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In recent years, the number of studies of pollution and magnetic proxies for environmental pollution in
developed countries, especially European and North American countries, has gradually increased from the 80’s
to date. Despite this trend that shows a positive interest in taking care of the environment and researching into
the environmental impact of several human activities, pollution studies in Latin American countries have been
reducing in number. Moreover, studies of magnetic proxies for pollution are scarce; in particular, studies of this
nature has been carried out in Argentina over the past few years by Chaparro and coworkers. Studies of magnetic
enhancement in soils due to the burning mechanism are discussed and the results of burnt soils affected by fires
of different nature and natural soils are compared, taking into account their magnetic carriers. Nevertheless, this
article deals mainly with the first studies of magnetic proxies for pollution conducted in a province in Argentina.
Soils, lagoon and stream sediments from three areas were studied. These areas comprise La Plata, Chascomús,
and Tandil districts. The influence of pollution was investigated in Tandil and La Plata, revealing magnetic
enhancement and the presence of pollutants only in Tandil soils. On the other hand, stream and lagoon sediments
were studied in La Plata and Chascomús. Magnetic carriers and the contents of some heavy metals were identified
and investigated in both areas separately. Magnetic parameters show distinctive points and wide areas affected
by pollution. Furthermore, this magnetic inference is supported by high contents of heavy metals, especially
lead and zinc. Finally, a new statistical study of multiple correlation analysis concerning data from La Plata
and Chascomús areas was tried in order to investigate the existence of a linear relation between sets of several
magnetic parameters and several chemical variables.
Key words: Magnetism, magnetic enhancement, pollution, stream sediments, soils.

1. Introduction
Human impact, especially atmospheric pollution, in ur-

ban and natural media has increased its adverse potential in
the last years. So, pollution has become a subject widely
investigated from several fields, such as, physics, geology,
geophysics, chemistry, etc. According to Petrovský and Ell-
wood (1999), atmospheric pollution is identified as one of
the most harmful factors for ecosystems. Often, industrial
and urban fly ashes included toxic elements and heavy met-
als; such airborne pollutants are diffused due to atmospheric
circulation. Land environments undergo a major impact,
because pollutants are transferred to the Earth’s surface,
made available, and taken by organisms, or incorporated
into sediments.
In environmental magnetism and rock-magnetism, mag-

netic techniques have been successfully developed and im-
proved, becoming a very useful tool in order to investi-
gate and understand processes occurring in different en-
vironments. Among studies in this research field, mag-
netic minerals and in situ changes in sediment environs and
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soils, mainly, by anthropogenic influence are focussed in
this work.
From the point of view of Environmental Magnetism,

Thompson and Oldfield (1986), Petrovský and Ellwood
(1999), Evans and Heller (2003) discussed and presented
reviews of the most relevant European and North American
works in this related topic. A large number of exhaustive
studies of pollution and magnetic proxies for pollution have
been conducted in developed countries from the 80’s to date
(e.g. Beckwith et al., 1986; Strzyszcz et al., 1993, 1996;
Flanders, 1994; Morris et al., 1994; Versteeg et al., 1995;
Georgeaud et al., 1997; Heller et al., 1998; Scholger, 1998;
Bityukova et al., 1999; Durza, 1999; Kapicka et al., 1999;
Hoffmann, 1999; Magiera and Strzyszcz, 1999; Matzka and
Maher, 1999; Petrovský et al., 2000; Knab et al., 2001,
2006; Boyko et al., 2002, 2004; Hanesch and Scholger,
2002; Schibler et al., 2002; Jordanova et al., 2003a,b, 2004;
Lecoanet et al., 2003; Pozza et al., 2004; Desenfant et al.,
2004; Spiteri et al., 2005; Magiera et al., 2006, etc.).
Conversely, pollution studies in the Third World (e.g. in

China: Zhang and Yu, 2002; Hu et al., 2003; Wang and Qin,
2005, 2006a,b, in Hong Kong: Chan et al., 2001, in India:
Goddu et al., 2004; Das, 2005, in Korea: Jung et al., 2005;
Park et al., 2005, in Nepal: Gautama et al., 2004a,b, 2005,
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in Nigeria: Fakayode and Olu-Owolabi, 2003, in Turkey:
Yuce et al., 2006, in Thailand: Szczucinski et al., 2005, etc.)
and Latin American Countries (e.g. in Brazil: Gioia et al.,
2006; in Chile: Chirinos et al., 2006; in Mexico: Rosales
Hoz et al., 2004, 2005; in Puerto Rico: Acevedo-Figueroa,
2001 and Acevedo-Figueroa et al., 2006, etc.) are reduced
in number.
In Argentina, in particular, biochemical, geochemical

and chemical studies concerning urban pollution have
been mainly carried out in the most densely populated
province: Buenos Aires Province. Among the published
works, Ronco et al. (1995, 2001), Manassero et al. (1998),
Colombo et al. (1999, 2005), Bilos et al. (2001), Quaranta
et al. (2002), Mazzeo et al. (2005) can be cited. Neverthe-
less, studies of magnetic proxies for pollution in Argentina
are really scarce; the works discussed in the next sections
(Chaparro, 1999; Chaparro et al., 2000, 2002a,b, 2003,
2004a,b, 2005) are some of the first carried out in South
America.

