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A B S T R A C T

Native and transplanted lichens were analyzed as bioaccumulators of airborne particulate matter (PM) in two
selected areas of an eastern district of Rome, Italy, where frequent fraudulent fires are set to recover met-
als, mostly copper, from waste electrical and electronic equipment (WEEE). The presence of native lichens
was scarce, due to the drought of spring-summer 2017, thus, sampling was extended to a neighboring site for
toughening the dataset to a similar context. The magnetic analyses revealed intense properties connected to the
anthropic complexity of the area, where industrial, traffic and arson-related dusts are continuously emitted and
bio-accumulated. Magnetic parameters were compared to the chemical determinations, leading to significant
linear correlations between the concentration dependent magnetic parameters (susceptibility, saturation mag-
netization and saturation remanence) and the concentration of heavy metals (among which copper, chrome,
lead and zinc). Moreover, selected magnetic particles were chemically and morphologically characterized by a
Scanning Electron Microscope and Energy Dispersion System microanalyses. Magnetic particles resulted in-
corporated into the lichens' tissues and their composition, morphology and grain size strongly supported their
anthropogenic, mostly combustion-related, origin. Even if, given the complexity of the area, it was not fea-
sible to fully discriminate the multiple anthropogenic sources, magnetic biomonitoring of lichens, especially
when combined with microtextural and compositional analyses, confirmed to be an excellent methodology for
a rapid characterization of environmental pollution.

© 2018.

1. Introduction

Particulate matter (PM) consists of a mixture of solid particles and
liquid droplets of organic and inorganic substances suspended in the
air.

According to WHO (2014, 2016), PM is associated with a broad
spectrum of acute and chronic illness, such as lung cancer and cardio-
vascular diseases. Fine and ultra-fine particles, with the diameter rang-
ing from nanometric to 10μm, are the most dangerous, since they can
penetrate and persist deep inside the lungs, affecting different organs,
as well as several cell types. Abundant presence of magnetite nanopar-
ticles, formed by combustion and/or friction-derived, which are com-
mon in urban airborne PM, has been recently found even in the hu-
man brain, where they can enter directly through the olfactory nerve
(Maher et al., 2016).
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Instrumental monitoring of PM requires expensive stations, power
availability and continuous maintenance; beside, biomonitoring with
cryptogams (in particular, lichens and mosses) has frequently been
used for high resolution detection of the emission sources and the dis-
tribution patterns of various airborne persistent pollutants (e.g. heavy
metals, polycyclic aromatic hydrocarbons−PAHs, dioxins, furans;
Augusto et al., 2013, 2015; Guidotti et al., 2000, 2003; Owczarek
et al., 2001, Bargagli and Mikhailova, 2002; Lucadamo et al., 2015;
Nascimbene et al., 2014; Protano et al., 2014; Tretiach et al., 2007,
2011). Where autochthonous cryptogams are absent or rare (e.g. urban
centers and indoor), transplants allow the application of a high-density
sampling (Kodnik et al., 2015) and may help in determining the tem-
poral patterns of airborne pollutants (Branquinho et al., 2008; Frati et
al., 2005; Guidotti et al., 2009; Protano et al., 2017).

In the study area, Xanthoria parietina was the available native
lichen: it is a foliose species that usually grows from rural to
man-made areas on various substrates: barks of several tree species,
rocks, walls in cement, tiles, bricks, fiberglass, roofing; it is widely
used in biomonitoring of airborne metals for its high tolerance to at-
mospheric pollution (Demiray et al., 2012).

For lichen transplants, fruticose species are usually preferred over
foliose species (Brunialti and Frati, 2014), because they ensure greater
biomass per lichen thallus, as well as easier cleaning and in

https://doi.org/10.1016/j.scitotenv.2019.06.526
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stallation, thus contextually reducing processing time and enhancing
sample homogeneity (Wolterbeek and Bode, 1995).

The epiphytic fruticose lichen Pseudevernia furfuracea, selected
for this study, is a frequently used biomonitor of heavy metals and
PAHs (Gallo et al., 2014; Kodnik et al., 2015; Nascimbene et al.,
2014; Tretiach et al., 2007; Tretiach et al., 2011). This lichen is rela-
tively common, easy to identify, stress-tolerant, with a good resistance
to transplantation (Tretiach et al., 2007), and morphologically prone
to intercept PM (Tretiach et al., 2005). In general, Pseudevernia fur-
furacea is considered the main choice for this kind of studies.

It is frequently used in methodological studies (Adamo et al., 2007,
2008; Bari et al., 2001; Nascimbene et al., 2014; Vingiani et al., 2004)
and applications (e.g. Tretiach et al., 2011); moreover, it is the only
certified lichen (BCR 482, Quevauviller et al., 1996), and it was sub-
jected to several histological (Rinino et al. 2005) and physiological
studies (Tretiach et al., 2005).

A complementary method for analyzing and monitoring the air-
borne PM is the study of its magnetic properties. Aerosols may have
remarkable magnetic properties related to the content of mag-
netite-like ferrimagnetic particles, often associated to heavy metals
such as Cd, Cr, Zn (e. g. Flanders, 1994, Georgeaud et al., 1997; Hunt
et al., 1984; Muxworthy et al., 2002; Sagnotti and Winkler, 2012;
Hansard et al., 2012; Zhu et al., 2013; Jordanova et al., 2006; Lu et al.,
2009) and even to mutagenic organic compounds (Morris et al., 1995).
Magnetic analyses are cheap, sensitive, fast, and allow to discrimi-
nate between different sources of pollution, according to the magnetic
grain size, as pointed out in urban and traffic related contexts (Sagnotti
et al., 2009; Revuelta et al., 2014).

Magnetic biomonitoring of atmospheric pollution is a growing ap-
plication in the field of environmental magnetism, since trace met-
als are incorporated into the magnetic particles that are deposited and
accumulated on plant leaves and other biological receptors; biologi-
cal surfaces, exposed to atmospheric pollution, accumulate magnetic
particles over time, providing a record of location-specific, time-inte-
grated air quality information (e.g. Hofman et al., 2017).

