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SUMMARY

The chronic exposure to particulate matter (PM) pollution causes societal and environmental
issues, in particular in urban areas where most citizen are regularly exposed to vehicular traffic.
Since almost two decades, environmental magnetic monitoring has demonstrated its efficiency
to successfully map relative concentrations of airborne particle deposition on accumulative
surfaces. A better understanding of the magnetic results requires discriminating the main
traffic-related sources of the observed signal on particle collectors. To meet this objective,
we investigated a sample set of exhaust and non-exhaust sources with respect to their mag-
netic fingerprints inferred from hysteresis loops, first-order reversal curve (FORC) diagrams,
temperature dependency of initial susceptibility and unmixing of isothermal remanent mag-
netization acquisition curves. The source sample set comprises 14 diesel and gasoline exhaust
smoke residues, 12 abrasive-fatigue wear test pieces from worn brake-pads, brake powders,
worn tire-tread and three resuspension products: asphalt concrete, street dust and Saharan
mineral dust deposited by precipitation after long-range eolian transport. Magnetic properties
of the source samples were compared to those from various accumulative surfaces exposed to
urban traffic (passive collectors, filters of facemasks for cycling, plant leaves and tree barks).
We found some fingerprints of exhaust pipes and brake wear products on these collectors. The
findings highlight the relevance of environmental magnetism tools to characterize different
traffic-related source signals in accumulative surfaces in urban environment.

Key words: Environmental magnetism; Magnetic mineralogy and petrology; Rock and min-
eral magnetism.

regulatory directive imposed by the European Union. This directive

1. INTRODUCTION is objectively ill-suited for monitoring the ultrafine particles in the
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The European Environment Agency reported that in 2019, nearly
307 000 premature deaths were related to chronic exposure to par-
ticulate matter (PM) in Europe, besides 40400 to nitrogen dioxide
and 16 800 to ozone exposure (EEA 2021). This makes PM air pol-
lution one of the major environmental, societal and health concerns
(Lelieveld et al. 2020). Chronic exposure to fine PM (aerodynamic
diameter < 2.5 um = PM,s) is known to be a disease-specific
hazard both to the cardiovascular-respiratory system (Konduracka
& Rostoff 2022), and to the neurocognitive development (Costa
et al. 2020). Little is known about the ultrafine PM fraction (aero-
dynamic diameter < 0.1 pm = PM,) that is potentially more
hazardous. In fact, PM concentrations are measured in ugm=> by
the state-approved air quality measurement agencies following a

nanometer size range due to their extremely low mass compared
to the fact that they represent by far the most numerous particle
population (Seinfeld & Pandis 2016).

The fight to cut down PM pollution is a high priority public health
issue, in particular in the context of sustainable urban development.
While on 2022 June 8, the European Parliament lawmakers voted to
support a proposed ban on the sale of new gas-powered cars by 2035
to diminish greenhouse gas emissions and improve air quality, there
is growing evidence that PM emitted through combustion engines
is only part of the vehicular origin PM (Charron ef al. 2019; Grange
et al. 2021), which might temper the relevance of these policies.
Nevertheless, besides the industrial activities and residential heat-
ing fired with biomass, road traffic is known to be the main source
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of anthropogenic PM exposure in European urban areas (Maher
et al. 2013; Hama et al. 2017). PM emissions originating from ve-
hicle engine fuel combustions and emitted from the tailpipes are
called ‘exhaust emissions’. ‘Non-exhaust emissions’ are composed
of particles generated from abrasive-fatigue wear processes occur-
ring mainly in the vehicle braking system or in the contact of tires
with the road surfaces, and from road dust resuspension produced
with the movement of vehicles. Several studies attempted to char-
acterize the elemental composition of the exhaust and non-exhaust
emissions. For instance, Fe, Cu, Ba, Sb and Pb are the most impor-
tant constituents of brake wear (Grigoratos & Martini 2015; Gonet
& Maher 2019) and Zn for tire fatigue wear (Thorpe & Harrison
2008; Baensch-Baltruschat e al. 2020), while Cr, Zn, S, Cu, Mn,
Fe, Ba, Sn, Sb and Br are found in gasoline combustion residues.
Ni is present as a product of engine oil combustion, and Br, Ba, Zn,
Sb, Cr and Cu are found in diesel combustion residues (Sagnotti
et al. 2009; Pant & Harrison 2013; Liu ez al. 2019).

