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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Lichen transplants allow easy and de-
tailed environmental pollution data col-
lection.

• Two-month exposed samples were
enriched with magnetite-like magnetic

minerals.
• Magnetic parameters and content of se-
lected elements were correlated.
• Magnetic properties are good proxies
also for low levels of heavy metal
pollution.
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lichen transplants. Thalli of Pseudevernia furfuracea were collected in a pristine area of the South-Eastern Alps
and exposed for 2 months in 40 sites located at the knots of a 700 m step grid covering ca. 40 km2 of a mosaic
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a b s t r a c t

The aim of this study was to verify whether it is possible to discriminate between the different pollution sources
resent in a mixed land use area of NE Italy on the basis of the magnetic properties and the element content of

of agricultural, forested, industrial and urban areas. In thisway, the samples could be analyzed after a defined pe-
riod of time, and compared to pre-exposure conditions. The post-exposure element content and the magnetic

data substantially agreed, revealing a rather modest anthropogenic impact on the territory, mostly limited to
an industrial park. Since the magnetic mineralogy was homogeneous throughout the entire set of samples,
withmagnetite-likeminerals as themainmagnetic carriers, it was not possible to discriminate between PMorig-
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inating from the different pollution sources. The contribution given by the industrial park could be confirmed by
themultivariate analysis of the element data set. Conversely, it was possible to assess the low environmental im-
pact of the largest local industry, a cement plant, located outside the industrial park. Notwithstanding the rela-
tively short time of the survey, P. furfuracea was proven to be an effective accumulator for biomagnetic
monitoring studies, its magnetic properties being excellent proxies for heavymetal pollution evenwhen the an-
thropogenic impact on the territory is low.

1. Introduction

Outdoor air-pollution is a major environmental and health problem.
According to WHO (2014, 2016) fine particulate matter (PM) has the
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greatest effect on humanhealth. It consists of a complexmixture of solid
and liquid particles of organic and inorganic substances suspended in
the air. It is associated with a broad spectrum of acute and chronic ill-

and moss transplants and filter fabric, without cross-validating the re-
sults with the analysis of trace elements. More recently, Paoli et al.
(2016) applied the method to autochthonous and transplanted lichens,
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nesses, such as lung cancer, chronic obstructive pulmonary disease
and cardiovascular diseases. Particles with a diameter of 10 μm or less
are the most health-damaging since they can penetrate deep inside
the lungs.

Instrumental monitoring of PM requires expensive equipment,
power availability and continuous maintenance, so it is impossible to
apply a high-density sampling design when the environmental disper-
sion of airborne PM is influenced by numerous variables: sources,
wind direction, topography, meteorological conditions. Biomonitoring
with cryptogams (in particular, lichens and mosses) is an excellent
technique that has frequently been used in the past decades to detect
emission sources and distribution patterns of various airborne persis-
tent pollutants (e.g. heavy metals, PAHs, dioxins, furans; Augusto
et al., 2013, 2015; Bargagli and Mikhailova, 2002; Lucadamo et al.,
2015; Nascimbene et al., 2014; Tretiach et al., 2007, 2011). Unlike
plants, lichens and mosses lack a root system, and gas exchanges, ab-
sorption of nutrients and pollutants occur throughout thewhole surface
of the organism (Bargagli, 1998; Bargagli and Mikhailova, 2002; Garty,
2000). However, the use of cryptogams as biomonitors of PM pollution
not always allows to verify with certainty the source of PM emission
when several anthropogenic activities coexist in a relatively small area
orwhen there is amixed landuse (Capozzi et al., 2016). For this purpose
it may be useful to apply nitrogen, carbon, sulphur and heavymetal iso-
topefingerprints, since the analysis bymass spectrometer is an effective
and sensitive method which needs very small quantities of material
(e.g. Batts et al., 2004; Cloquet et al., 2009; Purvis et al., 2004; Spiro
et al., 2004; Wadleigh, 2003; Wiseman and Wadleigh, 2002), but the
analyses may be expensive and thus not always applicable on large
sets of samples.

