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RESUMEN

Se estudiaron las propiedades magnéticas 
de ochenta y cuatro muestras de musgo 
Orthotrichum diaphanum Brid. colectadas 
en una ciudad de tamaño medio. Los musgos 
pueden considerarse colectores pasivos de 
la contaminación por partículas en el aire 
producida por las emisiones vehiculares e 
industriales porque absorben sus nutrientes 
(y contaminantes) del aire. Utilizando las 
técnicas de magnetismo ambiental y esta 
especie de musgo, determinamos áreas con 
mayor impacto alrededor de fábricas meta-
lúrgicas y con alto tránsito vehicular, donde 
la susceptibilidad magnética específica χ 
alcanza valores de 668 ×10-8 m3kg-1. Estas 
áreas presentan partículas magnéticas más 
gruesas (0.2 – 5 μm) que en avenidas y 
calles. Los estudios de mineralogía magnética 
indican que la magnetita es el principal por-
tador magnético. El análisis por microscopía 
electrónica de barrido mostró la presencia de 
esférulas y partículas ricas en Fe de diferen-
tes tamaños y morfologías. Los estudios de 
espectroscopía de ruptura inducida por láser 
determinaron la presencia de Fe, Mn, Al, 
Cu, Si y Ti, algunos de los cuales se corre-
lacionan significativamente con parámetros 
magnéticos. La comparación estadística de 
parámetros magnéticos entre el musgo O. 
diaphanum y el liquen Parmotrema pilosum 
reveló que ambas especies son indicadores 
biológicos eficaces para el monitoreo de par-
tículas en el aire.

Palabras clave: musgos, bio-
monitoreo magnético, contami-
nación por partículas en el aire, 
LIBS, líquenes.

ABSTRACT

The magnetic properties of  eighty-
four moss samples of  Orthotrichum 
diaphanum Brid. collected in a medi-
um-sized city were studied. Mosses 
can be considered passive collectors 
of  air particle pollution produced by 
vehicular and industrial emissions 
because they absorb their nutrients 
(and pollutants) from the air. Using the 
environmental magnetism techniques 
and this moss species, we determined 
the most impacted areas around fac-
tories and with high vehicular traffic, 
where mass-specific magnetic suscep-
tibility χ reached values of  668 ×10-8 
m3kg-1. These areas presented coarser 
magnetic particles (0.2 – 5 μm) than 
avenues and street sites. The studies 
of  magnetic mineralogy indicated 
that magnetite is the main magnetic 
carrier. Scanning electron micros-
copy analysis showed the presence 
of  Fe-rich spherules and particles 
of  different sizes and morphologies. 
Laser-induced breakdown spectros-
copy studies determined the presence 
of  Fe, Mn, Al, Cu, Si, and Ti, some 
of  which correlated significantly with 
magnetic parameters. The statistical 
comparison of  magnetic parameters 
between moss O. diaphanum and lichen 
Parmotrema pilosum revealed that both 
species are effective biological indica-
tors for air particle monitoring.

Keywords: mosses, magnetic 
biomonitoring, air particle 
pollution, LIBS, lichens.
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1. Introduction

Mosses are found in most terrestrial or freshwa-
ter aquatic ecosystems. They grow in humid and 
shady places (forests, bark, rocks, and tree roots, 
among others), deserts, and polar climates because 
they may survive in adverse conditions. A unique 
characteristic is living dehydrated for years and 
recovering vital functions when moistened (Maha-
patra et al., 2019). The lack of  a developed root 
system means that metal nutrient absorption is 
directly affected by atmospheric deposition (Zhou 
et al. 2017). The use of  mosses for monitoring 
potentially toxic elements (PTE) in different areas 
has been used in Europe for more than 30 years 
due to its advantages compared with other more 
evolved plants (Fabian et al., 2011). Among others, 
Calasans and Malm (1997) have conducted studies 
using mosses as active and passive bioindicators to 
estimate the deposition of  atmospheric pollutants 
around industrial facilities. 
The elemental composition of  PTE trapped 
by mosses has usually been analyzed by atomic 
absorption spectroscopy and inductively coupled 
plasma atomic emission spectroscopy. Laser-In-
duced Breakdown Spectroscopy (LIBS) is an 
emerging low-cost and effective technique (Singh 
and Thakur, 2007). LIBS can perform rapid, 
in-situ and multi-element measurements simul-
taneously, requiring very little or no prior prepa-
ration of  the samples to be analyzed. Recently, 
precise elemental determination of  vegetables (i.e., 
chard and macrophytes) was reported by Martino 
et al. (2021) and Martino and D’Angelo (2022).
 Various biomonitors, such as tree leaves and 
epiphytic species, can accumulate airborne mag-
netic particles (AMP) that are measured by mag-
netic techniques. Hence, this methodology has 
been called magnetic biomonitoring (Chaparro, 
2021). Magnetic biomonitoring using lichens and 
mosses began in the 2010s in Europe (Jordanova 
et al., 2010; Fabián et al., 2011; Salo et al., 2012) 
and South America (Chaparro et al., 2013). The 
mentioned authors and others have shown that 
magnetic biomonitoring using mosses and lichens 