Magnetic measurements of dust deposition samples can provide
proxies to map traffic-related pollutants. Most of the Fe-bearing PM
released by traffic are ferromagnetic (sensu lato) metallic Fe or Fe-
oxides, such as magnetite, haematite, or maghaemite (Muxworthy
et al. 2002; Mabher et al. 2008; Hansard et al. 2012; Sanderson et al.
2016). Iron represents the third important traffic emission factor, ex-
pressed in pg vehicles™! km™!, after elementary and organic carbon,
respectively (Charron et al. 2019). Fe-rich particles often absorb
trace metals by affinity within their structure, such as C, Ni, Cu, Zn,
Ba, Cd, Pb and Mn (Hunt et al. 1984; Harrison & Jones 1995; Mux-
worthy et al. 2003; Maher et al. 2008; Cao et al. 2015; Yang et al.
2016). In combustion residues, Fe-bearing nanoparticles can be in-
corporated into carbon spherules next to various other trace metals
(Stone et al. 2017). Environmental magnetic methods applied to air
quality monitoring are based on a range of concentration, nature,
and size dependent parameters to quantify Fe-bearing PM, their as-
sociated oxides and trace metals. Originally, these techniques were
developed for the study of rocks and soils for (palaeo)environmental
applications (e.g. Maher & Thompson 1999). Moreover, studies by
Beckwith et al. 1986 , Hanesch and Scholger 2002, and Li et al.
2001 have shown that Pb, Cu, Zn and ferromagnetic minerals are
commonly associated with industrial and traffic-related emissions.
In many cities, the measurement of magnetic proxies has proven to
be a useful tool to map the relative concentration of PM depositions
on accumulative surfaces (e.g. Gautam et al. 2005; Hofman et al.
2017; Letaief et al. 2023b; Szonyi et al. 2008; Sagnotti et al. 2009;
Winkler et al. 2022). While many studies exist based on the identi-
fication of anthropogenic PM in soil, the use of various plants (tree
leaf and bark), moss or lichen as passive samplers has been popu-
larized because they are omnipresent in cities. They allow sampling
at breathing height and provide high-resolution records of spatial
and time-integrated information on local air quality (see e.g. Hof-
man et al. 2017, and references therein). Recently, Letaief et al.
(2020) have shown that the distribution of particle deposition on
accumulating surfaces observed with magnetic measurements was
remarkably consistent with that obtained from numerical modelling
of the atmospheric dispersion of traffic-related particles. This pre-
vious study provides a novel argument reinforcing the relevance
of the environmental magnetic approach as a mapping tool for the
near-source deposition of particulate pollutants.

Identifying the sources of the acquired magnetic signal is a pre-
requisite to be able to use this technique in comprehensive source-
to-sink surveys (Spassov et al. 2004; Sagnotti et al. 2006; Winkler
et al. 2021). The identification of the PM origin solely based on el-
emental analysis is ambiguous because the same chemical element

may stem from different sources. The purpose of this work is to
determine distinct magnetic properties by applying a wide variety
of techniques commonly employed in rock magnetism laboratories,
such as hysteresis measurements, first-order reversal curve (FORC)
diagrams, variation of initial susceptibility with temperature and
acquisition curves of isothermal remanent magnetization (IRM).
To this end, we analysed samples selected from about 30 poten-
tial PM sources linked to vehicular traffic in urban areas (exhaust
and non-exhaust emissions) checking for specific pattern in each
of them. Additionally, we compared the magnetic signal of these
potential sources with the magnetic signal of PM deposited on dif-
ferent accumulative surfaces, such as tree leaves, tree barks, as well
as passive filters, and pollution mask filters used by cyclists in urban
environments.

2. MATERIAL AND METHODS
2.1 Samples

2.1.1 Traffic-related source samples

Exhaust pipe samples were taken either by wiping the inside of the
tube end of different vehicle models with a non-magnetic cellulose
tissue or by directly removing the powder inside the tailpipe with
a plastic spatula (Table 1). We chose cars with various registra-
tion dates to study the possible influence of the European emission
standards on magnetic characterization (Table SI-1, Supporting In-
formation). We collected between one and four samples from the
following types of cars: Euro-1 (1993-1996), Euro-2 (1996-2000),
Euro-3 (2001-2003), Euro-4 (2004-2010), Euro-5 (2011-2015)
and Euro-6 (past September 2015), including for this latter cate-
gory one specimen from a hybrid car.

Regarding vehicle wear products (Table 1), we obtained six types
of worn brake pads and one worn tire from a car mechanic shop.
Although tire wear PM is considered to be responsible for a negli-
gible portion of road dust mainly in the nanometer size (Dahl et al.
2006; Foitzik et al. 2018), we were interested in characterizing the
magnetic properties from this type of source. We sampled worn
brake pads and tire tread because the increase in temperature due
to heat generation from shear and frictional forces may alter the
chemical composition of these materials from their original state.
Thus, our samples correspond as close as possible to the car traffic
context. The worn brake pads were shredded into millimetre-sized
fragments. We removed the surface layer of the tire tread to sup-
press the material incorporated by the contact of the tire with the
road surface. In addition, two samples of brake powder released
by abrasive-corrosive wear were collected from the whole braking
system of a diesel Euro-4 and a gasoline Euro-3 cars by remov-
ing and scraping the dust powder around the wheel rim, the brake
disks and pads. Besides, fresh asphalt concrete was recovered on a
construction site in the city of Montpellier, France.

