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Abstract. Magnetic measurements, mineralogical and geo-al., 1980). This methodology is fast, economic and can be ap-
chemical studies were carried out on surface soil sampleglied in various research fields, such as environmental mon-
in order to find possible relationships and to obtain envi-itoring, pedology, paleoclimatology, limnology, archeology
ronmental implications. The samples were taken over aand stratigraphy. Recent studies have demonstrated the ad-
square grid (50& 500 m) near the city of Coimbra, in cen- vantages and the potential of the environmental magnetism
tral Portugal. Mass specific magnetic susceptibility rangesmethods as valuable aids in the detection and delimitation
between 12.50 and 710.K110 8m3kg~! and isothermal of areas affected by pollution (e.g. Bityukova et al., 1999;
magnetic remanence at 1 tesla values range between 29oyko et al., 2004; Blaha et al., 2008; Lu et al., 2009;
and 18174« 103 Am~1. Chemical analysis by atomic ab- Matysek et al., 2008). These methods are based on the as-
sorption spectrometry shows that the concentration of varsumption that industrial and traffic processes, which use fos-
ious toxic elements was higher than the mean backgroundil fuel combustion, release into the atmosphere particulate
values for world soils. Higher values of susceptibility and matter (fly ash) containing a significant proportion of mag-
toxic elements content were reported near roads and riversietic minerals (Flanders, 1999). According to Kiga et
Urban pollution and road traffic emission seem to be theal. (2000), the combustion of fossil fuel is one of the main
main influence for these values. A semi-quantitative X-raysources of fly ash, which may contain about 10 % of fer-
diffraction study has been carried out on a representativegimagnetic iron-oxides, formed as the end-product of high-
set of subsamples, using peak areas. lllite (average 52 %jemperature transformation of primary Fe-sulphides (e.g.
kaolinite (average 55 %), chlorite (average 6 %) and irregu-pyrite) found in coal (Flanders, 1994). Several toxic metals
lar illite-smectite mixed-layers (average 9 %) are the major(e.g. Pb, Cd, Zn and Cr) are easily adsorbed on the surface of
clay minerals groups identified. Mineral composition of to- Fe-oxides, or can be substituted in their crystal lattice during
tal fraction confirms the presence of magnetite/maghemitehigh-temperature formation of fly ashes (e.g. Strzyszcz et al.,
The clay minerals results point to a contrast in the behavior1996).

of the main clay minerals: illite, chlorite, and kaolinite (also, ope parameter often used in environmental magnetism
smectite in some samples), which are generally in agreemendygies is the magnetic susceptibility. This parameter is easy
with the magnetic and geochemical data. The results showegh measure and does not involve the destruction of the sam-
that magnetic measurements are a sensitive, fast, inexpensime, therefore, left available for additional analyses. The
and robust method, which can be advantageously applied fofeasurement of the magnetic susceptibility of the surface
studying soils affected by urban and road pollution. soil layers has been used as a proxy to contamination from
different pollution sources, diffuse and stationary (Gomes
et al., 2006; Hoffmann et al., 1999). Establishing a link
1 Introduction between the concentration (and characteristics) of ferrimag-
netic minerals and the heavy metal contents has been a chal-
In the last 30 yr, a growing number of studies using the techdenge for a number of authors. The use of magnetic measure-
nigues of magnetism of rocks has been applied to environments as a proxy for chemical methods is possible because
mental problems, thus creating a new branch of researclpollutants and magnetic particles are genetically related (e.g.
commonly called “environmental magnetism” (Thompson et Hanesch and Sholger, 2002). Several studies report a positive
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of magnetic susceptibility (e.g. Heller et al., 1998; Lourenco, szoon ~ woon |

2003; Gautam et al., 2005; El Baghdadi et al., 2011; Karimi T " S
etal., 2011; Meena et al., 2011, Yang et al., 2011). - P fff (g"

The magnetic properties of soils proved to be suitable pa-
rameters as they reflect the various degrees of contamina,.,g. S g
tion due to industrial activities. Atmospheric deposition of ) é?
fly ashes on land surfaces and vegetation cover leads to ai, . 3
enhanced magnetic signal. Its concentration can be easily = S
detected by measuring the magnetic susceptibility of the sur-__
face (e.g. Lecoanet et al., 1999). In addition, any soil con- .k
tamination can affect groundwater. Mapping of the magnetic T
properties of topsoils has been used in several countries a” """ = oo
a proxy to anthropogenic pollution (Dearing et al., 1996a;

Scholger, 1998; Petrovglet al., 2000; Lecoanet et al., 2001; Fig. 1. Location of the study area.

