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Abstract

Environmental magnetism is a comparatively new discipline, applied in Greece only during the last
decade for the study of anthropogenic pollution. The rationale of the method is based on the prop-
erty of iron oxides and sulphides to attract and absorb heavy metals, organic contaminants and even
radioactive pollutants. Thus, the measurement of the magnetic susceptibility, both in situ and in the
laboratory, along with several other magnetic parameters constitutes a rapid and cost effective tech-
nique for characterization and mapping spatial pollution distribution. In order to quantify the cor-
relation between magnetic susceptibility and a specific pollutant for a studied area geochemical
analyses are carried out for key samples. Towards the scope of pollution assessment environmental
magnetism studies have been recently carried out in the Kozani-Ptolemaida basin and the tanner-
ies of Thessaloniki. The preliminary results of these two cases, characterized by different contami-
nant sources, i.e. flying ash pollution in the former and heavy metal in the latter, are presented here.
In general, the application of magnetic methods proved a useful tool in the assessment of the main
sources of pollution and the location of spatial distribution of major contaminants.
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1. Introduction

The major environmental problems in Greece range from air pollution, water pollution and solid
waste disposal to land degradation, forest fires, threat of the natural reservations, and noise problems.
However, some of these problems are of local importance and of low intensity, only. Greece has no
specific clean-up legislation, unlike the United Kingdom and other European countries. Contami-
nated sites are treated in the general environmental protection legislation, and in the waste legisla-
tion. Up to now, there are no registers about contaminated sites, neither on a national basis nor at a
regional level. Site investigations are usually isolated cases. According to an international report on
waste disposal sites (Ferguson, 1999), 3500 out of 5000 facilities in Greece have been revealed to
operate without any environmental protection control.
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Inorder to keep the living quality in urban agglomerations as high as possible, political decisions
are needed which require trustable and economic scientific methods. Chemical investigations are
often long-winded and expensive, thus their application is limited when the pollution degree of large
areas has to be estimated. In contrast, magnetic methods offer the great advantage that low concen-
trations (in the order of ppm) of ferromagnetic phases can be detected, identified and quantified
without costly sample preparation and within short measurement time.

2. Philosophy of environmental magnetism for pollution assessment

Environmental magnetism involves the application of rock and mineral magnetic techniques to sit-
uations in which the transport, deposition or transformation of magnetic grains is influenced by en-
vironmental processes in the atmosphere, hydrosphere and lithosphere (Verosub & Roberts, 1995).
An important aspect of environmental magnetism is that its techniques are relatively rapid, simple,
non-destructive, inexpensive, and can be applied to a wide range of materials, including rocks, sed-
iments, soils, atmospheric particulates and biological materials. The studies encompassed by this
discipline can be divided in three major categories:

a) Regional and global climate, concerning short- and long-term estimation, through the study of
lake sediments and ice cores, for the former case, and loess and deep sea sediments for the latter.

b) Anthropogenic pollution, by studying sediments (acolian, marine, lake, rivers) and soils.

¢) Biomagnetism, which concerns magnetic bacteria and human/animal tissue.

A thorough review of environmental magnetism principles and applications can be found in Evans
and Heller (2003) and Walden et al. (1999).

2.1 Heavy-metal pollution

Motivations for controlling heavy metal concentrations are diverse (Zevenhoven & Kilpinen, 2001),
as some of them are dangerous to health or to the environment (e.g. Hg, Cd, As, Pb, Cr), some may
cause corrosion (e.g. Zn, Pb) and some are harmful in other ways (e.g. Arsenic may pollute catalysts).
Within the European community the 13 elements of highest concern are As, Cd, Co, Cr, Cu, Hg, Mn,
Ni, Pb, Sn, and TI, the emissions of which are regulated in waste incinerators. Some of these elements
are actually necessary for humans in minute amounts (Co, Cu, Cr, Ni) while others are carcinogenic
or toxic, affecting, among others, the central nervous system (Hg, Pb, As), the kidneys or liver (Hg, Pb,
Cd, Cu) or skin, bones and teeth (Ni, Cd, Cu, Cr).