A further, promising method is the analysis of the magnetic proper-
ties of the airborne particulate matter. Previous studies demonstrated
that aerosols have remarkable magnetic properties related to the con-
tent of magnetite-like ferrimagnetic particles (Flanders, 1994; Hunt
et al., 1984), often associated to heavy metals such as Cd, Cr, Zn
(Georgeaud et al., 1997; Hunt et al., 1984) and even tomutagenic organ-
ic compounds (Morris et al., 1995). Measurements of the magnetic
properties of PM accumulated by tree leaves, tree bark and ring core
samples, and by mosses and lichens have frequently been used as a
proxy for PM pollution (e.g. Chaparro et al., 2013; Fabian et al., 2011;
Gautam et al., 2005; Lehndorff et al., 2006; Moreno et al., 2003; Salo
et al., 2012; Szönyi et al., 2007, 2008; Vuković et al., 2015; Zhang et al.,
2006, 2008). Moreover, magnetic analyses are sensitive and allow the
discrimination between different sources of pollution, according to the
magnetic grain size, as pointed out in urban and traffic related contexts
(Revuelta et al., 2014; Sagnotti et al., 2009). Unfortunately, it is alsowell
known that the use of autochthonous organisms does not allow to refer
the contamination to a defined period of time and, in particular, autoch-
thonous lichens can incorporate atmospheric pollutants into their dia-
magnetic matrix over years (Marié et al., 2016). This drawback can be
overcomeby using transplants, since element composition andmagnet-
ic properties of the pre-exposure material can be carefully character-
ized. Furthermore, the use of transplants permits the coverage of
those areas where autochthonous biomonitors are absent or rare (e.g.
urban centers), and the low costs of the materials allow the application
of a high-density sampling design (Kodnik et al., 2015). Finally, they are
extremely useful to determine temporal patterns of airborne pollutants
(Branquinho et al., 2008; Frati et al., 2005), because the exposure can be
repeated as many times as it is requested, since it is not limited by the
availability of autochthonous material. The magnetic properties of the
PM accumulated by moss bags and lichen transplants were analyzed
only sporadically (Salo et al., 2012; Salo, 2014; Salo and Mäkinen,
2014); Salo (2014) preliminary tested the effectiveness of the method
by comparing the magnetic properties of PM accumulated by lichen
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considering also their elemental composition,with the samples exposed
in single sites near a cementmill, a limestone quarry, a basalt quarry, an
urban settlement, and an agricultural area. They were thus able to con-
firm that the geological characteristics of the substrate may strongly af-
fect themagnetic properties of lichen thalli. On the basis of the results of
the latter study, it can be argued that an integrated approach, in which
the element content and the magnetic properties of lichens transplants
are considered together, might be extremely useful to discriminate be-
tween emission sources, if a rigorous exposure design is applied. The
topic is particularly relevant from the environmental point of view, be-
cause large areas of European countries are actually a mosaic of natural,
agricultural, urban areas punctuated by industrial settlements, and the
discrimination among different PM pollution sources often remains
problematic.

Therefore, we decided to carry out the present study, with the main
aim of testing the effectiveness of such an integrated approach. Amixed
land use area was selected, for which we have a consistent series of en-
vironmental data derived from previousmonitoring campaigns, respec-
tively with: (i) autochthonous lichens (Tretiach and Baruffo, 2001;
Tretiach and Pittao, 2008), concerning 10 trace elements; (ii) passive
samplers, concerning PM and benzo(a)pirene (ARPA FVG, internal re-
ports, in Ed.); (iii) lichen transplants (Kodnik et al., 2015), concerning
10 PAHs. In order to reduce subjectivity, the selected sampling method
was systematic, with 40 exposure sites located at the knots of a 700 m
step grid (Kodnik et al., 2015).

2. Material and methods

2.1. Study area

The study area is located in NE Italy (46°10′N 12°44′E; Fig. 1), at an
elevation of 200–380 m a.s.l. It covers nearly 40 km2, hosts a resident
population of over 16,000 inhabitants (2015), and consists of the typical
mixed land use patchwork that extends over large areas of N Italy, with
natural, agricultural, urban, and industrial parks of different extension
intermingled all together. The main potential pollution sources of the
study area are: (i) an isolated, middle-sized cement plant (clinker pro-
duction: 556,000 ton year−1 in 2012; M. Vicenzetto, personal commu-
nication); (ii) a large industrial park; (iii) vehicular traffic,
concentrated in the main urban centers and along a national road
(“464 - Spilimbergo”) that crosses the north part of the study area;
(iv) agricultural activities, mostly related by ploughing (in late summer
and in winter) and threshing (in summer); (v) domestic heating (in
winter).

The selected sampling method was systematic, with 37 exposure
sites located at the knots of a 700m step grid, and 3 further sites located
in the nearby urban centers of Arba, Cavasso Nuovo and Maniago
(Fig. 1). The localization of the exposure sites in the study area was
graphically represented using Quantum GIS 1.8.0. - Lisboa (2012).

The data on themeteorological conditions during the exposure peri-
od were retrieved from the closest weather station, located near Arba
(Fig. 1). The total rainfall was 213.8 mm, given mostly by brief, intense
summer storms. The mean air temperature was 24.6 °C, ranging from
19.3 to 30.2 °C (mean daily minimum and maximum, respectively).
The winds were mainly north-northwesterly.

2.2. Lichen sampling, exposure and recovery

The epiphytic lichen Pseudevernia furfuracea (L.) Zopf. var. furfuracea
was selected as a frequently used biomonitor of trace elements and
PAHs (Gallo et al., 2014; Kodnik et al., 2015; Nascimbene et al., 2014;
Tretiach et al., 2007, 2011). This lichen is relatively common, easy to
identify, stress-tolerant, with a good resistance to transplantation



(Tretiach et al., 2007), and morphologically prone to intercept particu-
latematter due to the development of a myriad of finger-like vegetative
propagules (“isidia”) (Tretiach et al., 2005). The pre-transplant samples

containers until analysis (Tretiach et al., 2011). The samples were then
digested with concentrated HNO3, first cold then hot. After cooling,
6 ml of aqua regia were added per 1 g of sample and kept at 95 °C for