Lourenco, 2003; Moreno et al., 2003; Strzyszcz and Ferdyn,

2005; Chaparro et al., 2006; Gomes et al., 2007; Blepet

al., 2008; Lu et al., 2009). Magnetic parameters measured ifielationships between the measured parameters; and (5) to
soil profiles provide information that allows us to establish analyze the results of the magnetic parameters in order to
a limit in depth indicating the transition from the “polluted” obtain environmental implications.

to the deeper, “unpolluted” zone in contaminated natural soil

(Blaha et al., 2008).

Magnetic methods should be considered as a first choic@ Methodology
and an appropriate strategy when conducting surveys (Blaha . i . )
et al., 2008) and they can be a helpful indicator when target2-1 Aréa description, field work and soil sampling
ing and selecting sampling sites for subsequent geochemicallhe study area (Fig. 1) is located in central-northwest Portu-
analyses. These methods allow us to target the area most )

affected by pollution near roads and highwayvs Hoffmanngal near the city of Coimbra (latitude 418"). There are no
ot al 19935/9'pKnl;lI3b et al. 2001- Mahelrge\tNa?/ 2(008' Kim power plants or other industrial units in this area. The climate

et al. 2009; Mag et al., 2010) or industrial units, such as is mild Mediterranean. Mean annual precipitation is around

steel smeltersfurza, 1999; Chaparro et al., 2002; Hanesh 950mm and mean annual temperature is@5prevailing

) . : wind direction is SE in November, December, January and
etal., 2003; R050W|eck.a arjd Nawrock, 20_10)’ power plantSFebruary and NW in the remaining months. Sandstones and
(Strzyszcz et al., 1996; Kajka et al., 1999; Veneva et al.,

limestones are the dominant lithologies.
2004) and cement plants (Gotuchowska, 2001). These are This area is mainly occupied by the alluvial plain of

the preferred areas for sampling in order to investigate thEihe Mondego River with numerous agricultural fields and
level of contamination by toxic elements like heavy metals’drainage channels; it is also crossed by road EN-111-1
with consequent benefits in saving time, manpower and ma- . Lo ; o '
. . X . : ., which connects the cities of Coimbra and Figueira da Foz,
terials. Any protective and remedial actions will be applied and by the A1 motorway. Human presence in the area goes
more rationally when being restricted to these areas. In addi; y Y- b 9

. . . . . hack over 10000yr. Prevailing soil types in the area are
tion to the studies mentioned above, which can be descrlb(_a luvisols, according to FAO/JUNESCO classification (FAO,

as the c!assm use of envanmentallmagnensm as they ai 006). The samples (104) were collected using a square
to quantify pollution levels in air, sediments and soils, some

authors have been concerned with the standardization of progrld of 500m by 500m, but also in other selected locations

cedures and compatibility of instruments used in revious(Fig' 2). Samples were also collected at intervals of 1m
P y P along two horizontal profiles located perpendicular to the

research (Schibler et al., 2002). Repeatability and rePIO T ain roads (5m on road bi-sides, Fig. 8). Soil material was

ducibility of magnetic parameters measurements are also dis- . .
cussed by Boyko et al. (2004). sampled from the upper 20cm. For each sampling site, a

The main goals of our study are: (1) to measure the mag composite sample of 1 kg was produced from four sub sam-

netic parameters, such as magnetic susceptibifitydnhys- ples. These were taken from the sampling point towards the

. N . cardinal directions (in an areaxl1 m) after having removed
teretic remanent magnetization (ARM) and isothermal rema-, ( ) 9

o ) . the vegetation layer, which consists of typical grdsgigm
crers. he chemical contents and the mineralogical composE<IEMe: Pod pralensis and Poa trialiSampies were cok
N . . 9 POSK, cted after several days of dry weather and placed in plastic
tion in order to characterize the soil; (3) to relate magnetic
. . i bags then sealed and labeled.
parameters and chemical contents with pollution levels so as

to identify the major pollution sources; (4) to find possible
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biasing field of 0.05mT by using an AGICO AF demagne-
tizer and an anhysteretic attachment AGICO LDA-3/AMUL1.
Isothermal remanent magnetization up to 3 T was imparted in
a MMPM9 magnetizer, and then measured on a MOLSPIN
Minispin magnetometer.

