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SUMMARY

High levels of air particulate matter (PM) have been positively correlated with respiratory
diseases. In this study, we performed a biomonitoring investigation using samples of bark
obtained from trees in a selected study area in the city of Milan (northern Italy). Here,
we analyse the magnetic and mineralogical properties of the outer and inner barks of 147
trees, finding that magnetite is the prevalent magnetic mineral. The relative concentration of
magnetite is estimated in the samples using saturation isothermal remanent magnetization
(SIRM) and hysteresis parameters. We also make a first-order estimate of absolute magnetite
concentration from the SIRM. The spatial distribution of the measured magnetic parameters
is evaluated as a function of the distance to the main sources of magnetic PM in the study area,
for example, roads and tram stops. These results are compared with data from a substantially
pollution-free control site in the Central Italian Alps. Magnetic susceptibility, SIRM and
magnetite concentration are found to be the highest in the outer tree barks for samples that
are closest to roads and especially tram stops. In contrast, the inner bark samples are weakly
magnetic and are not correlated to the distance from magnetite PM sources. The results

illustrate that trees play an important role acting as a sink for airborne PM in urban areas.

Key words: Europe; Environmental magnetism; Rock and mineral magnetism.

1 INTRODUCTION

The metropolitan area of Milan in the Po Valley of northern Italy is
plagued by high levels of atmospheric particulate matter (PM) due
in part to the ‘bowl effect’ on atmospheric circulation triggered by
the surrounding Alps and Apennines mountain chains (e.g. Masetti
et al. 2015). Recorded levels of PM with grain size <10 pm (PM,)
are often above 100 ugm~3 especially during winter months, with
a daily yearly average of 50 ug m=> (Marcazzan et al. 2001; Ozgen
et al. 2016). It is well known that airborne PM is linked with respi-
ratory illness (Donaldson 2003; Faustini et al. 2011; Gualtieri et al.
2011; Bigi & Ghermandi 2014; Chiesa et al. 2014; Kim et al. 2015).
Transition metal components such as iron are particularly harmful
as they have the potential to produce reactive oxygen species caus-
ing inflammation throughout the body (Zhou et al. 2003; Birben
et al. 2012). A recent study by Maher et al. (2016) demonstrates
that airborne magnetite can enter the brain directly via the olfactory
bulb, which can foster Alzheimer disease.

With respect to Milan, Vecchi et al. (2008) found high iron
PM concentrations, especially during the winter season (average

of 0.0086 pgm™3) compared to the summer season (average of
0.0042 ugm™3). They also found that iron concentration in Milan
is higher than in other Italian cities (Florence, Genoa). Iron can
come from the abrasion of vehicle brake systems (Hoffmann et al.
1999; Sagnotti et al. 2006), tram and train rails (Kam et al. 2011),
as well as from metallurgical processes (Hunt et al. 1984). These
iron particles bond up with oxygen upon entering the atmosphere
to become iron oxides, such as magnetite (Fe;O,).

The aim of this study is to monitor airborne iron oxides distribu-
tion in a test site in Milan. We selected a municipal park surrounded
by tram lines/stops and roads characterized by intense daily traffic,
which represent obvious sources of iron PM, among other types
of pollutants. We opted to sample tree barks as natural repositories
(sinks) of these iron PM sources, and to study them with stan-
dard rock-magnetic techniques to define type and concentration of
ferro(i)magnetic iron oxide minerals contained therein. Tree barks
are preferred to the more frequently used tree leaves (e.g. Matzka
& Maher 1999; Hanesch et al. 2003; Moreno et al. 2003; Lehndorff
et al. 2006; Mclntosh et al. 2007; Maher et al. 2008; Szonyi et al.
2008), because they accumulate airborne PM the entire year. This
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Figure 1. (a) Leonardo da Vinci square in Milan with the closest tram stops. The red discontinuous lines represent the closest roads. (b) Location map of the

study area including Milan and Santa Caterina Valfurva.