Finally, we chose to sample street and mineral dust as wear prod-
uct of traffic related PM-resuspension. The street dust sample was
recovered with a small portable vacuum cleaner in a street in the
center of Montpellier where traffic is 7000 veh d~!. 4 priori, we as-
sume that at least all sources of traffic-related PM (exhaust and non-
exhaust) may be found in the street dust (Vlasov et al. 2022). The
mineral dust sample was collected after a Saharan wet-deposition
episode in 2020 May, by wiping accumulative surfaces such as
car windshields or garden tables with cleaning tissues. Such eolian
mineral dust is frequently deposited by precipitation over Europe
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Table 1. A comprehensive list of samples used in this study according to their specific methods of sampling and measurement.

Samples Type Day Plot FORC diagrams kg versus temperature ~ IRM acquisition
Diesel Euro-3 Powder X X X VSM
Diesel Euro-4.1 Powder X X X 2G-Cryo
Diesel Euro-4.2 Powder X X X VSM
Gasoline Euro-1 Cellulose tissue X X

Gasoline Euro-2.1 Cellulose tissue X X

Gasoline Euro-2.2 Cellulose tissue X X

Gasoline Euro-3 Cellulose tissue X X

Gasoline Euro-4 Cellulose tissue X X

Gasoline Euro-5 Powder X X X 2G-Cryo
Gasoline Euro-6.1 Cellulose tissue X X

Gasoline Euro-6.2 Cellulose tissue X X

Gasoline Euro-6.3 Cellulose tissue X X

Gasoline Euro-6.4 Cellulose tissue X X

Hybrid Euro-6 Cellulose tissue X X

BrP1 Worn brake pad X X X VSM
BrpP2 Worn brake pad X X X JRS5-A
BrP3 Worn brake pad X X X VSM
BrP4 Worn brake pad X X X JRS5-A
BrP5 Worn brake pad X X X VSM
BrP6 Worn brake pad X X X VSM
Brake dust 1 Powder X X X JRS5-A
Brake dust 2 Powder X X X VSM
Asphalt Fresh concrete X X X 2G-Cryo
Tire Tire thread X X VSM
Mineral dust Saharan wet-deposition X X X VSM
Street dust Canyon street dust X X X VSM
Bark Platanus bark X X

Plant leaf Platanus leaves X X

Charcoal _Paris Pollution masks for cyclists X X

Charcoal_Bogota Pollution masks for cyclists X X

Electromagnetic_Mexico Pollution masks for cyclists X X

Electromagnetic_Paris Pollution masks for cyclists X X

Cercis leaves Plant leaves X X 2G-Cryo
Eleagnus leaves Plant leaves X X 2G-Cryo
Passive filter Paper filter X X VSM

Notes. For the IRM acquisition experiments, the apparatus used is also specified: ‘“VSM’ is the vibrating sample magnetometer at IPGP;
2G-Cryo’ indicated experiments performed at the University of Montpellier using an impulse magnetizer to generate IRMs and a 2G-SQUID

or a JR-5 spinner magnetometer.

(Szuszkiewicz et al. 2023), and it is a non-negligible but episodic
source of PM that can be re-suspended by traffic. However, by sam-
pling a single rain event, this sample is not necessarily representative
of all potential dust sources that may have different magnetic signa-
tures (Lyons et al. 2012). In the following, we will call this sample
mineral dust as it may just as well come from the Sahel zone.

2.1.2 Passive accumulative surface samples

All accumulative surface samples used in this study refer to pas-
sive sampling methods. Active sampling from air quality stations,
for example, was not considered. We selected tree representative
leaf and bark samples that are part of a larger magnetic-monitoring
study in the city of Paris (Carvallo et al. 2024). Magnetic suscep-
tibility and isothermal remanence magnetic moment of biological
samples are usually quite weak, in the order of 10~7 m?® kg~' and
10~° A m?, respectively. Therefore, we chose samples carrying the
strongest magnetic signal to compare them with source signatures.
Tree leaf samples from Platanus x acerifolia and Populus nigra
were collected in 2012 May at heights around 2 m, at the edge of
busy traffic roads riparian to the Seine River and close to major
road intersections. The tree bark samples were collected in 2016

February from a plane tree also situated along a busy road along the
Seine River, at around ~1.5 m height.

To enable the most comprehensive comparison with sources, we
characterized four pollution masks filters worn by cyclists in Paris,
Bogota, and México City. There are two different types of filters:
either electromagnetic (according to the manufacturing company
documentation, the filter uses electrostatically charged fibres to at-
tract airborne particulates down to 0.3 pm in size) or active charcoal
(95 per cent pure charcoal weave, laminated with medical grade
non-woven polypropylene material). The masks were worn for 2-3
weeks (during the year 2019) after which they were visibly dirty.
For magnetic measurements, the filters were cut open and the in-
side layer was tightly packed into gelatin capsules. Therefore, mass
normalization was not possible for these samples.