Heavy metal pollution can arise from many sources but most commonly is due to the purification
of metals, e.g., the smelting of copper and the preparation of fuels. Electroplating is the primary
source of chromium and cadmium. Through precipitation of their compounds or by ion exchange into
soils and muds, heavy metal pollutants can localize and lay dormant. Unlike organic pollutants,
heavy metals do not decay and thus pose a different kind of challenge for remediation. Currently,
plants or microrganisms are tentatively used to remove some heavy metals such as mercury. Plants
which exhibit hyper accumulation can be used to remove heavy metals from soils by concentrating
them in their bio matter. Some treatment of mining tailings has occurred where the vegetation is
then incinerated to recover the heavy metals.

2.2 Basic principles

Iron is one of the most common elements in the Earth’s crust. In combination with oxygen and sul-
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phur-it forms magnetic minerals, which occur to a greater or lesser extent universally. Nanometre
sized particles are of particular interest because they occur in great quantities, implying a large sur-
face area. Due to these properties, nanoparticles can provoke biological reactions itself (Shukla, et al.,
2000; Smith et al., 2000; Diabaté et al., 2002) or act as a vehicle for other toxic components. Iron ox-
ides and sulfides have excellent adsorbent properties and attract not only heavy metals (Cornell and
Schwertmann, 1996; Watson et al. 1995) but also organic contaminants (Apblett et al., 2001) and
even radioactive pollutants (Watson et al.,2001). For obvious reasons magnetic methods can be used
for the characterisation of pollution and have become commonplace by many international laborato-
ries (e.g. Dearing et al., 1996; Petrovsky et al., 1998; Evans & Heller, 2003; Hanesch et al., 2003).

2.3 Magnetic minerals and pollutants

Iron minerals in the environment result from various biogeochemical processes, such as weathering,
soil formation, diagenesis of sediments and bacterial metabolism, but also human activities like fos-
sil fuel combustion, waste incineration, metal smelting and working produce considerable amounts
of iron minerals as contained in fly ashes and particulate matter (PM). Particle fractions smaller than
10 um (PM10) are of particular interest because they can be inhaled deeply into the lung and induce
there cytotoxic and inflammatory effects, when iron and other heavy metals become bioavailable.
Studies on fly ash highlighted that transition metals like Fe, Cu, Ni or V seem to play an important
role (van Maanen et al. 1999). Diabaté et al. (2002) suggested that pro-inflammatory responses of cells
could be induced by metals attached to the particle surface or by the large number of fine and ultra-
fine particles with a large surface/volume ratio. There are different source groups of PM. For instance,
from the 26’402 tons of PM10 emitted in Switzerland in 2001, 33 % were allotted to industry, 25 %
to agriculture and forestry, 23 % to road traffic and 11 % to rail traffic. Household, aviation and en-
ergy production related PM 10 emissions contributed only with 5,3 and 0.4%, respectively (Heldstab
2002). This itemisation may be different in other countries, in particular concerning energy produc-
tion in emerging markets. The largest emitters in Europe in 2000/2001 were Spain with 29’300 t,
Hungary with 17°200 t and Greece and England with 14’000 t each (von Blottnitz 2006). In view of
the small particles size, air suspended PM represents an enormous risk exposure for human health.

In general, particulates originating from combustion processes contain between 2 and 20 wt % of
magnetic iron-oxides, with the highest values being observed in fly-ash resulting from coal com-
bustion. Magnetite (Fe;0,) and related spinels as well as haematite (a-Fe,O5) are the main magnetic
minerals often found in industrial fly-ashes. They form during the burning process and are often ob-
served in the form of spherules. Their magnetic grain size ranges from sub-micron single-domain
and probably also superparamagnetic particles to large multidomain particles, probably between 2
and 50 pm. Fly-ashes emitted from fossil fuel burning power plants, smelting and cement factories
are very rich in heavy and transition metals such as As, Be, Co, Hg, Ni, Se.

2.4 Measurements

A generalized sequence of the stages followed in an environmental magnetic analysis of rock, sed-
iment or soil samples is presented in Fig. 1.

In situ measurements of the low-field magnetic susceptibility is the primary step in every enviro-
magnetic study for pollution assessment (Fig. 2a). A grid is set up in dimensions depending on the
nature of the survey, i.e. to study a large area measurements are taken every 500 — 1000 m, while
for detailed analysis of specific targets a grid of 0.5 or 1.0 m spacing may be required. Simultane-
ously, top soil samples for laboratory magnetic measurements are collected at regular intervals, using
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Fig. 1: Generalized sequence of
stages in an environmental magnetic
analysis of rock, sediment or soil sam-
ples (after Maher & Thompson 1999).

plastic tools and bags/containers to avoid magnetic contamination. In order to reduce the biasing ef-
fect of air, water and pebbles the samples are then dried at room temperature, disaggregated and
sieved, retaining the fraction smaller than 500 pm.