The magnetic parameter Hard IRM (HIRM), broadly in-
dicative of antiferromagnetic minerals, was calculated us-
ing the formula: HIRM=0.5x (SIRM+IRM_300m7) (€.9.
Alargasamy, 2009), were SIRMIRM1 7.

2.2.2 Chemical analyses

Chemical analyses were carried out using the sample di-
gestion method commonly used for determining the mobile
parts of elements, which are more easily absorbed by plants.
The samples were dried at 40, then homogenized, quar-
tered and passed through a 180 um plastic sieve. Repre-
sentative 0.5g subsamples were digested with a mixture of
HNOs3 + HCIO4 + HF. Solutions were analyzed for Zn, Ni,
2.2 Laboratory work Co, Cr, Cu and Pb using Atomic Absorption Spectrometry
(Perkin-Elmer 2380, air-acetylene flame).

A Locations Streams.

Roads == Railway Location of sampling points.

Fig. 2. Location of sampling points and profiles.

2.2.1 Magnetic measurements
2.2.3 X-ray diffraction analysis

In order to discover the concentration and nature of magnetic
carriers, several magnetic parameters were measured and rEéhe mineral composition was determined both on unori-
lations between them were analyzed. ented powder mounts for total sample analysis and on ori-

The magnetic parameters which yielded information aboutented aggregates for the clay fraction ones. The clay frac-
concentration, magnetic mineralogy and grain size of thetions were separated by sedimentation according to Stokes
main magnetic minerals are listed in Table 1. All the sampleslaw, using 1 % sodium hexametaphosphate solution to avoid
were dried at a maximum temperature of’@dto avoid any  flocculation. XRD measurements were made with a Philips
possible mineralogical changes (Maher, 1986), then passeBW1130/90 and X'Pert PW3040/60 equipment using Gu K
through a 2 mm sieve. Two types of magnetic susceptibilityradiation. To study the soil clay-fraction mineralogy, ori-
measurements were carried out. ented mounts were prepared by pipetting 1 ml of the clay

Low-field magnetic susceptibility was measured using asuspensions onto glass slides and allowing them to air dry.
magnetic susceptibility meter MS2, Bartington InstrumentsThe air dried, glycerol and heat (500) treated slides were
Ltd., linked to a MS2B dual frequency sensor (470 andscanned from 2to 20° 29. The estimates of the mineral
4700Hz). By using this sensor, it was possible to esti-abundances were based on subsequent peak intenBities
mate frequency-dependerdy (krg in %). The frequency- the semi-quantification of the identified principal clay min-
dependent susceptibility was calculated as difference pererals, peak areas of the specific reflections were calculated
centagecig = 100x (kif — «ni)/kis (Table 1). This parameter and weighted (Lapa and Reis, 1977). The following peaks
enables the assessment of the significance of ultrafine supewere used: illite — 1@ peak, in natural specimen; kaoli-
paramagnetic magnetite grains (Dearing et al., 1996b); thisite — 7A peak, in natural specimen; chlorite —-A7and
information is important for distinguishing between pedo- 14A peaks, in 500C heated specimen and smectite Al
genic and anthropogenic origins. Mass specific susceptibilityglycerol specimen. The intensities were corrected using rec-
was determined with an AGICO Kappabridge magnetic sus-ommended reflection powers (Galhano et al., 1999; Oliveira
ceptibility meter, model KLY-4S. At least three susceptibility et al., 2002; Martins et al., 2007): smectiteA peak area
measurements were obtained and the average value was usechs divided by 4, llite 16 peak area by 0.5, chlorite &
A regression was then calculated between the mass specifjpeak area (after 50@ heating) by 1.25 and kaoliniteA7
and the volume specific measurements. The regression equpeak area (depleted of the previously calculated chlorite area)
tions were used to calculate mass specific values for all samby 1. lllite, chlorite and kaolinite crystallinity indices were
ples in the unit 108 m3kg~! (Hanesh and Sholger, 2002).  also determined: illite crystallinity was assessed measuring

Anhysteretic remanent magnetization (ARM), here ex-the width of the peak at halfheight of the first basal reflec-
pressed as susceptibility of ARMArm), was measured on tions (Kubler, 1964; Dunoyer de Segonzac, 1969), kaoli-
a MOLSPIN Minispin magnetometer. It was measured af-nite crystallinity was estimated through the ratio between
ter demagnetization in an AF field of 100 mT, inducing a DC 7A peak half-height width and the height of this peak, after
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Table 1. Magnetic parameters referred to in the text and their basic interpretation (according to Jordanova et al., 2010; Walden and Ballantyne,
2002).