2. Some Aspects of Background and Fundamen-
tals in Environmental Magnetism

2.1 Magnetic carriers
A minor fraction of magnetic mineral often handles the

magnetic signal of soils (stream, river and lake), sediments
and rocks. Within this fraction, ferromagnetic materials, i.e.
ferrimagnetic and antiferromagnetic minerals stand out. In
most cases, the ferromagnetic concentration does not sur-
pass 1%, which is enough to control and mask the diamag-
netic and paramagnetic signal from specimens.
Differences and discrimination among magnetic carriers

are possible according to their magnetic response, e.g. val-
ues of specific susceptibility (χ ) vary widely for these mag-
netic carriers: diamagnetic (∼−6×10−9 m3 kg−1), para-
magnetic (∼10−6 m3 kg−1), antiferromagnetic ones (∼6–
7×10−7 m3 kg−1), and ferrimagnetic (∼0.5–5.6×10−3 m3

kg−1). For detailed χ values and other magnetic param-
eters, the reader is addressed to Thompson and Oldfield
(1986), Bartington Inst. Ltd (1994), Maher et al. (1999),
etc.
Industrial and urban activities emit and release dust par-

ticles, mainly fly ash, directly into the atmosphere; these
particles can include heavy metals and other toxic elements.
According to Petrovský and Ellwood (1999) and other au-
thors, fly ash is often consists of ferromagnetic materials,
and their grain size vary from submicron to micron range,
respirable (<2.5 μm) and inhalable (2.5–10 μm) aerosols.
In an environment, magnetic “prints” are obtained from

the magnetic features of carriers, and the use of magnetic
parameters for pollution assessment and other studies in
magnetism is supported by the mentioned fact. However,
magnetic prints can undergo distortions and changes from
the media, chemical transformations, weathering, climatic
influences, etc.
2.2 Magnetic enhancement
First evidence of magnetic enhancement was noted by

Le Borgne (1955), subsequent studies of many authors
(e.g. Tite and Linington, 1975; Mullins, 1977) confirmed
this phenomenon. Magnetic enhancement can occur in
many ways, involving natural and anthropogenic processes.

The anthropogenic process (e.g. industrial activities, vehi-
cle traffic) consists of extra influx of magnetic particles in-
cluding heavy metals. The natural processes comprise in
situ conversion of non-ferromagnetic iron minerals into fer-
romagnetic minerals, and extra influx of magnetic particles
from terrestrial and extraterrestrial origin. Among these
processes, it is possible to identify fermentation, lithogen-
esis, biogenesis, pedogenesis, chemical processes, volcanic
activity, cosmogenic/meteorite ablation, and burning (Vadi-
unina and Babanin, 1972; Mullins and Tite, 1973; Tite and
Linington, 1975; Mullins, 1977; Thompson et al., 1980;
Thompson and Oldfield, 1986; Maher, 1986; Petrovský and
Elwood, 1999).
In this work, magnetic enhancement due to burning (see

Section 5.1. Burning soils) and anthropogenic influence
(see Section 5.2 and Section 5.3) were only investigated.
2.3 Magnetic monitoring of anthropogenic pollution
The magnetic susceptibility method in magnetism has

been very well accepted for mapping anthropogenic heavy
metal pollution. Although the magnetic proxy technique
uses a whole range of rock magnetic techniques, only mag-
netic susceptibility can be measured in the field by us-
ing Bartington Ltd., ZH Ltd., and other instruments. This
method has become useful because it uses only one single
parameter, magnetic susceptibility (Petrovský and Ellwood,
1999). Measurements are easy, prompt and cost-effective to
carry out. So, it becomes possible to establish dense grids
of sites under study (e.g. Hanesch and Scholger, 2002; Schi-
bler et al., 2002; Boyko et al., 2004), and therefore, to pro-
duce 2D or 3D maps of magnetic parameters, which could
be used as proxies of certain pollutants. However, the link-
age between contents of pollutants and magnetic parameters
has to be proven by additional studies. It allows us to assess
the contamination for reduced or wide extensions in a qual-
itative way. Several authors have proved the efficacy and
usefulness of the method, among them: Strzyszcz (1993),
Strzyszcz et al. (1996), Hanesch and Scholger (2002), Jor-
danova et al. (2003a).
2.4 Magnetic parameters and heavy metals
The concentration of toxic elements and magnetic

particles—magnetite, maghemite, hematite and many more
magnetic phases of extremely complicated composition—
in anthropogenic emissions depend on various factors.
However, very often magnetite-like phases (of sphere-like
shape) are dominan. According to Kukier et al. (2003), dif-
ferences in final pollutant products are related to the char-
acteristics of combustible material, combustion conditions,
and protection facilities. Both concentrations of pollutants
and magnetic particles can be linked because they are genet-
ically related. Nevertheless, different factors and influences
may dilute linkage between them.
Vassilev (1992), Petrovský and Ellwood (1999), Kukier

et al. (2003), and other authors, have proved that both con-
centrations are related because magnetic particles can act
as hosts of heavy metals and other pollutants. The host role
for magnetic particles can be achieved in two ways, either
a magnetic particle may include heavy metals onto its crys-
talline structure during combustion and its subsequent gen-
eration, or after formation, it may adsorb heavy metals on
its surface.
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Fig. 1. Map of studied areas from Argentina. Sampling sites belong to the Rı́o Negro and Buenos Aires provinces. In particular, 1a. Soils from Catedral
Hill area (CTv,i,); 1b. Soils from the Tandil area (Gv,i, Na.1-2, Fa.1-4); 1c. Soils (G1s, Ds, P1-2s) and sediment cores from La Plata area (G1-6, D,
P1-2); 1d. Sediments cores from the Chascomús area (To1-2, Vi1, Ch and Gi1) are pinpointed.

Although magnetic susceptibility proved to be a good
and qualitative proxy for contamination in a large number
of studies, other magnetic parameters have been investi-
gated as indicators of heavy metal pollution. Various stud-
ies showed bad correlations among magnetic susceptibility
and heavy metals, whereas alternative magnetic parameters
(e.g. remanent magnetisations) correlated very well.
Relationships between magnetic parameters and heavy

metals have become an interesting subject of investigation
in magnetic monitoring and a large number of papers have
been devoted to it, e.g. Hunt et al. (1984), Beckwith et
al. (1986); Strzyszcz et al. (1996), Petrovský et al. (1998,
2000), Heller et al. (1998), Bityukova et al. (1999), Durza
(1999), Hoffmann et al. (1999), Kapicka et al. (1999),
Hanesch and Scholger (2002); Chaparro et al. (2004b).