is important because PM pollution levels are highest in the winter,
when leaves of deciduous species, which are dominant in Milan,
are absent. Tree bark is already considered as a valuable indicator
for monitoring air quality, for instance by applying Instrumental
Neutron Activation Analysis (INAA) and Radionuclide X-Ray Flu-
orescence Analysis (RXRFA) techniques (e.g. Bohm ef al. 1998;
Pacheco et al. 2001), and measurements of trace element concen-
tration (e.g. Sawidis et al. 2011; Guéguen et al. 2012). However,
until now only a very limited number of studies have investigated
the potential of measuring magnetic parameters of tree bark for
monitoring air pollution (Flanders 1994; Kletetschka et al. 2003;
Zhang et al. 2008; Kletetschka 2011). We are not aware of any pre-
vious biomonitoring studies conducted in this city, so we present the
first results obtained through this approach for the selected study
area. The ultimate goal of this study is to quantify on a map the areal
dispersion of iron oxides from their sources (e.g. tram stops) to their
sinks (tree barks). This could help designing pollution shielding so-
lutions using non-deep tree belts or synthetic bark panels placed at
optimal distance and orientation relative to pollution sources.

2 MATERIALS AND METHODS

2.1 Study area

This study was conducted in the 25 000 m?> municipal park of
Leonardo da Vinci Square (Fig. 1a), located in the eastern part
of Milan, at an altitude of about 120 m a.s.l. (centre latitude:
45.478096°N; longitude: 9.22569°E). The area is characterized by
intense daily traffic; on a typical working day, the number of cars
passing through the study area ranges between 6000 and 7000 (Mu-
nicipality of Milan, Agenzia Mobilita Ambiente Territorio), and
trams circulate with a frequency of one every 3-8 min. For the
purpose of this study, the area was divided in two portions: an ex-
ternal belt named Area 1, about 20 m wide and located close to the
surrounding roads and tram lines/stops, and a more internal Area 2
extending more than 20 m away from the roads (Fig. 1a).

The results obtained in Milan are compared with data from a low-
pollution control site. Sampling at the control site was conducted
in the village of Santa Caterina Valfurva (hereafter Santa Caterina),

Table 1. List of species and the number of trees sampled for each species
at the Milan test site.

Tree Number of Tree Number of
species sampled trees species sampled trees
Abies alba 2 Ilex aquifolium 11
Acer negundo 5 Pinus nigra 4
Acer saccharinum 4 Populus alba 2
Catalpa bignonioides 9 Populus nigra 11
Cedrus atlantica 16 Prunus laurocerasus 4
Cercis siliquastrum 3 Prunus padus 32
Cupressus arizonica 4 Sophora japonica 21
Cupressus glabra 2 Taxus baccata 2
Fagus sylvatica 2 Tilia cordata 13

belonging to the municipality of Valfurva, characterized by 2600
inhabitants, with very reduced car traffic and absence of trains and
trams. The village is located 200 km north of Milan, in Valtellina
(central Alps) at an elevation of about 1700 m a.s.l. (Fig. 1b), in
a typical Alpine environment shaped by glaciers and mass wasting
processes (e.g. Del Ventisette et al. 2012; Pelfini et al. 2014).

2.2 Sampling

Sampling in Milan was conducted on the 2014 November 22, 24
and 25 on trees belonging to 18 different species including, among
others, Prunus padus, Sophora japonica and Cedrus atlantica (see
Table 1 for a complete list). Sampling at the test site in Santa Cate-
rina was conducted on 2015 July 27 on trees of Picea abies species.
At both localities, the selected tree species show similar bark tex-
tures: fissured, rugose and coarse-grained (Fig. 2). The absorption
properties of these fractal surfaces on airborne micrometric particles
are considered analogous, irrespective of taxonomic attribution.

A total of 147 trees were sampled in the Milan test site and 20
trees in the Santa Caterina control site. The position of each tree was
recorded using Global Positioning System. Each sample consisted
of a cylindrical fragment of trunk bark, extracted at approximately
1.5 m above the ground from the tree-side exposed in the direction
of the closest street, using a steel extractor tool with a diameter of
2.5 cm. The bark samples were placed in 10 cm® plastic boxes and
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Figure 2. Tree bark texture of (a) Prunus padus, (b) Sophora japonica, (c) Cedrus atlantica and (d) Picea abies.
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Figure 3. Explanatory image showing the position of tree bark samples
from outer to inner bark, labelled ‘A’, ‘B’, ‘C” and ‘D’.