Magnetic Units Definition Significance
parameters (sh
X 108 m3 kg~ Mass specific susceptibility It reflects the concentration of strongly
x =M /pH (p-density;M —magnetic moment; magnetic Fe oxides
H — applied field). (magnetite/maghemite). It also reflects
the presence of paramagnetic minerals,
K 10753l Magnetic volume susceptibility (= x x p) and it is important when ferromagnetic
minerals sensu lato are not dominant.
Kfd % Percent frequency dependent magnetic suscepresence of superparamagnetic grains
tibility — «fg = 100x (kkjf — kkcnf)lk ks (<20 nm)
Kk ks — susceptibility measured at low frequency
(0.47 kHz)

KKkpf — susceptibility measured at higher fre-
quency (4.7 kHz)

IRM1 7 (SIRM)  1073Am~1 Saturation isothermal remanence Presence of stable remanence-carrying
minerals
S-ratio dimensionless S_100=—IRM_100mT7SIRM Such ratios can be used to discriminate
S_300—IRM_300 m7SIRM between ferrimagnetic and canted anti-
ferromagnetic mineral types.
ARM 10-3Am~1 Anhysteretic remanence Presence of stable single-domain grains
KARM 107°3| Susceptibility of ARM Preferentially increases when stable
karM =ARM i1, wheref is the intensity of single-domain grains are the main
the DC field remanence carriers
HIRM 10-3Am~1 Hard IRM= (IRM17+IRM _300 mD/2 Presence of antiferromagnetic minerals

decomposition of chlorite and kaolinite, in air dried aggre- 3 Results and discussion

gates (Abrantes and Rocha, 2007). In order to study the re-

lationship between the crystallinity of clay minerals and the The magnetic measurements are presented in Table 2. Vol-
content of toxic metals, a new indeR, is also computed for Ume magnetic susceptibilityx;, varies between 6 and
each clay mineral: the amount of phyllosilicates (global clay 325 10~° SI. The mass specific magnetic susceptibility,
minerals) computed for the total sample was redistributed bex . Varies between 12.50 and 7104108 m3kg~* with a
tween the three main clay minerals (illite, kaolinite and chlo- mean value of 65.5% 108 m3kg~1. A regression was cal-
rite), according to their relative proportions in the clay frac- culated between the mass specific and the volume specific
tions (Martins et al., 2007), then this value was multiplied by measurements (Fig. 3), and the regression equations used

the index of crystallinity of each main clay mineral. to calculate mass specific values for all samples in the unit
_ 10-8m3 kg1 by using the logarithmic susceptibility values
2.2.4 Data analysis because the distribution of the values is approximately log-

normal (e.g. Hanesh and Scholger, 2002; Hanesh et al., 2003;

Statistical analysis of the magnetic and chemical data WagBoyko et al., 2004; Kajika et al., 2008). The dispersion of
carried out using SPSS for Windows 18.0 software. Correlaine mass specific susceptibility values is shown in Fig. 4.

tion coefficients and the associated level of significance were Acquisiton curves of IRM up to 3T (Fig. 5)
employed to establish the relationship between heavy metaéuggest the presence of ferrimagnetic structures

levels and magnetic parameters. The Spearman correlatiog,cp, magnetite/maghemite. IRV varies between
was used in order to minimize the influence of extreme val-o55 504 10-3 Am—! and 18 174.0& 10-3Am—1. with a

ues. Mapping ofy variation was created with ArcGIS 9.2 1 10an value of 1903.30 1003 Am—L. Values of IRM T

software. show a high correlation with thes values ¢ of Spear-
man=0.9) (Fig. 6). The samples taken near streams have
similar IRM; T values within a relatively narrow range (from
2000x 103 Am~—1to 2800x 10 3 Am~1).

Nat. Hazards Earth Syst. Sci., 12, 2548555 2012 www.nat-hazards-earth-syst-sci.net/12/2545/2012/
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Table 2. Summary statistics of the magnetic measurements.
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35