Fig. 1. Study area and localization of the 40 exposure sites. The cement plant is indicated by an asterisk, the industrial park by a closed dashed line.
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were collected in the Carnic Alps (46°25′N 12°44′E) at ca. 1700 m a.s.l.,
far from any local pollution sources (Adamo et al., 2008; Tretiach et al.,
2011), from branches of solitary larch (Larix deciduaMill.) trees at 2 to
4 m above the ground. The material was collected along with ca.
20 cm long piece of the supporting twig, transported to the laboratory
in paper bags and left to dry out at room temperature. Moderately
isidiate samples were selected avoiding those over-isidiate or with
apothecia (because these structures may alter the surface/weight ratio
of the thallus), infected by lichenicolous fungi or covered by epiphytic
algae (Kodnik et al., 2015; Tretiach et al., 2007, 2011). Eight samples,
each of them derived from at least six different thalli, were then ran-
domly selected for the measurements of the pre-exposure values
while the rest were prepared for exposure.

Each twig carrying 1–3 thalli was attached to a 120 cm long bamboo
stick using plastic bonds (both first rinsed with distilled water) and
sealed in plastic bags until exposure to avoid contamination.

The exposurewas done on June 19th 2012, within 12 h of fieldwork.
In each site, two bamboo sticks were attached to the external branches
of deciduous trees at approximately 4 m above the ground using plastic
bonds. After twomonths, the sampleswere retrievedwith a piece of the
bamboo stick, sealed in individual plastic bags, and transported in a
coolbag within 6 h to the laboratory, where the bags were opened,
and the samples were left to dry out at room temperature (Kodnik
et al., 2015). Samples of the sites 1E, 2C and 5Bwere lost during the ex-
posure. Samples 4B and from Cavasso Nuovo had insufficient material
for the measurement of the magnetic properties and were thus exclud-
ed from the statistical analyses as well.

2.3. Chemical analyses of the element content

Apart of themost external lobe portions of each thalluswas cutwith
porcelain scissors (ca. 1 g), pulverized in an agate mortarwith liquid ni-
trogen, dried out over silica for 24 h and then sealed in Eppendorf
2 h, then the suspension was brought to volume (20 ml g−1) by adding
a 5% solution of HCl and filtered. The solution was then analyzed with a
Perkin Elmer Elan 6000 ICP mass spectrometer for the following ele-
ments: Al, As, Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mn, Ni, Pb, Sb, Sn, V, Zn
by ACME Analytical Laboratories (Vancouver, Canada), purposely se-
lected as high-quality data provider for element content in differentma-
trices, lichens included. The values were expressed on a dry mass basis
(μg g−1). Details on the ACME QA/QC protocol, which includes sample-
prep blank carried through all stages of preparation and analysis, a pulp
duplicate to monitor analytical precision, two reagent blanks to mea-
sure background and aliquots of in-house Standard Reference Materials
like V16 and CDV-1 (plant leaves) to monitor accuracy, are given by
Incerti et al. (2017). For comparative purposes, the accuracy of the anal-
ysis was verified by sending the “Certified Reference Material BCR-482
(Pseudevernia furfuracea (L.) Zopf), which was blindly analyzed in six
samples. The recovery of the certified values of this material was as fol-
lows: Al 43%, As 84%, Cd 92%, Cr 99%, Cu 94%, Hg 87%, Ni 91%, Pb 92%, Zn
95%. The certified values for the standard were obtained using a differ-
ent digestion protocol: a mixture of HNO3 and HF at 100 °C for 14 h
and 150 °C for 2 h (Quevauviller et al., 1996), which is why the recovery
of Al was low.

2.4. Magnetic measurements

The remaining parts of themost external lobe portions of each lichen
were cut with porcelain scissors and placed in pharmaceutical gel caps
#4 (~0.15 ml) to determine their hysteresis properties and in standard
8 cm3 plastic cubes for the magnetic susceptibility measurements. Gel
cap samples were inserted into the carbon fiber probe for vibrating in
the Princeton Measurement Corporation Micromag 3900 Vibrating
Sample Magnetometer (VSM). Lichen fragments were carefully pressed
inside the caps to reduce the interstices and to maximize the mass con-
tent. The coercive force (BC), the saturation remanent magnetization



(MRS) and the saturation magnetization (MS) were determined using
the VSMunder cycling in amaximum field of 1.0 T and after subtracting
the high field paramagnetic linear trend. The mass specific magnetiza-

susceptibility values are indicated with χ, and were calculated by the
SAFYR measurement software.

The magnetic properties of a cement sample produced by the plant

on r
post
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tion values for the concentration dependent parameters were calculat-
ed dividing the magnetic moments by the dry mass of the samples.
The coercivity of remanence (BCR) was determined from backfield
remagnetization curves up to−1 T (after beingmagnetized in a positive
1 T field) and calculated as the average of the values extrapolated from
logarithmic and linear backfield applications.

Themagnetic grain size and the domain state of the PMaccumulated
by the lichens was investigated according to the theoretical hysteresis
ratios (MRS/MS vs. BCR/BC) expected for magnetite in the “Day plot”
(Day et al., 1977; Dunlop, 2002a, 2002b).

