yan et al., 2011; Yang et al., 2011). Atmospheric deposition of fly
ash on land surfaces and vegetation cover leads to an enhancedmagnetic
signal (e.g. Lecoanet et al., 1999). Some particles (Fig. 5b) show pits and
holes in the surface whichmay be caused by the dissolution of magnetic
minerals by microbial activity, according to Kostka and Nealson (1995)



Fig. 5. Scanning electron micrograph showing spherules in horizons A of profiles a) 1, b) 2 and c) 6.
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and Yang et al. (2011). The SEM images for the superficial horizon of
profiles 4 and 5 did not show this type of particles (Fig. 6). The profile
5 samples showed very high values for χ which may be related to the
composition of the bedrock (schists). EDS analysis identified that the
spherical magnetic particulates were dominantly composed of Fe and
O and additional minor elements including Al, C, K, Mg e Si (Fig. 7).

A few spherical particles were also observed on the superficial layer
of profile 6 (Fig. 8). However, the highest χ values in this profile were
recorded at a depth between 30 and 40 cm. Our results are consistent
with the data for podzolic soils described in Maher (1998). According
to the authors, in podzolic soils the susceptibility measurements show
strong magnetic depletion in the uppermost horizons (due to the iron
oxide dissolution) and higher concentrations of iluviated iron oxides
in spodic (iron-rich) horizon. Profile 2 shows particular χ behavior
with very low value for A1 subhorizon. In this profile, the A horizon
has two subhorizons. The part of the A horizon having the largest accu-
mulation of OM is the A1 horizon. The A2 horizon is the layer of maxi-
mum leaching or eluviation of clay and iron, so the χ signal is higher
in this subhorizon. On the other hand, the OM on subhorizon A1 is not
completely decomposed (low bacterial content) and may have a dilu-
tion effect on the magnetic signal.
Fig. 6. Scanning electron micrograph of superficial layer of profile 5.
The IRM values have the same variation with depth as the magnetic
susceptibility values along the profiles. The S-ratio values close to 1 in-
dicate that magnetically soft grains control the magnetic properties of
the soil samples (e.g. Chaparro et al., 2003). This situationwas observed
in profiles 1, 2, 4, 5 and 6 and in the uppermost layers of profile 3. In the
deeper layers of profile 3, the values of the S-ratios were b0.5,
which reflects a major antiferromagnetic contribution (Thompson
and Oldfield, 1986). Red sandstones are the parent material of
this profile; hematite is sometimes exclusively the dominant
iron mineral in the “red-beds” and is responsible for the magnetic
properties of these sediments (Collinson, 1983) and for its typical
red colour. HardIRM percentage (HARD % = HIRM / SIRM × 100,
where HIRM = (SIRM − IRM-300 mT)/2), is based upon the amount
of remanence remaining in a saturated sample after experiencing a
backfield of 300 mT. This value is, therefore, approximately propor-
tional to the concentration of canted antiferromagnetic minerals
(e.g. haematite and goethite) within the sample (e.g. Walden and
Ballantyne, 2002). Samples from profile 3 showed the highest
values for this parameter, thus a dominant antiferromagnetic com-
ponent is expected in these samples. The SIRM/χ ratio depends on
the composition and the grain-size of the magnetic particles. When
the magnetic mineralogy is homogeneous, the SIRM/χ ratio indi-
cates changes in the grain size of the magnetic minerals or in the
contribution of paramagnetic minerals (Moreno et al., 2003). Pro-
files 4, 5 and 6 have SIRMs/χ mean values close to 10 kAm−1 and
the S-300 values ≈ 1 (for all samples of these profiles) indicate a
uniform mineralogy. According to Thompson and Oldfield (1986),
the SIRMs/χ values close to 10 kAm−1 should be characteristic of
a magnetite grain size of approximately 5 μm.
3.2. Conventional soil analysis

The results of sample characterisation for selected profiles (profiles
1, 2, 3 and 4), which were obtained through conventional soil analysis,
are presented in Table 3. The OM content is low in all the samples,
with the exception of horizon A1 in profile 2. Forest fires seem to be
the cause of the very low values for OM observed in profile 3 because
this area burned in 2005. The pH value ranges between 4.8 and 8.7. Pro-
file 1 has the highest pH values (8.0–8.7), which reflects the influence of

image of Fig.�6


Fig. 7. Scanning electron micrographs and energy dispersive X-ray spectroscopy of magnetic extracts from selected superficial samples.
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the calcareous parent rock. The P2O5 is very low (trace quantities) for all
samples. The exchangeable bases Ca+ andMg+ only have high values in
profile 1.

