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Abstract
Environmental monitoring in Northern Italy, one of the most polluted areas in Europe, is of paramount importance. Leaf 
monitoring throughout magnetic and scanning electron microscopy (SEM–EDS) analysis could be considered a good com-
plementary analysis to sampling stations, but the lack of evergreen plants in the northern Italy towns may hinder magnetic 
leaf analysis in the winter season. Therefore, we tested three species of urban vegetation, which are evergreen and commonly 
found in urban environment, namely Hedera helix L., Parietaria officinalis L. and Rubus caesius L. Magnetic susceptibility, 
chosen as a simple parameter suitable for monitoring, was measured in seven stations, during the period 25 January 2019 to 
8 March 2019 at a weekly step, in the cities of Torino and Parma in the same days. P. officinalis and R. caesius showed the 
best response, but also H. helix was suitable to detect highly polluted areas. In Torino, the magnetic susceptibility decreased 
in the last sampling, together with PM10, whereas in Parma it increased, likely for the beginning of the academic period in 
the University Campus. SEM–EDS analysis was done comparing leaves from the same plant sampled in February 2019, in 
highly polluted conditions, and in May 2020, after 2 months of very limited traffic, due to national lockdown. Silicate grains 
of natural minerals, sized between 10 and 20 µm, are present in both samples, whereas Fe oxides, about one micron size, 
possibly coming from car brake consumption, are prominent in the February 2019 sample. Magnetic susceptibility of leaves 
form the examined species looks promising to spot urban sites with high metal pollution.

Keywords Magnetic monitoring · Magnetic susceptibility · SEM–EDS · Bioindicator · Leaves · Particulate matters · Air 
pollution

Introduction

Air pollution is a major factor affecting public health. The 
WHO in 2019 has estimated 4.2 million premature deaths 
only in the 2016 year. Airborne particles are among the 
main atmospheric pollution sources, mostly in urban areas. 
Particles sized less than 10 µm can penetrate the thoracic 
region, and, if smaller than 2.5 µm, the alveoli, causing 
inflammatory effects, respiratory disease, and death as an 
extreme outcome (Samet and Krewski 2007). It was also 
suggested in the recent outburst of Covid-19 that atmos-
pheric dust might be a viral carrier, easing the diffusion of 
the pandemics: higher contagion was found in areas with 
higher concentration of dust particles (Bontempi 2020; Yao 
et al. 2020). Although it was questioned whether a direct 
relation between Covid infection and atmospheric pollution 
is present, there is no doubt that the constant stress to the 
respiratory system which affects people living in highly pol-
luted areas makes secondary infections easier.
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Environmental pollution from dust is measured in sam-
pling stations with filters that stop all the particles sized 
less than 10 µm (PM10) or than 2.5 µm (PM2.5). Sampling 
stations need a fixed location, due to their meter size and 
the constant need of an electric supply. They are in limited 
number in a given area, and they are not suitable to perform 
fine gradient investigation for polluted sites. Also, the bare 
weight of the deposited PM10 or PM2.5 particles, which is 
the immediate regulatory information, does not give details 
either about the composition of the particles, or about the 
extremely fine sized particles, below 0.1 µm, which can 
penetrate cellular walls causing systemic disease (Maher 
2020). Among the particle components, the metal portion 
coming from vehicular traffic, albeit limited in weight, has 
a significant impact on health: trace metals are carried in 
the particles, which generate free radicals potentially toxic 
for health (Morris et al. 1995; Maher et al. 2008; Pourret 
and Hursthouse 2019). Recently, it was shown that metal 
particles might influence Alzheimer’s disease and mitochon-
drial dysfunction and cardiac oxidative stress (Maher et al. 
2020). Magnetic measurement can be a fast and sensitive 
proxy to investigate vehicular emissions, metal particles 
traffic-related and metal rich particulate matter (Winkler 
et al. 2021). In detail, recent works suggest that brake-wear 
emissions are the major source of metal-rich airborne par-
ticulate pollution in roadside environments (Winkler et al. 
2020; Gonet et al. 2021a, b).

Leaves are bio-accumulators of atmospheric particles, 
among which are magnetic ones. Tree leaves, being a bio-
logical tissue, are typically diamagnetic, and for this reason, 
any magnetic signature comes from the deposited magnetic 
metals, which essentially originate from anthropic pollution.

Several studies were done on environmental magnetic 
monitoring (among many others, Cao et al. 2015; Castan-
heiro et al. 2020). It was found that the magnetic properties 
depend on the physiology of the leaves, which may, more 
or less, catch and retain the particles (Moreno et al. 2003; 
Hofman et al. 2017).

For example, in Italy environmental studies were previ-
ously done using Quercus ilex L. leaves in Rome (Fusaro 
et al. 2021), or Tilia cordata Mill. in Parma, northern Italy 
(Mantovani et al. 2018).

Q. ilex has sticky leaves that are efficient for immobilizing 
PM, being suitable for biomonitoring studies (Muhammad 
et al. 2019); unfortunately, it is a Mediterranean species, 
absent in the continental climates of the Po plain. In T. cor-
data, the work of Mantovani et al. (2018) found a significant 
correlation between magnetic properties of the leaves and 
those of PM10 filters, averaging the data collected in several 
days. The sampling of T. cordata was done between July and 
mid-November 2017, up to the leaf fall. Leaf fall affected the 
potential in the area of the Po plain as a monitoring proxy of 
T. cordata, which missed the highest pollution peak reported 

by the magnetic analysis of the PM10 filters, performed till 
the end of December 2017 (Mantovani et al. 2018).