2.2 Measurement methods

2.2.1 Hysteresis properties and FORC diagrams

Measurements of magnetic properties were performed on samples
tightly packed in gelatin capsules using a Lakeshore vibrating sam-
ple magnetometer (VSM), which is part of the Mineral Magnetism
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Analysis Platform at IPGP-IMPMC laboratories. Magnetic hystere-
sis curves, that is, the variation of the magnetization with an applied
field, were measured in maximum applied fields between 0.5 and 1.8
T and enabled us to obtain the values of the major-loop hysteresis
parameters, which are the coercive field B, the saturation magne-
tization M and the remanent magnetization M, respectively. Co-
ercivity of remanence B, was obtained by backfield curves, which
monitor the decrease of the remanent magnetization after saturation
with an increasingly negative laboratory field (down to —45 mT).
The hysteresis loop parameters were directly corrected for diamag-
netic and paramagnetic contributions and are used to calculate the
ratios: M,/M; and B.,/B., are plotted subsequently on a two-variable
scatter plot (Day et al. 1977). The mixing curves for pure magnetite
particles of different domain states (Dunlop 2002) are superimposed
on the observed hysteresis data plot to obtain further indications on
the domain states of the magnetic carriers present in our samples.

FORC diagrams, calculated from multiple minor hysteresis
curves, provide in first approximation information on the distribu-
tion of micro coercivities (along the horizontal axis) and interaction
fields (along the vertical axis) in a given sample (e.g. Pike et al.
1999; Stancu et al. 2003; Carvallo ef al. 2005, 2006). For the weak-
est magnetized samples, between 10 and 20 individual diagrams
were measured and averaged to further decrease the noise on the
final FORC diagrams. Averaging times were set at 0.1 or 0.2 s.
Magnetic particles with different domain states plot in different ar-
eas of the FORC diagram (Roberts e al. 2000). Therefore, it is a
powerful tool to characterize magnetic domain states for samples
containing a mixed domain-size assemblage and/or a range of dif-
ferent coercivities. The resulting diagrams were analysed using the
FORCinel software (Harrison & Feinberg 2008), with a variable
smoothing factor depending on the type of sample (Egli 2013).
Applying larger smoothing factors to the background reduces the
noise level considerably while preserving the areas along the axes
with relatively small smoothing factors. To compare the diagrams
between sources sample, the same smoothing factor was used for
all: vertical and central ridge = 10; and horizontal and vertical
smoothing = 15.

2.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) observations were carried out
at the IMPMC using a FEG Zeiss Ultra55 SEM. Tree leaves, tree
bark and car brake samples were deposited as dry powders in thin
layers on carbon tape mounted on SEM stubs. All other samples
(Table 1) were left on the cellulose tissue mounted on a stub and
observed as is. Stubs were coated with a thin carbon layer (10 nm)
to increase electrical conductivity during the observation. Observa-
tions were carried out using a backscattered electron (BSE) mode.
A Brucker QUANTAX X-ray detector, coupled to the microscope
system, was used to perform semi-quantitative elemental analysis
through energy dispersive X-ray spectroscopy (EDXS) on individ-
ual particles. Data were recorded at 15 kV.

2.2.3 Initial low-field magnetic susceptibility versus temperature

The magnetic susceptibility (k) quantifies the proportion of how
magnetizable a material is (Dearing 1999), thus reflecting variations
in nature and/or in volumetric concentration of magnetic minerals.
Temperature dependence of magnetic susceptibility is typically in-
vestigated to determine the Curie temperature of ferromagnetic
(sensu lato) materials. In this study, we use the normalized initial

susceptibility (&), which is the initial reversible susceptibility nor-
malized to the &y values measured at 20 °C during heating (Dunlop
2014). The temperature dependency of low-field magnetic suscepti-
bility (ky—T) was investigated using the Agico KLY-3S Kappabridge
coupled with a CS-L low-temperature apparatus and a CS-3 furnace
temperature control unit at the Geosciences laboratory of the Uni-
versity of Montpellier. The CS-L apparatus has been designed for
continuous susceptibility measurements in the range from —194 °C
to room temperature. The apparatus is composed of a non-magnetic
cryostat with a special platinum thermometer. A small quantity of
powder (0.04 to 0.4 g) is put in a silicon glass measuring tube, and
then cooled down to —194 °C using liquid nitrogen. Subsequently,
the same specimen is placed in the CS-3 non-magnetic furnace
to measure a heating-cooling cycle from room temperature up to
700 °C. The raw susceptibility data were corrected for the empty
sample holder. Assuming that the Curie temperature(s) detected for
a given sample follow a normal distribution, the mean Curie tem-
perature is determined by the inflection point method (Prévot et al.
1983), corresponding to the second derivative of the k,—7 curve is
zero. The dispersion of the Curie temperature(s) around their mean
temperature is characterized by the temperature interval determined
by the minimum and the maximum of the second derivative brack-
eting the mean Curie temperature. Unfortunately, due to the small
amount of material in exhaust specimen, only three samples from
this category (one diesel Euro-3, one diesel Euro-4, and one gaso-
line Euro-5) could be used to perform initial magnetic susceptibility
versus temperature measurements and unmixing analyses.