In magnetic biomonitoring studies, tree leaves (Maher et al., 2008;
Mitchell et al., 2010; Moreno et al., 2003; Rai, 2013), barks (Böhm
et al., 1998), mosses (Fabian et al., 2011; Vuković et al., 2015) and
lichens (Chaparro et al., 2013; Paoli et al., 2017; Salo et al., 2012)
have successfully been used as passive dust collectors, as well as in ur-
ban (e.g., Szönyi et al., 2008; Zhang et al., 2006), industrial (Hansard
et al., 2011; Jordanova et al., 2010; Salo and Mäkinen, 2014; Zhang
et al., 2008) and mixed land use areas (Kodnik et al., 2017), up to
high density surveys in high-precipitation tropical cities and valleys
(Mejía-Echeverry, 2018). Recently, the differences in net particle ac-
cumulation between 96 plant species were determined and expressed
as leaf saturation isothermal remanent magnetization (Muhammad et
al., 2019). Even if magnetic biomonitoring studies are more common
for leaves, there is an increasing interest in lichens and mosses as PM
interceptors and bioaccumulators (e.g. Chaparro et al., 2013, Fabian et
al., 2011, Jordanova et al., 2010, Salo, 2014, Salo et al., 2012, Kodnik
et al., 2017, Mejía-Echeverry et al., 2018), and, recently, even insects,
crustaceans, mammal (of which human) tissues and spider webs are
considered because their magnetic properties (Rachwał et al., 2018;
Hofman et al., 2018).

Jordanova et al. (2010) found that lichens and mosses point the
strongest contrast between clean and polluted environment; moreover,
lichens introduce the possibility to apply the transplant technique in
magnetic biomonitoring studies; suitable species are collected from
pristine sites to be exposed in the target areas for assessing, in time
and space, the air pollutant deposition and accumulation, and the con-
sequent variation of the magnetic properties.

This study was conceived as a pilot multidisciplinary test to in-
tegrate the magnetic, chemical and morphoscopic properties of na-
tive and transplanted lichens sampled in an area subjected to several
sources of atmospheric pollution, among which traffic and frequent
fraudulent fires, which are causing growing concern in citizens living
there and in public opinion. Arsons cause the production of harmful
substances during uncontrolled combustion of plastics, waste and or-
ganic material. In this case, the uncontrolled combustions are set to
free the metals, in particular Cu, contained in the waste, causing the
formation of volatile organic material as well as metals, which are dis-
persed in the atmosphere and then fall back into adjacent soils, includ-
ing green areas, often used as pastures for sheep. The testing hypoth-
esis of this study was to verify that magnetic analyses are a rapid and
sensitive tool for biomonitoring of airborne PM in multi-source pol-
lution contexts, expanding what has been already tested in traffic and
industrial conditions.

2. Methods

2.1. Lichen sampling and treatment

The first sampling campaign was carried out near a Roma camp
around Via di Salone, in the easternmost side of Rome, where fraud-
ulent fires are almost continuously set. A preliminary investigation, in
July 6, 2017, revealed scarce presence of lichen populations in the af-
fected area, taking into account the drought of spring-summer 2017.
Despite this, the sampling of lichens was performed in July 25, 2017,
following the guidelines for the use of epiphytic lichens as bioaccu-
mulators of heavy metals (Bargagli and Nimis, 2002). Thus, lichens
were collected from trunks with inclination within 10° from vertical
and without evident signs of disturbance, at a sufficient height to ne-
glect the soil influence. Four specimens of Xanthoria parietina native
lichens, the only available species, were found and sampled from the
trees of this area (Figs. 1a, b and 2a, Table 1).

To expand and compare the dataset, further sampling was carried
out in July 14, 2017 in a 7km far district, around Via Tiburtina and
near Tivoli, affected by continuous rogues of waste material, in a sim-
ilar context to the first area. Five more Xanthoria parietina samples
were taken (Fig. 1a and c, Table 1).

Finally, a Xanthoria parietina control site has been sampled in
Valle Oracola, an undisturbed rural area, near to the Regional En-
vironmental Protection Agency (ARPA Lazio) chemical laboratory,
about 60km far from the investigated area, where undisturbed or pris-
tine samples were not available.

Additionally, seven transplants of lichen Pseudevernia furfuracea
have been exposed for 4months in the Salone area, to expand the
dataset and to investigate the change of magnetic properties from sup-
posed pristine conditions (Fig. 1b). Pre-exposure specimens were orig-
inally sampled from the trees of a small wood at Monte Terminillo,
100km far from the investigated area, in the same county of the Xan-
thoria parietina control sample in Valle Oracola.

The transplants have not been exposed in the Tiburtina area, since
this study was specifically committed to ARPA Lazio, for analyzing
the atmospheric pollution in the Salone area. The additional sampling
in via Tiburtina was carried out for verifying that, when the man-made
sources are similar, the results on native samples are uniform and do
not depend on natural sources.

Practically, thalli of Pseudevernia furfuracea were inserted in the
so-called “lichen bags”, which are constituted by a plastic “not mag-
netic” frame that allows contact with the air, and can be subsequently
fixed at a height of about two meters above the ground, in the site cho-
sen for the study (Fig. 2b, c).
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Fig. 1. a) Orthophotograph of Rome city, white square indicates the study area. CTR (Carta Tecnica Regionale) maps of sampling site locations: Via di Salone (b) and Via Tiburtina
(c). Orthophotograph and CTR maps were downloaded from https://geoportale.regione.lazio.it/geoportale/.

Fig. 2. Sampling procedures: a) native lichens (Site S0); b, c) transplant exposure (Site TS1).

After the exposure period, only six samples were found, since one
fell and was contaminated by soil (Table 2).

After sampling, most of the lichen material was prepared at the
ARPA Lazio laboratory in Rieti for subsequent chemical analyses,
or at Istituto Nazionale di Geofisica e Vulcanologia (INGV) labora-
tory in Rome for magnetic properties. Dead parts and foreign material

(leaves, soil, talons of other lichens) were removed. For chemical
determinations on native samples, only the last 2mm external parts
of several thalli collected in each site were analyzed, in order to
take into account the same accumulation period for each sampling
point. With regard to Pseudevernia furfuracea transplants, the chemi-
cal analyses were carried out on the entire homogenized sample. Sam
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Table 1
Location of the native lichens sampled around via di Salone and via Tiburtina.