The above investigation highlighted that, in the applica-
tion of magnetic analysis in leaves, we have to take care of 
two important points: (a) in areas with higher pollution in 
winter, like the Po plain, leaf fall hinders winter sampling; 
and (b) the features of the leaf page are strictly connected to 
the efficient trapping of magnetic particles. In a recent work 
that compares 96 plant species, Muhammad et al. (2019) 
found that in a plant with sticky leaves, like Q. ilex, there is a 
higher concentration of particles than in a plant with smooth 
leaves, like T. cordata.

When trees with leaves suitable to collect magnetic parti-
cles are absent in a given area, a possible alternative may be 
evergreen weed or ivy. They are commonly found in towns, 
often at the roadside, and do not need special care in sam-
pling, and their distribution is widespread. However, special 
care has to be paid in choosing the species. Plants which are 
found only in gardens, like Osmanthus fragrans Lour. and 
Ligustrum lucidum W. T. Aiton (Dai et al. 2020), are of little 
use in sampling at traffic conditions, and so is the potentially 
interesting roof green, which is absent in most towns (Speak 
et al. 2012). An exception is ivy (H. helix), which was the 
subject of two recent papers (Castanheiro et al. 2016, 2020). 
In the first work (2016), ivy was successfully proposed for 
magnetic monitoring, showing strong differences between 
forest, rural and industrial sampling sites. SEM–EDS analy-
sis on many particles showed a higher iron particle concen-
tration in ivy sampled from industrial areas. In that work, 
however, an assessment on the Fe-bearing silicate mineral 
dust of natural respect to anthropic origin was not done. 
In the 2020 paper of Castanheiro et al., further sampling 
was not done, and it was shown that metal Fe is leachable. 
The magnetic behaviour of H. helix was also reported by 
Muhammad et al. (2019). Incidentally, Muhammad et al. 
(2019) reported just 5 evergreen broadleaves and two climb-
ers, among which is H. helix, out of 96 plants.

In this work, we assessed suitable species for magnetic 
pollution monitoring in wintertime in the Po plain region. 
Tests were done in Parma in a suburban-countryside area 
within the University Campus and in Torino, a near highly 
polluted roadside. We examined three common evergreen 
plants, namely H. helix, P. officinalis and R. caesius. The 
chosen species are common in urban conditions; they were 
selected after checking their presence in the town alleys and 
roads. They keep leaves also in winter season, and show a 
good response for magnetic monitoring (Castanheiro et al. 
2016). Moreover, they are at the road level, and can be easily 
sampled. P. officinalis takes its name from the Latin word 
paries (wall): it grows in cracks on the walls, with very little 
soil; it can provide an environmental marker in places where 
other urban vegetation is absent, and it is widespread even 
in central towns. H. helix is found with hedges or trees as a 
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widespread invasive host. R. caesius is instead most found in 
suburban sites, and in public parks. P. officinalis and H. helix 
were sampled in Torino, R. caesius and H. helix in Parma.

The ultimate goal of this research is to provide an easy, 
fast and cheap proxy for magnetic pollution readily available 
to map polluters at a fine scale. For this reason, in-depth 
magnetic mineralogy analyses were not carried out, but only 
magnetic susceptibility was assessed as a marker to meas-
ure for repeated samples (Petrovský et al. 2000; Gautam 
et al. 2005; Szönyi et al. 2008). In particular, many literature 
data demonstrated that it is a fast and accurate proxy of the 
traffic-related vehicular emission (see for example Winkler 
et al. 2021). The intensity of low-field magnetic susceptibil-
ity mostly depends on the concentration of ferrimagnetic 
minerals (such as magnetite and maghemite) derived from 
anthropogenic traffic-related and industrial pollution (Morris 
et al. 1995; Szönyi et al. 2008). In principle, magnetic sus-
ceptibility is related not only to concentration but also to the 
average grain size and the average bulk composition of the 
ferrimagnetic minerals. It corresponds to the contribution 
of multi-domain, stable single-domain and superparamag-
netic particles. Complementary techniques are required to 
determine the relative contributions of grain size and com-
positional changes, in particular SEM–EDS and hysteresis 
properties. In this work, in addition to magnetic susceptibil-
ity, SEM–EDS investigation was done on few selected leaves 
among P. officinalis and H. helix sampled to better under-
stand the distribution, size and composition of the deposited 
particles of the examined species. It should be noted that 
the work was carried out in collaboration with high school 
students of Parma and Torino, (PCTO project) trying to sen-
sitize the new generations to particulate matter air pollution.

Material and methods

Sample collection

The sampling was done in Torino, in few sites at the centre 
of the town, and in Parma, in the University campus, at the 
outskirts of the city. The two towns are located in the Po 
plain, an area showing climatic, geographic and environmen-
tal circumstances that result in heavy PM10 burden.

The town of Torino is one of the most polluted in Europe, 
with an average daily PM10 exposure above 40 µg/m3 and 
with little below 100 days exceeding the 50-µg/m3 limit (De 
Donno et al. 2018). In the same town, however, due to the 
presence of the river Po and of the hillside, areas with lower 
pollution coexist at little distance from the more polluted 
ones. Four sites in Torino were chosen a few hundred meters 
apart, representing different urban environments. Two sites 
were near a highly trafficked road, Corso Casale (Corso 
Casale—CC and Ceppo—CE), one at the car entrance of 

the Gobetti-Segrè secondary school, in the historical centre 
of Torino (School—S), and the last along a pedestrian way 
bordering the river Po (Lungo Po Machiavelli—LPM), just 
on the other side of the river with respect to the sampling 
sites in CC (Fig. 1). In the CE sampling site, we sampled 
H. helix on a bush at the side of the road, in the CC site, at 
about 200 m from CE, and in LPM we sampled P. officinalis 
and H. helix below a hedge; at the entrance of the school (S), 
only P. officinalis was taken.