2.2.4 IRM acquisition and unmixing analysis

IRM cumulative acquisition is commonly used to identify mix-
tures of magnetic materials (Robertson & France 1994). Prior to
the acquisition, all samples, placed in 8-cc plastic cubes or 0.21-cc
transparent gelatin capsules, and their sample holders, were de-
magnetized applying a 170 mT alternating field. Subsequently, the
representative source samples were measured prior to the IRM ac-
quisition to set the baseline. Finally, stepwise IRMs were manually
imparted to the sample with an impulse magnetizer, ASC Model
IM-10-30, in 30 increments ranging from 1 up to 2800 mT. To pre-
vent any bias due to viscous effects, the samples have been placed
in a zero-field for 24 hr right after each IRM acquisition step and
prior to measurement. The magnetic moment was measured using
a 2G-SQUID magnetometer and an AGICO JR5A spinner magne-
tometer at the Geosciences laboratory of the University of Montpel-
lier for one sample of diesel, gasoline and asphalt (Table 1), and for
strongly magnetized samples such as brake pads, respectively. The
measurement steps were chosen to be approximately equidistant on
a log-scale. To enrich our data set, we performed additional IRM
acquisition curves with the VSM (Table 1). This was possible by
first checking on a few samples that the IRM acquisition curves
obtained with the VSM are similar to those obtained with the 2 G
and the JR5A. For these measurements, the ultrafine/SP fraction of
PM is not considered, because IRM acquisition does not consider
the magnetic components that are not able to retain a remanent
magnetization.

IRM unmixing is an inversion technique used on mixtures of at
least two magnetic components to estimate their microcoercivity
distributions that fit the bulk sample coercivity distribution contri-
bution given the assumption of a linear additivity. The microcoer-
civity of a grain depends on several factors, such as the domain
size, grain shape, chemical composition, defects and mechanical
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stress. By hypothesis, microcoercivity distributions follow a log-
normal distribution as long as no magnetic interactions are present
(Kruiver et al. 2001; Egli 2004). In this case, the progressive IRM
acquisition curve acquired by the magnetic assemblages may be
approximated by a cumulative log-Gaussian (CLG) function of the
magnetizing field (Robertson & France 1994), where each CLG
function (or component) is described by three parameters (Robert-
son & France 1994): (1) the height of the CLG function or its
saturation (~SIRM); (2) the applied field at which half the SIRM is
acquired (B),,) and (3) and the dispersion parameter corresponding
to the standard deviation of the log-distribution. By deconvoluting
the signal, it becomes possible to generate hypotheses concerning
the characteristics of the various magnetic carriers and potentially
their magnetic behaviour in relation to the size of their magnetic
domains. However, it is challenging, if not impossible, to determine
the specific concentrations of each component based solely on the
height of the CLG functions. This is because the strength of the
imparted IRM is heavily influenced by the characteristics of the
magnetic materials involved. The inflections observed on the IRM
acquisition curve clearly indicate the successive SIRM onsets for
each component. Finally, unmixing analysis of the individual log-
normal populations that contribute to an IRM bulk distribution were
modelled by means of a dedicated computer program created in-
house based on a Bayesian approach with a Monte-Carlo-Markov
Chains algorithm (Marin & Robert 2014). For further details, the
Bayesian method is justified and explained in appendix 2.

3. RESULTS AND DISCUSSION

3.1 Elemental and morphological characterization of PM

Fig. 1 presents representative examples of images obtained by SEM
equipped with a BSE detector. The semi-quantitative elemental
analyses performed with EDXS corresponding to these images are
summarized in Table 2.

3.1.1 SEM of exhaust emission samples

The PM emitted from car exhaust are often constituted of rounded,
micro- to nanospheres Fe-bearing particles (Abdul-Razzaq & Gau-
tam 2001; Yang et al. 2016) depending on the combustion condi-
tions. However, the images display various particle types, mostly
clustered and often irregularly shaped. They are well below the
PM,; 5 size limit in all source samples from vehicles (Fig. 1). The
PMs observed in the gasoline Euro-4 exhaust emission sample
(Fig. 1a) show both isolated and clustered particles, ranging from
2 to 10 pm. Ten particles were analysed by semi-quantitative el-
emental analysis. They all show the presence of Fe, and most of
them contain a few wt per cent of Ni. Additional metallic elements
detected are Cu and Zn in two and three particles, respectively. We
identified one particle rich in Cr, and another one rich in Ce, Zr and
Pt which may originate from an exhaust gas purifying catalyst (En-
gler et al. 1989). Other elements identified in almost every EDXS
analysis are Al, Si, Mg, P, Ca and S.

The SEM images of all gasoline Euro-6 exhaust samples show
a mix of isolated particles and clusters (Fig. 1b). Iron is present in
all 11 particles studied with EDXS, Cu was detected in 10 particles
(0.3—-8 wt per cent) and Cr in six particles (0.4-7.2 wt per cent).
We also observed Ni in four of them, and up to 3 wt per cent of Zn
and Zr in two different particles. Just as in the Euro-4 sample, Mg,
Al, Si, P and S are also present, often in small quantities. Individual
particles observed on images are frequently smaller than 1 pm.