3.3. Correlation between magnetic and pedological parameters

The ratios betweenmagnetic and pedological parameters have been
examined by many authors, such as Hanesch and Scholger (2005),
Jordanova et al. (2010) and Maher (1998). Correlation coefficients
Fig. 8. Scanning electron micrograph showing sp

Table 3
Results of conventional soil analysis.

Sample Colour OM (%) pH

Profile 1 A Reddish brown (5 YR 4/3) 1.54 8.3
B Strong brown (7.5 YR) 0.53 8.0
C1 Light reddish brown (2.5 YR 6/4) 0.31 8.5
C2 Pale yellow (2.5 Y 8/4) 0.12 8.7

Profile 2 A1 Reddish brown (5 YR 5/3) 8.54 5.8
A2 Red (2.5 YR 4/3) 1.75 4.8
B Reddish yellow (7.5 YR 7/6) 1.31 5.7
C Red (10 R 4/8) 0.62 5.5

Profile 3 A Red (2.5 YR 4/8) 0.80 5.1
B Dark reddish brown (2.5 YR 2/4) 0.39 5.5
C1 Dark reddish brown (2.5 YR 3/4) 0.21 5.6
C2 Dark red (2.5 YR 3/6) 0.28 5.8

Profile 4 A1 Reddish brown (2.5 YR 5/4) 1.44 5.1
A2 Grayish brown (2.5 Y 5/2) 0.85 5.1
B Light olive brown (2.5 Y 5/4) 0.56 4.9
B/C Brown (7.5 YR 5/2) 0.43 5.0
C Pink (7.5 YR 7/4) 0.11 4.8
between magnetic parameters and the other available parameters are
listed in Table 4. Some groups did not yield significant results, mainly
because of the small number of available samples (Hanesch and
Scholger, 2005).

We expected better correlations between OM and the magnetic
susceptibility since the presence of OM provides the necessary condi-
tions for the reduction of iron, which favours susceptibility enhance-
ment, but this is more likely to occur in unpolluted and natural soil.
The magnetic parameter which has significant correlations with the
herules in the superficial layer of profile 6.

(H2O) P2O5 K2O K+ Na+ Ca + Mg+

(mg/kg) (me/100 g)

Trace N200 0.88 0.04 15.10 6.40
Trace N200 0.49 0.11 18.10 8.00
Trace 87 0.19 0.04 25.95 4.08
Trace 71 0.14 0.03 25.52 3.12
Trace 191 0.40 0.06 11.50 2.64
Trace 58 0.10 0.06 2.45 1.12
Trace 88 0.17 0.14 6.55 3.28
Trace 41 0.07 0.11 4.35 2.80
Trace 51 0.08 0.04 1.33 0.41
Trace 44 0.07 0.04 1.49 0.38
Trace 46 0.06 0.06 1.37 0.36
Trace 54 0.08 0.17 2.31 0.64
Trace 107 0.20 0.03 2.64 0.78
Trace 45 0.07 0.03 1.85 0.62
Trace 46 0.08 0.03 3.02 0.88
Trace 22 0.03 0.08 0.60 0.26
Trace 19 0.02 0.02 0.27 0.14

image of Fig.�7
image of Fig.�8


Table 4
Correlation between magnetic and pedological parameters (n = 17).

χ (10−6 m3 kg−1) IRM1T (103 Am2 kg−1) S−100 S−300

Spearman's rho OM 0.453 0.406 0.525* 0.393
pH 0.088 −0.264 −0.058 −0.496*
K2O 0.097 0.004 0.071 −0.138
K+ 0.455 0.074 0.469* 0,059
Na+ −0.069 0.055 −0.045 −0.448
Ca+ 0.319 −0.226 0.286 −0.162
Mg+ 0.427 −0.109 0.419 −0.081
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soil parameters is the S-100 ratio. This ratio indicates major contribution
from the true pedogenic magnetic fraction and not from the anthropo-
genic spherules because of the higher coercivity of these spherules,
which do not permit them to contribute to IRM-100m.

The S-300 ratio correlated with pH: although the correlation is signif-
icant (95% probability), it is negative. The χ and IRM have low, but pos-
itive correlations with the OM and the exchangeable bases similar to
that observed by Maher (1998) for soil samples collected in cambisols.
However, despite the poor correlation, OM and χ have the same trend
along the soil profiles with higher values in the surface horizons and
decreasing at depth (Fig. 9).

