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a b s t r a c t

This study explored the suitability of available lichen species as air pollution biomonitors and assessed
their potential for magnetic monitoring in cities. Several lichens on tree bark were collected in urban and
industrial sites from Tandil city, as well as control sites. The results showed that magnetite-like minerals
were the main magnetic carriers in all sites and samples. However, the concentration varied between
clean and polluted sites. In addition, magnetic-grain size-distribution showed clear differences between
sites. Observations by scanning electron microscopy showed different particles in a variety of shapes and
grain sizes; moreover, the presence of iron oxides and several toxic elements was detected by energy
dispersive spectroscopy analysis. Although eleven lichen species were identified that appeared suitable
for use as air-pollution monitors, three of them, Parmotrema pilosum, Punctelia hipoleucites and Dirinaria
picta, occurred more frequently in the area, thus constituting appropriate species for future monitoring in
the study area.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Organisms, such as lichens, which quantify environmental
quality and whose parameters change in response to pollution are
called “biomonitors”. They can be employed as “data integrators”
since they are able to record the effects of environmental changes
over time. One of the main effects of air pollution on biomonitors is
bioaccumulation of elements (Basile et al., 2007; Cloquet et al.,
2009; Guerra et al., 2011). Lichens are known to be sensitive to
various pollutants and are considered a good biological indicator of
air quality, and thus they are widely used in environmental studies
(Hawksworth and Rose, 1970; Pfeiffer and Barclay-Estrup, 1992;
Scerbo et al., 2002; Jasan et al., 2004; Carreras et al., 2005). Lichens
are widespread and easy to sample, although not found every-
where. Air pollution may decrease the amount of lichens available
to almost zero. The sensitivity of lichens to heavy metals is species-
dependent and mainly influenced by morphological and structural
features (Getty et al., 1999). Because the pollutants affect the lichen
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species with the most exposed surface to the atmosphere, their
sensitivity varies according to the type of growth form, being
higher in foliose-type and decreasing inmicrofoliose- and crustose-
types (Seaward, 1987; Sutton et al., 2004; Hazarika et al., 2011).

Magnetic techniques, using natural surfaces as passive collectors
of particulate pollution, are sensitive, rapid and relatively cheap,
and they require no power source or protection from vandalism
(Mitchell et al., 2010). In the field of environmental magnetism,
magnetic measurements have been accepted for mapping anthro-
pogenic heavy metal pollution (Thompson and Oldfield, 1986;
Petrovský and Ellwood, 1999; Evans and Heller, 2003). A number of
studies of air pollution based on the magnetic properties of vege-
tation samples have been carried out since the 1990s (Flanders,
1994; Matzka and Maher, 1999; Jordanova et al., 2003; Maher
et al., 2008). Although different vegetation species e tree leaves,
needles, tree ring cores, mosses e have been used as passive dust
collectors in magnetometry, a small number of lichen samples have
recently been studied (e.g.Moreno et al., 2003; Hanesch et al., 2003;
Gautam et al., 2005; Lehndorff et al., 2006; Zhang et al., 2008, 2012;
Jordanova et al., 2010; Fabian et al., 2011; Salo et al., 2012).

In Argentina, studies on the multi-elemental composition of the
environment using bioindicators have mainly been undertaken
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using lichens (Calvelo and Liberatore, 2004; Carreras and Pignata,
2002; Pignata et al., 2004; Carreras et al., 2005; Bermudez et al.,
2009). Epiphytic plants are efficient air pollution biomonitors
because they obtain their nutrients from the atmosphere and have
no contact with the soil (Wannaz et al., 2006). Studies of lichens on
rock have been carried out by Lavornia (2009), and these showed
that richness and diversity in the saxicolous lichen communities
decrease according to proximity to the city (Tandil).

The present work focuses on the study of lichen species and
their relationship with pollutants released by urban and industrial
activities. In particular, such epiphytic species are passive collectors
that incorporate atmospheric pollutants into their diamagnetic
matrix over long periods (years). This fact, and the natural and
strategic distribution in some cities, may indicate them to be useful
tools as environmental controls. Indigenous lichens living on tree
bark were collected in urban and control sites, and their magnetic
properties were measured and compared. In addition, the suit-
ability of different species as magnetic biomonitors in this urban
area was evaluated.
2. Methods and sampling

2.1. Sampling

Sampling campaigns were carried out in Tandil city, in urban, industrial and
control (unpolluted or clean) sites (Table 1, Fig. 1). Tandil is located in the Buenos
Aires province (37� 19.50S; 59� 08.30W, Argentina) near the Tandilia belt. It is
a relatively small city (w120,000 inhabitants) with few factories (about 0.2 per km2)
located in the urban area, where the pollution problem is recent and is not of long-
range (Chaparro et al., 2002).