are suitable biological sensors for assessing the 
spatiotemporal distribution of  AMP derived from 
anthropogenic activities. 

This work has the following main objectives: 
1) to determine the magnetic properties and
trace elements of  moss samples collected in an
urban area using environmental magnetism and
LIBS techniques, 2) to detect the most impacted
sites through concentration-dependent magnetic
parameters, 3) to compare magnetic parameters
data between this moss species and lichen samples,
and analyze the use of  the moss species as a valu-
able tool for magnetic biomonitoring.

2. Study area

The selected study area is in Tandil (37° 19.5’
S, 59°08.3’ W), southeast of  the Buenos Aires 
Province (Figure 1). Tandil is a medium-sized 
city of  150,162 inhabitants (Instituto Nacional de 
Estadística y Censos, 2023), which has a per capita 
of  approximately 0.5 vehicles (cars, trucks, and 
heavy transports; Sosa, 2015). 
 The study area is characterized by a humid sub-
tropical climate with well-marked seasons, hot and 
rainy summers, and cold and dry winters. Picone 
and Campo, 2012; Picone, 2014; Sosa, 2015) con-
ducted a meteorological analysis between 2001 
and 2010, indicating that the annual average tem-
perature and rainfall were 13.4 °C and 845.2 mm, 
respectively. The city also has an industrial area of  
6 km from downtown, although some metallurgi-
cal industries are located inside the urban area (0.2 
per km2). The industrial and vehicular-derived 
emissions dispersed and deposited in this area 
have been identified as the primary sources of  air 
particle pollutants (Chaparro et al., 2002; Marié et 
al., 2016).
 A total of  84 samples of  native moss were col-
lected following a stratified sampling design. Indi-
viduals were removed using wooden tools to avoid 
magnetic contamination and placed in paper bags. 
Sampling sites, main avenues, and metallurgical 
industries are detailed in Figure 1. The samples 
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Figure 1   Tandil City, Buenos Aires Province, Argentina (59°08.3’ W, 37°19.5’ S), moss samples (circle), industries (triangles), and main 

avenues (orange lines) are shown.

were stored in the laboratory and kept dry for a 
week. Then, they were dried on a stove at 40°C for 
one day and placed in plastic containers of  8 cm3.

3. Methodology

3.1. MOSS IDENTIFICATION

The collected individuals were hydrated, and 
histological sections were made to observe their 
external morphology under a stereoscopic micro-
scope and histological sections of  internal struc-
tures under a regular microscope. Specialized 
dichotomous keys were used to determine family, 
genus, and species (Gradstein et al., 2001). 
 For family determination, characteristics of  the 
basal portion, the presence of  ribs, the margins of  
the leaves, and the lamina cells were considered. 
For the genus, the arrangement of  the stomata 
and the differentiation of  the basal marginal leaf  
cells were considered. The species was defined 
based on morphological characteristics such as the 

presence and characteristics of  the sporophyte, 
size, and shape of  the capsule, hairiness of  the 
calyptra, and the quantity, arrangement, shape, 
and coloration of  the teeth of  the exostome.