The town of Parma shares a similar atmospheric condi-
tion, with long-lasting winter high pressure and peaks of 
pollution. R. caesius and H. helix were sampled in three 
sites in Parma: one was located near an urban highway 
(Tangenziale—T), but off from the centre town, another at 
a car exit of the campus (Strada Montanara—M), and the 
last one in a woodland at about 50 m from the urban high-
way, along a bike trail (Boschetto –B), near the University 
Campus (Fig. 1).

A high traffic load is present in Torino CC and in the 
urban highway in Parma (T). In Torino, the traffic is more 
of the stop and go type, with traffic lights, and cars queu-
ing in the morning, whereas in Parma little use of brakes 
and gasoline exhaustion is expected from passing cars. The 
coordinates of the sampling sites site are reported in Table 1.

In Parma, in all the stations leaves were sampled twice, 
one at road level, the other at the top of the plant, between 1 
and 2 m, and named as down (D) and up (U), respectively.

In Torino, also young and old leaves of H. helix were 
sampled separately to verify a possible accumulation effect; 
we labelled young (Y) the light green leaves stemming from 
the shoots and old (O) those darker green. Moreover, in the 
LPM, where H. helix was present down close to the walkway 
and above in a terrace at two meters from the walkway, the 
leaves down and above the terrace were sampled separately. 
As a result, in LPM four specimen were taken for each sam-
pling day, up (U), down (D), old (O) and young (Y), and 
except P. officinalis, in the other stations two samples were 
taken, up (U) and down (D).

The sampling was performed once a week and at the same 
date in Parma and Torino, over 7 weeks between 25 January 
2019 and 8 March 2019. In Torino, the sampling of March 
1st was missed. For each sample, 3 leaves were taken. In all, 
but one day (1 February 2019), the weather was fine, sunny 
or little cloudy, with little wind. On February 1, we had snow 
mixed with rain in Torino, and rain in Parma. In Parma, the 
sampling was done between the winter and spring academic 
periods, except for the last sampling on March 8th, at the 
starting of the academic lessons in the University Campus, 
which involved significantly higher car traffic.

In Torino, during the months of January and February 
2019 the limit of 50 μg/m3 was overtaken in 54 out of 58 
measured days, whereas in March it was always below 
50 μg/m3. During the sampling period, PM10 for 8 days 
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was over 100 μg/m3 with a top at 136 μg/m3. In 4 out of 
6 sampling days, PM10 was higher than 80 μg/m3, with 
maximum at 122 μg/m3 on 8th February. In Parma, PM10 
was slightly lower but still beyond critical limits.

Another sampling of P. officinalis and H. helix was 
repeated in the two highest polluted stations along the 
CC, in Torino, on 12 May 2020. The sampling is notable 
as it was done after the 2 months, March–April, of strict 
lockdown during the Covid-19 first pandemic rise. Traffic 
was almost absent during lockdown, and still lower than 

before the lockdown on 12 May 2020. On the same day, 
the measured PM10 in Torino was 16 µg/m3.

Together with the sampling site, we examined two refer-
ence samples for H. helix, located far from any pollution 
source, one near Pieveottoville on the banks of the river 
Po, at about 40 km from Parma, and the other at moun-
tainside, at Pilone del Merlo, about 50 km from Torino. 
In the Pieveottoville station, also R. caesius was sampled 
as reference sample. In both cases, the sampling was done 
in January 2019. The samples taken as reference come 

Fig. 1  Map position and of the 
sampling site PR: Parma, TO: 
Torino, B: Boschetto, T: tangen-
ziale, M: Montanara, S: school, 
LPM: Lungo Po Macchiavelli, 
CE: ceppo, CC: Corso Casale

Table 1  Summary table of the sampling site with GPS coordinates 
and sampling species with some specification: PR: Parma, TO: 
Torino, B: Boschetto, T: tangenziale, M: Montanara, S: school, LPM: 

Lungo Po Macchiavelli, CE: ceppo, CC: Corso Casale, H: H. helix, 
R: R. caesius, P: P. officinalis, U: up, D: down, Y: young, O: old

Sample site GPS Sampled species Specification Area description

PR-B 44° 46′ 17.4″ N 10° 19′ 02.3″ E R, H U, D 50 m from the urban highway, along a bike trail
PR-T 44° 46′ 15.5″ N 10° 18′ 58.3″ E R,H U, D Near an urban highway
PR-M 44° 46′ 02.3″ N 10° 18′ 14.2″ E R, H U, D Car exit of the University campus
TO-S 45° 03′ 55.0″ N 7° 41′ 34.7″ E P High school car entrance
TO-LPM 45° 03′ 59.8″ N 7° 42′ 02.8″ E P, H O, Y, U, D (only for H) Along a pedestrian way bordering the river Po
TO-CE 45° 03′ 56.5″ N 7° 42′ 13.4″ E H O, Y Near a highly trafficked road
TO-CC 45° 03′ 53.0″ N 7° 42′ 05.7″ E P,H O, Y (only for H) Near a highly trafficked road
TO-CC 45° 03′ 53.0″ N 7° 42′ 05.7″ E P, H Sampled in pandemic lockdown (12 May 2020)
PR-PIEVE 45° 01′ 36.1″ N 10° 08′ 08.3″ E R,H Middle of the woods, near river Po, 40 km from 

Parma
TO-PDM 45° 18′ 27.5″ N 7° 29′ 28.5″ E H Mountainside, 50 km from Torino
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from two sites without any nearby sources of pollution or 
trafficked roads.