A total of 29 samples of different lichens on tree bark were collected at 20 sites
according to species availability. The coordinates of sites were recorded using
a Garmin GPS-system. A minimum collection height of 1.5 m was used to avoid, as
much as possible, the influence of soil particles. The samples were not washed in
order to investigate pollutants deposited and incorporated into this epiphytic
organism. Samples were carefully collected using plastic scrapers and tools to avoid
contamination. At most sampling sites, enough material (10e35 g) was collected in
dry weather periods to obtain representative subsamples for magnetic and addi-
tional studies.
2.2. Lichen identification

Lichen species were identified in the laboratory of CINEA using local keys of
lichen (Adler, 1992; Scutari, 1992), techniques of chemical analysis of substances
(colour spot test) and by analysis of morphological and anatomical characters using
a stereoscope and microscope.
2.3. Magnetic measurements

Biological material was placed and packed into standard plastic containers
(w11.5 cm3) and weighed (up to 4 g) for magnetic measurements. The rock-
magnetic measurements were carried out in the laboratory of IFAS (Tandil,
Argentina).

Measurements of magnetic susceptibility were made using the magnetic
susceptibility meter MS2 (Bartington Instruments Ltd.) Linked to the MS2B dual-
frequency sensor (0.47 and 4.7 kHz). The volumetric susceptibility (k), kFD%
frequency-dependence (kFD% ¼ 100 � [k0.47 � k4.7]/k0.47) and mass-specific suscep-
tibility (c) were computed.

The anhysteretic remanent magnetisation (ARM) was imparted using a partial
ARM (parm) device attached to a shielded demagnetiser (Molspin Ltd.). The rema-
nent magnetizationwasmeasuredwith a spinner fluxgatemagnetometer (Minispin,
Molspin Ltd.). Anhysteretic susceptibility (kARM) was estimated using linear
regression for ARM acquired at different DC bias fields (7.96, 47.75 and 71.58 A/m)
and an alternating field (AF) of 100 mt. The kARM/k-ratio and the King’s plot (kARM
versus k, King et al., 1982) were also studied.

The isothermal remanent magnetisation acquisition (IRM) studies were per-
formed using a pulse magnetiser model IM-10-30 (ASC Scientific). Each sample was
magnetised by exposing it to growing stepwise DC fields, from 4.3 mt to 2470 mt.
The remanent magnetisation after each step was measured using the above-
mentioned magnetometer Minispin. In these measurements, IRM acquisition
curves and the saturation of IRM (SIRM ¼ IRM2470mt) were determined using
forward DC fields. Remanent coercivity (Hcr), S-ratio (¼�IRM�300mt/SIRM), ARM/
SIRM and SIRM/k ratio were also calculated.
2.4. Microscopy and elemental studies

Selected lichen samples, without any magnetic extraction, were examined by
scanning electron microscopy (SEM), using a JEOL JSM-6460LV microscope. Before
SEM observation, each specimen was prepared with a thin coating of Au/Pd. The
composition was analysed by X-ray energy dispersive spectroscopy (EDS) investi-
gations. The system used was an EDAX Genesis XM4 e Sys 60, equipped with
Multichannel Analyser EDAX mod EDAM IV, Sapphire Si(Li) detector and Be Super
Ultra-Thin Window running EDAX Genesis version 5.11 software.

2.5. Multivariate analyses

Multivariate statistical analyses, principal coordinate analysis (PCoordA) and
K-means cluster analysis (CA), were performed using the software infostat (infostat,
2009).

One of the aims of PCoordA (Gower, 1966, 1987) is to achieve a graphic repre-
sentation of D (Dn � n), which is a distance matrix (distance between individuals or
cases) and where n is the number of analysis units. In this study, the Gower’s
distance (dG, see Chaparro et al., 2008) was used as a dissimilarity measure for the
PCoordA. The PCoordA allows the identification of similarities between cases, and in
consequence it is possible to investigate the existence of grouping, i.e. Groups of
analysis units with a homogeneous behaviour.

The CA is a simple way to examine similarities and dissimilarities of a given data
set. The K-means clustering partitions the objects into K clusters, which are defined
a priori; these objects within each cluster are as close to each other, and as far from
objects in other clusters, as possible. A measure of validation of clustering is the
within-cluster sum of squares by cluster; the lowest value indicates the best
clustering.