First order reversal curves (FORCs; see Pike et al., 1999; Roberts et al.,
2000) were measured using the Micromag operating software, and
processed, smoothed and drawn with the FORCINEL Igor Pro routine
(Harrison and Feinberg, 2008). FORCs were measured in steps of 2.0
or 2.5 mT, with the averaging time ranging from 100 to 300 ms and
the maximum applied field being 1.0 T. The optimum smoothing factor
was evaluated by FORCINEL software.

The percentage decay of MRS after 100 s was calculated as:

MRS SPð Þ% ¼ 100� MRS0–MRS100ð Þ=MRS0;

where SP refers to the superparamagnetic fraction, MRS0 is the rema-
nent magnetization measured as soon as the magnetic field is reduced
to noise levels after the application of a 1 T field; MRS100 is the rema-
nence measured 100 s later. The values of MRS (SP) % are indicative of
the contribution of the rapidly decaying viscous components of magne-
tizationwith respect to the overall remanentmagnetization of the sam-
ples. These viscous components are usually carried by ultrafine
magnetic particles, dimensionally in the superparamagnetic/stable sin-
gle domain boundary, which is around 20–35 nm for magnetite (Butler
and Banerjee, 1975; Sagnotti and Winkler, 2012; Wang et al., 2010).

The temperature dependency of the magnetic susceptibility, per-
formed in air in the range 40 to 650 or 700 °C and back, was measured
in an AGICO MFK-1 Kappabridge equipped with a CS-3 furnace and
corrected for the susceptibility of the empty furnace; themassmagnetic

Table 1
Element content (μg g−1), mass magnetic susceptibility (χ; 10−8 m3 kg−1), mass saturati
kg−1), coercivity of remanence (BCR; T) and coercive force (BC; T) measured in pre- and

the sites of Fig. 1. (n = number of samples; S.D. = standard deviation; C.V. = coefficient of va

pre-exposure (n=8)

mean S.D. C.V. min max

Al 130.00 48.30 37% 100.00 200.00
As 0.10 0.00 0% 0.10 0.10
Bi 0.09 0.06 67% 0.04 0.21
Ca 3,330.00 326.77 10% 2,900.00 3,800.00
Cd 0.12 0.01 10% 0.10 0.14
Co 0.14 0.04 26% 0.09 0.21
Cr 2.33 0.51 22% 1.90 3.30
Cu 4.45 0.63 14% 3.93 5.51
Fe 169.00 43.58 26% 130.00 250.00
Hg 0.13 0.02 18% 0.10 0.17
K 2,830.00 605.62 21% 2,400.00 3,800.00
Mn 96.90 7.05 7% 90.00 112.00
Ni 0.83 0.26 32% 0.50 1.3
Pb 3.00 0.41 14% 2.27 3.41
Sb 0.08 0.01 9% 0.07 0.09
Sn 0.28 0.03 12% 0.24 0.33
V 4.10 1.73 42% 2.00 6.00
Zn 33.38 1.45 4% 31.20 36.6χ 0.467 0.444 95% 0.118 1.490
MRS 0.151 0.055 36% 0.071 0.243
MS 0.754 0.102 14% 0.660 0.972
BCR 0.041 0.008 20% 0.031 0.055
BC 0.017 0.004 23% 0.012 0.025
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located at the center of the study area (Fig. 1) and of a dust sample di-
rectly collected from the filters located above the main furnace were
also analyzed to test themagnetic similarity between the final products
and the dusts bioaccumulated by the lichen transplants.

All the magnetic measurements were carried out at the
palaeomagnetism laboratory of Istituto Nazionale di Geofisica e
Vulcanologia, Rome (Italy).

2.5. Statistics

Descriptive statistics were performed using Microsoft Excel
(Microsoft Office Professional Plus 2010). Principal component analysis
(PCA), cluster analysis (tree clustering with Complete Linkage as the
clustering method and 1-Pearson r as the linkage measure), Mann-
Whitney U Test and Spearman's Rank correlation (p-value significant
b0.05) were performed to verify differences between groups using
STATISTICA 8.0 StatSoft Inc. (2007).

3. Results

3.1. Element content of the lichen transplants

Pre-exposure element concentrations in P. furfuracea thalli were
within the ranges of background values of epiphytic lichens (Bargagli,
1998), being very similar to those of previous samples collected in the
same pristine area (Adamo et al., 2008). The exposure modified signifi-
cantly the content of most elements (Al, As, Bi, Ca, Cd, Cu, Fe, K, Ni, Pb,
Sb, Sn; Mann-Whitney U Test, for p-value b0.05; Table 1).

The tree diagram of the elements (Fig. 2) consists of 5 main groups.
Mn, V and K (group 1 of Fig. 2) were partially leached from the exposed
thalli, i.e. their post-exposure content was lower than the pre-exposure
value. Cr, Ni, Co, and Sn (group 2) showed a slight increment (statistical-
ly significant for Ni and Sn), oftenwith amaximum in site 6A (industrial
zone; Fig. 1). As and Al (groups 3 and 4, respectively) had peculiar dis-
tribution patterns in the study area, which differ from those of all the
other elements. Group 5 gathers elements with heterogeneous

emanent magnetization (MRS; mAm2 kg−1), mass saturation magnetization (MS; mAm2-

-exposure samples of the lichen Pseudevernia furfuracea transplanted for two months in

riation).