3. Sites and Locations under Study in Argentina
As was pointed out before, magnetism studies in Ar-

gentina are scarce. In the following sections, works con-
cerning magnetism of soils and sediments are discussed.
Burning soils were studied in the Rio Negro Province,

Bariloche City, Catedral Hill zone (CT, 41◦10′S; 71◦22′W);
and in the Buenos Aires Province, Tandil City (37◦20′S;
59◦06′W), Golf Club zone (G), see Fig. 1. At each zone,
two soils, burning (subscript i, CTi and Gi) and unaffected
(subscript v, CTv and Gv) soils were studied.
On the other hand, magnetism studies concerning indus-

trial and urban pollution were investigated in the densely
populated province of Buenos Aires. Areas under study, La
Plata (34◦55′S; 57◦50′W), Chascomús (35◦32′S; 58◦04′W)
and Tandil areas (37◦20′S; 59◦06′W) can be appreciated in
Fig. 1. Soils are pinpointed in the Tandil area (soils near
metallurgical factories, Fa1-4, and soils in natural zones,
Na1-2), and in the La Plata area (soils near polluted sites,
G1s, Ds, and soils in unpolluted sites, P1s and P2s), as can
be observed in Fig. 1. Stream and lagoon sediment cores
were collected in the La Plata area (sites near polluted sites,
G1-6, D, and unpolluted sites, P1 and P2), and in the Chas-
comús area (stream sediments cores, To1-2, lagoon sedi-
ments cores, Ch, Gi1 and Vi1).
All studied soils and sediments in the urban sites (Tandil,

La Plata and Chascomus city) were controlled in order to
avoid the recent influences of anthropogenic activities, such
as construction, reworking, landfill, etc., that can cause
pollution and magnetic misinterpretations.
The soils classify as Argiudolls (SAGyP-INTA, 1989);

their pedological description and the main minerals were
detailed in Chaparro et al. (2000, 2002a, 2004a). Geologi-
cal setting of streams and lagoons are not discussed in this
article either. For details, the reader is addressed to Cha-
parro et al. (2003, 2004a,b, 2005). The sediment core de-
scriptions and the main minerals are also detailed in the
above-mentioned articles.
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4. Techniques and Methods
Soils from the Rio Negro and Buenos Aires provinces

were studied in depth and in three surface layers (S: 0 cm,
1: 10 cm and 2: 20 cm). In situ magnetic susceptibility was
measured and samples were collected from each soil. Sedi-
ments and soils from the Buenos Aires province were sam-
pled by collecting sediment cores, plastic bags, and speci-
mens in plastic boxes in depth to perform laboratory mag-
netic and non-magnetic measurements. The sample prepa-
ration (drying, sieving, and consolidation) and measure-
ments were carried out by using a previously defined pro-
cedure or protocol (for details, see Chaparro et al., 2000,
2002a, 2003, 2004a,b, 2005; Chaparro, 2006).
Among the magnetic techniques, magnetic susceptibility

(κ), anhysteric remanent magnetisation (ARM), isothermal
remanent magnetisation (IRM), magnetic demagnetisation,
temperature-dependent susceptibility, and thermal demag-
netisation were used. The following instruments were used:
(a) a magnetic susceptibility meter MS2 (Bartington Instru-
ments Ltd.) linked to a MS2B dual frequency sensor (470
and 4700 Hz) and MS2F; (b) a partial ARM (pARM) de-
vice attached to a shielded demagnetizer (Molspin Ltd.);
(c) a spinner fluxgate magnetometer Minispin (Molspin
Ltd.); (d) a pulse magnetizer model IM-10-30 (ASC Sci-
entific); (e) a Shielded Demagnetizer (Molspin Ltd.); (f) a
devise and complementary equipment for measurements of
temperature-dependent susceptibility; (g) a thermal speci-
men demagnetizer, model TD-48 (ASC Scientific).
Curves, plots and related parameters mentioned in

this manuscript are specific magnetic susceptibility (χ ),
frequency-dependent κ (κFD%), anhysteric susceptibility
(κARM), King’s plot (κARM versus κ , King et al., 1982) and
κARM/κ-ratio (Dunlop and Özdemir, 1997), IRM acquisi-
tion curves, saturation of IRM (SIRM), SIRM/χ , remanent
coercivity (HCR), S-ratios, demagnetization curves, median
destructive field (MDF), κ-T curves, stepwise thermal de-
magnetization curves, Curie temperature (TC ). Measure-
ment procedures and settings are not detailed in this arti-
cle. However, for details, see Chaparro et al. (2000, 2002a,
2003, 2004a,b, 2005).
X-ray diffraction studies were realised by using an auto-

matic Philips PW1710 X-ray diffractometer with graphite
monochromated Cu-K radiation, automatic divergence slit,
and a scan speed of 0.005◦2θ s−1. The spectroscopic be-
haviour of some samples was analysed by means of Fourier
Transform infrared spectroscopy (FTIR). Infrared spectra
were recorded on a Nicolet-Magna 550 FTIR instrument,
using the KBr pellet technique.
Traces of heavy metals were determined by spectrometry

of atomic absorption; the samples were dried and prepared
by using the protocol: “3050 acid digestion of sediments,
sludge and soil” (Environmental Protection Agency, EPA
SW-846, 1986; APHA, AWWA, WEF, 1998).

5. Results and Discussion
5.1 Burning in soils
Burning is one of the mechanisms identified as a ma-

jor factor in magnetic enhancement (Mullins, 1977). In
Chaparro et al. (2000), two different environments from
the Rio Negro and Buenos Aires provinces were inves-

Table 1. Mean values of in situ magnetic susceptibility of each layer (S,
1 and 2) for virgin (CTv and Gv) and burnt (CTi and Gi) soils. Percent
increments for each layer are also displayed.