Sample preparation and magnetic susceptibility

After each sampling, three leaves were collected and dried 
in oven at 50 °C for 2 days. Then, the leaves were crushed 
in a ceramic mortar, discarding the veins and petiole. The 
crushed leaves were put in a 0.2-ml gel capsule and then 
weighted. The typical mass of pulverized leaves in the cap-
sule was in the range 80–140 mg. The alternative current 
(AC) mass susceptibility was measured at the Department 
of Mathematical, Physical and Computer Sciences of the 
University of Parma by means of the Oxford Instruments 
MagLab System 2000 platform equipped with the Magnetic 
Measurement Probe. The characteristics of this instrument 
are AC magnetic field frequency in the range 10 Hz–10 kHz, 
maximum RMS (root mean square) amplitude 4 kA/m and 
estimated sensitivity, in terms of mass susceptibility, 
±2.5 × 10

−10 m3

kg
 at 4 kHz. The measurements were performed 

at either 998 Hz or 3998 Hz with an AC field of 1.6 kA/m 
and repeated at least 15 times each. The background signal 
due to the capsule and to the sample holder was measured 
and subtracted. In all samples, the resultant net susceptibility 
was significantly beyond the instrument sensitivity. Contra-
rily to what we found in Castanheiro et al. (2020), in no case 
negative susceptibility was observed. A total of 150 samples 
were measured for this study.

SEM–EDS analysis

SEM–EDS analyses were performed on Hedera and P. offici-
nalis sampled in the CE and CC, on 8 February 2019 and 12 
May 2020. These data were chosen as indicative of opposite 
environmental conditions: on 8 February 2019, the high-
est PM10 and susceptibility were observed (103 μg/m3 and 
42 *  10−8  m3/kg, respectively). On May 12th instead, after 
lockdown and in the environmentally more favourable spring 
weather, we had the lowest PM10 and measured susceptibil-
ity (16 μg/m3 and 4.9 *  10−8  m3/kg). Moreover, a piece of 
R. caesius from the Pieveottoville reference site was ana-
lysed, as representative of sample from a non-polluted area 
(susceptibility value 0.72 *  10−8  m3/kg). The leaves were in 
pieces smaller than 1 mm.

The analyses were done with a Jeol 6400 Scanning Elec-
tron Microscope equipped with an Oxford EDS (energy-dis-
persive system) microprobe. Microprobe analysis operating 
conditions were 20 kV and 1.2 mA current, ~ 1-mm beam 
diameter and 60 s counting time; several analytical points 
and chemical maps per sample were done. SEM images were 
obtained using both back-scattered and secondary electron 
detector, to assess the presence of different phases, as well as 

their morphology and composition. The instrument resolu-
tion does not allow identifying particles with a dimensional 
size less than 0.5 µm. In few images, a further analysis was 
done to determine the particle distribution and size. The 
software ImageJ2 (Rueden et al. 2017) was used, to encircle 
mineral particles from secondary electron images, and then 
to select grains smaller than 10 and 2.5 µm. The number of 
particles, their area and percentage coverage were obtained. 
The same analysis was done from compositional maps, to 
assess the area where for a given element we have a signifi-
cant emission.

Results and discussion

Magnetic properties of different plants

A box plot showing for each sampling site and for the entire 
collection period the distribution of the magnetic suscepti-
bility for H. helix, R. caesius and P. officinalis in Parma and 
Torino is shown in Fig. 2. In Table 2, the 1-way ANOVA 
test is reported.

The different bioaccumulation when exposed to the same 
environmental pollution could be investigated in the cities 
where two species were sampled together: LPM and CC for 
H. helix and P. officinalis and the three stations in Parma 
for H. helix and R. caesius. In these stations, H. helix has 
a significantly lower response than the companion species 
(Fig. 2). R. caesius and P. officinalis were not compared in a 
single station, but in the station LPM (Torino) and T (Parma) 
H. helix shows similar susceptibility, giving a benchmark for 
comparing together the companion species, P. officinalis in 

Fig. 2  Box plots of the susceptibility values (in log scale) for H. 
helix, P. officinalis and R. caesius of Torino (TO in green) and Parma 
(PR in red) sampling. The filled circle represents the mean value. PR: 
Parma, TO: Torino, B: Boschetto, T: tangenziale, M: Montanara, S: 
school, LPM: Lungo Po Macchiavelli, CE: ceppo, CC: Corso Casale. 
The blue line represent the value in the three reference samples (see 
Table 1 for details)
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Torino and R. caesius in Parma. As R. caesius, in Parma, and 
P. officinalis, in Torino, show similar susceptibility values, 
we may assume that the bioaccumulation of magnetic parti-
cles is similar. To note, this is an attempt to evaluate among 
the three species, which one has a better magnetic response 
without any comparison, among the different species.

The highest susceptibility for P. officinalis was found in 
Torino, in CC, at about 10 m from the roadside. A lower 
value was observed in the S station, which is at the car 
entrance of the school court.

Although in both stations we are at a roadside, the dif-
ference may be explained by the traffic blockage between 
7.30 and 10.00 in the central zone of the town, where the 
school station is located. The same blockage deviates most 
of the traffic in the CC, with queues at the traffic lights. The 
lowest susceptibility for P. officinalis was found in LPM, 
a road at the banks of the river Po, about 150 m from CC, 
with the river in between, closed to vehicular traffic and 
likely shielded by other pollution sources by tall buildings 
on the back.

A gradient from the roadside was observed with in 
Torino: the highest value was found in the plant at the 
border of the road (CE), a lesser one in Hedera in the CC 
station (same station as P. officinalis), and the lowest, but 
still significant value in the LPM station. To note, the value 
observed for the LPM station is comparable to that found 
near the urban highway in Parma for the H. helix, suggesting 
an aerosol dispersion for traffic in the sub-urban site.

In Parma, R. caesius shows for any station higher mag-
netic susceptibility than H. helix. Comparing the different 
stations in Parma, H. helix and R. caesius show higher sus-
ceptibility in the B and T stations, than in the M one. This 
was somewhat surprising, as the M station is on the roadside 
of a secondary exit of the University campus, but the lower 
magnetic susceptibility value may be referred to the lower 
vehicular traffic, as sampling was performed during an aca-
demic hiatus.