post-exposure (n=35)

mean S.D. C.V. min max

213.51 34.66 16% 200.00 300.00
0.22 0.14 64% 0.10 0.50
0.05 0.04 88% 0.02 0.27

4,494.59 1,754.67 39% 2,300.00 11,400.00
0.15 0.03 23% 0.10 0.27
0.16 0.04 22% 0.08 0.24
2.44 0.55 23% 1.00 4.30
6.02 1.10 18% 4.48 8.29

253.24 63.29 25% 170.00 440.00
0.13 0.03 21% 0.09 0.20

2,272.97 359.51 16% 1,800.00 3,300.00
88.16 27.08 31% 47.0 161.00
1.07 0.34 32% 0.70 2.30
3.51 0.63 18% 2.46 5.14
0.11 0.02 20% 0.07 0.19
0.35 0.07 21% 0.23 0.55
3.84 1.17 30% 2.00 7.00

35.00 4.94 14% 25.60 42.60
1.798 1.355 75% 0.350 7.409
0.269 0.131 49% 0.068 0.797
2.234 1.168 52% 0.948 6.548
0.039 0.004 11% 0.031 0.048
0.012 0.003 25% 0.006 0.020



distribution on the territory, but with a significant increase in post-
exposure concentration, particularly high for Cd, Sb, Fe, Cu, Pb and Ca,
with maxima frequently located in 6B (industrial park, e.g. Sb, Fe, Cu).

The pre-exposure samples had very weak but measurable concen-
tration dependent magnetic properties, always lower than the post-
exposure samples; the highest post-exposure values were found in

Fig. 2. Tree diagram of the elements measured in the samples of the lichen Pseudevernia
furfuracea after the two-month exposure in the 40 sites of Fig. 1. The data are
normalized on the mean of pre-exposure values as follows: [(post-exposure − pre-
exposure) / pre-exposure].
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3.2. Magnetic properties of the lichen transplants
The mass specific values of χ, MS and MRS (Table 1) have been nor-

malized on the mean pre-exposure values as: [(post-exposure − pre-
exposure) / pre-exposure], and they are shown in Fig. 3a; BC and BCR
values are shown in Table 1 and Fig. 3b.
Fig. 3.Histograms of mass specific χ, MS, MRS (a) measured in pre- and post-exposure samples
normalized on the mean of pre-exposure values as follows: [(post-exposure − pre-exposure)

5

the samples 6A and 6B, from the industrial park.
BC and BCR are homogeneous over the whole set; BCR is b0.050 T for

most of the samples, indicating the prevalence of low-coercivity mag-
netic minerals.

The shapes of the hysteresis loops (Fig. 4a, c), of the isothermal rem-
anent magnetization (IRM) acquisition and of the back-field curves
(Fig. 4b, d) of the samples 2D (cement plant) and 6A (industrial park)
are similar, suggesting a common ferromagnetic sl mineralogy. Higher
values of the concentration dependent parameters are probably given
by higher concentrations of analogous ferromagnetic sl particles accu-
mulated by the lichens exposed in the industrial park. It is difficult to es-
timate the MRS decay in 100 s because of the large measurement errors
due to the low remanent magnetization values. However, a clear decay
is not evident after 100 s (Fig. S1a, b), indicating that in both samples the
rapidly decaying components of magnetization should be negligible.
The variation of the magnetic susceptibility vs. temperature is shown
in Fig. S2a, b for the samples 6B (industrial park) and 2D (cement
plant), respectively; black circles represents the heating, white circles
the following cooling to room temperature. The curves are noisy and
somewhat difficult to read, because of the weak susceptibility and the
prevailing lichen matrix on the overall volume of the sample. For both
samples, the Hopkinson peak precedes the decrease of susceptibility
up to around 580 °C, indicating that the main magnetic mineral is
magnetite.

The “Day plot” (Fig. 5) shows that themost of the samples fall in the
central pseudo single domain (PSD) region of the plot, which can de-
pend on a broad mixture of single domain (SD), or even
superparamagnetic (SP) particles, up to multi-domain (MD) magnetite
grains. In general, the data fall between the theoretical curves calculated
for mixtures of single domain and multidomain magnetite grains and
of the lichen Pseudevernia furfuracea transplanted for two months in the sites of Fig. 1 and
/ pre-exposure]. Histograms of BCR (T) and BC (T) are in (b).



those evaluated for mixtures of SD and SP magnetite particles (Dunlop,
2002a,b).

The samples 6A and 6B (industrial park) are within the cluster of

The thermomagnetic curve (Fig. S2c) is much better defined, with
respect to those of the samples 6B and 2D (Fig. S2a, b), due to the
higher values of the magnetic susceptibility. The main decrease of
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points in the central region of the plot, togetherwith the sample 2D (ce-
ment plant) and most of the pre-exposure samples.

The critical magnetic grain size transitions, theoretically determined
for equidimensional magnetite, are about 0.03 μm for SP to SD, 0.08 μm
for SD to PSD, 17 μm for PSD to true MD (Butler and Banerjee, 1975).