An innovative sampling technique towards the elaboration of magnetic measurements for pollution
assessment involves the collection of appropriate tree-leaves, i.e. of large surface area and suitable
surface properties (e.g. Acer Plantanoides). This method is based on the fact that tree-leaves, par-
ticularly those species with sticky leaves, in urban environments have a good potential to remove the
atmospheric PM and, thus, can be ideal pollution monitoring markers, and has been successfully
applied to many crowded cities [e.g. Beijing (Zhang et al., 2006); Zurich (Hannam & Heller, 2001)].

In the laboratory, the low-field mass specific ()) magnetic susceptibility is measured and percent-

age frequency-dependent magnetic susceptibility: , being
the susceptibility measured at high frequency, usually one order of magnitude higher than y, r, is cal-
culated. Moreover, the temperature dependence of low-field magnetic susceptibility is monitored
from room temperature up to 700°C and vice versa (Fig. 2b).

Beyond the threshold of susceptibility measurements, studies utilizing mineral magnetic properties
are concerned with the measurement of magnetic characteristics affected by the concentration, grain
size and shape of magnetic minerals (Table 1). These characteristics are determined by applying ar-

Table 1. Commonly measured magnetic parameters

Magnetic Parameter Symbol S.1. Unit
Mass specific susceptibility X m/kg
Frequency dependent susceptibility Yia %
Isothermal remanent magnetization IRM Am?kg
Anhysteretic remanent magnetization ARM Am?/kg
Susceptibility of ARM YarM m/kg
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Fig. 2: (a) In situ measurement of the magnetic susceptibility, (b) Laboratory equipment (Bartington Instruments
Ltd., Witney, UK) for magnetic susceptibility measurements, (c) Sample used for laboratory experiments, (d)
Hysteresis loops measurement (University of Lancaster).

tificial magnetic fields and measuring either the in-field or remanent response:

* [sothermal remanent magnetisation (IRM) is induced with an impulse magnetiser, with fields
reaching up to 2.7 T, and subsequent backfield experiments are performed by subjecting the
sample to the inverse magnetic field.

* Stepwise alternating field demagnetisation of both natural and isothermal remanent mag-
netisation.

* Hysteresis loops are measured (Fig. 2d) and the following parameters are determined: coer-
cive force (H,), coercivity of remanence (H,), saturation magnetization (J,) and saturation re-
manent magnetization (J/,).

* Anhysteretic remanent magnetization (ARM) is acquired by subjecting the sample to a DC
bias field in the presence of an alternating field with decreasing peak amplitude. The ARM
is expressed as a mass-specific susceptibility of ARM (ygy) by normalizing with the DC
field. The ARMs are then demagnetized at successive steps (e.g. 10, 25, 50, 75, 100, 125,
150, 200, 250 and 300 mT).

From the results of these experiments several diagnostic magnetic parameters are calculated, the
most commonly used being: mass-normalised saturation IRM (SIRM), ¥ ,rm/SIRM, and the per-
centages of high-field IRM (HIRM, i.e. the remanence acquired between 300 and 1000 mT). The
SIRM reflects the concentration of magnetic minerals, the ,\/SIRM ratio the contribution of ul-
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trafine magnetite grains (~ 20-30 nm), and HIRM the presence of haematite (if the HIRM resists sub-
sequent demagnetisation). Finally, having obtained multi-parameter magnetic data sets, two multi-
variate statistical methods can be applied to robustly characterize and/or differentiate the sediments;
cluster analysis (using fuzzy c-means) and non-linear mapping, using one of the available programs
(e.g. Vriend et al., 1988). Both techniques have been applied successfully to a number of environ-
mental data sets (Maher et al., 2008).

3. History of environmental magnetism in Greece

Environmental sciences in general are quite well developed in Greece, focussing mainly on other re-
search fields like chemistry, biology and meteorology. However, up to now, magnetic methods have
not been thoroughly applied to pollution studies. Investigations performed by universities and na-
tional research institutes have identified and characterised a multiplicity of contaminated industrial
sites. The relevant projects involve collection of historical data relating to a site, geological and hy-
drogeological data, chemical and physical measurements of soils or liquids (surface or groundwa-
ter, leachates etc). Contaminated sites are rather related to improper dumping of household and
industrial wastes, than to mining areas and tailing ponds, to lignite-operating power plants and to pe-
troleum refining and storage sites.