In H. helix, the new-born leaves, recognized by their 
lighter green aspect, and by the proximity to the apex of 
the vine, were sampled separately to the older ones, show-
ing a dark green aspect. As shown in Fig. 3, in none of the 
three sampling sites in Torino did we observe any difference 
between old and young leaves (p = 0.3, 0.30, 0.48, respec-
tively in CE, CC and LPM). Also, the difference between 
leaves sampled up and down was not significant (p > 0.05).

Leaf magnetism and environment

Figure 4 reports the sum of the logarithm susceptibility in 
function of the sampled days. The sum of the log is used 
to average the results with different values range. The final 
value reported in the graph include all the measurements 
done, which is the measure on H. helix and P. officinalis for Ta
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Torino or H. helix and R. caesius for Parma, including old 
and young, up and down measurement.

We observe an inverse trend in the last day in Parma and 
Torino, respectively: Parma shows an increase in magnetic 
value whereas a decrease is observed in Torino. In Parma, as 
previously discussed, this is likely related to the beginning 
of the academic period, with higher traffic burden in the 
University Campus. In Torino, the decrease is motivated by 
the reduced PM10 emission, due to the breakup of the high-
pressure winter regime, with windy and sunny days. Also, 
no difference is found between the February 1st sampling, 
done with heavy rain mixed with snow, and the others in 
February, indicating that the washout effect is not effective 
in the investigated species.

A relation is found with PM10 measured in the 
Rebaudengo PM10 sampling station in Torino, comparing 
day-by-day PM10 data with magnetic susceptibility. The 
Rebaudengo PM10 station is located in a highly trafficked 

environment, similar to that of the studied stations. The 
PM10 day-by-day changes significantly with atmospheric 
pressure, wind and rain, although retaining values were well 
over regulatory limits. Notably, it was lower on the second 
day of sampling, due to snow. On a weekly average, the 
PM10 values stand on a more stable trend, with a decrease 
at the beginning of March (Fig. 5). We can consider leaf 
magnetic monitoring as an average indication of more than 
1 day not strictly related with PM10.

All the samples show higher susceptibility than the ref-
erence samples. The reference samples showed however a 
significant value, which could be a background value in the 
Po plain.

The two May 2020 samples show lower magnetic suscep-
tibility value than the corresponding measures done during 
the winter 2019 sampling. This likely occurred for the lower 
but present vehicular traffic after lockdown.

Electron microscopy

In Fig. 6, we show secondary electron images of P. offici-
nalis collected on 8 February 2019, during sampling for 
magnetic monitoring, in normal traffic conditions, and in 
a leaf from the same plant on 12 May 2020, just after the 
March–April 2020 lockdown, and reduced traffic. Mineral 
dust, from natural or anthropic sources, is apparent; areal 
analysis showed the percentage deposition and the relative 
proportion of different grain sizes. The same analysis was 
repeated on the blank R. caesius sample.

In the P. officinalis leaves on 8 February 2019, the dust 
deposited is more abundant than in May 2020, for any grain 
size. In Fig. 7a, the area of the SEM image covered by the 
particles is measured together with the dimension of the par-
ticulate matter and the percentage is reported. Then, an esti-
mation of the ratio between the PM10/PMtotal and PM2.5/
PMtotal in the sample of 2019 and 2010 are represented. A 
decrease in all the particles, especially those smaller than 

Fig. 3  Box plots of the distribution values in function of the old and 
young leaves of H. helix. The choice between young and old leaves 
was made in the Torino sites Ceppo, Casale and Lungo Po Macchia-
velli

Fig. 4  Sum of the logarithm susceptibility of all the measurements 
done on the species analyzed in Torino and Parma

Fig. 5  Comparison between the magnetic susceptibility given by the 
sum of the logarithm susceptibility and the PM10 value from ARPA 
measurement. Red line shows weekly averaged PM10. Since the com-
parison is made with the Rebaudengo PM10 station which is a station 
located in a polluted area, the comparison is made with the sampling 
of the polluted areas, i.e. CC, CE and S
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2.5 micron, is clearly visible after the lockdown. SEM–EDS 
analysis shows that most of the larger grains are mineral 
silicates: prevailing phases are quartz and a range of phyllo-
silicates broadly ascribed to the clay mineral family, among 
which illite and chlorite are recognized. Other silicates are 
also present, such as amphibole, albite and antigorite, as well 
as carbonates (calcite and dolomite). Figure 8 shows mineral 
grains respectively of tremolitic amphibole and muscovite 
mica with a crystal chemical composition  K0.04(Ca1.79Na0.21)

Mg2.86Fe1.39Al0.65Si8O22(OH)2 and  K2.1(Al2.66Mg0.38Fe0.92)
Al1.07Si6.93(OH)4 respectively. The same minerals were 
found in a previous investigation on mineral dust (e.g. Lu 
et al 2007), except for amphibole and antigorite. The occur-
rence of the latter can be explained by the many outcrops 
of ophiolite in western Alps (i.e. the Lanzo Massif) and/or 
with the large use of these rocks as ornamental stones, rail-
way ballast and road asphalt in the town of Torino (Debret 
et al. 2013).

Fig. 6  Secondary electron image and maps of Si and Fe before (above) and after (below) lockdown in P. officinalis Corso Casale

Fig. 7  a Percentage of the area covered by mineral grains (PMtotal, PM10 and PM2.5) obtained by the SEM image. b Ratios between percent-
ages are of grains larger than 10 and 2.5 µm with total grains
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The above phases show almost no ferrimagnetic proper-
ties. Particles with composition corresponding to magnetic 
minerals were found as tiny grains of magnetite and Fe–Mn 
alloy. EDS analysis of magnetite was done in few grains 
larger than 1 µm, showing a significant content in Cr, Ti and 
Zn (0.5, 0.6 and 3.0 wt%, respectively).