In {(x),KLY Kappabridge
(mass susceptibility)
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Range M Mdn P10 P25 P75 P95
x (107 8m3kg—1) 12.5-710.1 65.5 60.2 32.6 43.4 70.1  103.8
Kif (1072 SI) 6.0-325.0 317 26.0 123 19.0 333 61.4
«hf (1072 SI) 6.0-79.0 25.7 250 11.2 17.0 30.0 45.0
Kig % 0.0-13.6 6.0 6.7 0.0 3.3 8.7 12.0
IRM{T(103Am~1) 2525-18174.0 1909.3 1480.9 721.1 1106.3 21129 3587.9
S_300mT 0.8-1.0 - - - - - -
S_100mT 0.4-1.0 - - - - - -
ARM (10~3Am~1) 493.0-4.4 40.9 29.7 125 17.9 48.0 100.3
kaARM (1079 S0) 0.8-94.8 7.6 5.7 2.4 3.4 9.2 19.3
SIRM/k (103 Am—1) 7.7-15.2 6.2 5.7 4.3 4.9 6.9 9.8
HIRM (103 Am~1) 6.8-192.3 54.3 4338 9.5 26.4 62.4 163.3
M — arithmetic mean; Mdn — median; P — percentile.
y=0.8163x-4.1888 —
Number of data points used=40 L ]
R?=0.8704 .
7" _
gns
I |
A

Fig. 3. Calibration curves for the calculation of mass specific sus-

In (K),Bartington MS2B
(volume susceptibility)

11

ceptibility values (108 m3kg~1) from the volume specific mea-

surements.

The interparametric ratio SIRM/is useful to describe

grain size and mineralogy type of magnetic particles. This
is important to explain the origin of these particles. Both
magnetic parameters are displayed in a biplot (Fig. 7). Grain

size distributions between 4 um and 0 um were found. Ac-

cording to Thompson'’s plot (Thompson and Oldfield, 1986)

the peak of magnetite concentration is close to 0.01 %.
HIRM can be used as a rough guide to canted antifer-

romagnetic minerals in a sample (Walden and Ballantyne,

2002; Liu et al., 2007). Samples near the A1 motorway Fig. 5. Acquisition curves of IRM up to 3 T.

have the higher HIRM values (120.3-192.30° 3 Am~1),
implying greater concentration of magnetically “harder”

(higher coercivity) minerals (e.g. haematite). We think the

www.nat-hazards-earth-syst-sci.net/12/2545/2012/
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Fig. 4. Histogram of topsoil mass specific susceptibility.
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1E03

particles during floods, which may result from effluents dis-
charge by urban and industrial areas, but also due to the fact
that organic matter (vegetation) near streams can create fa-
vorable conditions for the formation of ferrimagnetic iron ox-
ides. Until the Mondego river bed stabilisation in the 1970’s
the area under study was repeatedly subject to floodings. The
: SIRM (Am™?) samples were collected downstream of the city and for many
years, until the construction of wastewater treatment stations,
Fig. 7. Thompson's plot (after Chaparro et al., 2004). Magnetite urban sewage was released directly into the Mondego River.
Conc?entration (%) is dlsplayed on the vertical axis (Thompson andA|though wind direction does not seem to be very favorable
Oldfield, 1986). to this transport, the deposition of fly ash produced by Souse-
las cement plant about 8 km away northeast (whose chimney
filters have recently been improved) may have caused some
origin of these particles is traffic-related (metallic or fly-ash magnetic signal increase. In the forest area of Choupal, the
particles produced by abrasion, e.g. brake system, tyres aiagnetic susceptibility’s high values may be explained by
asphalt). the organic matter content (Mullins, 1977 in Chaparro et al.,
karMm is roughly proportional to the concentration of fer- 2002). The high humus content leads to magnetic particle re-
rimagnetic grains in the 0.02—0.5 um (stable single domainXention (Hanesch and Scholger, 2005). Near roads, high val-
size range (Booth et al., 2005). The lowegkwm values in-  ues result mainly from road traffic (asphalt abrasion, brakes,
dicate that the samples collected in agricultural fields (0.8-tires and exhaust fumes).
1.4x 107 SI) contain low to moderate concentrations of sta-  s-ratios can be used to gain information about the mag-
ble single domain magnetite. netic mineralogy (Bloemendal et al., 1992). For example,
GIS-based maps were selected due to their capability tausing the 100 mT acquisition ratio, minerals that are rela-
portray spatial relationships. The distributionyois shown tively easy to magnetise (e.g. magnetite) have relatively high
in Fig. 8. The higher values of magnetic susceptibility are values (referred to as “soft” (low coercivity) magnetic be-
recorded near roads and streams. Near roads, these valuleaviour). Minerals that show a stronger resistance to mag-
are associated with ferrimagnetic material produced by canetisation (e.g. haematite) show relatively low 100 mT acqui-
traffic. The reason for the high values near streams is besition ratios (referred to as “hard” (high coercivity) magnetic
lieved to lie in the accumulation of antropogenic magnetic behaviour) (Walden and Ballantyne, 2002). Values close to

0.01%

1E04
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Table 3. Summary statistics of the chemical data.