3.2. MAGNETIC MEASUREMENTS

Magnetic measurements were carried out at the 
Environmental Magnetism laboratory of  IFAS 
(CIFICEN, UNCPBA, Argentina) and the Lab-
oratory of  Paleomagnetism at the IGc (UNAM, 
México). Measurements of  mass-specific magnetic 
susceptibility (χ) and the frequency dependence 
(χfd%) were done using a susceptibility meter 
(MS2, Bartington Instruments Ltd.) connected to 
the MS2B dual frequency sensor (465 and 4650 
Hz) and the MS2G. The anhysteretic remanent 
magnetization (ARM) was acquired by superim-
posing a DC field of  90 μT to an AF peak of  100 
mT using a partial ARM (pARM) device attached 
to a shielded demagnetizer (Molspin Ltd.). 
 Anhysteretic susceptibility (χARM) was deter-
mined using linear regression for ARM acquired 
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at different DC bias fields (7.96, 47.75, and 71.8 
A/m). The χARM/χ was also determined. IRM 
(acquisition and backfield) studies were carried 
out with an ASC Scientific model IM-10-30 pulse 
magnetizer. After each step for ARM and IRM, 
the remanent magnetization was measured by 
a Molspin Ltd. Minispin fluxgate spinner mag-
netometer. The S-ratio (-IRM-300mT/SIRM), 
remanent coercivity (Hcr), and SIRM/χ were also 
determined. A small amount of  moss (< 50 mg) 
was used to measure magnetic hysteresis loops and 
remanence measurements in fields between -2 and 
2 T at room temperature (RT) using a Princeton 
Measurement Corporation Micromag 2900 AGM 
system equipped with a 2 T magnet. Saturation 
remanence (Mrs), saturation magnetization (Ms), 
coercive force (Hc), Hcr, and the ratios Mrs/Ms and 
Hcr/Hc were calculated.
 Thermomagnetic measurements were carried 
out on some samples using a homemade horizon-
tal magnetic translation balance (Escalante and 
Böhnel, 2011). Measurements were performed in 
the air using a magnetic field of  500 mT. Each 

sample was heated to about 720°C and then 
cooled to room temperature (RT) with a controlled 
heating/cooling rate of  30°C min-1.

3.3. LIBS AND SCANNING ELECTRON MICROSCOPY 
ANALYSIS

The moss samples were incinerated in muffle to 
475°C for 24 hours to eliminate all organic mate-
rial and their preservation. For each sample, 1.5 g 
of  material was homogenized with calcium oxide 
(4.5 g) and 3 ml of  distilled water. The mixture 
was compressed to 140 MPa for 1 minute to form 
pellets of  3.5 cm3 (diameter: 3 cm – thickness: 0.5 
cm). LIBS measurements were carried out in the 
LIBS laboratory of  IFAS (CIFICEN, Argentina). 
Spectroscopy studies were made using an Nd:YAG 
laser (Continuum Surelite II, λ = 1064 nm, 7 ns 
pulse FWHM, 100 mJ/pulse, repetition rate of  2 
Hz) was focused at a right angle to the surface of  
the samples with a lens (100 mm focal length) in 
order to generate the plasmas in air atmospheric 
pressure.

Figure 2   Thermomagnetic curves for two representative moss samples from the studied area: sample M69 y M59 corresponds to a site 

near a metallurgical factory. The arrows indicate the Curie temperature estimated using the second derivative of M (T).
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The pellets were rotated to avoid the formation of  
a deep crater by the ablation process, thus improv-
ing the reproducibility of  measurements. The 
line profiles of  plasma emission were collected in 
a perpendicular direction to the laser beam by a 
lens (200 mm focal length) and focused into the 
entrance slit of  a monochromator (Jobin Yvon 
THR 1500, Czerny-Turner configuration, resolu-
tion of  R = 300,000 in a double passage at λ = 
300 nm, 1.5 m focal length, 2000 lines/mm holo-
graphic grating, entrance and exit slits = 100 µm). 
The light was detected by a photomultiplier (PM, 
Hamamatsu 1P28) whose signal was time-resolved 
and averaged with a Box-Car (Princeton Research 
Systems Inc. modules SR 280, SR 250, SR 200, 
and SR 245). 
 Finally, the spectra were recorded and pro-
cessed by a PC. This experimental setup provided 
a good spectral resolution that allowed suitable 
recording of  individual line profiles, free of  spec-
tral interference of  other elements, at low concen-
trations. The final records studied have a range of  
0.1 nm. Strong lines of  elements of  environmental 