Sampling sites

Site
name

Coordinates
(LAT and
LONG) Description

Via di Salone
S0 41° 55.098′

N
12° 38.340′
E

Inside a dismissed cement plant and near a wall facing
the Roma camp sampled during the preliminary survey

S1 41° 55.206′
N
12° 38.118′
E

On the entrance wall of a dismissed cement plant

S2 41° 55.277′
N
12° 38.533′
E

On a canal bringing wastewater to Aniene river

S3 41° 54.822′
N
12° 37.014′
E

Near a Hotel facing the highway

Via Tiburtina
T1 41° 56.882′

N
12° 42.572′
E

Adjacent to the motorway and to the urban
agglomeration

T2 41° 56.791′
N
12° 42.631′
E

Denoting fire activity

T3 41° 56.938′
N
12° 43.623′
E

At the limit of a recent fire, from a tree partially
damaged by the arson

T4 41° 56.448′
N
12° 43.110′
E

Along the road from the Martellona neighborhood to
Tivoli Terme

T5 41° 56.449′
N
12° 42.717′
E

Near a car junkyard, in the innermost part of the area

ples were dried in air or in an oven at 40°C for 48h, to avoid any
change of the magnetic mineralogy, and then shredded and/or homog-
enized, to be representative of the sampling site. For chemical deter-
minations, all the samples, in duplicates, were prepared in the same
day and then analyzed in the following day.

2.2. Magnetic characterization

Magnetic measurements were performed at the palaeomagnetic
laboratory of the INGV. Fragments of lichens were put inside standard
8cm3 plastic cubes for the magnetic susceptibility (χ) measurements,
and in pharmaceutical gel caps #4, of about 0.15ml capacity, for the
hysteresis properties investigations.

The magnetic susceptibility has been measured on AGICO MFK-1
Kappabridge and calculated by dividing the bulk values with the net
weight of the samples, after subtraction of the empty holders.

The temperature dependency of the magnetic susceptibility was
measured in free air, in the range 40 to 700°C and back, with the
AGICO MFK-1 Kappabridge equipped with a CS-3 furnace, and cal-
culated after correction for the susceptibility of the empty furnace.

Gel cap samples vibrated in the Princeton Measurement Corpora-
tion Micromag 3900 Vibrating Sample Magnetometer (VSM) through
a carbon fiber probe for defining the hysteresis loops. Small lichen
fragments, irregularly dimensioned and shaped, were carefully

Table 2
Location of the lichen transplants exposed around Via di Salone.

Transplant sites

Site
name

Coordinates
(LAT and
LONG) Description

Via di Salone
TS1 41° 54.917′

N
12° 38.130′
E

Near the Salone railway station

TS2 41° 55.206′
N
12° 38.118′
E

On the entrance wall of a dismissed cement plant
(corresponding to native sample S1)

TS3 41°
55.098′ N
12°
38.340′ E

Inside a dismissed cement plant and near a wall facing
the Roma camp (corresponding to native sample S0)

TS4 41°
55.086′ N
12° 38.358′
E

On a wall facing the Roma camp

TS5 41°
55.206′ N
12°
38.574′ E

On a canal bringing wastewater to Aniene river
(corresponding to native sample S2)

TS7 41° 54.822′
N
12° 37.014′
E

Near a hotel facing the highway (corresponding to
native sample S3).

pressed inside the caps to maximize the content and to prevent their
movement during vibration. The coercive force (Bc), the saturation
remanent magnetization (Mrs) and the saturation magnetization (Ms)
were measured applying fields up to 1.0T and determined after sub-
tracting the high field paramagnetic linear trend. Mass-specific mag-
netization values for the concentration-dependent parameters were
calculated dividing the magnetic moments for the net weight of the
samples. The coercivity of remanence (Bcr) values were extrapolated
from backfield remagnetization curves up to −1T, following forward
magnetization in a saturating +1 T field. On available samples, mag-
netic measurements were made on the same specimens prepared by
both ARPA Lazio and INGV, to compare the results and to verify that
they are mostly independent of shredding or homogenization, drying
methods and cutting of the most external parts.

The magnetic grain-size of the PM accumulated by the lichens was
investigated and compared to theoretical magnetite according to the
hysteresis ratios Mrs/Ms vs. Bcr/Bc in the Day plot (Day et al., 1977;
Dunlop, 2002a, 2002b).

First order reversal curves (FORCs; Pike et al., 1999; Roberts et
al., 2000) were measured using the Micromag operating software;
FORC diagrams were processed, smoothed and drawn with the
FORCINEL Igor Pro routine (Harrison and Feinberg, 2008). FORCs
were measured in steps of 2.5mT, with 300ms averaging time and
maximum applied field being 0.5T. The optimum smoothing factor
was evaluated by FORCINEL software.

2.3. Chemical and morphoscopic characterization

The determination of metal content was conducted by graphite
furnace atomic absorption spectrometry (AAS Varian Spectra AA
220Z). A total of 150mg of finely chopped lichen was placed into
a “Teflon bomb” with 7ml of 63% HNO3, 3ml of 30% H2O2 and
0.2ml of 40% HF. The container was closed with the appropriate
Teflon screw cap and placed in an oven at 120°C for 3h. The con
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tainer was then removed from the oven and cooled at room temper-
ature. The mixture was then transferred into a 50ml glass flask, and
bi-distilled water was then added to the flask. In order to eliminate
the matrix effect, quantitative analyses were conducted using the stan-
dard addition method. The repeatability of the method was assessed by
analyzing a reference standard material (BCR No. 482 – heavy met-
als in lichens) and repeating this procedure six times. The certificated
values, recorded values, average recovery, relative standard deviations
(RSD) and limits of quantification (LOQ) for each metal are reported
in Table 1s.

The Pollution Load Index (PLI) has been obtained, for each site
(i), from the concentration factors (CF), that are obtained by divid-
ing the concentration of n metals for the background values which,
in this case, refer to the control for native samples and to pre-expo-
sure for transplants. The most recent background values for Italy, from
Cecconi et al., 2019, have not been used for calculating the CFs, since
they do not include Fe and Mn; Hg has been excluded from the com-
putation, since it was not measured in transplants.