Detailed information and the usefulness of these multivariate statistical
methods for environmental magnetism can be found in Chaparro et al. (2008, 2012).

3. Results and discussion

3.1. Lichen species

Lichens were identified and classified in the laboratory: they
involved two type of growth form (foliose and microfoliose), 11
species, eight genus, and three families, including Parmotrema
pilosum, Punctelia hipoleucites, Punctelia subpraesignis, Teloschistes
chrysophthalmus, Hyperphyscia aff coraloidea, Flavorparmelia sore-
dians, Dirinaria picta and Dirinaria applanata. Among them (see
Table 1), P. Pilosum (n ¼ 13), Punctelia spp. (i.e. P. Hipoleucites and
P. Subpraesignis, n ¼ 8) and Dirinaria spp. (i.e. D. Picta and
D. Applanata, n ¼ 5) were the most available in the study area.

Although the study area comprises mainly sampling sites in the
urban area, it was possible to observe a decrease of proportion of
foliose species from sites in the complementary area (Table 1)
towards more urbanised and industrial sites. Three out of four
species found in control sites were foliose, while in the comple-
mentary area (near factories or streets, traffic moderate or high)
three foliose and two microfoliose were found. The factories
showed a major proportion of tolerant growth types, where three
out of the four species found were the microfoliose type.

It is worthmentioning the advantages of lichen species living on
a vegetal substratum (tree bark) for air pollution monitoring in
cities. These passive collectors are, generally, well-distributed in
urban areas allowing an effective mapping at low cost where other
natural collectors (leaves or urban soils) may be unsuitable or non-
available.

3.2. Magnetic properties

Magnetic measurements and parameters are shown in Table 1
and Figs. 2e5, 7 and 8. The IRM studies and parameters S-ratio
(0.88e0.98) revealed the predominance of ferrimagnetic mineral
for all samples. From the IRM studies (Fig. 2), it is noted that most of
the samples reach the SIRM, orw95% of the saturation, at 300mt as
is expected for a magnetite population. A predominant magnetic
phase was observed from these results, which was reproducible for
most of the samples and was characterised by well-defined values



Table 1
Sampling sites and classification of collected lichen (on tree bark, n ¼ 29). Magnetic properties related to concentration and mineralogy are listed. Results frommultivariate analysis, K-means clustering partitions, are also listed.

Sample Site [latitude;
longitude]

Site obs. Species Growth
form

c

[10�8 m3/kg]
ARM
[10�6 A m2/kg]

SIRM
[10�3 A m2/kg]

kARM/k
[dimensionless]

kFD [%] ARM/SIRM
[dimensionless]

SIRM/k
[ka/m]

Hcr

[mt]
S-ratio
[dimensionless]

Ca-1 37� 19.3370S;
59� 4.9980W

Campus (w2.4 km
from a factory)

Parmotrema pilosum Foliose 86.2 539.1 13.6 8.9 3.0 0.040 15.8 35.6 0.916

RU-1 37� 19.2740S;
59� 6.1210W

National route Punctelia hypoleucites Foliose 99.6 424.0 14.8 6.0 2.7 0.029 14.9 35.8 0.964

DO-1 37� 20.2310S;
59� 8.4340W

Street, low traffic Parmotrema pilosum Foliose 70.0 294.2 10.4 5.9 1.8 0.028 14.8 37.5 0.968

Fa-1b 37� 19.4100S;
59� 6.6290W

Factory, street,
high traffic

Dirinaria picta Microfoliose 134.7 450.4 19.1 4.7 0.8 0.024 14.2 38.6 0.959

Fa-2b 37� 19.3760S;
59� 6.5800W

Factory, street,
high traffic

Parmotrema pilosum Foliose 179.9 465.3 23.9 3.7 2.0 0.019 13.3 34.6 0.970

Fa-3b 37� 19.3210S;
59� 6.5150W

Factory, street,
high traffic

Parmotrema pilosum Foliose 123.3 401.9 17.4 4.6 0.2 0.023 14.1 38.0 0.937
Fa-3c Dirinaria picta Microfoliose 192.5 495.6 26.8 3.6 1.7 0.018 13.9 36.2 0.949
Fa-4a 37� 19.2950S;