interest, such as Si, Al, Cu, Mn, Fe, and Ti, were 
searched in the study samples (National Institute of  
Standards and Technology, 2019). The intensities 
of  such emission lines were relatively appreciable 
and complied with the thin plasma model (Corney, 
1977; Lochte-Holtgreven, 1968). 
 From these studies, only elements were selected 
in their neutral states, and the line profiles were 
measured with a delay time of  4 μs except for the 
case of  Al, where it was 5 μs, with a gate time of  
0.6 μs. A Lorentzian function adjusted the result-
ing emission lines for each element to obtain the 
area under the curve and, thus, the net emission 
intensities. 
 Moss samples were examined by scanning 
electron microscopy (SEM) using a Phillips micro-
scope, model XL30. This microscope also allowed 
us to analyze the elemental composition of  each 
specimen by X-ray energy dispersive spectroscopy 
(EDS) with an EDAX model DX4 (detection limit 
0.5%).

Figure 3   a) Magnetic hysteresis loops for seven moss samples collected from the street area (M24, M27, and M61) and near the factory 

area (M57, M72, M67, and M69). b) Day plot for moss samples from the studied area, and dashed lines indicate magnetite mixing lines 

(after Dunlop, 2002).
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4. Results and discussion

4.1. MOSS SPECIES

The moss species studied was identified as Ortho-
trichum diaphanum Brid., commonly growing on the 
bark of  urban trees. It presents a greenish-brown 
color with greyish zones, rarely reaching a height 
of  more than 1 cm. Stem leaves appear erect 
when dry. They have capsules surpassing the set 
of  stems, pale and smooth, and recurved teeth in 
the peristome (Fuertes et al., 1996). O. diaphanum 
is a species of  wide distribution throughout the 
Holarctic region and South America. In addition, 
it is a eukaryotic species, which is to say that the 
range of  conditions of  the physical environment 
where it can live is wide. According to this and its 
preference for sites rich in nitrogen, O. diaphanum is 
abundant in urban environments, where elements 
in suspension are common (Casas et al., 2006).

4.2. MAGNETIC PARTICLE PROPERTIES

The M (T) measurements are shown in Figure 2 
for two representative samples collected near two 
metallurgical industries (M69 and M57). The 
thermomagnetic curves between RT and 720 °C 
have different slopes along heating and cooling 

runs. Curie temperatures (TC) were estimated 
using the RockMagAnalyzer software (Leonhardt, 
2006), using the second derivative of  M (T). In 
sample M69, it is possible to observe two phases, 
one between RT and 600 ° C, with TC = 575 °C, 
and another between 600 and 720 °C with TC = 
710 °C. Sample M57 has Curie temperatures of  
571 °C and 710 °C. The TCs ≈ 570 °C suggested 
the dominance of  magnetite. Changes in magneti-
zation from 600 °C suggest the presence of  other 
magnetic minerals, such as hematite, maghemite 
(Dankers, 1978), or iron (Gubbins and Herre-
ro-Bervera, 2007). In both samples, the cooling 
runs were above the heating runs, suggesting the 
neoformation of  ferrimagnetic minerals after the 
heating process (Magiera et al., 2013; Paoli et al., 
2017).
 The magnetic hysteresis curves for seven moss 
samples collected from factory areas (location are 
indicated in Figure S1, Supplementary Material) 
are shown in Figure 3a. The saturation is reached 
at around 250 mT, and the S-ratio ranges between 
0.88 and 1 (Table 1), indicating the dominance of  
ferrimagnetic minerals (Thompson and Oldfield, 
1986; Evans and Heller, 2003). Among ferrimag-
netic minerals, magnetite is determined by Hc val-
ues of  9.6 – 10.5 mT and the Hcr values (mean = 
34.6 mT; standard deviation, s.d. = 2.2 mT, Table 

Table 1. Descriptive statistics for moss. N - number of samples.
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1) (Peters and Dekkers, 2003).
The samples are in the pseudo-single domain