closed with plastic tops. For the Milan test site, a total of 99 out of
147 bark samples were cut in the laboratory, using a ceramic knife
that we cleaned with ethanol after cutting each sample, into an outer
disc sample (i.e. at the contact with the atmosphere) and an inner
disc sample, which were labelled ‘A’ and ‘B’, respectively. In 48
particularly thick samples, up to a maximum of four disc samples
were obtained (‘A’, ‘B’, ‘C’ and ‘D’ arranged from the outside to the
inside; Fig. 3). The remaining 35 samples yielded only an outer ‘A’
sample, that is, subsampling was not possible. In total, 278 samples
of trunk bark were obtained from the Milan test site. With regards to
the control site of Santa Caterina, we extracted one sample of outer
bark from each tree for a total of 20 ‘A’ bark samples. All samples
were weighed in order to normalize the measurements by sample
mass and then refrigerated at 5 °C until the day before the analyses.
Normalization was based on weight because all the samples have
very similar surface areas (5 cm?), hence normalization based on
surface area would not alter the areal distribution of values.
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Figure 4. Experimental laboratory X-ray powder microdiffraction pattern
(dotted), fitted (line) and difference curve computed by Rietveld fit of se-
lected fragments. The samples are labelled in the figure. The main diffraction

peaks are indicated: quartz, SiO; (Q), metallic iron (Fe), hercynite, FeAl,O4
(Her) and magnetite, Fe304 (Mag).
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Figure 5. (a) and (c) Angular iron oxide particles found in ‘A’ bark sample (outer bark) analysed at the microprobe and (b) and (d) secondary ion image
showing the integration of the particle in the ‘A’ bark sample. The X-ray and rock-magnetic analyses showed that it consists of magnetite.
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Figure 6. Mass-specific magnetic susceptibility values on representative samples of tree bark. In the reported examples, outer bark (named ‘A’) always shows
higher and positive susceptibility values than the inner bark (named ‘B’, ‘C’ and ‘D’).
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Table 2. Average values of magnetic susceptibility and SIRM measured on the analysed samples. For bark layers A and B, we
distinguished between Area 1 (closer to the roads, i.e. <20 m) and Area 2 (farer from the roads, i.e. >20 m).

Measured parameter Bark layer Area Average + SD Number of samples
Magnetic susceptibility (x 10~% m® Kg~!) Milan A 1 1.25+42 60
2 052435 87
B 1 —-131+1.9 38
2 —226+28 65
C —-1324+1.7 16
D —-1.76 £ 0.7 3
Magnetic susceptibility(x 10~% m? Kg~!) Santa Caterina A —9.87+ 0.59 20
SIRM (x10~® Am? Kg~') Milan A 1 1553 £ 18.5 42
B 2 9.88 £10.2 40
C 1 22325 42
D 2 20634 25
1.56 £2.1 10
045+£0.2 2
SIRM (x10~® Am? Kg~') Santa Caterina A 0.214+0.16 20

2.3 Mineralogical analyses

The mineralogy of three ‘A’ bark and two ‘B’ bark samples from Mi-
lan was investigated by X-ray diffraction (XRD) and electron micro-
probe analysis. X-ray microdiffraction was performed in transmis-
sion geometry on aggregates of mineral particles with 30—150 um
size, extracted directly from the tree bark. Measurements were
made on an Oxford X’Calibur instrument with Mo X-ray source
(A = 0.710 A), polycapillary focusing optics (beam size on the
sample approximate 150 um) and CCD detector. The 2-D diffrac-
tion data were integrated with the CrysalisRed software and the
identification of mineral phases was first achieved by comparison
with PDF-2 database, followed by Rietveld refinement. Chemical
analysis was performed with an electron microprobe (JEOL JXA
8200), equipped with Wavelength Dispersive X-Ray Spectrometers
(WDSs).