Soil In situ magnetic susceptibility

(10−5 SI)

Layer S Layer 1 Layer 2

(0 cm) (10 cm) (20 cm)

Gv 42.7 319.2 612.0

Gi 383.3 696.2 727.6

Increment (%) 797 118 19

CTv 271.4 963.8 934.9

CTi 835.7 897.2 963.8

Increment (%) 207 −7 3

tigated. Although two zones are studied and presented
in this work, they are not compared with each other re-
garding their pedological differences, as well as their fire
intensity. Forest fires over long periods and during the
past years took place in soil CTi from Catedral Hill.
The recent fire history and events in this area were pub-
lished by national graphic and visual media; on the other
hand, some of the past fire history from 13,000 yr B.P.
to present is discussed in Bianchi (2000). Moreover, the
problem has become of special government interest and it
has carried out a National Program of Forest Statistic—
Statistics of Forest Fire since 1999 (Ministerio de Salud y
Ambiente—Argentina, annual reports can be downloaded
in http://www.medioambiente.gov.ar/?idarticulo=303). On
the other hand, minor fires occurred in soil Gi from Tandil
(Fig. 1). In the surrounding areas of burning soils, virgin or
natural soils, soil CTv for site CT, and soil Gv for site G,
were sampled in order to carry out a comparison with base-
line values from unaffected soil. Such “unaffected” soils
were chosen according to the limits of the burnt areas (e.g.
the forest fire in Bariloche in 1997) that were photograph-
ically documented. It is worth mentioning that this choice
does not exclude the occurrence of previous fires.
Results of in-situ magnetic susceptibility (κis) for both

sites are listed in Table 1. From these results, it is possible
to see magnetic enhancement in the upper section of soils,
especially layer S. Similar results were obtained in Tite
and Linington (1975) and Thompson et al. (1980). The
percentage of increase in layer S, between virgin and burnt
soils, clearly shows that magnetic enhancement took place,
reaching increments of 207% for soils CT and 797% for
soils G. SIRM results of samples from layer S support this
behaviour, revealing higher values for CTi and Gi (10.9 and
3.7×10−2 A m2 kg−1, respectively) than for CTv and Gv
(7.4 and 0.8×10−2 A m2 kg−1, respectively).

It is worth mentioning that the κis parameter for deeper
layers (layers 1 and 2) tends toward similar values for virgin
and burnt soils (Table 1); such a result supports the common
origin of these soils. The heating depth affecting materials
in these soils can also be estimated from these results.
Feature-dependent magnetic parameters, κFD%, HCR and

S100-ratio, allow us to know and characterise the main
magnetic carriers. Values of κFD% are below 5%, so su-
perparamagnetic grains do not control the assemblages of
magnetic grains (Bartington Inst. Ltd., 1994). Ferrimag-
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netic minerals are expected in both sites, HCR varies from
33.7 to 43 mT for soils G, and from 46.3 to 56 mT for soils
CT. S-ratio is ∼0.73 for soils G, and ∼0.45 for soils CT.
From both parameters, the presence of antiferromagnetic
minerals is also deduced in soils CT, especially in the virgin
soil CTv. Values of HCR parameter for soils CT and G show
differences between layer S and the deeper ones, indicating
a higher content of ferrimagnetic minerals in surface layers
of both sites.
5.2 Magnetic proxies for pollution in soils
5.2.1 Soils from Tandil area In this work, anthro-

pogenic pollutants from metallurgical factories and their in-
fluences in the nearest soil were the main goal. Magnetic
enhancement, as consequence of the above-mentioned in-
fluence, was specially investigated. Considering the recent
pollution history in the Tandil area, pollutants in soil pro-
files are expected in the uppermost horizon, A-horizon or
mollic epipedon (these soils are classified as Argiudolls,
SAGyP-INTA, 1989).
Tandil is a relatively small town of ∼108,000 inhabitants

that has a reduced number of industrial factories (about
0.2 per km2). These factories are located in the urban
zone, and although the pollution problem is relatively young
and not of long-term, results in Chaparro et al. (2002a)
revealed that released pollutants of adverse consequences
for environment and human health are incorporated in soils
horizons.
According to Chaparro et al. (2002a) and Chaparro

(1999, 2006), a distinctive magnetic behaviour for un-
polluted and polluted soils in the Tandil region was de-
tected. Magnetic susceptibility and SIRM, concentration-
dependent magnetic parameters, are higher for soils belong-
ing to the industrial sites (four sites: soils Fa1-4) than for
soil in natural areas (two sites: Na1-2), e.g., κ differences
are notorious, 467–760×10−5 SI for soils Fa1-4 and 39–
192×10−5 SI for soils Na1-2, and since all studied samples
and profiles belong to the same pedological horizon, within
the mollic epipedon, the influence of pollutant particles in
industrial sites (soils Fa1-4) can be confirmed. Estimation
of magnetic concentration showed that magnetite concen-
tration is about 0.01% in natural areas and 0.1% in indus-
trial areas.
In addition to such a difference between sites, magnetic

enhancement in soils Fa1-4 seems to take place in all layers
(S, 1 and 2) up to 20 cm. In Fig. 2, magnetic enhancement
of a typical polluted soil can be appreciated for soil Fa1.
Although ferrimagnetic oxides are found in both sites,

their magnetic features vary slightly. Taking into account
feature-dependent parameters, such as coercivity of rema-
nence, S100-ratio and κFD%, magnetically soft ferrimag-
netic materials (e.g. magnetite) control industrial sites. On
the other hand, a balance between ferri and antiferromag-
netic minerals is found in natural sites. Rough estimations
in magnetic grain size reveal single domain (SD)/pseudo
single domain (PSD) magnetite in sites Fa1-4, and finer
grain size, SD and, in some cases, with contribution of su-
perparamagnetic magnetite in sites Na1-2. Other studies,
temperature dependence of susceptibility, FTIR studies and
X-ray diffraction spectra (see Chaparro et al., 2002a) sup-
port some of the above-mentioned conclusions.

Fig. 2. In-situ magnetic susceptibility measurements in depth for soil
Fa1 (soil near a metallurgical factory) from the Tandil area. Magnetic
enhancement can be appreciated in the upper sequence. From Chaparro
(1999).