3.4. Chemical analysis

Figs. 10, 11 and 12 show the distribution of heavy metal content in
three selected profiles (profiles 1, 2 and 3). The content of Cd is below
the limit of detection in profiles 2 and 3. In profile 1 all heavy metals
analysed have high contents in A and B horizons. This profile is located
inside the urban area and these values are related to anthropogenic
activities/urban pollution, which is consistent with the observations of
e.g. Blaha et al. (2008). The peak for Zn in this profile is related to the
road traffic (Zn is a typical pollutant by traffic emission (Reimann and
Caritat, 1998): this profile is located near a road with high traffic densi-
ty. The increase in heavymetal content in the surface horizons is clearly
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Fig. 9.Magnetic susceptibility (χ) and organic ma
related to the increased values of χ, thus underlining the strong associ-
ation of heavy metals with the ferrimagnetic iron oxides of anthropo-
genic origin. Moreover, the SEM images revealed the presence of
magnetic spherules (Fig. 5a). The analysis of χ and heavy metals varia-
tion in soil profiles allows us to establish the boundary between
“clean” soil and “polluted” soil at the depth of 10–20 cm, although this
limit is deeper (about 50-60 cm) in profile 1.

The content of As andZn inhorizonA inprofile 1 (As = 165mgkg−1;
Zn = 543 mg kg−1) exceeds the AVs (“Action Values”) established by
Inácio et al. (2008) (Table 5). According to the authors, the “Action values
(AV), also called “intervention values”, indicate concentrations above
which there is an unacceptable risk to man or the environment due to
soil contamination.

A reference value (RV) for a given element represents its maximum
concentration in a “clean” soil and should correspond to the upper limit
of the geochemical baseline: below these levels, the soil is considered
multifunctional, i.e. fit for any land use, bearing in mind any limitations
due to the natural composition of the soil. The As, Co and Cr contents in
profile 2 show an increase at depth which reveals the influence of
parental material. The Cu peak in this profile is probably related with
an old textile factory (currently demolished); Cu is a major component
of effluents from textile industry (Belkacem et al., 2008). Profile 3
was sampled in a forest area farther away from the urban centre. The
heavy metal content is quite constant along the profile, which excludes
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a significant influence from urban activities. This soil can eventually
serve as a magnetic and chemical background in future studies in this
area. The plot in Fig. 13 shows the variation of χ and heavy metal
content for the three profiles described above, depending on the dis-
tance to the city centre (as a reference point we chose the University
of Coimbra). For each profile, the mean value of χ and HM contents
for horizons A and B were calculated. These values decrease as a func-
tion of distance from the urban centre. These observations are consis-
tent with those of Lu et al. (2008).

4. Conclusions

The χ shows higher values for samples taken from the surface hori-
zons, which is related to the ferrimagnetic contribution of anthropogenic
particles whose presence was confirmed by SEM observations. The
highest χ values in podzolic soilswere observed at depth. This parameter
may be a useful tool in understanding the pedogenic processes andmap-
ping soils. The S-ratio values indicate that magnetically soft grains
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Fig. 11. Vertical distribution of χ and heavy metals content in profile 2.
control the magnetic properties of the soil samples, with the exception
of the deeper layers of profile 3, where the S-ratio values reflect a pre-
dominantly antiferromagnetic contribution. The HARD % values allow
us to reach the same conclusion. The conventional soil analyses show
that the studied soils have low OM content and the correlation coeffi-
cients between magnetic parameters and the pedological parameters
did not yield significant results. Chemical analyses show that the concen-
tration of various heavy metals was higher than the mean background
values for Portuguese soils and that the highest values are from superfi-
cial soils. Heavy metal content decreases as a function of distance from
the urban centre and shows the variation of magnetic parameters. Our
study showed that: 1) a combination of magnetic, geochemical and ped-
ological analyses is an effective method to study and characterise soils
with different geological substrates, geographic distribution with rela-
tion to principal pollution sources and different distances measured
from the urban center of Coimbra; 2) the conclusions highlight the im-
portance of using environmental magnetism methods and techniques
in the evaluation process of soil evolution and pollution history through-
out time at surface and at depth.
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Table 5
Proposed standards for As, Co, Cr, Cu, Ni, Pb and Zn, in Portuguese soils (Inácio et al., 2008).

“Reference Values” (RV) “Action Values” (AV)

As 22 55
Co 19 50
Cr 43 300
Cu 35 200
Ni 43 100
Pb 34 500
Zn 85 500

Concentrations in mg kg−1.
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