Traffic-related particulate matter sources 1509

The presence of Cr, Zn, Cu and Ni in exhaust and exhaust-related
emissions is consistent with other studies (e.g. Pant & Harrison
2013). However, because samples were collected by wiping the in-
side of the exhaust pipe, it cannot be completely excluded that some
particles originate from the pipe itself and not from the combustion
processes.

3.1.2 SEM of wear product samples

The SEM images from brake powder sample (Fig. 1¢) also show
numerous individual or clusters of particles with an angular shape,
characteristic of particles derived from abrasive wear, and with sizes
ranging from 1 to 10 um. The seven Fe-rich particles analysed with
EDXS also show the associated presence of Cu between 0.5 and 2.2
wt per cent, and Al and Si between 0.5 and 5.6 wt per cent. The
presence of Cu agrees with results from Pant & Harrison (2013) and
Grigoratos & Martini (2015). However, the elemental composition
of brake pads can be very diverse. Here, we analysed one type of
brake powder, which might probably not be representative of the
entire signature of the actual impact of this wear product in the
urban PM composition.

3.1.3 SEM of accumulative surface samples

It is very likely that some of the detected elements in the PM are
of natural origin, thus not anthropogenic, and represent a detrital
mineral background of the urban signal. However, it is difficult to
separate the detrital from the anthropogenic signal solely based on
their elemental signature. For instance, Si could have a geological
origin, as well as industrial or vehicular origin, as it was detected in
both exhaust emissions and brake powder.

Selected SEM images of tree leaf and bark samples are presented
in Figs 1(d)—(f). Isolated Fe-rich particles ranging from a few mi-
crometres to < 1 pum, are visible on the surface of the plane leaf
surface structure (Fig. 1d). Copper is detected in three out of five
particles analysed in this sample (2.8-6.7 wt per cent), Zr (2.1 wt
per cent), Sb (0.8 wt per cent) and Ba (1.2 wt per cent) in one parti-
cle. Plane tree bark samples were investigated as intact bark surface
sample (Fig. le) and as homogenized dry powder (Fig. 1f). On the
intact tree bark surface, we observe the individual particles trapped
within the fibre-rich structure of the plane tree bark. Both bark sam-
ples show very small particles (< 1 pm) as well as larger particles
embedded into the bark fragments. These images demonstrate very
well the natural efficiency of tree bark to trap airborne PM. Again,
Cu is associated with Fe in these particles (0.6-3.7 wt per cent in
15 out of 22 studied particles) and more occasionally Fe was found
next to Ti (0.4-24.6 wt per cent in four particles), Zn (0.5-2.9 wt
per cent in three particles), Sn (0.4-2 wt per cent in three particles),
Ba (1.4-2.3 wt per cent in two particles) and Cr and Sb (0.8-1.3
wt per cent, respectively, each in one particle). One Zr-rich particle
(44 wt per cent) was also identified. Most of the particles analysed
on these accumulative surfaces also contain some Al, Si, Mg, Ca
and S.

Fig. 1(g) shows a particle cluster deposited on the cyclist mask
filter used in Paris, that is composed of one large angular particle
(~10 pwm) nested in a cluster of much smaller particles (< 1 um
corresponding to the PM; fraction). Fourteen individual particles
were analysed with EDXS. They are all Fe-rich, with some contri-
butions of Al, Si and Mg up to a few wt per cent. Cu (25 wt per
cent) is also present in seven particles, Sn (~1 wt per cent) was
found in four of them, Zn (~1 wt per cent) in three of them, and Cr
and Zr (0.5 wt per cent) in two particles. Finally, the SEM image
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Figure 1. Representative examples of SEM images (using BSE detector) for: (a) gasoline Euro-4 exhaust sample; (b) gasoline Euro-6 exhaust sample; (c)
brake powder sample; (d) plane tree leaf sample; () and (f) plane tree bark; (g) electromagnetic pollution mask filter from Paris; and (h) electromagnetic
pollution mask filter from Bogota. EDXS spot analysis on PMs is indicated with arrows, results are summarized in Table 2.

of the cyclist mask filter used in Bogota (Fig. 1h) shows similar
particles with sizes from about 20 pum down to the pm (PM; 5) and
nm (PMy ) size range, with some of them even smaller belonging
rather to the PM, ; range. EDXS analyses on 15 PMs show that they
are mostly composed of Fe and Si. Calcium, Al, K, Na and Cl are
also present (not shown on figures). Unlike the Paris filter, other
metallic elements appear only rarely: Zn, Cu and Cr are identified
in only one particle.

Almost all accumulative surface samples show the presence of
Cu, Zn and Cr, which were also identified in our source samples.
Other elements, that were not detected in our source samples are Sn,
Ba and Sb. Those elements can nevertheless be found in brake wear
as well as exhaust-related products (e.g. Pant & Harrison 2013).
However, it seems difficult to discriminate the origin of PM based
solely on the elemental composition and PM size, as many elements
can be emitted by various sources, and PM sizes are generally very
diverse, ranging in all samples from sub-pum to several tens of pm.