Range M Mdn P10 P25 P75 P95

Zn 73.60-699.40 386.50 1244 88.52 103.10 154.90 446.68
Ni 36.00-60.60 48.30 48.80 43.56 46.60 53.90 58.06
Co 2.60-31.60 17.10 14.80 5.56 8.90 18.40 26.34
Cr 21.20-60.80 41.00 33.80 25.12 28.60  41.80 55.24
Cu 19.60-136.80 78.20 55.60 29.48 41.40 73.40 106.26
Pb  47.20-183.00 115.10 70.20 56.36 60.30 88.00 155.10

Concentrations in mg kgl M — arithmetic mean; Mdn — median; P — percentile.

200 1

peg Table 4. The values of this study versus the values of the “Soil
@ 160 4 " Geochemical Atlas of Portugal”.
w e |
W 140 A
%‘ e e EN1111 This study “Soil Geochemical
- . 80 - ‘ R Atlas of Portugal
2 | ;8 \/\‘_,: Range M Range M
S ‘
wmatys e 20 "y Zn 73.60-699.40 386.50 5.00-738.00 59.00
_2'0 _1'0 ; 5 1'0 2'0 Ni 36.00-60.60  48.30 <1.00-880.00 22.00
Co 2.60-31.60 17.10 <1.00-84.00 10.00
distance (m) Cr 21.20-60.80 41.00 <1.00-336.00 26.00
Cu 19.60-136.80 78.20 <1.00-245.00 21.00
Fig. 9. Variation of susceptibility on road profiles. Pb 47.20-183.00 115.10 2.00-585.00 26.00

o ] ] _ Concentrations in mg kgt M — arithmetic mean.
1 indicate that magnetically soft grains control the magnetic

properties on the sample. Te1gomtand theS_szgomtVval-
ues range between 0.4-1.0 and 0.8-1.0, respectively confirm
ing the presence of ferrimagnetic structures (Lourenco etal.,
2011). _ *
The values ofctq range from 0 to 14 % with an average &
of 4%. These values are low enough to indicate the SD and g™
MD grains’ predominant presence which can be attributed & *
to ferrrimagnetic minerals with possible anthropogenic ori- g
gin (Maher, 1986; Hay et al., 1997). Some samples however 8
have values oksg > 10 % which suggest an important con- w0
tribution of SP particles (Mohamed et al., 2001). We have -
studied the variation ot (volume susceptibility) values in
horizontal profiles perpendicular to the roads, using collected
samples (Lourencgo, 2003). The location of these profiles is
shown on the map in Fig. 2. The highest values occur neagig, 10. Correlation between IRMr and content of Pb and Cu.
the road’s edge (Fig. 9). Spatial distribution of these values
seems to be caused by car traffic. These observations are

consistent with similar studies (Hoffmann et al., 1999). Heavy metal content, such as Pb, Cr, Cu, Co, Ni and Zn
Profile 1 held on the A1 motorway shows the roadside to-was analyzed for a selected set of samphes=39, Table 3)
pography effect on the distribution of magnetic parameters(_ourenco, 2003). The mean levels for Pb (115 mgRg
values. The decrease is possible due to the fact that in thifjj (48 mgkg1), Zn (387 mg kgt) and Cu (78 mg kg?) are
section, the motorway was built on landfill, at a height of high compared with the average background for global and

about 7-8 m on adjacent land with a®48ope. The washing  agricultural land in England (Reimann and Caritat, 1998).
out of magnetic material from the road can be responsible for romic and Romic (2003) studied the heavy met-

the higher values recorded near the road, according to Hoffx|s  distribution
mann et al. (1999).

200

u Cu
+ Fb

—— Linear (Cu)

Linear {Pb)
60

B8

IRM (Am'Y)

in agricultural soils from the out-
skirts of Zagreb (Croatia). They refer the average
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Table 5. Correlation coefficient between heavy metals content and magnetic parameters in topsoils.

InZn In Ni In Co InCr In Cu In Pb

Iny 0.354* —0131 -0.269 0.359* 0.370* 0.378*

INSIRM  0.165 —0.148 —0.324*  0.089  0.375* 0.526*

Spearman'stho ~ INARM  0.359*  0.182 0.078 0.484* 0210  0.112
INIRM_3g0  0.019 —0.055 -0.121  0.019 0.521*  0.395*

INIRM_zp0 —0.110 0456  0.368 —0.091  0.258 —0.096

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

values for Cu=20.80mgkg?, Ni=49.50mgkg?,
Pb=25.90mgkg?! and Zn=77.90mgkg?, for an area
with a lot of industry and roads (with high traffic frequency).
We also compared our results with the “Soil Geochemical

Table 6. Mineral composition of soil samples (%).