Thus, site specific PLI are calculated as (Tomlinson et al., 1980):

Linear models for correlating the concentration dependent mag-
netic parameters to heavy metal concentration and PLI were evaluated
with the software PAST (Hammer et al., 2001).

Individual particles were characterized with a JEOL JSM 6500F
Field Emission (Schottky type) Scanning Electron Microscope
(FE-SEM, resolution 1.5nm at 15kV operating voltage), equipped
with backscattered electron detector and Energy Dispersion System
(EDS, JEOL HYPERNINE, 133eV resolution) microanalysis. Before
FESEM observation, the samples were carbon-coated using a JEOL
JEC-530 Auto Carbon Coater. The microscope working distance was
10mm, with an accelerating voltage of 15kV. EDS spectra were first
acquired from randomly chosen particles to broadly characterize the
PM, and subsequently from Fe-rich particles only, to investigate in de-
tail the composition of the magnetic PM.

3. Results

3.1. Magnetic properties

3.1.1. Native lichens
The magnetic susceptibility values of the Xanthoria parietina na-

tive lichens, collected from both areas, range from 14.5 to
156.0× 10−8 m3/kg, always exceeding the value of the control lichen
(10.8 × 10−8 m3/kg) (Table 3, Fig. 3).

All the hysteresis loops, except for the sample S2 of the Via di
Salone area, are similar in shape, saturated well before 1T, with
modest variability of the coercivity [11.3 mT < Bc < 13.7mT;
35.6mT < Bcr < 39.3mT], indicating substantial uniformity of the mag-
netic mineralogy, presumably ascribable to magnetite or, in any case,
soft ferrimagnetic minerals (Table 3, Fig. 4).

The sample S2 is anomalous, with the high saturation field (about
800 mT) not confirmed by the shape of the IRM acquisition (4m).

The variation of bulk magnetic susceptibility (k) vs temperature,
performed on selected samples, confirmed that magnetite is the main
magnetic mineral, being 580°C the estimated Curie temperature (Fig.
5). The magnetothermic curves are noisy, possibly due to the burn-
ing of the organic matter, and the first, weak, inflection point at about
350°C suggests the presence of maghemite. The decrease in magnetic
susceptibility in the temperature range of 500 to 580°C indicates ei-
ther a wide grain-size distribution of magnetite or the presence of a
mixture of magnetite and maghemite, in the form of a maghemitized
rim on a magnetite core within the same magnetic particles, as it was
studied for “technogenic” magnetic particles by Magiera et al., 2011.

Moreover, the decrease at 500°C in some samples of cement dust,
corresponding to two magnetic phases, appeared on the cooling curve
of the cement samples observed by Magiera et al., 2013. The Hopkin-
son peak and a possible second order influence from titanomagnetite
minerals, eventually arising from the substrate, could furtherly com-
plicate the curves.

The magnetothermic curve of the sample S2 has the same inflec-
tion points observed for the other samples, and neither goethite nor
hematite, as high saturation magnetic minerals, were observed through
their estimated Curie/Néel temperatures.

In conformity with the magnetic susceptibility, the concentration
dependent magnetic parameters vary by about one order of magnitude
[1.5 × 10−2 < Ms (A m2 kg−1) <14.1 × 10−2; 2.1× 10−3 < Mrs (A m2 kg1)
<21.6 × 10−3]. Overall, the hysteresis parameters indicate

Table 3
Magnetic susceptibility and hysteresis parameters, measured and computed for native and transplanted lichens.

Sample χ (10−8 m3/kg) Ms (mAm2/kg) Mrs (mAm2/kg) Bc (mT) Bcr (mT) Bcr/Bc Mrs/Ms

S0 37.0 53.0 7.6 12.9 39.0 3.03 0.14
S1 156.0 141.0 21.6 13.4 38.0 2.84 0.15
S2 55.1 113.0 9.3 11.7 36.8 3.13 0.82
S3 156 124.0 19.3 12.6 38.7 3.06 0.16
Valle Oracola (CO) 10.8 9.4 1.2 10.4 34.1 3.28 0.13
T1 40.6 62.4 8.9 12.4 37.6 3.04 0.14
T2 14.5 15.2 2.1 11.3 35.6 3.15 0.14
T3 22.6 22.5 3.1 11.7 37.7 3.22 0.14
T4 48.3 46.4 6.6 12.4 39.2 3.17 0.14
T5 85.4 99.4 14.1 13.0 39.4 3.04 0.14
TS1 9.7 4.5 0.7 12.4 38.7 3.13 0.16
TS2 17.1 12.1 1.8 13.0 39.7 3.06 0.15
TS3 8.7 3.8 0.6 13.3 39.7 2.98 0.17
TS4 9.2 9.0 1.2 12.0 40.8 3.39 0.14
TS5 7.4 5.7 0.8 11.9 36.9 3.09 0.15
TS7 7.1 7.0 1.0 11.6 37.6 3.24 0.14
Terminillo (CT) 3.4 0.8 0.2 15.4 47.7 3.09 0.28
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Fig. 3. Histograms of magnetic susceptibility χ: in light blue, native samples from via
di Salone; in blue, native samples from Via Tiburtina; in green, transplants from via di
Salone; in black, control samples; CO refers to the Valle Oracola control sample, CT to
the Terminillo pre-exposure. Native and transplanted samples from the same sites are
placed beside. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

variable concentrations of very similar magnetic minerals; Ms and
Mrs values are always higher than in the Valle Oracola control lichen
(Ms = 9.4× 10−3 A m2 kg−1; Mrs = 1.2× 10−3 A m2 kg−1).

The Mrs/Ms vs Bcr/Bc ratios indicate that the samples are quite
homogeneous and distributed in the central region of the Day Plot
(Dunlop, 2002a, 2002b), attributable to prevailing Pseudo Single Do-
main (PSD) behavior (6), and in between the theoretical trends for
SD-MD and SD-SP magnetite. Only the sample S2, already mentioned
for the particular shape of the hysteresis loop, is relatively distant from
the cluster formed by the other samples, placing in the proximity of
the theoretical trend expected for a mix of 80% MD and 20% SD sto-
ichiometric magnetite.