59� 6.4710W
Near factory,
street, high traffic

Parmotrema pilosum Foliose 174.7 483.5 26.4 3.9 1.8 0.018 15.1 36.7 0.979

CR-2 37� 19.6130S;
59� 6.5270W

Minor road, low
traffic

Punctelia hypoleucites Foliose 93.4 363.9 16.4 5.4 2.4 0.022 17.6 40.7 0.940

FR-1 37� 18.8480S;
59� 6.9870W

Near factory, street,
moderate traffic

Punctelia hypoleucites Foliose 103.2 369.8 14.8 5.0 3.4 0.025 14.4 38.0 0.945

FR-2a 37� 18.7620S;
59� 7.0920W

Near factory, street,
moderate traffic

Punctelia hypoleucites Foliose 58.3 191.8 8.1 4.5 2.4 0.024 13.8 39.2 0.950
FR-2a00 Punctelia hypoleucites Foliose 52.9 184.0 7.6 4.9 3.6 0.024 14.4 39.0 0.945
FR-2b Teloschistes

chrysophthalmus
Foliose 141.0 442.9 19.7 4.3 1.7 0.022 14.0 39.5 0.959

PR-1 37� 18.7940S;
59� 7.0320W

Factory, street,
moderate traffic

Punctelia subpraesignis Microfoliose 388.6 609.8 49.3 2.2 0.7 0.012 12.7 36.8 0.937

QU-1 37� 18.5970S;
59� 8.3310W

Street, low traffic Parmotrema pilosum Foliose 67.5 267.6 9.9 5.5 1.9 0.027 14.7 37.8 0.944

YR-1a 37� 19.4820S;
59� 8.3540W

Street, high traffic Parmotrema pilosum Foliose 101.8 363.2 13.4 5.0 4.6 0.027 13.2 37.3 0.906

YR-2b 37� 18.8690S;
59� 8.7190W

Near factory,
street, high traffic

Hyperphyscia aff
coraloidea

Microfoliose 184.0 413.6 24.7 3.1 2.5 0.017 13.4 37.7 0.945

YR-2c Dirinaria picta Microfoliose 118.4 310.5 16.8 3.7 2.8 0.019 14.2 38.3 0.947
LT-1b 37� 18.7480S;

59� 8.8690W
Factory, street,
high traffic

Parmotrema pilosum Foliose 438.2 672.4 63.6 2.1 1.6 0.011 14.5 37.3 0.977
LT-1c Dirinaria applanata Microfoliose 499.7 849.4 76.3 2.3 0.8 0.011 15.3 37.5 0.968
Mu-1b 37� 18.7880S;

59� 8.7170W
Near factory,
street, high traffic

Parmotrema pilosum Foliose 160.3 491.7 23.8 4.3 2.2 0.021 14.8 39.2 0.938

CAS-1a 37� 21.8800S;
59� 6.0570W

Control site (w5 km
from the town)

Parmotrema pilosum Foliose 26.6 175.4 4.2 9.3 1.6 0.042 15.7 37.3 0.876
CAS-1b Dirinaria picta Microfoliose 41.0 282.7 6.6 9.8 2.0 0.043 16.1 37.1 0.913
CAS-2 37� 21.8610S;

59� 6.0640W
Control site (w5 km
from the town)

Parmotrema pilosum Foliose 29.2 209.5 5.0 10.2 3.1 0.042 17.0 38.5 0.900

CAS-3a 37� 21.8510S;
59� 6.0930W

Control site (w5 km
from the town)

Parmotrema pilosum Foliose 14.3 108.3 2.6 10.5 0.7 0.042 17.9 38.1 0.909
CAS-3b Flavorparmelia soredians Foliose 16.4 100.6 2.8 8.6 0.5 0.036 17.2 38.3 0.917
CAS-3c Punctelia hipoleucites Foliose 16.1 115.7 3.0 10.0 0.9 0.038 18.7 38.0 0.965
Pa-2a 37� 20.3330S;

59� 8.2590W
Control site (w1 km
from the town)

Parmotrema pilosum Foliose 38.9 213.6 6.2 8.0 1.2 0.035 15.8 38.5 0.920
Pa-2b Punctelia hipoleucites Foliose 28.8 163.6 4.9 8.1 0.0 0.033 17.0 39.2 0.926