The first appearance of combined magnetic and geochemical data was through a PhD Thesis (Zeri,
1995) which, nevertheless, referred to polluted sites in the northwestern Meditterranean, followed by a
pilot study at the Vouliagmeni Lake (Zeri et al., 1997) and an MSc Thesis (Tema, 2003). Finally, in the
framework of a Joint Research and Technology Programme (2004-2006) between Greece and the United
Kingdom, funded by the General Secretariat for Research and Technology of Greece and the British
Council, the first integrated magnetic study towards pollution assessment was carried out. The project
was entitled “Application of environmental magnetic techniques in detecting nanoparticle contamina-
tion”. The research team comprised 3 groups: the first from the Aristotle University of Thessaloniki
(Prof. D. Kondopoulou, Dr. A. Atzemoglou, Dr. I. Zananiri and Dr. S. Spassov, a visiting specialist from
Belgium), the second from the University of Manchester (Prof. D. Polya, Dr. A. Gault) and last from the
University of Lancaster (Prof. B. Maher, Dr. V. Karloukovski). The Greek research team had a strong
background in rock magnetism and all the necessary experience to perform the required magnetic meas-
urements, while the British research team had a long experience on environmental issues and especially
heavy metal pollution. Moreover, they had all the necessary equipment and knowledge to perform geo-
chemical measurements and additional and specialised magnetic experiments.

The target of this innovative, for Greece, project, that took into account the sparcity of similar works
in the geographic region of Greece, was two-fold: (a) to investigate the interrelationship between sus-
ceptibility enhancement and elevated heavy metal concentrations and, thus, estimate the spatial dis-
tribution of several pollutants (b) to allow Greek scientists benefit from the long tradition of UK
laboratories, pioneers in environmental magnetism, and acquire the know-how for the use of mag-
netic techniques towards pollution assessment; thus, dissemination of the results and the state-of-the-
art was a key issue that would constitute this discipline, nowadays increasingly applied by the
Hellenic scientific community (e.g. Sarris et al., 2008), essential in environmental research.

Towards these scopes, three urban and suburban sites, with different pollution sources, were stud-
ied: the broader Kozani region, the old tanneries of Thessaloniki and a school yard, remediated for-
mer solid waste disposal site, at Potters Hill (UK). An overview of the results from the first two
cases is presented, while the third case is still in progress.
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Fig. 3: Laboratory low-field magnetic susceptibility (left) and susceptibility frequency dependence (right) histograms.

400 500
* *
400
300
g S 300
E’ 200 )
S 3
100
& y = 0.4376x + 70.157 100 7O y = 0.6129x + 83.497
R?=0.5371 3 R? = 0.6784
0 0
200 400 600 800 0 200 400 600 800
Field magnetic susceptibility Field magnetic susceptibility

Fig. 4: Correlation of Cr and Ni in soils with corresponding field magnetic susceptibility values.

3.1 The case of Kozani - flying ash pollution

In the basin extending between Kozani and Ptolemaida four power plants are operating, on lignitic re-
sources from that same basin. The target of the project carried out by Zananiri et al. (2006) was two-
fold: (a) to challenge the correlation between ferrimagnetic mineral content and geochemical properties
of samples from polluted areas, (b) to estimate the spatial distribution of several pollutants within the
study area. The main pollution source is flying ash from the emissions of the four power plants.

The magnetic susceptibility was mapped with a resolution of 1x1 km and soil samples were collected
from each grid point. The in situ susceptibility values exhibit significant variation, ranging from
very low background values (7 x 107 SI) to high values (730 x 10-° SI), with a mean of 140 x 10~
SI. The same variation arises from laboratory low and high frequency magnetic susceptibility, with
a mean frequency dependence of 5% (Fig. 3). Additional laboratory experiments were performed to
determine the type and size of main magnetic carriers: isothermal remanence acquisition, stepwise
alternating field demagnetisation of anhysteretic remanence magnetisation and hysteresis loops. The
magnetic analyses were complemented by geochemical measurements and correlations between the
various magnetic parameters and the concentration of specific pollutants were established (Fig. 4).
A fair linear correlation was found between magnetic susceptibility, both field and laboratory meas-
ured, and the concentrations of soil Cr, Ni, and Mn, whereas the correlation between magnetic sus-
ceptibility and concentration of Zn and Cu in soil was poor, suggesting that the pollutants are
physically not related to the magnetic minerals.
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3.2 The case of the tanneries of Thessaloniki — heavy metal pollution