2.4 Magnetic analyses

The initial magnetic susceptibility of all samples was measured us-
ing an AGICO KLY-2 Kappabridge. A subset of 181 samples was
then magnetized at room temperature in incremental fields up to 1
T or occasionally 2.5 T using an ASC Pulse Magnetizer. The result-
ing isothermal remanent magnetization (IRM) was measured after
each step on a 2G Enterprises DC SQUID cryogenic magnetometer
located in a magnetically shielded room. Mass-specific susceptibil-
ity and saturation IRM (SIRM) values were calculated. The S-ratio
was calculated as IRMj3gg ,7/SIRM (Evans & Heller 2003), where
IRM3¢9 vt 18 the IRM induced in a field of 0.3 T and the SIRM is
the IRM at 2.5 T. Hysteresis loops were measured on a subset of
16 representative ‘A’ bark samples from the Milan test site, using
a Micromag 2900 Alternating Gradient Magnetometer, on samples
whose saturation IRM was >5 x 107° Am? Kg~!. The obtained hys-
teresis loops were corrected for high field susceptibility to obtain
the saturation magnetization (M) and saturation remanent magne-
tization (M,s). Measurements were made at the Alpine Laboratory
of Palacomagnetism of Peveragno (Italy) and at the Laboratory of
Natural Magnetism of ETH-Ziirich (Switzerland).

2.5 Data mapping

Magnetic susceptibility and SIRM values from the Milan test site
were plotted in geographic information system (GIS) environment

in order to map their areal distribution and distance relative to the
surrounding roads and tram lines/stops. Since the sampled trees are
relatively evenly distributed in the Milan test site, inverse distance
weighted (IDW) interpolation was applied (Johnston ez al. 2001).

3 RESULTS

3.1 Mineralogical analyses

The XRD analysis indicates that the most common mineral phase in
the analysed ‘A’ bark samples is quartz. However, ‘A’ bark samples
with high susceptibility also contain magnetite (Fe;04) and/or iron,
and only XRD can detect them in weaker magnetic samples. In one
sample, a fragment with metallic lustre was identified as hercynite
(FeAl,04), as shown by the powder patterns fitted with Rietveld
method (Fig. 4).

The analysis on the electron microprobe on ‘A’ bark samples con-
firms the presence of an iron oxide phase interpreted as magnetite
with grain size of about 20 um (Fig. 5a). Secondary ion images
reveal that some of the magnetite particles are well inserted in the
‘A’ bark samples, and not just deposited on their external surface
(Figs 5b and d). Moreover, some of the magnetite grains appear
have undergone reductive dissolution (Figs 5c and d).

3.2 Magnetic analyses

Samples from the Milan test site show a clear trend in the magnitude
of magnetic susceptibility, which was found to strongly decrease
from the outer ‘A’ bark samples to the inner (‘B’, ‘C’ and ‘D’)
samples in the same tree (see Fig. 6 and Table 2). The majority of
the inner ‘B’, ‘C’ and ‘D’ samples are diamagnetic, which indicates
that the organic matter signal dominates the susceptibility. No trend
is instead detected within the various inner bark samples, that is,
the susceptibility of the ‘B’ samples is not higher than the ‘C’ or
the ‘D’ samples. The outer ‘A’ bark samples from the control site
at Santa Caterina show very low values of magnetic susceptibility,
comparable to values found in inner ‘B’ bark samples at the Milan
test site (Table 2).

Backfield remagnetization of SIRM of representative ‘A’ bark
samples from Milan and Santa Caterina show the presence of a low
coercitivity magnetic phase that saturates in fields of ~200 mT,
which is compatible with magnetite that was identified by XRD
(Fig. 7). A decrease in the magnitude of the saturation IRM (SIRM)
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Figure 7. Normalized mass-specific backfield remagnetization of SIRM on representative bark samples from the Milan test site (panels from a to d), showing
the presence of variable amounts of a low coercivity magnetic component interpreted as magnetite. Outer ‘A’ bark samples have always higher values (higher
magnetite concentration) than inner ‘B’ or ‘C’ or ‘D’ bark samples. Panels (e) and (f) represents backfield remagnetization of SIRM from two ‘A’ samples

from the control site at Santa Caterina.

from the outer ‘A’ bark samples to the inner (‘B’, ‘C’ and ‘D’) bark
samples is observed (Fig. 7a—d; Table 2). The S-ratios show values
approaching 1 with no differences detectable between ‘A’ and ‘B’
samples, confirming the presence of the low coercivity mineral,
magnetite. The outer ‘A’ samples from the control site at Santa
Caterina have SIRM magnitudes that are much lower than the ‘A’
samples from the Milan test site (Fig. 7¢ and f; and Table 2).