(PSD) region of  Day’s plot (Figure 3b). Consid-
ering the mixing lines for single domain (SD) + 
multidomain (MD), mixtures of  magnetite (Dun-
lop, 2002), samples with an MD contribution of  
80 – 90% is observed. Samples corresponding to 
the industry have higher MD contributions (85%) 
than those from streets (80 – 85%). The compari-
son of  the ratios of  Hcr/Hc and Mrs/Mr, obtained 
in the moss samples studied, is found in the area 
corresponding to the (titano) magnetites. These 
values are similar to those reported by Marié et 
al. (2016) using lichens as biomonitors. Salo and 
Mäkinen (2014) obtained similar results for trans-
planted moss samples in Harjavalta (Finland).
 Magnetic grain sizes were estimated using the 
calibration lines of  the King’s Plot (King et al., 
1982). Samples collected close to the metallurgical 
industries have magnetic grain sizes of  about 0.2–5 
μm (Figure 4), which agree with particles from the 
industrial emissions reported by Marié et al. (2016). 
Samples corresponding to sites from avenues and 

streets have finer particle sizes (about 0.1–1 μm), 
consistent with the AMP from vehicular emissions 
(Chaparro et al., 2020).
 Descriptive statistics for magnetic parameters 
and ratios are shown in Table 1. Values of  the 
magnetic concentration dependent parameters 
ranged between 72.9 and 667.8 ×10-8 m3kg-1 for 
χ, and between 10.3 and 91.5 ×10-3 Am2kg-1 for 
SIRM. A similar variation is observed for the 
other concentration-dependent magnetic param-
eters ARM and χARM, which are significantly cor-
related (Table S1 and Figure S2, Supplementary 
Material). The magnetic grain size-dependent 
parameters, i.e., χARM/χ and χfd%, varied from 
2.1–7.5 and 0.3–7.5%, respectively. The lowest 
values of  these parameters are associated with 
coarser magnetic particles and with high values of  
concentration-dependent magnetic parameters. 
The latter is observed through negative significant 
correlations between χ, SIRM, χARM/χ, and χfd% 
(Table S1, Supplementary Material).

Figure 4   χ
ARM

 versus χ for moss samples collected from the urban area of Tandil.
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4.3. ELEMENT COMPOSITION AND MORPHOLOGY 
OF PARTICLES

Emission lines with wavelengths corresponding to 
Si, Al, Cu, Mn, Fe, and Ti were analyzed from 
LIBS results. An example of  the Cu I (324.75 nm) 
and Fe I (404.58 nm) emission lines of  sample M71 
is shown in Figure S3 (Supplementary Material). 
Table S2 (Supplementary Material) details the 
selected emission lines for the different elements 
(sample M71). Figure 5 and Table 2 show the 
intensities of  elements’ emission lines of  detected 
elements and magnetic parameters. It should be 
noted that in the case of  the elements that were 
not detected (ND), no signal records were found 
concerning the background, which does not guar-
antee their non-existence, but these elements are 
below the detection limit for this technique.
 The semi-quantitative analysis shows the pres-
ence of  minerals such as Si and Al that are part 
of  the earth’s crust, to which Fe and Mn could be 

added. In terms of  emission intensity, Fe shows 
its highest proportion in the M71 sample (5.67 
a.u.), corresponding to a sample collected near a
metallurgical factory, where this element is part of
the production process. Concerning Cu values, a
marked increase can also be observed in samples
obtained close to metallurgical factories, such as
M37 (15.71 a.u.) and M71 (14.91 a.u.), and areas
with high vehicular traffic. Ali et al. (2012), Pan-
dey et al. (2012) and Sharma et al. (2008) found
an increase of  heavy metals in vegetables asso-
ciated with vehicular traffic and also due to the
atmospheric deposition of  particles in suspension.
Dala-Paula et al. (2018) evaluated the concentra-
tion of  PTEs in lettuce grown in urban areas and
found an increase in Cu, Pb, and Cd. On the other
hand, Ti was measured with high intensity, which
could be associated with the emission caused by
industries of  iron alloys or other metals, according
to Bayala and D’Angelo (2022).

Among the studied elements, Fe and Si domi-

Table 2. Name, sample site, magnetic parameters, and elements by magnetic techniques and LIBS are shown, respectively, for moss 

samples collected in the urban area of Tandil City. ND (not detected). Correlation analysis between magnetic and element contents 