The distribution of the Fe-rich phases can be assessed by 
EDS maps of the Fe content. Fe is not by itself an indica-
tor of ferrimagnetism: Fe is present in several diamagnetic 
minerals, as a solid solution in their crystalline structure. 
In Castanheiro et al. (2016), sampling in a forest site, sup-
posed without any vehicular pollution, revealed a signifi-
cant amount of Fe in SEM–EDS particle analysis, which is 
likely due to the Fe in natural minerals. In the EDS maps we 
expect a contribution from natural crustal Fe-mineral and 
from anthropogenic Fe-bearing phases. The latter lacks Si 
and is generally found as tiny rounded micrometre (or less) 
sized crystals (Mantovani et al 2018). Si bearing phases were 
found only with the stoichiometry of natural minerals.

Comparing the area occupied by Fe and by Si in elemen-
tal maps, we see that Si prevails. This is related to silicates; 
in most of the larger grains, Fe coexists with Si as an impu-
rity in the crystal structure, like in amphibole or in micas, 
but the area of Si is higher as there are several minerals 
that do not contain Fe, like quartz. However, if we limit 
the observation to particles lower in size than 10 µm, we 
see that the Fe and Si areas are almost the same, higher 
for Fe in the 2019, lower in the 2020 P. officinalis. In the 
smaller-sized grains at 2.5 µm, the Fe area prevails over Si, 
with a significant amount of Fe not present as an impurity 
in silicates. Moreover, comparing the images from 2019 
and 2020 P. officinalis, we see a similar proportion of Fe 
and Si in the total particulate matter, but a higher Fe vs Si 
ratio as the particle size decreases in the 2019 P. officinalis. 
The suggestion is that larger grains, mostly silicates, come 
from a natural background, which is not affected by traffic 
conditions, whereas in the smaller-sized grains the higher 
proportion of Fe in the 2019 P. officinalis indicates a strong 
presence of smaller grains of anthropic origin, either met-
als or metal oxides, some of which were able to enhance a 

magnetic susceptibility. In Fig. 9, we observe that the Fe/Si 
ratio increases much more with smaller grains in the Feb-
ruary 2019 than in the May 2020 P. officinalis. In the May 
2020, in the P. officinalis samples the Fe/Si ratio does not 
change much in function of the grain size.

The above observations agree with the measured suscep-
tibility, which for May 2020 are lower than any other 2019 
sampling, although the value observed in P. officinalis and 
H. helix in 2020 still indicates a rather high magnetic min-
eral content.

Conclusions

As a conclusion, we have found that (1) P. officinalis and 
R. caesius are significantly more efficient than Hedera 
in taking up magnetic particles. In Parma, R. caesius 
highlights a significant difference between the stations 
(p < 0.05), whereas H. helix does not. In the two sites in 
Torino, where H. helix and P. officinalis were sampled 
together, P. officinalis shows a higher magnetic suscepti-
bility. (2) The magnetic susceptibility of samples collected 

Fig. 8  Crustal silicates in the 
post-lockdown P. officinalis 

Fig. 9  Percentage area in image mapping of Fe with area of mapping 
of Si
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around the highly trafficked urban road in Torino (CC) is 
significantly higher than in other locations, for both H. 
helix and P. officinalis. (3) In the traffic-free urban site in 
Torino (LPM), the magnetic susceptibility of H. helix is 
not different from that of the side of the suburban highway 
(T) in Parma, indicating that even a site near a pedestrian 
road is significantly polluted. A substantial mobility of 
the magnetic particles must occur: in Torino, the mag-
netic particles had to move about 200 m in a traffic-free 
area to cross the river Po to the LPM site; this could be 
given by the particular conformation of the Po plain: very 
little wind and often foggy days that do not promote air 
change. (4) The magnetic measurement of P. officinalis 
and R. caesius is not significantly different, suggesting 
that they have a similar bio-accumulation efficiency. (5) 
In H. helix, no significant difference was found between 
old and young leaves: accumulation can reach a saturation 
level in few days, yet to be determined. (6) The examined 
species look more promising to spatial monitoring, to spot 
sites with highest metal pollution, rather than to monitor 
the evolution with time, with the exception of seasonal 
variation. During January–February 2019, little changes 
in average magnetic susceptibility were observed, and only 
in the final sampling were an increase in the magnetic 
value in Parma and a decrease in Torino found. This is 
possibly related to the beginning of the academic period 
at the beginning of March in Parma, and to decreased traf-
fic related pollution in Torino, due to the breakup of the 
high-pressure winter regime. (7) A prevalence of Fe-bear-
ing metals and oxides, possibly of anthropic origin, with 
respect to silicates was observed in the smaller grains.

We foresee future developments in the magnetic analysis 
to locate pollution spots and detail the distribution of pollut-
ants by the analysis of P. officinalis and/or R. caesius.

Acknowledgements The investigation was done within an “Alternanza 
Scuola Lavoro” project with the Liceo Scientifico Ulivi (Parma) and 
Liceo Scientifico Gobetti-Segrè (Torino).

Author contribution Conceptualization: MT, MS, LM, PZ, EG. Data 
curation MT, ML, MS, PZ, EG. Investigation PZ, EG. Methodology 
PZ, EG. Resources MS, MT. Writing—original draft MT. Writing—
review and editing MT, MS, ML.

Funding This work has benefited from the equipment and framework 
of the COMP-HUB Initiative, funded by the “Departments of Excel-
lence” program of the Italian Ministry for Education, University and 
Research (MIUR, 2018–2022).