3.2 Magnetic domain behaviour

3.2.1 Exhaust emission samples

The Day plot (Fig. 2) allows to separate the samples according to
their European norms and their fuel type. The three diesel sam-
ples are tightly grouped close to the SD-MD (single domain—
multidomain) mixing line, suggesting a contribution equivalent to

a mixture of about 70 per cent MD magnetite versus 30 per cent SD
magnetite (Dunlop 2002). This result fits well with the specific bi-
modal particle size distribution for exhaust emissions showing two
peaks at 20—40 and 50-90 nm described by Kumar ef al. (2008) and
Liati et al. (2012). In contrast, the gasoline samples plot in a large
range between the two SD—SP and SD-MD mixing lines, somewhat
closer to the MD range. This is different from the results of Sag-
notti ef al. (2009), who found that gasoline samples have a higher
contribution of SD magnetite grains than diesel samples, along the
mixing line.

As shown by Sheikh et al. (2022), the FORC diagrams of the
exhaust pipes are described by a signal that extends along the hori-
zontal B, axis and some vertical spreading around the SP—SD ridge
(Fig. 3). Nevertheless, some differences between the Euro norms
and the type of fuel may be noted: gasoline Euro-1, Euro-6 and hy-
brid tailpipe samples are characterized by MD-like behaviours with
a wide vertical profile of their FORC distribution and a horizontal
profile that does not extend to coercivities higher than 20-25 mT,
although this same trend is not notable on the Day plot (Fig. 2). On
the contrary, gasoline Euro-2, 3, 4, 5 and diesel Euro-3 as well as 4
tailpipe sample signatures are less extended along the vertical axis
and spread along the horizontal axis, to various extents. This could
be explained by the contribution of finer SD magnetic particles.
However, even if some different patterns may be observed within
the same exhaust emission source, the precise distinction between
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Figure 2. Day plot for: exhaust and non-exhaust emission samples (compared respectively to data from Sagnotti e al. 2009; Sagnotti & Winkler 2012). SD:
single domain; MD: multidomain; and PSD: pseudo-single domain. Mixing lines for pure magnetite are plotted as continuous lines (Dunlop 2002).

samples exclusively by means of FORCs diagrams remains difficult,
as illustrated by the signal heterogeneities between the two gasoline
Euro-6 samples.

3.2.2 Wear product samples

Hysteresis parameters for brake pads, whether powder or bulk, dis-
play a large variability (Fig. 2), suggesting that their composition
is heterogeneous. They are mainly characterized by a strong M, a
small B, and an M,,/M; ratio around 0.03. These observations are in
line with a previous study that estimated the Fe-content in abrasive
wear-derived PM of more than 50 wt per cent (Garg et al. 2000),
explaining their high contribution to the total measured magnetic
signal. In addition, brake pads are known to be a predominant source
of non-exhaust PM emissions by contributing to a level of 55.3 per
cent + 7.0 per cent with particle masses in the range of 0.9—-11.5
pum aerodynamic diameter (Harrison ef al. 2012).

Regarding our results on the Day plot (Fig. 2), it appears that
the brake pad samples could be segregated into two groups: one
defined by a high B,/B, ratio (for BrP.3, BrP.4 and BrP.6) and the
second by a lower B /B, ratio (for BrP.1, BrP.2 and BrP.5). The
latter group is clearly distinguishable from the brake pad powder
samples, which plot further on the theoretical trends for SD-MD
and SD-SP magnetite grains (Fig. 2). This is consistent with the
measurements on brake dust previously reported by Sagnotti et al.
(2009) and Sagnotti & Winkler (2012). Nevertheless, the hysteresis
parameters for two brake pads (BrP.1 and BrP.2) are close to those
for the brake powder samples of our study.

In addition, the FORC diagrams for brake pads (Fig. 4) mainly
show a mixture of PSD (pseudo-single domain)/MD-like behaviours
(Roberts et al. 2014) with a large spreading on the B, axes, except for
the BrP.2 sample, which is more PSD-like (Fig. 4c). The difference

between brake pads and brake powder from the Day plot is also
visible on the FORC diagrams: the brake powder is more PSD-like
(Fig. 4a) with a trace of horizontal ridge which could be attributed
to an SD contribution with possibly a horizontal ridge visible when
smoothing is decreased. This could possibly be attributed to an
SP component as shown by Sheikh ef al. (2022). In any case, the
brake powder sample seems to have a lower MD contribution than
most brake pads. This could be explained by the fact that the MD
particles would be mechanically reduced during abrasion into finer
grains with a behaviour that would tend towards that of PSD or SD
grains.

Tire samples also plot in between the SD-MD and SP—SD mixing
lines on the Day plot, in the region with high B.,/B, ratios between
6 and 10 (Fig. 2). Only one sample had a magnetization strong
enough to perform an FORC diagram (resulting from the average of
12 diagrams). It shows a PSD-like behaviour with a high coercivity
tail (Fig. 4h). The asphalt sample plots on the SD-MD theoretical
mixing line, suggesting a contribution equivalent to 75 per cent of
MD magnetite grains (Fig. 2), but its magnetization was too low to
perform any FORC diagram.