The correlation between magnetic susceptibility and concentrations of key toxic components was tested
(Spassov et al., 2004) at the highly polluted, nowadays closed, industrial area in Thessaloniki (North-
ern Greece), on which tanneries are situated inter alia. The tanneries of Thessaloniki constituted, from
1970, the place of first industrial activity, but later on they were developed arbitrarily. Malodorous sur-
face channels with polluted liquids, storage of dangerous chemical substances without precautions etc.
resulted in the pollution of subsoil and underground waters and the progressive demission of the en-
vironment. The geological conditions in the region, as they were recorded by shallow drillings (Atze-
moglou & Skianis, 2003 and references therein) are unconsolidated sediments up to 5 m depth,
consisting of sands, fluvial and torrential deposits and red clays with limestone conglomerates.

Relying on existing information, a grid was set up and high-resolution (0.5 x 0.25 m) screening of
magnetic susceptibility was performed. Soil samples were collected for rock magnetic and geochem-
ical laboratory measurements at certain grid points (resolution of 0.5 x 1.0 m). For an assessment of
the background signal sampling of unpolluted sites from the same soil type was also performed.

The susceptibility values may be divided in three categories: a) “background” values between 400 and
700 x 107 SI spread over the whole area, b) local anomalies with values between 800 and 1000 x 10
SI (Fig.5,e.g. atx =-1 m,y =5 m) and c) peak values > 1000 x 10~ SI measured at single points (Fig.
5,e.g.atx=-2m,y =3 m). In order to normalize the field measurements we compared them with lab-
oratory measurements performed on soil samples. We found that field values of ~800 x 10 SI corre-
spond approximately to 400-450 x 10 m¥/kg.

Preliminary magnetic measurements on dried and sieved (<0.032 mm) samples with intermediate
susceptibility values indicate that 95% of the saturation isothermal remanent magnetization (SIRM)
is acquired between 0 and 300 mT. The non-reversible temperature dependence of the low-field sus-
ceptibility exhibits a Hopkinson peak and is characterised by a considerable decrease near 580°C.
Above 580°C the susceptibility is nearly zero. These results indicate that the magnetic signal is car-
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ried by low-coercivity ferrimagnetic minerals, mainly magnetite with possible traces of iron sul-
fates. We did not find evidence for a high concentration of maghemite, which characterises fly ashes.
Preliminary geochemical measurements indicated concentrations of 40-4000 mg(Cr**)/kg, 41-155
mg(Zn)/kg, 15-35 mg(As)/kg and 0-65 (Dichloronethane)/kg in soils.

4. Conclusions

The application of enviromagnetic techniques is based on the fact that human activities, like fossil
fuel combustion, waste incineration, metal smelting and working, produce considerable amounts of
iron minerals, easily detected by field and laboratory measurements of magnetic properties. Thus,
they constitute an innovative, non-evasive, rapid and cost-effective method for tracing and quanti-
fying nanoparticle pollution. However, it is important to point out that magnetic techniques do not
substitute geochemical measurements, since a general numeric magnetic susceptibility — pollutant
concentration relationship has not yet been established, but they can contribute significantly to an
optimum geochemical survey planning by defining areas of increased interest and thus cut down
excavation cost and time.

The discipline of environmental magnetism for the assessment of pollution distribution and its
sources is highly prominent worldwide and during the past few years is being developed in Greece
as well. The Aristotle University of Thessaloniki, in the framework of a bilateral cooperation between
Greece and the UK, implemented magnetic environmental research in several areas with different
pollution sources. From the realization of this project, important conclusions for the specific areas
were drawn and the method know-how was acquired by Greek researchers. In particular:

* The topsoil studied in the vicinity of the lignite-bearing power plants in the Kozani-Ptole-
maida basin was characterized by significant variation, reaching high values, and the in-
creased magnetic susceptibility is due to the presence of anthropogenic magnetic particles
contained in industrial dust and fly ashes.

» Magnetic susceptibility values, remarkably above background, were detected in the tanner-
ies of Thessaloniki, indicating high concentrations of heavy metals. This conclusion was ver-
ified by complementary geochemical measurements and attributed to influx of liquid and
waste pollutants that resulted from leather manufacturing.
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