Data availability The datasets used and/or analysed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations 

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Bontempi E (2020) First data analysis about possible COVID-19 virus 
airborne diffusion due to air particulate matter (PM): the case of 
Lombardy (Italy). Environ Res 186:109639. https:// doi. org/ 10. 
1016/j. envres. 2020. 109639

Cao L, Appel E, Hu S et al (2015) Magnetic response to air pollution 
recorded by soil and dust-loaded leaves in a changing industrial 
environment. Atmos Environ 119:304–313. https:// doi. org/ 10. 
1016/j. atmos env. 2015. 06. 017

Castanheiro A, Hofman J, Nuyts G et al (2020) Leaf accumulation 
of atmospheric dust: biomagnetic, morphological and elemental 
evaluation using SEM, ED-XRF and HR-ICP-MS. Atmos Envi-
ron 221:117082. https:// doi. org/ 10. 1016/j. atmos env. 2019. 117082

Castanheiro A, Samson R, De Wael K (2016) Magnetic- and particle-
based techniques to investigate metal deposition on urban green. 
Sci Total Environ 571:594–602. https:// doi. org/ 10. 1016/j. scito 
tenv. 2016. 07. 026

Dai Q, Zhou M, Li H et al (2020) Biomagnetic monitoring combined 
with support vector machine: a new opportunity for predicting 
particle-bound-heavy metals. Sci Rep 10:1–11. https:// doi. org/ 10. 
1038/ s41598- 020- 65677-8

De Donno A, De Giorgi M, Bagordo F et al (2018) Health risk associ-
ated with exposure to PM10 and benzene in three Italian towns. 
Int J Environ Res Public Health 15:1–13. https:// doi. org/ 10. 3390/ 
ijerp h1508 1672

Debret B, Andreani M, Godard M et al (2013) Trace element behav-
ior during serpentinization/de-serpentinization of an eclogitized 
oceanic lithosphere: a LA-ICPMS study of the Lanzo ultramafic 
massif (Western Alps). Chem Geol 357:117–133. https:// doi. org/ 
10. 1016/j. chemg eo. 2013. 08. 025

Fusaro L, Salvatori E, Winkler A et al (2021) Urban trees for bio-
monitoring atmospheric particulate matter: an integrated approach 
combining plant functional traits, magnetic and chemical proper-
ties. Ecol Ind 126:107707. https:// doi. org/ 10. 1016/J. ECOLI ND. 
2021. 107707

Gautam P, Blaha U, Appel E (2005) Magnetic susceptibility of dust-
loaded leaves as a proxy of traffic-related heavy metal pollution in 
Kathmandu city. Nepal Atmospheric Environment 39:2201–2211. 
https:// doi. org/ 10. 1016/j. atmos env. 2005. 01. 006

Gonet T, Maher BA, Kukutschová J (2021a) Source apportionment of 
magnetite particles in roadside airborne particulate matter. Sci 
Total Environ 752:141828. https:// doi. org/ 10. 1016/j. scito tenv. 
2020. 141828

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.envres.2020.109639
https://doi.org/10.1016/j.envres.2020.109639
https://doi.org/10.1016/j.atmosenv.2015.06.017
https://doi.org/10.1016/j.atmosenv.2015.06.017
https://doi.org/10.1016/j.atmosenv.2019.117082
https://doi.org/10.1016/j.scitotenv.2016.07.026
https://doi.org/10.1016/j.scitotenv.2016.07.026
https://doi.org/10.1038/s41598-020-65677-8
https://doi.org/10.1038/s41598-020-65677-8
https://doi.org/10.3390/ijerph15081672
https://doi.org/10.3390/ijerph15081672
https://doi.org/10.1016/j.chemgeo.2013.08.025
https://doi.org/10.1016/j.chemgeo.2013.08.025
https://doi.org/10.1016/J.ECOLIND.2021.107707
https://doi.org/10.1016/J.ECOLIND.2021.107707
https://doi.org/10.1016/j.atmosenv.2005.01.006
https://doi.org/10.1016/j.scitotenv.2020.141828
https://doi.org/10.1016/j.scitotenv.2020.141828


Environmental Science and Pollution Research 

1 3

Gonet T, Maher BA, Nyirő-Kósa I et al (2021b) Size-resolved, quan-
titative evaluation of the magnetic mineralogy of airborne brake-
wear particulate emissions. Environ Pollut 288:117808. https:// 
doi. org/ 10. 1016/j. envpol. 2021. 117808

Hofman J, Maher BA, Muxworthy AR et al (2017) Biomagnetic moni-
toring of atmospheric pollution: a review of magnetic signatures 
from biological sensors. Environ Sci Technol 51:6648–6664. 
https:// doi. org/ 10. 1021/ acs. est. 7b008 32

Lu S, Luan Q, Jiao Z et al (2007) Mineralogy of inhalable particulate 
matter (PM10) in the atmosphere of Beijing, China. Water Air Soil 
Pollut 186:129–137. https:// doi. org/ 10. 1007/ s11270- 007- 9470-5

Maher BA (2020) Airborne magnetite- and iron-rich pollution nano-
particles: potential neurotoxicants and environmental risk factors 
for neurodegenerative disease, including Alzheimer’s disease. Adv 
Alzheimers Dis 8:69–83. https:// doi. org/ 10. 3233/ AIAD2 10006

Maher BA, González-Maciel A, Reynoso-Robles R et al (2020) Iron-
rich air pollution nanoparticles: an unrecognised environmental 
risk factor for myocardial mitochondrial dysfunction and cardiac 
oxidative stress. Environ Res 188:109816. https:// doi. org/ 10. 
1016/j. envres. 2020. 109816