Contents of some heavy metals, Cd, Fe, Ni, Pb and Zn,
were also determined in order to establish their presence
in these soils and their possible linkage with magnetic en-
hancement. Pollution status in soils Fa1-4 is confirmed
through higher values of Pb (up to 222.8 mg/kg) and Zn
(173.3 mg/kg. In spite of few chemical determinations
(n = 6), an analysis of linear regression between magnetic
susceptibility and contents of heavy metals was performed.
Correlations are good, R=0.64 for χ -Pb, R=0.64 for χ -
Zn, R=0.61 for χ -Cd, R=0.66 for χ -Total concentration,
R=0.17 for χ -Ni, and R=0.17 for χ -Fe. Although these re-
sults must be interpreted considering that n is small (n=5)
for statistics, these first results are relatively good, and com-
parable to other earlier studies in Europe (Hunt et al., 1984;
Beckwith et al., 1986; Heller et al., 1998; Durza, 1999).
Nevertheless, magnetic susceptibility values in the Tandil
area are lower than in North American and European coun-
tries. This fact can be related (in terms of pollution) to a
low level of pollution, possibly due to the young industrial
history.
5.2.2 Soils from la plata area Soils from the La Plata

area were investigated (Chaparro et al., 2002b, 2004a) after
previous studies in stream sediments had been conducted.
As Chaparro et al. (2003, 2004b) found (see Section 5.3.1,
Stream sediment from La Plata area) sediments from a
cross-city stream (Del Gato stream, Fig. 1) have been af-
fected by industrial and urban pollution. Regarding pollu-
tion influences in stream sediments from this area, another
environment was investigated in order to assess contamina-
tion impact in soils near the core-collecting sites.
La Plata is one of the most populated cities in Buenos

Aires Province. It has ∼600,000 inhabitants and a popu-
lation density of ∼585 inhabitants per km2. According to
Cabral et al. (2002), the current land use in the La Plata
area is classified into urban, industrial, waste land, residen-
tial areas, intensive farmland, forest, extensive cattle raising
areas, quarries, etc.
In this area, the soils show differences in their pedolog-
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Fig. 3. ARM versus depth for soil “polluted” soils (G1s and Ds) and
unpolluted soils (P1s and P2s) from La Plata. Pedological A-horizons
vary from 0 to 8 cm (soil G1s), from 0 to 15 cm (soil Ds), from 0 to
20 cm (soil P1s), and from 0 to 10 cm (soil P2s). Although magnetic
enhancement does not occur, differences between A and B-horizons are
observed. From Chaparro et al. (2004a).

ical development. Possibly polluted soils, G1s and Ds, de-
veloped in the coastal plain zone (Fig. 1), have recently
formed and are waterlogged for long periods during the year
because of their low topographic position. Argiudol soils
(SAGyP-INTA, 1989) are better developed in P2 site where
soil P2s was sampled. Mixed soils—developed in marine
as well as in continental deposits—are representative of the
soil P1s.
Concentration-related magnetic parameters (χ , ARM

and SIRM) showed low values that seem not to be con-
nected with pollution. Specific magnetic susceptibility val-
ues are similar between “polluted” soils (G1s and Ds) and
unpolluted soil (P1s), varying from 10.7 to 20.5×10−8 m3

kg−1. On the other hand, the unpolluted soil P2s reached
the highest values (37.2–93.2×10−8 m3 kg−1). According
to its location, geological background, and the poor pollu-
tion influence, the ARM-depth behaviour for soil P2s (see
Fig. 3) can be explained in terms of soil formation features,
and not in pollution terms.
A homogeneous behaviour among soils G1s, Ds and

P1s, without remarkable differences, is observed. Although
magnetic enhancement seems not to take place in the upper
horizon, a slight magnetic increase in ARM parameter is ev-
idenced in A-horizon in relation to B-horizon (Fig. 3). From
measurements of χ and SIRM, Thompson plot (Thompson
and Oldfield, 1986), magnetite concentrations in these soils
vary between 0.001 and 0.01%. Such concentrations are
lower than in polluted soils (see Section 5.2.1. Soils from
the Tandil area).
Soft ferromagnetic oxides are predominant in all soils

according to the analyses of the S-ratio and HCR parameter.
Magnetite, especially, is the main magnetic carrier, with
PSD grains ranging between 0.2 and 5 μm (from King Plot,
King et al., 1982). In soils G1s, Ds and P1s, carriers of A-
horizon are finer and magnetically softer than in B-horizon.
On the other hand, contents of heavy metals (Pb, Cu, Zn,

Ni, Cr, Fe and Mn) rarely surpass the allowed mean values
for natural environments (Frink, 1996). Among these heavy
metals, only Zn and Mn reached twice and three times
the amv (detailed results can be found in Chaparro et al.,
2004a).
A clear magnetic and chemical distinction between un-

polluted and “polluted” soils was not obtained. The low
level of contents of heavy metals, mostly around the amv,
and the low and narrow range of χ values for soils G1s, Ds
and P1s, are not enough to correspond to pollutant loads.
In spite of the fact that some stream sediments sites are
contaminated, its close corresponding soils seem not to be
affected by pollution. As was stated in Chaparro et al.
(2004a), maybe, the main pollution input is via liquid ef-
fluents or the distances to the sources are too far for atmo-
spheric contamination.
5.3 Magnetic proxies for pollution in stream and la-

goon sediments
5.3.1 Stream sediments from La Plata area Stream

sediments in urban and rural zones from the La Plata area
were investigated in two campaigns. This area receives
industrial and urban pollutants that especially affect a cross-
city stream (Del Gato stream). Del Gato, Dona Flora and
El Pescado streams run in this area (see Fig. 1) and were
studied in a preliminary work (Chaparro et al., 2003) and
in a subsequent work (Chaparro et al., 2004b), establishing
a detailed study of magnetic carriers in sediments and their
relationship with heavy metal loads.
As was mentioned in Section 5.2.2, La Plata is one of

the most populated cities of the Buenos Aires Province.
According to Manassero et al. (1998), the estimated pop-
ulation living on both banks of the Del Gato stream is ap-
proximately 70,000 inhabitants. There are more than 300
point sources of pollution derived from the chemical in-
dustry, metallurgy, wood and paper mills, non-treated urban
sewage (Ronco et al., 1995, 2001; Alzuet et al., 1996) and
plants of waste disposal. Another important source of pol-
lution is the traffic on city and open roads. In the northeast
of Buenos Aires Province, previous geochemical studies
showed a high level of some trace elements, especially Cu,
Pb and Zn, on stream sediments (Manassero et al., 1998;
Ronco et al., 2001).
The preliminary study of magnetic proxies for pollu-

tion in this area (Chaparro et al., 2003) confirmed pollu-
tion influences in sediment columns, on the first 20 cm
in depth. Concentration-related magnetic parameters (χ ,
ARM and SIRM) showed clear differences between sites P
(El Pescado stream) and sites G and D (Del Gato and Dona
Flora streams, Fig. 1); higher values of these parameters
were found for sites G and D. These magnetic parameters
showed magnetic enhancement in the uppermost sediments
of sites G, and in the middle part of core D; such enhance-
ment can be observed in Fig. 4 for χ and ARM parame-
ters. On the other hand, lower χ and ARM values for the
El Pescado stream behaved as unpolluted sites: cores P1a
and P2c have been established as background values in La
Plata area. Background values vary from 6.1 to 28.6×10−8

m3 kg−1 for χ , and from 9.2 to 53.9×10−6 A m2 kg−1 for
ARM. It is worth mentioning that the values of sites G and
D trend to the background values for sediments deeper than