are detailed, and significant correlations at the 0.01 (**) and 0.05 (*) level are shown.
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nate spherules produced by metallurgical factories 
and traffic emissions (Chaparro et al., 2013). In this 
study, they significantly correlate with the concen-
tration-dependent magnetic parameters χ (R = 
0.92, p < 0.01, and 0.77, p < 0.05) and SIRM 
(R = 0.94, p < 0.01, and 0.71, p < 0.05, Table 
2). Also, Si correlates negatively with χARM/χ (R 
= -0.79, p < 0.05) and Hcr (R = -0.72, p < 0.05, 
Table 2).
 Spherules and various particles of  different 
shapes and sizes are observed by SEM for samples 
from two factories (Figures 6a, 6b, 6d, 6e, and 6f) 
and from an avenue (Figure 6c). In most samples, 
spherules of  varying diameters (2–10 μm) and 
anthropogenic particles (magnetic and non-mag-
netic) of  various sizes are observed: large particles 
(15–20 μm), spherules of  1–10 μm and fine parti-
cles (< 5 μm).
 The main component of  the spherules deter-
mined by EDS is Fe (57.7 – 95.2 wt%), and in 
lower proportions, O, Al, Si, Ca, Mn, and Zn 
were found. Due to their structure and morphol-
ogy, they are iron oxides of  anthropogenic origin, 

consistent with Kim et al. (2007) for samples from 
industrialized sites with vehicular influence. Angu-
lar particles with sizes between 5 - 50 μm (Figure 
6c) with small particles adhered to their surface 
showed Ti, K, Al, Si, O, and Fe, the iron with the 
highest proportion. Kim et al. (2007) and Chaparro 
et al. (2010) have reported similar results in samples 
obtained in areas with the influence of  vehicle-de-
rived pollutants. Bobrova and Vasil’ev (2023) have 
studied moss samples near metallurgical industries 
and reported the presence of  spherical and detri-
tal particles with high Fe, Ti, Mg, Ni, and Cr con-
tent, suggesting that mosses passively accumulate 
particulate PTEs and can be used to estimate the 
spatial distribution and sources of  pollutants.

4.4. MAGNETIC PARTICLE DISTRIBUTION AND 
COMPARISON BETWEEN MOSS AND LICHEN 
SPECIES

The highest values of  the magnetic concentration 
dependent parameters (χ = 667.8 ×10-8 m3kg-1, 
and SIRM = 91.5 ×10-3 Am2kg-1) correspond to 

Figure 5  Intensities of the Fe, Mn, Al, Cu, Ti, and Si emission lines for selected samples.
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Figure 6   SEM-EDS analysis of samples from sites near two factories (a-b) and (d-f) and a sample collected on an avenue (c).
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Figure 7   Distribution of the mass-specific magnetic susceptibility χ (a) and the anhysteretic ratio χ
ARM

/χ (b). High χ values, corresponding 

to a high contribution of magnetic particles, delineate areas with high vehicular traffic and industrial (red triangles) influence. Low 

χ
ARM

/χ values (coarser magnetic particles) are found in areas close to industries and avenues with high vehicular traffic.
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sites near one metallurgical industry (Figure 7a). 
The median values of  these areas (Met), i.e., χ 
= 261.5 ×10-8 m3kg-1, and SIRM = 34.8 ×10-3 

Am2kg-1, are up to two-fold higher than avenues 
(Ave) and street (St) areas. According to the Krus-
kal-Wallis test, such differences between Met and 
Ave and St areas are statistically significant Table 
S3 (Supplementary Material).
 The areas influenced by vehicle emissions have 
high χARM/χ and χfd% (relatively fine magnetic 
particles), i.e., median values of  χARM/χ = 4.8 and 
χfd% = 2.7% for Ave and χARM/χ = 5.0 and χfd% = 
3.3% for St (Table S3, Supplementary Material), 
and high values of  concentration-dependent mag-
netic parameters. Sites near industries also have 
high values of  concentration-dependent magnetic 
parameters but lower median values of  χARM/χ = 
3.5 and χfd% = 2.2%, indicating coarser magnetic 
particles (Figure 7b). Chaparro et al. (2013) have 
observed a similar behavior, a decrease in the 
magnetic particle sizes with the distance to the 
industrial emission source. Although there are sig-
nificant differences between metallurgical sites and 
avenues and street sites, this is not true between 
avenues and street sites (Table S3, Supplementary 
Material).