Minerals Range M

Atlas of Portugal” (Iracio et al., 2008). The range of our F 45-3 24
values is consistent with those presented in that study, Qz 56-23 38
however, mean values are once again higher than those Fk 30-3 11
considered in the referred study (Table 4). The existence of P 60-1 16
a nearby ancient town (the town of Coimbra has a recorded g ;:'j 171
history that goes back over 2000yr) may also explain the Sy 53 4

observed values for some elements due to the phenomenon
of accumulation over time. In a_g”cu't_ural soils, the hlgh F=phyllossilicates, Qz quartz, Fk=k-feldspars, P-plagioclases, & calcite,
values may be related to the intensive use of chemicap =dolomite and Sy-siderite;M — arithmetic mean.
products like herbicides, fungicides and fertilizers.

Table 5 lists the correlation between magnetic parameters )
and heavy metals (Pb, Zn, Cd, Cu, Ni and Cr). Results show ©Other samples show traces of plumbogummite and
that significant correlation exists between heavy metals and@rosite. In nature, plumbogummite has been found in sev-
x, ARM, SIRM and IRM_100mT. The correlation between eral locations as a secondary mineral in the oxidized zones
the contents of heavy metals apdwvas 0.378 for Pb, 0.370 of lead deposits. It is also a common constituent of soils,
for Cu, 0.359 for Cr and 0.354 for Zn. These correlations are2nd it is believed to be the end product in the weathering of
significant at level 0.05. Positive correlations between thelnorganic soil phosphorus (Sarma and Murti, 1970; Nriagu,
magnetic susceptibility and heavy metals concentration havé974)- In this study, we consider that the existence of this
been reported in literature (e.g. Blaha et al., 2008; Chaparrdhineral is probably related with an ancient lead mining site
et al., 2008; Rosowiecka and Nawrocki, 2010: El Baghdadiupstream Mondego river in the village of Zorro, near Coim-
etal., 2011). However, better correlations are found betweerbra (Pratas, 1996). o .
heavy metals contents and remanent parameters. A similar 1he clay fraction of the analyzed soils is characterized by
result was reported by Lu and Bai, 2006. The correlations? rather uniform clay mineral assemblage. The XRD analy-
between SIRM and Pb, ARM and Cr, and IRMyg mt and sis shows that illite (average 52 %), kaolinite (average 55 %),
Cu are significant at 0.01 level. Correlations significant atchlorite (average 6 %) and irregular illite-smectite mixed-
0.05 level are found between SIRM and Cu, SIRM and Colayers (average 9 %) are the major clay mineral groups iden-
(the correlation is negative but significant at the 0.05 |eve|),t|f|ed. T.hese resu_lts are similar to the clay mineral suite ob-
ARM and Zn and IRM. 100 mtand Pb. served in the Aveiro shelf (Abrantes and Rocha, 2007). No

The correlation between SIRM (IRM) and this group of significant correlations are found between clay mineralogy
metals was also analysed. In this case, the highest correl@nd the magnetic data.

tion was observed for Pb and Cu ¢f Spearmag=0.5 and Correlations betweeR index (calculated for the main clay
0.4, correlations are significant at 0.01 level and 0.05 levelyMinerals) and the magnetic parameters show significant cor-
(Fig. 10). relation betweerRj (R calculated for illite) andS_z0o0mT

The XRD analysis (Table 6) shows that the mineral (the correlation is negative but significant at the 0.05 level),
suites consist mainly of quartz (Qz), phyllossilicates (F), k- PetweenRen (R calculated for chiorite) and ARM, and be-
feldspars (Fk), plagioclases (P), calcite (C), dolomite (D) andWeen Riaol (R cal_cullal.ted for kaolinite) and ARM. .These
siderite (Sy). Some samples have small quantities of magcorrelatlons are significant at 0.05 level. Correlations be-
netite/maghemite<2 %). This result corroborates with the tWeenR index and heavy metals show significant correla-
findings of other authors (Chaparro et al., 2002). tion betweenR; and Co content, and betweeftyn and

Cr content (correlations are significant at 0.05 level and at
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Table 7. Spearman’s correlations betweRrindex and magnetic parameters and content of toxic metals.