M. A. E. CHAPARRO et al.: REVIEW OF MAGNETISM AND POLLUTION IN ARGENTINA 1417

Fig. 4. ARM and specific magnetic susceptibility versus depth for stream
sediments from the La Plata area are displayed. Cores from sites P
belong to the El Pescado stream and cores from sites G and D belong
to the Del Gato and Dona Flora streams. From Chaparro et al. (2003,
2004a).

20 cm. Thus, such a result supports the common origin of
sediments from all streams and suggests the pollution influ-
ence in the uppermost sediments from the Del Gato stream.
Measurements of contents of heavy metals (Pb, Cu, Zn,

Ni and Fe) showed clear differences between both sites
as well, supporting the above-mentioned conclusions about
magnetic enhancement in sites G and D. Contents of Pb, Cu
and Zn highly surpass the amv (Frink, 1996). These values
reached up 12 times the amv, i.e. 233, 69 and 406 mg/kg for
Pb, Cu and Zn, respectively.
Magnetic characterisation of carrier, magnetomineral-

ogy and magnetic grain size, was analysed from IRM
and pARM curves, S-ratio, HCR , SIRM/χ , MDF, κARM/κ-
ratio, temperature dependence of magnetic susceptibility
and thermal demagnetisation studies (for details, see Cha-
parro et al., 2003). The integrated analysis revealed the pre-
dominance of ferrimagnetic minerals in all sediment cores,
magnetite being the main magnetic carrier among them.
The presence of secondary soft carriers such as titanomag-
netite and maghemite is also possible. Besides these mag-
netic carriers, a minor proportion of hard magnetic (anti-
ferromagnetic) minerals, maybe hematite or goethite, is ex-
pected. Magnetic grain size distribution is another remark-
able and distinctive feature to take into account for these
sediments. Finer grain sizes occur in the upper sediment
sequence of cores G and D. This is especially significant
in cores G and has been related to the input of pollutants.
Quantitative estimations from King plot (King et al., 1982)
reveal magnetic grain sizes between 0.2 and 1 μm, PSD/SD
grains.
Finally, in this early work, magnetic conclusions of quali-

tative status of pollution were quantified through analysis of
linear regression between ARM and the contents of heavy
metals (Pb, Cu, Zn, Ni and Fe). Correlations were good,
varying between 0.4293 and 0.7363 (for detailed results see
Chaparro et al., 2003, 2004b).
In Chaparro et al. (2004b), special attention was paid to

the Del Gato stream according to the pollution impact in
sediments found in the preliminary work. So, new sampling
sites (sites G3, G4, G5 and G6, Fig. 1) were sampled and
analysed in order to improve and increase the magnetic
mapping in this polluted stream.
Spatial (from the head to the mouth of the stream) and

vertical behaviour of Del Gato stream sediments was stud-
ied. Cores were divided into two groups according to their
location within the geomorphologic zones: Interior Zone
and Coastal Plain (Fidalgo and Martinez, 1983, see Fig. 1).
Sediments of each group seem to have an independent

behaviour. From a previous geochemistry study, Ronco et
al. (2001) also found such discrimination. Although cores
from the Coastal group (G1 and G2) show magnetic en-
hancement and strong heavy metal increase in the upper
section of the sediment column, on the other hand, all cores
from the Interior group (G3, G4, G5 and G6) do not show
a clear magnetic enhancement, especially cores G4 and G5.
However, χ and ARM values are found to be as high as
those in the Coastal group (Chaparro et al., 2004b). Con-
centration of ferrimagnetic minerals, especially magnetite,
is estimated between 0.01 and 0.1% for both groups. This
range is relatively high and similar to the one found in pol-
luted Tandil soils (see Section 5.2.1). The occurrence of
finer grain size and softer magnetic carriers at the upper-
most sediment is a distinctive feature of sediments from
both groups as well. As was concluded before, it is related
to the input of pollutants in the first 20 cm deep section.
According to Chaparro et al. (2004b), such a recent anthro-
pogenic influence belongs to the last 20–40 years; it is based
on a deposition rate of 0.5–1.0 cm per year (Manassero et
al., 1998).
Relationship between the magnetic parameters—also

considering κARM/κ-ratio and S-ratio—and the contents of
heavy metals were investigated for cores G as well. Corre-
lations from analysis of linear regression can be observed in
detail in Chaparro et al. (2004b). In particular, correlations
with feature-dependent magnetic parameters (κARM/κ-ratio
and S-ratio) are better than with concentration-dependent
magnetic parameters (χ and ARM). The most relevant pa-
rameter in this work is κARM/κ-ratio; R coefficient reaches
very good values of up to 0.9229 at a high level of signifi-
cance.
Spatial distribution of heavy metals (mainly Pb and Zn)

and magnetic carriers in the Del Gato stream shows an
increase towards the mouth of the stream in the Coastal
Plain. According to Ronco et al. (2001) and Chaparro
et al. (2004b), this zone behaves as a sink, retaining and
accumulating pollutants in the environment.
5.3.2 lagoon and stream sediments from chascomus

area Magnetism studies in another area in Buenos Aires
Province and the relevance of various magnetic parameters,
as pollution indicators, were the main topics discussed in
this work (Chaparro et al., 2005).
The Chascomús area comprises the lacunar system of De

Las Encadenadas de Chascomús, which is located in the
NE of Buenos Aires Province, and in the SW of La Plata.
Among the lagoons and streams sampled and studied in this
system, we chose Vitel and Chascomús lagoons, and Los
Toldos and Girado streams (Fig. 1). The Los Toldos stream
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Fig. 5. ARM and κARM/κ-ratio versus depth for lagoon and stream
sediments from the Chascomús area are displayed. Lagoon sediment
cores belong to Chascomús and Vitel lagoons, stream sediment cores
belong to the Los Toldos streams. From Chaparro et al. (2005).