Maher BA, Moore C, Matzka J (2008) Spatial variation in vehicle-
derived metal pollution identified by magnetic and elemental anal-
ysis of roadside tree leaves. Atmos Environ 42:364–373. https:// 
doi. org/ 10. 1016/j. atmos env. 2007. 09. 013

Mantovani L, Tribaudino M, Solzi M et al (2018) Magnetic and SEM-
EDS analyses of Tilia cordata leaves and PM10 filters as a com-
plementary source of information on polluted air: Results from 
the city of Parma (Northern Italy). Environ Pollut 239:777–787. 
https:// doi. org/ 10. 1016/j. envpol. 2018. 04. 055

Moreno E, Sagnotti L, Dinarès-Turell J et al (2003) Biomonitoring 
of traffic air pollution in Rome using magnetic properties of tree 
leaves. Atmos Environ 37:2967–2977. https:// doi. org/ 10. 1016/ 
S1352- 2310(03) 00244-9

Morris WA, Versteeg JK, Bryant DW et al (1995) Preliminary compari-
sons between mutagenicity and magnetic susceptibility of respir-
able airborne particulate. Atmos Environ 29:3441–3450. https:// 
doi. org/ 10. 1016/ 1352- 2310(95) 00203-B

Muhammad S, Wuyts K, Samson R (2019) Atmospheric net particle 
accumulation on 96 plant species with contrasting morphological 
and anatomical leaf characteristics in a common garden experi-
ment. Atmos Environ 202:328–344. https:// doi. org/ 10. 1016/j. 
atmos env. 2019. 01. 015

Petrovský E, Kapička A, Jordanova N et al (2000) Low-field magnetic 
susceptibility: a proxy method of estimating increased pollution 
of different environmental systems. Environ Geol 39:312–318. 
https:// doi. org/ 10. 1007/ s0025 40050 010

Pourret O, Hursthouse A (2019) It’s time to replace the term “heavy 
metals” with “potentially toxic elements” When Reporting Envi-
ronmental Research. Int J Environ Res Public Health. https:// doi. 
org/ 10. 3390/ ijerp h1622 4446

Rueden CT, Schindelin J, Hiner MC et al (2017) Image J2: ImageJ for 
the next generation of scientific image data. BMC Bioinformatics 
18:1–26. https:// doi. org/ 10. 1186/ s12859- 017- 1934-z

Samet J, Krewski D (2007) Health effects associated with exposure 
to ambient air pollution. J Toxicol Environ Health A Curr Issues 
70:227–242. https:// doi. org/ 10. 1080/ 15287 39060 08846 44

Speak AF, Rothwell JJ, Lindley SJ, Smith CL (2012) Urban particulate 
pollution reduction by four species of green roof vegetation in a 
UK city. Atmos Environ 61:283–293. https:// doi. org/ 10. 1016/j. 
atmos env. 2012. 07. 043

Szönyi M, Sagnotti L, Hirt AM (2008) A refined biomonitoring study 
of airborne particulate matter pollution in Rome, with mag-
netic measurements on Quercus Ilex tree leaves. Geophys J Int 
173:127–141. https:// doi. org/ 10. 1111/j. 1365- 246X. 2008. 03715.x

Winkler A, Amoroso A, di Giosa A, Marchegiani G (2021) The effect 
of Covid-19 lockdown on airborne particulate matter in Rome, 
Italy: a magnetic point of view. Environ Pollut 291:118191. 
https:// doi. org/ 10. 1016/J. ENVPOL. 2021. 118191

Winkler A, Contardo T, Vannini A et al (2020) Magnetic emissions 
from brake wear are the major source of airborne particulate mat-
ter bioaccumulated by lichens exposed in Milan (Italy). https:// 
doi. org/ 10. 3390/ app10 062073

Yao Y, Pan J, Liu Z et al (2020) Temporal association between par-
ticulate matter pollution and case fatality rate of COVID-19 in 
Wuhan. Environ Res 189:13–15. https:// doi. org/ 10. 1016/j. envres. 
2020. 109941

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.envpol.2021.117808
https://doi.org/10.1016/j.envpol.2021.117808
https://doi.org/10.1021/acs.est.7b00832
https://doi.org/10.1007/s11270-007-9470-5
https://doi.org/10.3233/AIAD210006
https://doi.org/10.1016/j.envres.2020.109816
https://doi.org/10.1016/j.envres.2020.109816
https://doi.org/10.1016/j.atmosenv.2007.09.013
https://doi.org/10.1016/j.atmosenv.2007.09.013
https://doi.org/10.1016/j.envpol.2018.04.055
https://doi.org/10.1016/S1352-2310(03)00244-9
https://doi.org/10.1016/S1352-2310(03)00244-9
https://doi.org/10.1016/1352-2310(95)00203-B
https://doi.org/10.1016/1352-2310(95)00203-B
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1007/s002540050010
https://doi.org/10.3390/ijerph16224446
https://doi.org/10.3390/ijerph16224446
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1080/15287390600884644
https://doi.org/10.1016/j.atmosenv.2012.07.043
https://doi.org/10.1016/j.atmosenv.2012.07.043
https://doi.org/10.1111/j.1365-246X.2008.03715.x
https://doi.org/10.1016/J.ENVPOL.2021.118191
https://doi.org/10.3390/app10062073
https://doi.org/10.3390/app10062073
https://doi.org/10.1016/j.envres.2020.109941
https://doi.org/10.1016/j.envres.2020.109941

	Magnetic particle monitoring on leaves in winter: a pilot study on a highly polluted location in the Po plain (Northern Italy)
	Abstract
	Introduction
	Material and methods
	Sample collection
	Sample preparation and magnetic susceptibility
	SEM–EDS analysis

	Results and discussion
	Magnetic properties of different plants
	Leaf magnetism and environment
	Electron microscopy

	Conclusions
	Acknowledgements 
	References