Magnetic measurements indicate that both epi-

phytes, mosses (M), and lichens (Marié et al., 2016) 
can be used to study air particle pollution. The 
statistically significant differences in the median 
values using the Kruskal-Wallis test for magnetic 
parameters and ratios between these two epi-
phytes are shown in Table 3, revealing that mosses 
accumulate AMP effectively. Salo et al. (2012) stud-
ied the efficiency of  another lichen (Hypogymnia 
physodes) and moss (Sphagnum papillosum) species as 
collectors of  anthropogenic magnetic particles 
and the relationship of  χ with PTEs contamina-
tion. They proved that both bioindicators’ species 
could be used to study particle pollutants’ spatial 
distribution in urban (Turku City) and industrial 
(Harjavalta City) areas of  SW Finland. The medi-
ans of  the concentration-dependent magnetic 
parameters (χ, χARM and SIRM) of  both species 
present a significant difference between them, 
observing that the values of  mosses (median of  
χ = 168.5 ×10-8 m3kg-1 and SIRM = 22.1 ×10-3 
Am2kg-1) are double those of  lichens (Table 3). 
When comparing the medians of  the magnetic 
mineralogy-dependent parameter, i.e., Hcr = 34.5 
mT for lichens and Hcr = 34.7 mT for mosses, an 
insignificant difference is observed between mosses 
and lichens. These results indicate that O. diapha-
num collects higher AMP contents than lichens, 

Table 3. Kruskal-Wallis test for moss samples (M, this study) and lichen samples (Marié et al., 2016). Statistical differences in median 

values are indicated. YES indicates that differences are significant at the 0.05 level.
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which may be related to morphological character-
istics of  P. pilosum, such as topography, micro-scale 
roughness of  the thallus surface, deformation, and 
its retention capacity (Marié et al., 2018). In addi-
tion, each species collects a similar population of  
AMP emitted by traffic and industry.
 This study indicates that the Orthotrichum diapha-
num Brid. can be used to assess airborne particle 
pollution. However, using this moss species for 
other magnetic biomonitoring needs a previous 
evaluation of  its distribution in the target area.

5. Conclusions

The analysis of  magnetic parameters in moss
samples of  Orthotrichum diaphanum Brid. indicates 
the presence of  magnetite as the primary trapped 
airborne magnetic particles. The magnetic grain 
size estimation shows that avenues and street sites 
have finer magnetic particles (0.1–1 μm) than sites 
close to metallurgical industries with coarser par-
ticles of  0.2–5 μm. Compositional and morpho-
logical studies show that these Fe-rich particles are 
spherules and irregular particles of  different sizes. 
These airborne magnetic particles correspond 
to the inhalable PM category, which is risky for 
human health.
LIBS studies confirm the presence of  elements, 
such as Fe, Mn, Al, Cu, Ti, and Si, associated with 
traffic and industrial emissions as primary sources 
of  particle pollutants. Fe and Si significantly cor-
relate with the concentration-dependent magnetic 
parameters χ and SIRM.
An integral analysis of  the magnetic parameters χ, 
SIRM, χARM/χ, and χfd% allows for identifying 
areas close to metallurgical factories and with high 
traffic most affected by airborne magnetic particle 
contamination.
The statistical comparison of  magnetic param-
eters between moss species O. diaphanum and the 
lichen species P. pilosum shows the efficiency of  
both mosses and lichens for magnetic biomonitor-
ing of  air particle pollution.
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Table S1. Pearson’s coefficients between magnetic parameters of moss samples (N = 84). Significant correlations are indicated at the 

0.05 (*) and 0.01 (**) levels.

χ χ χ /χ χ SIRM/χ

χ

χ

χ /χ

χ

SIRM/χ

Table S2. Measurement of elements and their respective emission lines for sample M71
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Table S3. Median values and Kruskal-Wallis test for moss samples from metallurgical areas (Met), avenues (Ave), and streets (St). 

Statistical differences in median values of magnetic parameters are indicated. YES indicates that differences are significant at the 0.05 

level.

χ (10

χ /χ

χ

SIRM/χ (kA/m)

χ

χ /χ

χ

SIRM/χ
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Figure S1  Study area, hysteresis samples (blue crosses), LIBS Samples (red diamond), Factories in operation (green triangles) and 

factories not working (small light blue triangles) are shown.

Figure S2   Distribution of concentration-dependent magnetic parameters: χ (red), SIRM (green), ARM (black), χ
ARM

 (olive).
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Figure S3   Cu I emission lines (324.75 nm) and Fe I emission lines (404.58 nm) for a sample from the factory area (M71).
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