source is located near a national road (Route 2) with high
vehicle traffic, and crosses the Chascomús suburban district
where various factories might be polluting the stream (Dan-
gavs et al., 1996). The town of Chascomús is a small town
in Buenos Aires Province. It has 29,000 inhabitants, public
buildings, tourist facilities as well as some industries which
are located on the eastern shore of the lagoon.
Concentration-dependent magnetic parameters show a

similar behaviour; χ and SIRM patterns are coherent
with ARM pattern, latter measurements are displayed in
Fig. 5. Magnetic enhancement is observed in the Los Tol-
dos stream, especially, in cores To1a and To1b where χ pa-
rameter reaches an extreme value of 1395.0×10−8 m3 kg−1.
ARM, χ and SIRM parameters are higher for cores To1a
and To1b than for the others (for detailed values, the reader
is addressed to Chaparro et al., 2005). These results suggest
a local influence of pollution in Los Toldos stream. More-
over, chemical studies support and confirm this magnetic
inference; contents Pb and Zn are clearly higher for core
To1a (94.7 and 220.9 mg/kg, respectively) than for cores
Gi1 and Vi1 (37.2 and 76.0 mg/kg, respectively).
Magnetite is the main magnetic carrier. However,

secondary hard magnetic carriers (possibly hematite) are
also expected from feature-dependent magnetic parameters
(HCR and S-ratio). Such a possibility was further investi-
gated using a new experimental method of magnetic dis-
crimination (Chaparro and Sinito, 2004). Besides, the hard
magnetic component was confirmed in some samples; each
magnetic component was characterised as well (e.g. sample
To2-6, contribution (phase2)=24.7%, HCR (phase2)=365.3
mT, S-ratio (phase2)=−0.207). A distinction between
cores To1a/b and the other cores is observed from the grain
size-related parameter, κARM/κ-ratio (see Fig. 5).

Furthermore, κARM/κ-ratio and HCR parameters, as well
as the concentration-dependent magnetic parameter, show
differences between stream cores and lagoon cores, which
can also be related to the pollution influence.
On the other hand, correlations from analysis of lin-

Fig. 6. Biplot of two principal components (CP1 and CP2) using Principal
Component analysis (PCA). PCA is performed for data (n=35) from
the La Plata and Chascomús areas. From this exploratory statistical
method, two groups of variables: magnetic (MG) and chemical (CG)
sets are discriminated as a first approximation.

ear regression were performed for five magnetic parame-
ters (χ , ARM, κARM/κ-ratio, S-ratio and HCR) and contents
of heavy metals. Correlations are detailed in Chaparro et
al. (2005). In this case, the feature-dependent parameters,
κARM/κ-ratio and HCR , and the concentration-related pa-
rameter ARM, correlate very well with some heavy metals
(e.g. up to 0.9094 at high level of significance). These re-
sults are in agreement with the ones obtained in sediments
from the near area of La Plata (Chaparro et al., 2004b),
suggesting the κARM/κ-ratio (and possibly ARM) as a rel-
evant indicator of pollution in sediments from the northeast
of Buenos Aires Province.
5.3.3 Relationship between magnetic parameters

and heavy metals from La Plata and Chascomús area
After performing analyses of linear regression for data from
La Plata and Chascomús areas separately, a new study con-
cerning both areas and using another statistical analysis,
canonical correlation analysis (CCA), was carried out.
There are several measures of correlation to express the

relationship between two or more variables. Simple corre-
lation analysis estimates the extent to which two variables
are related; multiple correlation analysis estimates the re-
lationship between a variable and a set of variables; on the
other hand, CCA allows the investigation of the relationship
between two sets of several variables.
In CCA, a data set concerning several variables is consid-

ered and grouped into two sets. The use of CCA is appropri-
ated when the study of structure of covariances matrix be-
tween two sets of variables is the main analysis aim. Specif-
ically, CCA estimates the correlation among a set of vari-
ables Xi and another Yi. Detailed information and discus-
sion of CCA can be found in Johnson and Wichern (1992),
Mardia (1980), Anderson (1958), STATISTICA (1995) and
other mathematical texts. However, it is not the purpose in
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this section to discuss this topic and only the main concepts
and statistics in CCA are briefly introduced.
In this section, calculations for CCA were made by us-

ing the software STATISTICA for Windows 5.1. Firstly, 35
samples (n=35) from both areas were selected. Then, two
sets of variables were defined from two exploratory statisti-
cal methods: Principal Component (PCA) and Cluster (CA)
analysis. Both analyses were carried out by using the soft-
ware Multivariado. From PCA, two groups of variables:
magnetic (MG) and chemical (CG) are identified as a first
approximation (see Fig. 6). On the one hand, a set of six
magnetic variables (χ , ARM, SIRM, κARM/κ-ratio, S-ratio
and HCR) labelled set MG and, on the other, a set of five
chemical variables (Pb, Cu, Zn, Cr and Fe) labelled set CG.
Although CA results are not shown here, they are in agree-
ment with the PCA results.
Also, two analyses (CCA) were performed in order to

confirm the existence of a relationship between set MG and
CG: one analysis using a reduced set of data (n=28) and
the other one with all data (n=35). In the first case, the
reduced set of data was obtained taking out samples with a
considerably high level of contamination in order to study
the influence of extreme data in both sets of variables.
The last CCA (n=35) improves canonical correlation

(R), obtaining better results than the first analysis; in partic-
ular, R=0.89071 statistically significant (p=0.00632) was
achieved. The CCA results are good at a high level of sig-
nificance; in particular, such results show the existence of a
linear relation between groups, magnetic (MG) and chemi-
cal (CG) sets. So, according to the R value, one set is ex-
plained by the other in ∼87%. In Fig. 6, linear relations and
95% confidence bands are shown for the analysis (n=35).
This result is coherent with pollution influence, i.e. a bad

linkage between MG and CG sets is expected for data of the
lowest values or background values. Such a conclusion is
supported by the fact of a non-common formation process
of magnetic material and heavy metal occurring in nature.
Unlike processes in nature, industrial and urban pollution
processes often have a common formation origin.
Finally, a new study dividing the set MG was also tried.