Groups Centroids from K-means clustering partitions

Group 1 (n ¼ 3) 442.2 710.5 63.1 2.2 1.0 0.011 14.2 37.2 0.961
Group 2 (n ¼ 9) 156.5 439.5 22.1 4.0 1.7 0.020 14.1 37.6 0.954
Group 3 (n ¼ 8) 80.8 307.3 11.9 5.3 2.9 0.026 14.7 38.2 0.945
Group 4 (n ¼ 9) 33.1 212.1 5.4 9.3 1.4 0.039 16.8 37.8 0.916
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Fig. 1. Map of sampling sites in Tandil (Argentina).
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of remanent acquisition coercivity (H1/2); the mean (and s.d.) Value
was 54.3 (3.2) mt. The Hcr values varied also in a narrow range,
between 34.6 and 40.7 mt, corresponding to magnetite-like
minerals. There were no significant differences between Hcr
values, at least to discriminate magnetic mineralogy between
samples from rural, industrial and urban areas. Such a fact is also
confirmed from the reproducibility of acquisition IRM curves
(Fig. 2). In addition, it is possible to observe in Fig. 7 a linear trend
between c and SIRM (R ¼ 0.995, the correlation is significant at the
0.01 level), which also supports the predominance of ferrimagnetic
minerals.

On the other hand, it is possible to differentiate both areas, as
well as different urban areas and areas close to industrial sites using
magnetic-grain size-dependent parameters. The magnetic-grain
size-distribution was estimated from the King’s Plot (Fig. 3); as
noted, magnetic-grain distribution varied widely; samples from
control sites (CAS-1, CAS-2 and CAS-3) and relatively clean sites
(Pa-2 and Ca-1) showed the finest fractions (<0.1 mm). In contrast,
Fig. 2. Measurements of acquisition IRM for all (n ¼ 29) lichen samples. A main
ferrimagnetic phase with well-defined values of remanent acquisition coercivity (H1/2)
was observed.
samples from polluted sites had coarser sizes, between 0.2 and
5 mm. This was also observed for other related parameters, such as,
kARM/k and ARM/SIRM (Fig. 4, Table 1). Values of kARM/k > 5
correspond to submicron-sized magnetites (<0.1 mm) according to
Peters and Dekkers (2003). Samples containing a higher fraction of
finer magnetites (SD-PSD particles) yield higher ARM/SIRM values
(Evans and Heller, 2003).

In Fig. 4, it is possible to observe three clear groups: sites with
the finest magnetic grains are located on the upper part; the central
part of this figure corresponds to samples affected by urban emis-
sions (especially traffic-derived pollutants) and also industrial
emissions (in particular, the coarsest fraction). The coarsest fraction
is located in the lower part, corresponding to samples from sites
close to the industrial sources (sites LT-1, PR-1, YR-2, Mu-1 and Fa).
Most of these industries are relatively activemetallurgical factories;
currently, their surroundings are urbanised and people living there
are adversely affected. A decade ago, Chaparro et al. (2002, 2006)
studied soils close to the industrial area concluding that the
pollution-influence of such factories; in this work, vegetal collec-
tors (lichens) also revealed the load of pollutants in corresponding
sites LT, YR, Mu, PR and Fa.
Fig. 3. King’s plot (cARM versus c) for all lichen samples. Samples from polluted sites
showed coarser magnetic grain sizes.



Fig. 4. Biplot ARM/SIRM vs. kARM/k for all lichen samples.
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3.3. Magnetic comparison of different species

Most of the lichen samples seem to be adequate for magnetic
monitoring. This can be appreciated from the magnetic properties
of the most available species in the area: P. Pilosum, Punctelia spp.
And Dirinaria spp. Comparable magnetic values at sites can be
observed in Figs. 3 and 4; see for example, samples from site LT (1b
Punctelia spp. And 1c Dirinaria spp.) And from site Pa (2a P. Pilosum
and 2b Punctelia spp.). In addition, a comparison of lichen species in
seven sampling sites can be seen in Fig. 5. Although different
lichens (Pa, D, P, F, H and T; see Fig. 5) are compared, the magnetic
concentration-dependent parameter (c) and magnetic-grain size-
dependent parameter (kARM/k) showed similar values at each site.
As can be observed from this representation, different lichen
species showed the same spatial pattern for both magnetic
Fig. 5. Comparison of magnetic properties o
parameters. This magnetic fact allows the use of most of the studied
lichens for magnetic monitoring. However, according to the
occurrence of species in Tandil, lichens P. Pilosum, Punctelia spp.
And Dirinaria spp. Are convenient choices for monitoring.
3.4. SEM-EDS

Observations by SEM from four lichen species (D. Applanata,
P. Pilosum, D. Picta and P. Hipoleucites) and four contrasting sites (LT-
1 and Fa-1 (industrial pollution), YR-1 (traffic-derived pollution)
and CAS-3 (unpolluted)) are illustrated in Fig. 6. Such observations
showed spherules and aggregates, agglomerates in a variety of
shapes, and (sub) angular particles, as well as grain sizes in
agreement with magnetic estimations (from <0.1 mm to 5 mm; see
Fig. 3).