Fig. 4. Hysteresis loops and backfield application after saturation for selected specimens: a, d) S1 native sample, via di Salone; b, e) TS2 transplant, in the same site of S1; c, f)
T5 native sample, from via Tiburtina; g, l) Valle Oracola control sample; h, m) S2 native sample; i, n) TS5 transplant, in the same site of S2. The second letter refers to isothermal
remanent magnetization acquisition and back-field application curves. Hysteresis loops are corrected for the high field linear trend; values are not divided for the mass of the sample.

Fig. 5. Temperature variation of the magnetic susceptibility (k) for the native sample S3; black circles are for the heating process, open circles for the following cooling to room
temperature. Data were corrected for the empty furnace. Heating and cooling cycles were performed in air.
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3.1.2. Magnetic properties of the transplanted lichens
The values of the concentration dependent magnetic parameters are

considerably lower in the transplanted lichens than in the native sam-
ples.

The magnetic susceptibility values of the Pseudevernia furfuracea
transplants (Table 3, 3) range from 7.1× 10−8 to 17.1× 10−8 m3/kg−1,
exceeding again the corresponding control lichen, whose magnetic
susceptibility was the lowest of the set (3.4 × 10−8 m3 kg−1).

Despite the lower concentration of magnetic minerals, the hystere-
sis loops are well defined (Table 3, 4), and their parameters range
from 3.8× 10−3 to 12.1× 10−3 A m2 kg−1 for Ms and from 6.5× 10−4 to
17.9× 10−4 A m 2kg−1 for Mrs; Bc ranges from 11.6 to 13.3mT and Bcr

Fig. 6. Logarithmic Day plot of the hysteresis ratios Mrs/Ms vs. Bcr/Bc for native lichens
from via di Salone (light-blue) and from Tiburtina (blue), for transplants from via di Sa-
lone (green) and for control samples (black). The SD (single domain), PSD (pseudo-sin-
gle 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. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

and from 36.9 to 40.8mT, overlapping the coercivity values of the
Xanthoria parietina native samples.

Sample TS2, from the entrance wall of the dismissed cement plant,
stands out for the values of the concentration dependent magnetic pa-
rameters.

Also for transplants, the values of the concentration dependent
magnetic parameters are higher than the pre-exposure sample.

In the Day plot (Fig. 6), the magnetic grain size was homogeneous
to that of the native samples, indicating, again, the prevalence of PSD
domain state.

FORC diagrams of native and transplanted samples S1 and TS2,
from the same site in via di Salone, and Terminillo pre-exposure are
shown in Fig. 7; S1 and TS2 show prevailing pseudo single domain
(PSD) features, even if the discrimination between PSD and a mixture
of single domain (SD) and multidomain (MD) is not straightforward
with these kind of diagrams (Roberts et al., 2000).

The FORC diagram of S1 also indicates a slightly higher coerciv-
ity range, with the occurrence of low interaction SD features (Fig. 7c).

Overall, low-coercivity characteristics prevail in all the samples,
including the pre-exposure Terminillo sample.

The presence of ultrafine superparamagnetic (SP) magnetic parti-
cles was negligible; it was estimated measuring the 100s decay of re-
manent magnetization after the application of a saturation magnetic
field, which is indicative of the remanence fraction carried by parti-
cles in the SP-SD boundary (Wang et al., 2010; Sagnotti and Winkler,
2012).

3.2. Chemical analyses

The concentration of heavy metals, including the normalization to
the control/pre-exposure concentration and the Tomlinson PLI pollu-
tion index, are reported in Tables 4 and 5, for native and transplanted
samples, respectively.

The element concentrations of Xanthoria parietina sampled near
Vvia di Salone and in Via Tiburtina can be visualized, in Table 6
through the chromatic scale proposed in Cecconi et al., 2019, refer-
ring to the background elemental content (BEC), and updating pre-
vious works by Nimis and Bargagli, 1999 and Nimis et al., 2000. In
Cecconi et al., 2019, Fe and Mn were excluded from the analyses of
native samples. In the study area, the most of the elements are rated as
High and Severe bioaccumulation levels.

For transplants, the same method has been used according to the
classes introduced in Cecconi et al., 2019, but referring, for this study,
to the metals concentration of the pre-exposure sample (Table 7); thus,
using the exposed-to-control (EC) ratio, instead of the exposed-to-un-
exposed (EU) ratio therein suggested, in order to classify also Fe and
Mn.

Fig. 7. FORC (First Order Reversal Curve) diagrams for a) pre-exposure sample, b) transplant TS2 (b) and c) native S1; the smoothing factor was, respectively, 10, 7 and 4.
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Table 4
Concentration (mg/kg), normalization to the control sample and PLI of heavy metals in native Xanthoria parietina samples.