FORC diagrams of samples 2D, 6B and of a pre-exposure sample are
shown in Fig. 6; although they are very noisy, PSD (even if the discrim-
ination between a SD-MD mixture and PSD is not straightforward;
Roberts et al., 2000) and fine MD low-coercivity features emerge for
both samples, whereas no relevant magnetic components are present
in the pre-exposure sample. FORC diagrams thus confirm the features
pointed out by the “Day Plot” diagram and highlight the accumulation
of magnetic particles in the post-exposure samples.

3.3. Magnetic analyses of the cement and dust sample

The hysteresis loop, the IRM acquisition and the back-field applica-
tion curves of the cement sample are shown in Fig. 4e and f, respective-
ly. The decay of MRS in 100 s (Fig. S1c) suggests the presence of viscous
components of magnetization, contributing about 10% to the overall
remanent magnetization.
Fig. 4.Hysteresis loops (a, c), isothermal remanent magnetization (IRM) acquisition and back-fi
sites 2D (a, b; cement plant) and 6A (c, d; industrial park) of Fig. 1; (e) hysteresis loop and (f)
corrected for the high-field linear trend; black circles indicate IRM acquisition.
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the magnetic susceptibility occurs from about 400 °C to 580 °C,
which can be ascribed, respectively, to the relevant presence of
maghemite (which inverts to hematite upon heating) and to magne-
tite, and continues up to 680 °C, the Néel temperature for hematite;
the Hopkinson peak is absent. Overall, the presence of a heteroge-
neous mix of iron oxides is suggested. The magnetic grain size of
the cement sample, when referred to magnetite (Fig. 5), does not
seem to differ from the lichen sample data and falls into the central
region of the “Day plot” as well.

Noticeably higher mass specific MS and MRS values, with respect to
the lichens, have been determined (0.11 Am2 kg−1 and
0.02 Am2 kg−1, respectively) also in the dust samples collected from
the filters located above the main furnace. The main drop of magnetic
susceptibility in the thermomagnetic curve (Fig. S2d) occurs up to
about 580 °C and continues, changing slope, until about 620 °C, indicat-
ing the presence of maghemite and/or hematite, in addition to magne-
tite, as suggested by the thermomagnetic analysis of different kinds of
industrial fly ashes, including cement plants (Magiera et al., 2011;
Magiera et al., 2013; Paoli et al., 2016). In this case, the Hopkinson
peak is well-defined, and the cooling curve indicates the formation of
new magnetite during the heating process.
eld application curves (b, d) of Pseudevernia furfuracea transplanted for twomonths in the
IRM acquisition/back-field application curves of the cement sample. Hysteresis loops are



3.4. Data statistics

The principal component analysis (PCA)was based on themass spe-

for several elements (Cr, Cu, Fe, Ni, Sb) and the highest values of concen-
tration dependent magnetic parameters (Fig. 7b).

Spearman's Rank correlation between χ, MS, MRS (mass specific

Fig. 5. Bi-logarithmic “Day plot” of the hysteresis ratios MRS/MS vs. BCR/BC for samples of
the lichen Pseudevernia furfuracea transplanted for two months in the sites of Fig. 1, and
of the pre-exposure samples (red symbols – industrial park; green – pre-exposure;
black – cement; light-blue – all the other samples). The SD (single domain), PSD
(pseudo-single domain) and MD (multidomain) fields and the theoretical mixing trends
for SD-MD and SP-SD grains (SP, superparamagnetic) are from Dunlop (2002a, 2002b)
and refer to magnetite.
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cific values of the variables χ, MRS, MS, and post-exposure element con-
tent, both normalized with respect to the mean pre-exposure values
(see above). The PCA representative plot is shown in Fig. 7a, and the cor-
responding loading plot in Fig. 7b.

Pronounced differences are evident among the samples. The sample
1D, located at one end of the first component, segregates from all the
other samples. It was exposed in a forested area and has low levels of
contamination, as shown also by the corresponding loading plot in
Fig. 7b. On the contrary, the samples 6A and 6B, from the industrial
park, are located at the opposite end of the first component of Fig. 7a
and, as previously seen, they had the highest levels of contamination
Fig. 6. FORC (First Order Reversal Curve) diagrams for samples 2D and 6B of the lichen Pseude
sample (PRE2); “at” indicates the selected averaging time and “sf” the calculated optimum sm
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values) and element concentration was tested (Table 2). Significant
positive correlations have been found between the concentrations of
Cu, Fe, Ni, Sn and χ, MS and MRS. The elements Cd and Co correlated
only to χ, while Bi, Ca, Sb and Zn to MS and/or MRS. These deviations
in the significance of the correlations between elemental concentration
data and concentration dependent magnetic parameters may also de-
pend on large relative errors due to their generally low and sometimes
barely measurable values. Significant negative correlations were found
between K, Mn, V and χ, MS and/or MRS, which is due to their partial
leakage from the samples.

4. Discussion

Most of the works dealing with the magnetic properties of PM
intercepted by biomonitors have been carried out on leaves of seed
plants, generally trees or shrubs, more rarely on autochthonous crypto-
gams (mosses and/or lichens) (e.g. Chaparro et al., 2013; Fabian et al.,
2011; Jordanova et al., 2010; Szönyi et al., 2007, 2008). In the intercom-
parison carried out by Jordanova et al. (2010), lichens andmosses were
found to have the strongest contrast between clean and polluted envi-
ronment, a further proof – if needed – that these cryptogams are very
good biomonitors of PM. The lack of sufficient biological material in
the most polluted sites, characterized by a true “lichen and moss de-
sert”, can require the application of the transplant technique: suitable
species are collected from pristine sites and are exposed in the target
areas for assessing air pollutant depositions.