Samples from sites with industrial pollutant load (LT-1 and Fa-1)
show a predominance of spherules ranging between 1 mm and
5 mm. The enlarged images show in detail the most abundant
spherules (3e5 mm), as well as larger ones (13e15 mm). In addition
to small (submicron-sized) aggregates on the surface of these
spherules, agglomerates of micron-sized and smaller particles were
also observed. Most of these spherules were iron oxides; the
elemental composition of these particles is listed in Table 2,
showing the dominance of C, O, Fe and Si. Other elements, such as
N, K and Al seem to differentiate samples LT-1b, LT-1c and Fa-1b,
respectively. The highest content of Fe from sample LT-1b
(Table 2) is another distinctive characteristic. It is also worth
mentioning that potentially toxic elementse i.e. Pb, Cu, Ni and Zne

were detected in low amounts for samples LT-1c and Fa-1b. The
presence of these elements is in agreement with a previous work in
soil by Chaparro et al. (2002, 2006) that showed higher contents of
Pb and Zn (up to 223 and 173mg/kg, respectively). Findings in these
samples reveal the collection of pollutants from industrial origins
accumulated in three different lichen species. Although P. Pilosum
shows Fe-richer spherules than the Dirinaria spp., higher contents
of C, as well as heavy metals were detected from the latter ones
f lichen species in seven sampling sites.



Fig. 6. SEM observations on selected samples: LT-1a (P. Pilosum), LT1c (D. Applanata),
Fa-1b (D. Picta), YR-1a (P. Pilosum) and CAS-3c (P. Hipoleucites).

Fig. 7. Biplot of c and SIRM for all lichen samples.

Fig. 8. (a) Mass-specific susceptibility and (b) kARM/k values in sampling sites from
Tandil.
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(Table 2). This fact may be related to the sensitivity of species, the
lichen lifetime, and hence their accumulation period; Dirinaria spp.
(microfoliose type) are more resistant to pollutants than the foliose
type (P. Pilosum, Seaward, 1987). Nevertheless, future SEM-EDS
studies on these autochthonous species from Tandil area should
confirm this.

The SEM images obtained from samples YR-1a (high traffic
urban site, 1.6e2.5 km from industrial sites) show finer grains
(Fig. 6), and it is possible to observe spherules of 2e5 mm and finer
ones, as well as smaller irregular particles probably from vehicles
(wear particles). In addition, the spherules are different from the
other ones, showing an irregular surface with aggregates of
submicron-sized particles. Most of these particles come from
traffic-derived pollution, the most important source in this urban



Table 2
Elemental composition by EDS analysis.

Element Industrial sites Urban sites Rural sites

Sample LT-1b
Parmotrema pilosum

Sample LT-1c Dirinaria applanata Sample Fa-1b Dirinaria
picta

Sample YR-1a Parmotrema pilosum Sample CAS-3c
Punctelia
hipoleucites

25a
Wt%

25b
Wt%

26a
Wt%

2a
Wt%

7a
Wt%

10a
Wt%

10b
Wt%

12a
Wt%

12b
Wt%

14a
Wt%

18a
Wt%

20a
Wt%

20b
Wt%

21a
Wt%

22a
Wt%

19a
Wt%

19b
Wt%

CK 20.67 30.02 9.58 40.23 26.46 43.69 40.74 49.36 52.83 17.93 45.75 45.48 39.16 43.40 51.44 49.00 35.16
NK 6.74 5.98 3.75 e e e e e e e 6.08 6.56 4.50 6.34 7.68 e e

OK 27.11 23.23 23.79 5.17 11.56 11.79 19.19 14.46 12.39 25.03 18.18 8.54 5.40 14.93 15.49 6.31 10.17
NaK 0.17 0.14 0.13 e e 0.24 0.24 0.10 0.04 0.73 0.12 0.00 0.00 0.16 0.04 e 0.26
MgK 0.26 0.14 0.12 0.13 0.21 0.23 0.42 0.48 0.25 0.69 0.26 0.06 0.09 0.10 0.17 e 0.45
AlK 0.85 0.36 0.35 0.13 1.10 0.87 2.06 1.26 0.80 5.47 1.41 0.18 0.18 0.67 0.45 0.15 2.19
SiK 4.36 0.89 0.73 0.74 3.44 2.38 4.82 3.04 1.96 16.99 3.46 0.46 0.61 2.64 1.30 0.42 6.54
PK 0.36 0.35 0.26 0.90 0.15 0.71 0.42 0.68 0.74 0.47 e 0.53 0.64 0.20 0.34 0.36 0.12
SK 0.08 0.56 0.00 0.96 0.13 0.86 0.29 0.37 0.50 e 0.57 0.77 0.92 0.08 1.01 e e