The magnetic susceptibility and saturation IRM values of ‘A’
samples from the various tree species sampled at the Milan site show
a high degree of variability and high standard deviations (Figs 8a
and b). No statistical tests could be performed due to the very

different number of samples available for each species, however, no
clear intraspecific trends were observed as well. We stress that the
dynamics of passive accumulation of micrometric airborne particles
on an absorbing surface (bark) is controlled primarily by physical
factors, such as air turbulence, moisture, etc., provided the absorb-
ing surfaces are characterized by similar macroscale rugosity and
textures irrespective of their taxonomic attributions.

With regards to the hysteresis analyses, most of the 16 ‘A’ sam-
ples from Milan showed an open loop with a varying contribu-
tion from the high-field paramagnetic components (Figs 9a—c).
These features reflect the presence of a low coercivity ferrimagnetic
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Figure 8. (a) Magnetic susceptibility and (b) saturation IRM for the sampled ‘A’ tree species at the Milan site. High variability and SD can be observed for
both parameters. In the case of saturation IRM, some tree species do not show the SD value due to the analysis of only one sample for that species.

mineral coexisting with a paramagnetic (positive slope) contribu-
tion. Some samples, however, show only a paramagnetic magneti-
zation, due to non-ferrimagnetic material, that is, bark (e.g. Fig. 9d).
The M,s/M; ratios range between 0.07 and 0.14 (mean of 0.09, stan-
dard deviation of 0.02), which is compatible with pseudo-single
domain to multidomain magnetite (Dunlop 2002). This agrees with
microprobe observation.

3.3 Mapping of magnetic grains distribution

Distribution maps of magnetic susceptibility and SIRM values for
the Milan test site are shown in Figs 10 and 11. The sample locality
is subdivided into Area 1, which is within 20 m of the roads and
Area 2 with is >20 m from the roads. The map of magnetic suscep-
tibility for ‘A’ bark samples (Fig. 10a) shows higher mean values in

Area 1 compared to Area 2, with the highest values near tram stops.
The low susceptibilities in Area B are comparable to those observed
at the control site in Santa Caterina (SC on scale bar in Fig. 10a). The
spatial distribution of susceptibility of the inner ‘B’ samples shows
little variability: there is no notable difference between Areas 1 and
2, although the ‘B’ samples with highest susceptibility are found
at the same location where the ‘A’ sample has high susceptibility
(Fig. 10Db).

A similar pattern is also found in the spatial distribution of the
SIRM, which shows higher mean values for ‘A’ samples in Area 1,
especially near tram stops, while ‘A’ samples from Area 2 display
lower values, which are comparable to the control site in Santa
Caterina (Fig. 11a). Inner ‘B’ samples from both Areas 1 and 2
display low SIRM values and no relationship with distance from
tram lines/stops (Fig. 11b).
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Figure 10. Spatial distribution (defined using inverse distance weighted interpolation in GIS environment) of the magnetic susceptibility values of outer ‘A’
bark samples (panel a to the left) and inner ‘B’ bark samples (panel b to the right) recorded at the test site in Milan. The highest values are recorded in ‘A’ bark
samples obtained from trees in Area 1, closer to the roads (distance <20 m) and, in particular, closer to the tram stops. Samples from the control site at Santa
Caterina (SC on colour scale in panel a) are characterized by low values, belonging to the lowest category detected in the study area in Milan.
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Figure 11. Spatial distribution (defined using IDW interpolation in GIS environment) of the saturation IRM (SIRM) values in outer ‘A’ bark samples (panel a
to the left) and inner ‘B’ bark samples (panel b to the right) recorded at the test site in Milan. The highest values are recorded in ‘A’ bark samples in Area 1,
closer to the roads and tram stops (distance <20 m). Samples from the control site at Santa Caterina (SC on colour scale in panel a) are characterized by values

belonging to the lowest category detected in the study area in Milan.