With the transplant technique, a critical point is the characteristics of
the pre-exposurematerial. Typically, thematerial is collected in pristine
areas, far from known pollution sources, and therefore it should have a
baseline content for most of the elements. In prevision of a
enviromagnetic survey, the material should have very low magnetic
susceptibility values; magnetic susceptibility is directly measurable
even in the field and can be interpreted as a bulk indicator of the con-
centration of magnetic minerals. The mass susceptibility values report-
ed in the literature range between 3.4 and 3.9 × 10−8 m3 kg−1 for
Hypogymnia physodes (L.) Nyl. (Salo, 2014; Salo et al., 2012), 1.33
× 10−8 m3 kg−1 for Evernia prunastri (L.) Ach. (one sample; Paoli
et al., 2016) between 14.3 and 41.0 × 10−8 m3 kg−1 for other foliose
and microfoliose lichens (Chaparro et al., 2013) and between −1.0–
1.0 × 10−8 m3 kg−1 for mosses (Salo, 2014; Salo et al., 2012; Salo and
Mäkinen, 2014). In Jordanova et al. (2010) lichens and mosses were
considered together, and much higher andmore variable χ background
vernia furfuracea transplanted for two months in the sites of Fig. 1, and of a pre-exposure
oothing factor.



levels were observed (9.18–86.8 × 10−8 m3 kg−1), but it should be kept
in mind that in the latter study sampling was extended to epilithic and
epigaeic species, and therefore the wider range of values is not a sur-

month exposure was certainly low, and this was also reflected by the
post-exposure values of themassmagnetic susceptibility, which ranged
between 0.350 and 7.409 × 10−8 m3 kg−1 (Table 1). On the contrary,

Fig. 7. Principal component analysis of the samples of Pseudevernia furfuracea after the two-month exposure in the 40 sites of Fig. 1, based on the values ofmass specific χ, MS, MRS and the
element content, both normalized on the mean pre-exposure values as [(post-exposure− pre-exposure) / pre-exposure] (a), and the corresponding loading plot (b).

865D. Kodnik et al. / Science of the Total Environment 595 (2017) 858–867
prise, being related to a stronger contamination by soil particles. In com-
parison to theseworks, our pre-exposure samples had very low levels of
χ (0.118–1.490 × 10−8m3 kg−1; Table 1) and, according to the FORC di-
agram (Fig. 6), the magnetic fraction was not relevant. This confirms
that the Alpine area we repeatedly visited for sampling (Adamo et al.,
2008; Kodnik et al., 2015; Tretiach et al., 2007, 2011) has a very low an-
thropogenic or natural impact, in accordance to the very low element
concentrations (Table 1), that are fully in linewith the results of a recent
sampling extended to whole Italy, aimed at pinpointing true “back-
ground” areas (Capozzi et al., 2015; Incerti et al., 2017).

If thepre-exposure valueswere low, both in termof element content
and enviromagnetic properties, our post-exposure data sets suggest a
modest anthropogenic impact on the environment. In comparison to
other surveys carried out with the same technique throughout Italy
(see e.g. Gallo et al., 2014; Giordano et al., 2005; Sorbo et al., 2008),
but even in the same area, in a different period of the year (unpubl. re-
sults), the element concentration enrichment observed after the two-

Table 2
Spearman's Rank correlation between χ, MS, MRS (mass specific values) and element con-

centration measured in the post-exposure samples of the lichen Pseudevernia furfuracea
transplanted for two months in the sites of Fig. 1. The data are normalized on the mean
of pre-exposure values as follows: [(post-exposure− pre-exposure) / pre-exposure] (cor-
relations considered significant for p-value b 0.05 are marked in bold).

χ MS MRS

Al 0.079243 -0.231308 -0.210043
As -0.073530 -0.178698 -0.173718
Bi 0.247147 0.386490 0.469923
Ca 0.278346 0.355711 0.262088
Cd 0.367551 0.101379 0.189400
Co 0.338681 0.172294 0.074122
Cr 0.267275 0.271247 0.266849
Cu 0.470020 0.347296 0.363827
Fe 0.447875 0.414997 0.341198
Hg 0.187014 -0.066541 0.063599
K -0.209411 -0.364811 -0.516546
Mn -0.348112 -0.233663 -0.394761
Ni 0.412132 0.469807 0.397891
Pb 0.013307 0.016809 0.131671
Sb 0.329672 0.471809 0.398690
Sn 0.564233 0.548096 0.528311
V -0.159548 -0.341375 -0.260595
Zn 0.315170 0.336041 0.347248
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after a six-month exposure of H. physodes transplants around a cluster
of heavymetal and chemical industries, including a Cu-Ni smelter com-
plex, Salo (2014) observed χ values ranging between 0.7 and 77.2
× 10−8 m3 kg−1, whereas moss bags exposed in the same area reached
higher values already after only two months (0.2–186.7
× 10−8 m3 kg−1) (Salo et al., 2012), and after a six-month exposure
reached a maximum of 127.3 × 10−8 m3 kg−1 (Salo, 2014) and 408.5
× 10−8 m3 kg−1 (Salo and Mäkinen, 2014).