Hg
Hg/Hgcont

As
As/Ascont

Cr
Cr/Crcont

Cu
Cu/Cumin

Ni
Ni/Nicont

Cd
Cd/Cdcont

Pb
Pb/Pbcont

Mn
Mn/Mncont

Fe
Fe/Fecont

Zn
Zn/Zncont PLI

S0 4.30 26.00 29.00 15.00 0.13 22.00 50.0 3241 41 3.32
430.0 51.0 3.6 5.3 0.7 3.7 3.4 1.4 1.3

S1 0.06 18.67 16.03 32.46 10.00 0.23 49.39 287.0 9772 106 5.57
6.0 36.6 3.6 4.0 3.5 1.2 8.4 19.7 4.3 3.4

S2 0.26 2.96 5.73 22.05 4.00 0.09 8.97 61.0 2916 43 1.74
26.0 5.8 1.3 2.7 1.4 0.5 1.5 4.2 1.3 1.4

S3 0.15 3.97 19.64 65.11 8.03 0.12 23.2 158.0 5908 106 3.83
15.0 7.8 4.5 8.0 2.8 0.6 4.0 10.8 2.6 3.4

T1 0.11 1.50 4.09 17.62 2.62 0.14 4.42 58.0 3306 82 1.52
11.0 2.9 0.9 2.2 0.9 0.7 0.8 4.0 1.4 2.7

T2 0.20 1.01 3.01 11.46 8.66 0.15 2.58 38.0 2068 70 1.29
20.0 2.0 0.7 1.4 3.1 0.8 0.4 2.6 0.9 2.3

T3 0.40 1.23 4.71 12.45 2.51 0.20 5.31 49.0 2063 36 1.31
40.0 2.4 1.1 1.5 0.9 1.0 0.9 3.4 0.9 1.2

T4 0.27 3.45 7.68 32.78 5.13 0.09 12.66 101.6 4720 50 2.32
27.0 6.8 1.8 4.0 1.8 0.5 2.2 7.0 2.1 1.6

T5 6.11 2.56 6.24 19.90 2.37 0.33 8.53 58.0 3737 47 1.91
611.0 5.0 1.4 2.4 0.8 1.7 1.5 4.0 1.6 1.5

Control Valle Oracola (CO) 0.01 0.51 4.40 8.16 2.84 0.20 5.88 14.6 2287 31 1.00
1.0 1.0 1.0 1.0 1.2 2.2 2.3 1.0 1.1 1.0

Table 5
Concentration (mg/kg), normalization to the pre-exposure sample and PLI values of heavy metals in transplanted Pseudevernia furfuracea samples.

As
As/Aspre

Cr
Cr/Crpre

Cu
Cu/Cupre

Ni
Ni/Nipre

Cd
Cd/Cdpre

Pb
Pb/Pbpre

Mn
Mn/Mnpre

Fe
Fe/Fepre

Zn
Zn/Znpre PLI

TS1 0.29 4.52 25.00 2.62 0.28 5.30 36.6 258 18.3 1.83
1.9 1.7 3.8 1.4 1.1 4.9 1.9 1.2 1.1

TS2 0.43 6.69 17.27 7.45 0.22 12.69 38.1 1182 36.5 2.97
2.9 2.5 2.6 4.0 0.9 11.6 2.0 5.5 2.1

TS3 0.38 4.08 16.68 2.44 0.27 7.88 27.3 525 21.9 1.97
2.5 1.5 2.5 1.3 1.1 7.2 1.4 2.5 1.3

TS4 0.40 3.49 17.84 2.2 0.25 5.38 34.3 319 25.4 1.82
2.7 1.3 2.7 1.2 1.0 4.9 1.8 1.5 1.5

TS5 0.50 4.24 17.39 3.1 0.28 13.48 34.6 598 41.7 2.52
3.3 1.57 2.6 1.7 1.1 12.4 1.8 2.8 2.4

TS7 0.43 3.12 16.22 2.19 0.24 9.91 40.7 695 34.3 2.19
2.9 1.2 2.5 1.2 1.0 9.1 2.1 3.3 2.0

Pre-exposure Terminillo (CT) 0.15 2.70 6.59 1.84 0.25 1.09 19.2 213 17.1 1.00
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Table 6
Analytical results on Xanthoria parietina; colour scale according to Cecconi et al., 2019
and referred to the background elemental content (BEC).

Table 7
Analytical on Pseudevernia furfuracea; the colour scale according to Cecconi et al.,
2019 is referred to exposed-to-control (EC) ratio.

3.3. Morphoscopic observations

The morphological observations mostly pointed out iron-rich
round shaped particles, fully incorporated into the lichens tissues (Fig.
8a), usually in the dimensional range from 1 to 10μm, occasionally
with rough and bright surfaces or given by the aggregation of different
submicrometric particles (Fig. 8b).
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Fig. 8. FESEM images and EDS spectra of selected particles embedded in the lichens from via di Salone; (a) spherical iron-rich particle; (b) iron–rich spherical aggregate; (c)
iron-rich, with Cu inclusions, micrometric particles (d) iron-rich, with Ba inclusions, irregularly shaped grain.
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The chemical composition of selected particles, characterized
through EDS X-ray microanalysis, indicated that other metals, as Mn,
Cu (Fig. 8c), Cr and Ba (Fig. 8d), are widely present under different
proportions.

4. Discussion

4.1. Magnetic properties and morphoscopic features of the lichens

The magnetic susceptibility χ values measured in native samples,
ranging from 14.5 to 156.0× 10−8 m3/kg, are indicative of consider-
able concentrations of magnetic minerals. This result is compatible
with the recent review by Hofman et al., 2017, where the values of
susceptibility for mosses and lichens are distributed between −1.5
and +1161.0 × 10−8 m3/ kg (the latter relative to metallurgy zones near
Tandil, Argentina on lichen Parmotrema pilosum; Marié et al., 2016).

The χ values from via di Salone and via Tiburtuna areas are higher
than those obtained from Xanthoria parietina native lichens sampled
near a cement plant in Slovakia, which showed magnetic susceptibil-
ity values ranging from 7 to 92× 10−8 m3/ kg (Paoli et al., 2017).

The χ values are also noticeable higher if compared to magnetic
biomonitoring studies on Quercus ilex and Platanus leaves from a
southeastern quadrant of Rome (Moreno et al., 2003; Szönyi et al.,
2007; Szönyi et al., 2008), even considering the different characteris-
tics of deposition and accumulation of PM on leaves.

In the study area, it was possible to find only a few lichens; for
this reason, lichen transplants were placed around the same sites where
native samples were taken; after four months of exposure, the values
of the concentration dependent magnetic parameters doubled, at least,
those from the pre-exposure sample, even if they were considerably
lower than those from the native samples.

Noteworthy, the magnetic susceptibility value of the pre-exposure
sample from Terminillo was about one order of magnitude higher with
respect to those considered in Kodnik et al., 2017, which were col-
lected in a pristine area of the Carnic Alps, probably for the influence
of a different bedrock, but also for roads and houses nearby to the
small wood. Thus, it is advisable to perform pre-exposure analyses be-
fore transplanting the lichens.

Previous studies have already highlighted, for transplants, notice-
ably lower values of magnetic susceptibility with respect to the na-
tive samples, as observed for lichens Evernia prunastri exposed for six
months near a Slovak cement factory (Paoli et al., 2017). In Kodnik
et al., 2017, Pseudevernia furfuracea lichen transplants exposed for
two months in an industrial area in the province of Pordenone showed
magnetic susceptibility values ranging from 0.35 to 7.41× 10−8 m3/ kg.
Thus, relatively to previous studies involving transplant, it is possible
to confirm that the magnetic properties reflect a relevant bioaccumu-
lation of magnetic particles in the study area.