PbM e e e e 0.42 e 1.00 e e e e e e e e e e

ClK e e e e 0.10 0.11 0.04 e e e e e e e e 0.48 0.08
KK 0.22 0.21 0.10 1.02 1.18 0.88 0.74 0.78 0.66 0.83 1.45 0.65 0.74 0.45 0.48 0.14 0.71
CaK 0.24 0.20 0.11 0.25 0.90 0.38 0.77 0.53 0.56 0.88 6.69 4.10 10.13 0.76 0.65 0.50 0.49
TiK e e e e 0.23 0.08 e e e e e e e e e e e

FeK 15.05 23.39 48.23 1.16 3.46 1.10 1.42 1.06 0.89 2.66 1.41 0.69 1.56 1.43 0.52 e 2.23
NiK e e e 0.16 0.27 e e e e 0.26 e e e e e e e

CuK e e e e 0.56 e e e e e e e e e e e e

ZnK e e e e 0.53 e e e e 0.12 e e e e e e e

AuLa 23.90 14.54 12.85 49.14 49.29 36.68 27.84 27.88 28.37 27.18 14.62 31.98 36.08 28.83 20.45 42.64 41.60

a For the specimen preparation, an Au/Pd coating was deposited.
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site. According to Chaparro et al. (2010) sub and micron-sized
particles are expected from the combustion of diesel- and
gasoline-powered engines and the wear particles from brake
materials. The elemental analysis shows the dominance of C, O, N
and Ca, and to a lesser extent, Fe, S and Si (see Table 2). These
elements, as well as others, were reported by Chaparro et al. (2010)
as being from vehicle pollution sources from Argentina, and other
authors have shown similar findings, e.g. Lin et al. (2005), Zhang
et al. (2006), Mosleh et al. (2004), Vouitsis et al. (2009), Yao et al.
(2009), and Qiao et al. (2011).

These lichen species seem to be good and appropriate bio-
monitors of air pollutants released by metallurgical factories and
the traffic of vehicles. This analysis confirms the presence of
micron-sized Fe oxides and toxic elements on some observed
lichens, i.e. P. Pilosum and Dirinaria spp.

On the other hand, the observations in samples from rural areas
did not reveal the presence of characteristic spherules from indus-
trial or traffic-derived origin. As illustrated in Fig. 6 (sample CAS-3c),
most of these particles are probably of lithogenic origin; some of
them are larger with well-defined edges, as well as particles of
irregular morphology and agglomerates of different shapes and
sizes. Their compositionwas determined in two large particles (sites
19a and 19b; see Fig. 6 and Table 2); both of them showed high
concentrations of C, O and Si, and in lower proportion Al and Fe.

3.5. Magnetic concentration and monitoring

Themagnetic concentration is another relevant property for this
study, as noted in Figs. 3 and 8; there are not only differences (in
order to group sites) in magnetic grain sizes, but also in magnetic
concentration. The concentration-dependent magnetic parameters
(i.e. c, ARM and SIRM) showed a wide value range (14.3e
500.0 � 10�8 m3/kg, 100.6e894.4 � 10�6 A m2/kg and 2.5e
76.3 � 10�3 A m2/kg, respectively; Table 1). From Fig. 7, control,
urban and industrial sites showed important differences, and were
well differentiated. Such differences (from the c parameter) are
interpreted as “magnetic enhancement” in agreement with
previous studies (Chaparro et al., 2006), this characteristic
discriminates control and polluted sites, as well as sites influenced
by different pollution sources, i.e. Industrial and traffic-related
pollutants.