The set MG was divided into two groups in order to investi-
gate the relevance of variables contributing to the relation-
ship; one group concerning concentration-dependent mag-
netic parameters (set MG1: χ , ARM and SIRM) and the
other one concerning feature-dependent magnetic parame-
ters (set MG2: κARM/κ-ratio, S-ratio and HCR). Results us-
ing these new sets for n=35 reveal different canonical R,
R=0.58855 non-statistically significant (p=0.38897) for
sets MG1 and CG; and R=0.75085 statistically significant
(p=0.01889) for sets MG2 and CG. Such results show bet-
ter correlation for the group of feature-dependent param-
eters. From CCA calculations, coefficients of canonical
weights (not listed here), variables Pb and Zn in set CG,
and κARM/κ-ratio in set MG have the highest contribution
to the relationship between groups. This conclusion is in
agreement with previous simple correlation analyses in La
Plata (Chaparro et al., 2004b) and Chascomús areas (Cha-
parro et al., 2005), where κARM/κ-ratio (S-ratio and HCR)
parameter was found as the most relevant magnetic param-
eter to describe heavy metal pollution in each area.

Fig. 7. Statistical study of multiple correlation analysis for data (n=35)
from La Plata and Chascomús areas. Linear relation and 95% con-
fidence bands are shown for: 7a magnetic (MG: χ , ARM, SIRM,
κARM/κ-ratio, S-ratio and HCR) and chemical (CG: Pb, Cu, Zn, Cr and
Fe) sets; 7b. magnetic (MG1: χ , ARM, SIRM) and chemical (CG)
sets; 7c. magnetic (MG2: κARM/κ-ratio, S-ratio and HCR) and chem-
ical (CG) sets. The canonical R value (R=0.89071) for MG-CG set
is statistically significant showing the existence of a linear relation be-
tween groups. The subsequent study of new sets show differences, the
canonical R value (0.58855) is non-statistically significant for MG1-CG
set, and the canonical R value (0.75085) is statistically significant for
MG2-CG set.

6. Summary and Conclusions
Burning is identified as a factor causing magnetic en-

hancement in two different environments from the Rio Ne-
gro and Buenos Aires provinces. In-situ magnetic suscepti-
bility measurements and the percentage of increase revealed
magnetic enhancement in the upper section of soils. These
increments in layer S reach values of 207% for soils of Cat-
edral and 797% for soils close to Tandil.
Studies of magnetic proxies for pollution in Tandil reveal
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a distinctive magnetic behaviour for unpolluted and pol-
luted soils. Concentration-dependent magnetic parameters
(χ and SIRM) are higher for soils belonging to the indus-
trial sites than for soil in natural areas. Moreover, magnetic
enhancement in soils near factories seems to take place in
all layers up to 20 cm thick. Chemical determinations are
in agreement with this magnetic behaviour, pollution status
is confirmed through higher values of Pb and Zn. On the
other hand, studies in soils from La Plata region seem not
to be affected by pollution; concentration-related magnetic
parameters (χ , ARM and SIRM) showed low values and
homogeneous behaviour among soils, without observable
remarkable differences. Heavy metal contents rarely sur-
passed the allowed mean values for natural environments
reflecting the pollution status. Although magnetic enhance-
ment seems not to take place in the upper horizon, a slight
magnetic increase in ARM parameter is evidenced.
In stream sediments from the La Plata area, the prelim-

inary magnetic proxies for pollution confirmed pollution
influences in sediment columns, on the first 20 cm down.
Concentration-related magnetic parameters (χ , ARM and
SIRM) showed clear differences between the unpolluted
El Pescado stream and polluted Del Gato and Dona Flora
streams. Magnetic enhancement was observed in the up-
permost sediments from polluted streams; and contents of
Pb, Cu and Zn highly surpass the allowed mean values. On
the other hand, lower χ and ARM values for the El Pescado
stream were established as background values in the La
Plata area. Another study focussing on the Del Gato stream
determines the spatial distribution of magnetic and chemi-
cal pollutants (mainly Pb and Zn), showing an increase to-
wards the mouth of the stream. This zone behaves as a sink,
retaining and accumulating pollutants in the environment.
The occurrence of finer grain size and softer magnetic car-
riers at the uppermost sediment is a distinctive feature of
sediments, and it is related to the input of pollutants in the
first 20-cm layer. Such a recent anthropogenic influence
belongs to the last 20–40 years. According to correlations
from analysis of linear regression, feature-dependent mag-
netic parameters, especially κARM/κ-ratio, are the most rel-
evant parameters in this area.
Magnetic proxies for pollution in another area, Chas-

comús, showed magnetic enhancement in a stream; espe-
cially magnetic results suggest a local influence of pollution
in Los Toldos stream. In addition, chemical studies support
and confirm this magnetic inference; contents Pb and Zn are
clearly higher. κARM/κ-ratio and HCR parameters, as well as
concentration-dependent magnetic parameters, show differ-
ences between stream cores and lagoon cores, which can
also be related to the pollution influence. Correlations from
analysis of linear regression showed that feature-dependent
parameters ARM are relevant parameters as pollution indi-
cators.
Finally, the new statistical study of multiple correlation

analysis concerning La Plata and Chascomús areas con-
firms the existence of a linear relation between magnetic
(MG) and chemical (CG) groups. Canonical correlation
is 0.89071 and it is statistically significant. Furthermore,
a subsequent study dividing the set MG into MG1 and
MG2 revealed an R=0.75085 statistically significant for

sets MG2 and CG. Consequently, a better correlation for
the group of feature-dependent parameters is found. From
CCA calculations, variables Pb, Zn and the κARM/κ-ratio
have the highest contribution to the relationship between
groups.
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Géophys., II, 399–419, 1955.
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Petrovský E. and B. Elwood, Magnetic monitoring of air, land and water
pollution, In Quaternary Climates, Environment and Magnetism, edited
by B. A. Maher and R. Thompson, Cambridge University Press, pp.
279–322, 1999.
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