As summarized in Cecconi et al., 2019, transplanted lichens are
usually exposed for few weeks to harsh environmental conditions;
thus they bio-accumulate mostly through passive mechanisms
(Nieboer et al., 1978, Nash III, 2008). By contrast, the bioaccumu-
lation in lifespan-exposed native lichens, even decades, is the result
of a long-term interaction between passive phenomena and slower ac-
tive intracellular uptakes characterized by element-specific kinetics
(Brown and Beckett, 1984), achieving a dynamic equilibrium with the
surrounding environment, with higher elemental concentration levels
in the case of important pollutant loads (Paoli et al., 2018).

The Day Plot (Fig. 6) highlights that the magnetic mineralogy of
the lichens is almost uniform, corresponding to magnetite-like miner-
als in PSD magnetic domain state/grain size, roughly corresponding

to particle size ranging between 0.1μm and 15μm, considering that the
critical magnetic grain size transitions, theoretically determined for
equidimensional magnetite, are about 0.03μm for SP to SD, 0.08μm
for SD to PSD, 17μm for PSD to true MD (Butler and Banerjee,
1975). Noteworthy, data fall in the central-upper part of the PSD re-
gion, likewise the diesel exhaust emissions in Sagnotti et al., 2009,
and far from the lower right corner of plot, where, usually, dusts from
brakes fall. The general magnetic behavior seems more connected to
combustion dusts, than to coarser traffic related abrasion grains.

FORC diagrams (Fig. 7) generally confirm what was pointed out
by the Day Plot and indicate the progressive accumulation of mag-
netic particles in the post-exposure samples, as suggested by the noisy
diagram and the high smoothing factor of the pre-exposure sample,
moving towards well defined - low smoothing factor diagrams for the
native samples. FORC diagrams confirm that pre-transplant samples
originally had lower but well recognizable magnetic properties, prob-
ably connected to the anthropic sources around. SD features emerge
in the diagram from the native sample, possibly for the more accurate
elaboration due to the higher magnetic minerals content.

In general, the use of FORC diagrams demonstrates that SD parti-
cles, also in environmental magnetism studies, are more common than
was previously recognized through the Day diagram only, considering
that a wide range of factors, such as mixing with SP, PSD, or MD par-
ticles and thermal relaxation biases against recognition of SD behavior
when using the Day plot (Roberts et al., 2018).

There is no relevant presence of ultrafine magnetic particles in SP
state – enhancing the magnetic susceptibility values – looking at Day
plot, FORC diagrams and remanent magnetization decay. Moreover,
in traffic-related PM, the SP fraction mainly occurs as coating of MD
particles and is originated by localized stress in the oxidized outer
shell surrounding the unoxidized core of magnetite-like grains, and
cannot be considered as a direct proxy for the overall content of ultra-
fine particles (Sagnotti and Winkler, 2012).

Taking in account the different bioaccumulation mechanisms of
native and transplanted lichens, the overall homogeneity of data con-
firms the hypothesis that the magnetic parameters are mainly linked
to the same anthropogenic sources of PM, independently of the lo-
cation, the exposure and the lichen species. The only sample with
slightly different magnetic properties was S2, taken from a low tree
facing a canal bringing wastewater to Aniene river; the corresponding
transplant, TS5, was quite homogenous to the rest of the set. Perhaps,
the hysteresis loop of sample S2 was influenced by the presence of
high saturation field magnetic minerals, maybe from natural sources
or soils. By contrast, coercivities, saturation of the isothermal rema-
nent magnetization, backfield application, magnetothermic curves and
FORC diagram do not support this hypothesis.

The grain-size of these particles has been confirmed by the mor-
phoscopic observations of round shaped particles, fully incorporated
into the lichens tissues, usually ranging from 1 to 10μm, although sub-
micrometric particles may be too small to be seen at SEM.

Their chemical composition, carried out by EDS X-ray micro-
analysis, highlighted the presence of elements as Cr, Mn, Cu and Ba,
the latter usually connected to emissions from car brakes and tyres,
as observed by Sanders et al. (2003) and Sagnotti et al. (2009), as
well as metallic residuals arising from plenty of anthropic sources.
The shape and the recurrent inclusion of various elements other than
Fe in these magnetic particles make them different from natural stoi-
chiometric magnetite grains. Many observed morphologies are similar
to the spherical shapes of industrial fly ashes originated by combus-
tion of black and brown coal (e.g., Sarbak et al., 2004; Veneva et al.,
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2004; Jordanova et al., 2004, 2006), deriving from a combustion
source and different to traffic related dusts from brakes emissions
(Sagnotti et al., 2009).

4.2. Linear correlation between magnetic properties and elemental
concentration

In order to verify that χ is representative of the same magnetic frac-
tion carried by other concentration-dependent magnetic parameters, its
values were correlated to Ms and Mrs values from hysteresis loops.
In native samples, these parameters were linearly correlated at a 99%
confidence level (p-value < 0.01), and better than 95% for the trans-
plants (Table 8). This correlation further improves neglecting the sam-
ple S2, which was previously discussed for its peculiar hysteresis loop
and the position in the Day Plot. These results highlight that χ, Ms and
Mrs are indicative of the same magnetic fraction and that magnetic sus-
ceptibility is confirmed a good proxy for the concentration of the fer-
romagnetic fraction of PM.

Since magnetic susceptibility is the most rapid and sensitive mag-
netic parameter to be measured, its values were considered for evalu-
ating its linear correlation with the metals concentration and PLI.

According to the p_value, the hypothesis that magnetic susceptibil-
ity is linearly correlated to elemental concentration cannot be rejected
at 99% confidence level, for the full set of samples, for Cr, Cu, Pb,
Mn, Fe and Zn. For transplants only, there is a general decrease in the
quality of the linear regressions, and only Cr, Ni and Fe are linearly
correlated to χ, at 95% confidence level (Table 8).