As preliminary work in the construction of a map of magnetic
monitoring, measurements of mass-specific magnetic suscepti-
bility and kARM/k are presented in a bubble colour map (Fig. 8). In
Fig. 8a, it is possible observe the magnetic concentration distribu-
tion of sampling sites in Tandil and the adverse influence of
industrial sources (LT-1, PR-1 and sites Fa). In contrast, the lowest
values correspond to control sites: a park in the urban area (Pa-2)
and rural areas (sites CAS-1e3). The influence of factories can be
appreciated from the decrease of magnetic concentration with
distance. However, the same sites are also influenced by traffic-
derived pollution; observe the magnetic changes from site LT-1 to
Mu-1, YR-2, YR-1, DO-1 and Pa-2; as well as from sites Fa to CR-2,
RU-1 and Ca-1. A similar pattern is observed from the grain-size-
dependent parameter (Fig. 8b). In such a case, there is a decrease
(increase of kARM/k values) in size of magnetic particles from the
industrial pollution sources (LT, PR and Fa).

This qualitative discrimination is supported by multivariate
statistical studies, which allows a classification of samples (and
sites) from magnetic properties. Results from PCoordA, using the
Gower’s distance, allow searching in an exploratory way for simi-
larities between individuals. For this analysis, the first two pcs
accounted for 58% of the total variance (Fig. 9).

This qualitative information was used for the K-means clus-
tering analysis (nine magnetic variables and the Gower’s distance
were also used; Table 1) in order to quantitatively confirm the
observed groupings from the coordinate PCoordA plane. To validate
the selection of groups, two numbers of groups k¼ 3 and k¼ 4were
studied. From the two possible options, the best is k ¼ 4 where the
within-cluster sum of squares is 4.75 (k ¼ 4) and 5.20 (k ¼ 3),
respectively. In Table 1, centroids of each group by CA are shown.

Samples with industrial influence are grouped in group 1 (n¼ 3)
and 2 (n ¼ 9). The first group corresponds to the heavily polluted
sites very close to metallurgical factories: LT-1 (Factory Metalúrgica
Tandil) and PR-1 (Factory Tandilmat), which shows the highest
values in magnetic concentration and coarser magnetic grains (see



Fig. 9. Principal coordinate analysis (PCoordA). Individuals are identified and shown in the coordinate plane (PCoord 1 and PCoord 2). Groups 1e4 correspond to the classification
by K-means clustering analysis.
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values of centroids in Table 1). The second group comprises samples
from another factory, samples Fa (Factory Ronicevi) and samples
close to the above-mentioned factories (YR-2, Mu-1 and FR-2).

As seen in Fig. 9, samples influenced by vehicle-derived emis-
sion and mainly located in urban sites (YR-1, QU-1, RU-1 and DO-1)
are represented in group 3 (n ¼ 8). Although samples FR (FR-1 and
FR-2) are near a factory, they are mixed with urban samples and are
classified in this group.

Group 4 (n¼ 9) comprises samples from control sites, Pa-2, Ca-1
and sites CAS, showing the lowest magnetic concentration values,
as well as highest values of grain-size-dependent parameters and
hence finer particles.
4. Conclusions

The integrated rock-magnetic studies show the dominance of
magnetite-like minerals for all lichen samples. The main magnetic
carrier seems to be similar between control and urban sites, but
magnetic grain size varies distinctively. For example, lichens from
control sites accumulated the finest magnetic fractions (<0.1 mm)
and, in contrast, lichens from urban and industrial sites accumu-
lated coarser magnetic grains (0.2e5 mm). This conclusion is also
observed by SEM observations in selected sites and species,
showing the predominance of Fe-rich spherules with different
grain sizes according to their origin, i.e. Industrial or traffic-derived
sources.

The composition of spherules and other particles from industrial
sites is C, O, Fe and Si; however, in lower proportionpotentially toxic
elements (Pb, Ni, Cu and Zn) were also detected. Although traffic-
derived particles have similar elemental composition, additional
elements (N, Ca and S) are present in considerable proportion.

The magnetic concentration varies widely between clean and
polluted sites, up to 20-times (e.g. c and SIRM). Such differences are
interpreted as magnetic enhancement and are related to the
influence of different pollution sources.

Sites with different pollution load were successfully classified by
PCoordA and K-means clustering analysis; each group is especially
characterised from concentration and grain-size-dependent
magnetic parameters.

The comparison of lichens (living at same sites) using relevant
magnetic parameters (magnetic concentration: c, and magnetic
grain size: kARM/k) and additional SEM-EDS analyses did not show
significant differences, which supports the use of the available
species in the study area. Most of the lichens appear suitable for air
pollution monitoring, but according to the strategic distribution of
species (i.e. Occurring more frequently) in Tandil, lichens P. Pilosum,
P. Hipoleucites and D. Picta are convenient choices for future
monitoring.
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