A positive linear relationship between magnetic susceptibility
and SIRM was obtained for ‘A’ samples in Area 1 (R*> = 0.89; p =
2.4 x 107*; Fig. 12a). A similar positive linear relationship exists
also for ‘A’ samples from Area 2, but at a lower statistical level
(R?> = 0.18; p = 3.8 x 107%; Fig. 12a). No statistical correlation
is found for the ‘B’ samples in both Areas 1 and 2 (Fig. 12b). A
positive relationship between susceptibility and SIRM can indicate
variation in the volume fraction of the ferro(i)magnetic phase(s),
and this variation could be caused by a higher number of particles
with same size or by an increase in grain size.

4 DISCUSSION AND CONCLUSIONS

XRD, microprobe, backfield remagnetization of SIRM, S-ratios and
hysteresis measurements all indicate that magnetite is the main mag-
netic mineral that is deposited at the atmosphere/bark interface and
incorporated in outer ‘A’ bark samples. Due to the high number
of different tree species and their distribution at the Milan site, a
statistical analysis between the SIRM and magnetic susceptibility
values found in the different species was not performed. The differ-
ences detected between different tree species and within the same
species (see Fig. 8) are probably due to the tree location that is very
sparse in the selected area. Thus, considering that all the tree species
sampled in this study show similar tree bark patterns, the evaluation
of the results obtained for the analysed parameters was based on
their spatial distribution. The spatial distribution of susceptibility,
SIRM and magnetite concentration shows a strong dependence on
distance from roads with traffic and more importantly tram stops.
This suggests that the main sources of magnetite in the Milan test

site are abrasion of tram braking systems and vehicle combustion
processes. Outer ‘A’ bark samples from Area 1 closest to roads and
tram stops have the highest susceptibility and SIRM, and therefore
highest magnetite concentration. Outer ‘A’ bark samples from Area
2 have values that are comparable to the substantially pollution-free
Santa Caterina control site.

Our results are in agreement with previous biomonitoring investi-
gations conducted on tree leaves, which also identified magnetite as
the main carrier of the magnetic signal (e.g. Moreno et al. 2003; Ur-
bat et al. 2004; Mitchell & Maher 2009). They also are compatible
with other studies, which identified trams and vehicles as the main
sources of the magnetic particulate (e.g. Kardel ez al. 2012). What
is important to note from our results is that the susceptibility and
SIRM values in inner ‘B’ samples are invariably very low (suscep-
tibility being frequently diamagnetic) and close to the susceptibility
and SIRM values measured at the Santa Caterina control site. This
finding has important implications on how trees serve as sinks for
PM. Airborne magnetite particles will be collected through depo-
sition on the exposed outer ‘A’ bark of trees immediate to the PM
source. This magnetite is then partially encapsulated into the inner
bark (‘B’, ‘C’ and ‘D’ samples), probably as far in as the suber
tissue, where it then undergoes reductive dissolution (Catinon et al.
2008; Zhang et al. 2008; Catinon et al. 2009). Electron microprobe
analyses support this hypothesis, showing that at least some of the
magnetic particles are not just deposited on the bark external sur-
face but are well integrated in it. Some images show also a partial
fragmentation of the magnetite minerals, suggesting that plant phys-
iological processes may dissolve or disintegrate magnetite particles
incorporated in the bark, as observed for other types of atmospheric
particles (e.g. Freer-Smith ez al. 2004; Novak et al. 2006).
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Figure 12. Plot of saturation IRM versus magnetic susceptibility values, calculated for (a) outer ‘A’ bark and (b) inner ‘B’ samples of trees sampled in Area 1

(discontinuous line) and in Area 2 (continuous line).

The implication that trees are capable of decomposing magnetite
in their bark, emphasizes their role as pollution mitigating organ-
isms. In this respect, this study is of interest for urban planning
of green areas and infrastructures (e.g. Tong et al. 2016). Our re-
sults suggest that placing tree belts near roads with traffic and tram
stops would help absorb airborne micrometric magnetite particles
thus improving general air quality. Taking this idea further, it may
be possible to design panels of synthetic, rugose bark that can be
implemented either in lieu of—or together with—tree belts to im-
prove trapping efficiency. Therefore, in conclusion, urban parks,
tram stops and urban railways should always be enclosed in a dense
network of tree belts and/or synthetic bark panels. In this way, even
highly populated areas could still preserve oases with PM levels not

particularly higher than a mountain village, at least relative to the
types and sources of PM described here.
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