One reason for the modest increase observed in this study could be
the meteorological conditions during the exposure period. Although
the total rainfall was not particularly abundant, it occurred in form of
several brief and intense thunderstorms that might have caused a
wash effect of the PM accumulated on the surface of the lichens. This
is partially confirmed by the leakage of Mn, K and V observed in the ex-
posed transplants. However, the slight, but statistically significant in-
crease of some elements and of magnetic susceptibility observed in
most of the exposed lichen samples also indicates that therewas actual-
ly an enrichment, mostly of anthropogenic origin. This conclusion is
supported by the fact that the soil–related elements (e.g. aluminum)
remained very low, and maxima were never observed in exposure
sites belonging to the agricultural stratum,whereas the highest increase
was concentrated in the sites within or immediately near the industrial
park, confirming previous results (Tretiach and Baruffo, 2001; Tretiach
and Pittao, 2008). According to the data made available by the local au-
thorities, the activities potentially consistent with the observed high
levels of Cr, Cu, Fe, Ni and Sb, are various: one electroplating factory
which works brass, bronze, copper, nickel and zinc; two gray cast iron
and steel smelters; several forging factories; several knife manufactur-
ing factories.

Although the post-exposure enrichment in PM was generally low,
the magnetic analysis revealed some interesting traits that com-
plemented the information derived from the elemental analysis. The
magnetic mineralogy was reasonably homogenous in the whole set of
samples and, crossing hysteresis, FORC and “Day Plot” data,
magnetite-like ferrimagnetic grains, mostly in PSD up to fine MD do-
main state and, by implication, grain size range, resulted to be the
mainmagnetic carriers. Thus, it was not possible to distinguish between
the cement plant and the industrial dusts on the basis of the magnetic
grain size.

This type ofmagnetic PM can be associated to industrial, domestic or
vehicle emissions (Flanders, 1994; Hunt et al., 1984), abrasion products



from asphalt and from vehicles brake systems (Hoffmann et al., 1999,
Sagnotti et al., 2009) or industrial activities such as smelters (Salo and
Mäkinen, 2014). Coarser and angular-shaped particles are often the re-

The recommendations by the Associate Editor, Elena Paoletti and
three anonymous reviewers helped to improve the manuscript.
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sult of abrasion in traffic related powders, while iron-rich spherules are
predominant in industrial and urban combustion patterns (Sagnotti
et al., 2009; Salo et al., 2012). In the study area vehicle traffic is not par-
ticularly intense since there are no large urban centers present, however
domestic heating by wood burning during the winter period can be an
important source of airborne particulate matter in the city centers that
is not detectable during summer, when this study was conducted
(Kodnik et al., 2015; WHO, 2005).

Clinker production, that is the core of the industrial processes of the
cement plant present at the center of our study area, far from the indus-
trial park, occurs at high temperatures (1400–1500 °C) when a mixture
of magnetite and hematite is generated (Flanders, 1994; Hansard et al.,
2011, 2012; Magiera et al., 2011; Petrovský and Ellwood, 1999). Hema-
tite was not evident in the lichen transplants while, according to mag-
netic mineralogy data, it was present in the cement sample and, less
obviously, in the dust sample collected from the filters located above
the main furnace. Moreover, no particular metal enrichment, both
from the chemical and magnetic point of views, was found in the sam-
ples exposed in and around the cement plant, so that it might be con-
cluded that this has a very low environmental fingerprint.

Finally, from the methodological point of view, it can be underlined
that the significant correlations observed between the concentration
dependent magnetic parameters and the elements Cu, Fe, Ni, Sn, Cd,
Co, Bi, Sb and Zn support the concentration dependent magnetic prop-
erties as excellent proxies for heavy metal pollution even at low con-
tamination levels (Table 2).

5. Conclusions

In this multidisciplinary survey, the main pollution source resulted to
be the industrial park located in the SW corner of the study area. The con-
centrations of selected elements and the concentration dependent mag-
netic properties were, in that sense, in substantial agreement. The
magnetic mineralogy was homogeneous throughout the entire set of
samples; the main magnetic carriers resulted magnetite-like minerals,
mostly in pseudo-single domain up to fine multidomain grain size
range. The cement plantwas excluded as themain source of airborne par-
ticulate matter, and no strict connection was found by comparing the
magnetic mineralogy of the cement and dust samples therein produced
with respect to the post-exposure PM intercepted by the lichen samples.
From this point of view, the transplants of Pseudevernia furfuracea have
proven to be effective for carrying out biomagnetic measurements; the
two-month exposure was sufficient for them to accumulate enough PM
for a detailed magnetic characterization, proving that themagnetic prop-
erties are excellent proxies for heavy metal pollution even when the an-
thropogenic impact on the territory is rather modest.

Moreover, with a regular grid of lichen transplants it is possible to in-
vestigate the variations of theirmagnetic properties according to the ex-
posure period and their initial conditions, with the additional possibility
of covering unvegetated areas, thus bypassing the limits of magnetic
measurements on native biological samples.
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