In this case, it must be taken into account that the values of mag-
netic susceptibility are at the sensitivity limits of the instrument, and
that the metals concentration are low, thus affecting the quality of
the results and the reliability of these correlations. Moreover, the low
values of magnetic susceptibility are probably slightly underestimated
and affected by the diamagnetism of the lichens, which is overcome
by the ferromagnetic fraction only when its abundance is relevant.

Overall, considering the statistics on the full set, independently of
the lichen species and of the exposure duration, the concentration de-
pendent magnetic parameters resulted significantly correlated to the
abundance of Cr, Fe, Cu, Pb, Mn, and Zn, which appear to be the main
elements connected to the anthropic activities on this area.

The linear correlations of χ with PLI are significant at 99% for
transplants, native samples and for the whole set.

Table 8
p_values of the linear correlation between magnetic susceptibility, element concentra-
tion and PLI in native and transplanted lichens; in bold the values which are significant
at 99% level of confidence; on parenthesis, only for the full set, the coefficient of linear
determination.

Magnetic
parameter
(*),
element

p_value
χ vs concentration
and PLI, full set,
confidence level
99%, r2

p_value
χ vs concentration
and PLI, native
only, confidence
level 99%

p_value
χ vs concentration
and PLI, transplants
only, confidence
level 95%

Ms* <0.01 (r2 = 0.86) <0.01 <0.05
Mrs* <0.01 (r2 = 0.96) <0.01 <0.05
Hg 0.97 (r2 = 0.00) 0.97
As 0.06 (r2 = 0.21) 0.40 0.29
Cr <0.01 (r2 = 0.84) <0.01 <0.05
Cu <0.01 (r2 = 0.61) <0.01 0.26
Ni 0.09 (r2 = 0.18) 0.47 <0.05
Cd 0.36 (r2 = 0.06) 0.63 0.30
Pb <0.01 (r2 = 0.59) <0.01 0.20
Mn <0.01 (r2 = 0.79) <0.01 0.18
Fe <0.01 (r2 = 0.83) <0.01 <0.05
Zn <0.01 (r2 = 0.70) <0.01 0.41
PLI <0.01 (r2 = 0.56) <0.01 <0.05

The elements Cd and Hg reported the worst correlations with χ; Cd
was the less bioaccumulated according to Tables 6 and 7, while Hg
unusual values, especially for samples S0 and T5, are probably out-
liers.

Moreover, the decreased levels of bioaccumulated elements for the
transplants (Table 7), with respect to the native samples (Tab. 6), and
in agreement with the magnetic measurements, may be due to the
heavy rainfalls in the last period of exposure and to the relevant ele-
mental concentration of the pre-transplant sample, as previously dis-
cussed, probably biasing the EC ratios.

Anyway, these considerations are mostly qualitative, due to the in-
trinsic limits in the definition of the EC ratio; recently, a method based
on the calculation of EC ratios of element concentrations and on the
quantification of the associated uncertainty has been suggested, to al-
lowed the selection of significantly accumulated elements, as well as
the evaluation whether a site is significantly polluted or not (Loppi et
al., 2019).

The accumulation of metals was evident in the investigated sam-
ples, even with the limitations due to the complexity of the inves-
tigated area, mainly for the presence of many sources of pollution,
among which combustion events that involved both natural and an-
thropic material (fossil fuels, plastics, materials containing flame-re-
tardants and metals).

The Roma camp, where arsons are set, is located in a heavily pop-
ulated area where, in addition to outdoor combustion, there are road
infrastructures, building sites and industrial and craft activities. It was
therefore not possible to determine and discriminate the influence of
such various anthropogenic sources in the production, diffusion and
accumulation of airborne micropollutants. Cu, which is the main el-
ement involved in fraudulent fires, is also widely used in automotive
industry; the motor industry uses copper for mechanical, electrical and
electronic installations, so that it is estimated that each vehicle con-
tains, at least 18kg of copper (Lipowsky and Arpaci, 2007).

Bioaccumulation was well represented by the magnetic properties,
even if, due to the scarce presence of lichens, it was not possible to
identify the distribution patterns of the PM and to understand the rea-
sons of the relatively high variations (about one order of magnitude) of
the concentration dependent magnetic parameters and, accordingly, of
the metal concentrations. Anyway, the multidisciplinary approach and
the good matching of the results possibly overcome this aspect, also
considering that the most of the PM observations are usually carried
out from single monitoring stations covering definitely larger areas.

5. Conclusions

This pilot study was carried out to stimulate the multidisciplinary
analysis of airborne particulate matter near sites affected by fraudulent
fires and other anthropogenic polluting sources. The set of samples,
even if small and distributed in a complex area, was magnetically uni-
form and inspires further research on the magnetic particles and para-
meters arising from heterogeneous anthropic sources. Schematically,
the main results that emerged are:

1) The magnetic mineralogy of native and transplanted lichens from
two different sites in the easternmost side of Rome, Italy, was al-
most uniform and mostly corresponds to combustion related mag-
netite-like minerals in pseudo single domain magnetic state. The
grain-size - crossing magnetic and SEM observations - mostly
ranges from submicrometric to 10μm.

2) The homogeneity of the parameters related to the magnetic min-
eralogy and grain-size favor the hypothesis that they are linked to
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the same anthropogenic sources of PM, independently of the loca-
tion, the exposure time and of lichen species.

3) The values of the concentration dependent magnetic parameters
and the results of their linear regressions with the element concen-
tration indicate that the relevant concentrations of magnetic miner-
als are connected to the abundance of Fe, Cr, Pb, Mn, Zn and Cu.

4) FESEM observations showed the relevant presence of Fe-rich
spherules, in the same grain-size range determined with the mag-
netic properties, with recurrent inclusion of Mn, Cu and Cr. The
morphologies were mostly similar to spherical shapes arising from
combustion.
Overall, magnetic properties and, in particular, magnetic suscepti-

bility, are valid proxies of airborne particulate matter, even in a com-
plex area, where many different sources of pollution are present and
their discrimination is not fully feasible.

Further developments need to be carried out thickening the survey
grid and repeating the observations in different periods of the year, fo-
cusing on the discrimination of the anthropic emissions through the
observation of single-source areas, in order to focalize their different
roles in the overall pollution load due to airborne particulate matter.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2019.06.526.
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