R X SIRM IRM IRM ARM S S Zn Ni Co Cr Cu Pb
index ~100mT  —300mT ~300mT  —100mT
Ril —-0.148 -0.163 -0.370 -0.182 0.149 —-0.618 —-0.321 -0.240 0.160 0.441* 0.184 0.149 -0.123

Ren 0.199 0.135 0.014 0.209 0.385 0.291 —-0.099 0.213 0.168 0.219 0.510** 0.063 0.204
Rkaol —0.229 —-0.303 -0.409° —0.009 0.213 0.291 -0.034 0.164 0.236  0.285 0.249-0.035 -0.158

* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

0.01 level, respectively) (Table 7). The degree of crystallinity between magnetic parameters and clay minerals. The new

has an important bearing on the scavenging of heavy metalsalculated indexR, showed good correlation with magnetic

by secondary minerals (such as clay minerals, sulfites, sulparameters and with Co and Cr contents.

phates oxides and hydroxides) as poorly crystallized min- Our study showed that magnetic mapping is a sensitive,

erals are more efficient sorbents than crystalline ones. Ifast and robust method, which can be advantageously applied

particular, illite crystallochemical characteristics show goodto regions affected by urban and road pollution.

correlations with the distribution of some metals, pointing

to a role of this mineral (in particular, under specific crys- AcknowledgementsThis study was supported by the Portuguese
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Spatial variation of magnetic susceptibility shows a char-
acteristic distribution with higher values near roads and
streams. Near roads, these values are associated with feAbrantes, I. and Rocha, F.: Sedimentary Dynamics of the Aveiro

rimagnetic material produced by car traffic. Near streams, gheif (Portugal), J. Coast. Res., SI 50 (Proceedings of the 9th

the reason for the high values lies in the accumulation of |nternational Coastal Symposium), Gold Coast, Australia, 1005—

antropogenic magnetic particles during floods. The analy- 1009, 2007.

sis of IRM acquisition curves suggests that the main mag-Alagarsamy, R.: Environmental magnetism and application in the

netic phases present in the samples are ferrimagnetic struc- continental shelf sediments of India, Mar. Environ. Res., 68, 49—

tures (e.g. magnetite/maghemite). Tkseratios” calculated 58, 2009.

suggest the same conclusion. Bityukovg, L., Scholg_er, R., and Birke,_M.: Mag_ne_tic sus_ceptibility
Our results demonstrated that magnetic susceptibility has as indicator of environmental pollution of soils in Tallinn, Phys.

. . . Chem. Earth, 24, 829-35, 1999.
a good correlation with heavy metals so this parameter can bElaha U., Appel, E., and Stanjek, H.: Determination of anthro-

used as a proxy for soil pollution; however, remanent mag- pogenic boundary depth in industrially polluted soil and semi-

netic parameters are better indicators for heavy metal pol-  qyantification of heavy metal loads using magnetic susceptibility,
lutions than magnetic susceptibility is in studied area; also Enyiron. Pollut., 156, 278—-289, 2008.

SIRM, ARM and IRM_10omT can be used as proxy method Bloemendal, J., King, J. W., Hall, F. R., and Doh, S.-J.: Rock
for monitoring the contents of toxic metals in topsoils in this  magnetism of Late Neogene and Pleistocene deep-sea sediments:
area. Relationship to sediment source, diagenetic processes, and sedi-

The results of XRD analyses show that the most abun- ment lithology, J. Geophys. Res., 97, 4361-4375, 1992.

dant minerals are quartz, phyllossilicates, k-feldspars, plaBo°th. C. A, Walden, J., Neal, A., and Smith, J. P.: Use of min-
eral magnetic concentration data as a particle size proxy: A case

ioclases, calcite and dolomite. They also confirm the pres- , . . . . X
9 y P study using marine, estuarine and fluvial sediments in the Car-

e_nce of magnetite/maghemite although with a concentra- marthen Bay area, South Wales, UK, Sci. Total Environ., 347,
tion generally below 2%. Some samples show traces of 5,1 553 5005,

plumbogummite. Clay fractions are characterized by a ratheggy ko T., écholger, R., and Stanjek, H.: MAGPROX Team, Top-
uniform clay mineral assemblage, illite, kaolinite, chlorite  soil magnetic susceptibility mapping as a tool for pollution mon-
and irregular illite-smectite mixed-layers being the major itoring: repeatability of in situ measurements, J. Appl. Geophys.,
clay mineral groups identified, but no correlation is found 55, 249-259, 2004.
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