3.2.3 Resuspension product samples

Road surface wear is responsible for emission of coarser PM (>
10 um; Kupiainen et al. 2005; Gustafsson et al. 2008). The mineral
and street dust samples plot in the PSD range on the Day plot be-
tween the two theoretical line trends (Fig. 2). Both FORC diagrams
(Figs 5a and b) show the presence of a range of magnetic domain
sizes, from SD to MD, with a contribution of SD magnetite grains
that is slightly more important for the urban dust sample than for
the mineral dust sample. This is in agreement with Larrasoana et al.
(2021) and Sagnotti et al. (2006), who concluded that the magnetic
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Figure 3. FORC diagrams for the exhaust pipe samples classified according to the fuel type and their respective Euro-norm.

properties of PM10 are not influenced by the presence of high con-
centration of North African dust, whose magnetic susceptibility is
negligible due to the presence of antiferromagnetic minerals. The
higher contribution of SD in the street dust sample ties with the ob-
servations reported in the literature about the predominance of PM
fractions > 1 um (Muxworthy et al. 2002; Kupiainen et al. 2005;
Duong & Lee 2011; Pant & Harrison 2013) and submicrometric
particles (Kupiainen et al. 2005).

3.2.4 Accumulative surface samples

All passive samples fall in-between the SD—SP and SD-MD mixing
lines (Fig. 6), which is consistent with the results published by
Sagnotti ez al. (2009) and Sagnotti & Winkler (2012).

The two FORC diagrams for plane tree leave and bark (Figs 7a
and b) show a similar pattern, which is intermediate between the
FORC diagram average pattern of brake pads and those of exhaust
pipe samples, as it was also highlighted by Sheikh et al. (2022). The
general pattern of our passive collector samples agree with those
reported by Sagnotti & Winkler (2012) on Quercus Ilex leaves in
Rome, Italy.

The two active charcoal cyclist filters used in Paris and Bogota
display similar FORC diagrams (Figs 7c and d) with the same

amount of spreading along both axes as the FORC diagrams of the
biological samples (plant leaves and tree bark). The FORC diagram
of the electromagnetic cyclist filter sample from Mexico (Fig. 7¢)
is different as it extends towards higher coercivities and the spread
along the vertical axis is smaller. Finally, the FORC diagram of
the electromagnetic cyclist filter from Paris extends slightly less
along both axes (Fig. 7f), even if the general aspect is similar to that
of the active charcoal filter. We can note that the high coercivity
component observed for the filter worn in Mexico, is similar to the
component in the Euro-2 to Euro-4 exhaust pipe identified in the
FORC diagrams. This could be representative of the generally older
vehicles still active in Mexico with less effective filtering engines
(International Organization of Motor Vehicle Manufacturers). The
average age of the vehicle fleet in France is about 10 yr (European
Automobile Manufacturer’s Association, Vehicles in use report,
2022), versus ~16 yr in Mexico (S&P Global Mobility) and ~17 yr
in Colombia (Asociacion Nacional de Movilidad Sostenible). How-
ever, it is possible that in the centre of Bogota, where the respective
mask was used, this age is likely to be younger because of the higher
living standards in this area. On the opposite, the mask used in Mex-
ico was used in a mixed area combined of countryside and small
cities. It must be kept in mind that the climatic and environmental
conditions in these three cities are very different, in terms of hu-
midity, wind/air circulation and precipitation rates. The composition
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Figure 4. FORC diagrams for vehicle wear products: (a) brake powder and brake pad samples, (b) BrP.1, (¢) BrP.2, (d) BrP.3, (e) BrP4, (f) BrP.5, (g) BrP.6 and
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Figure 5. FORC diagrams for resuspension products: (a) street dust, and
(b) mineral dust.

of the natural minerals present in soils (lithologic background) de-
posited on the filters may also have different magnetic compositions
and thus varying hysteresis behaviour.

3.3 Magnetic mineralogy

3.3.1 Exhaust emission samples

Because we were unable to perform temperature dependence ex-
periments of initial magnetic susceptibility for the exhaust samples
collected with cellulose tissues, we solely compared the thermal
behaviour of the diesel Euro-3, diesel Euro-4.1, diesel Euro-4.2 and
gasoline Euro-5 samples (Fig. 8). Diesel Euro-3 and diesel Euro-
4.2 samples display a very weak signal before reaching the Curie
point measured at 588 °C, and a thermochemical transformation
that causes the susceptibility to increase by more than one order
of magnitude during the cooling, and a change of slope at about
300°C (Figs 8a and c). This transformation during cooling was
also observed for the gasoline Euro-5 sample (Fig. 8d) for which
two Curie points were crossed: one at ~ 500 °C (probably Ti-, Al-
and/or Mg-substituted magnetite) and another at 675 °C, suggesting
the presence of haematite. However, this transformation is not ob-
served for the diesel Euro-4.1 sample (Fig. 8b), for which the signal
seems reversible. To sum up, our results show a wide variety of
ko—T behaviours, therefore, a larger number of such measurements
on various exhaust pipe samples (from different Euro-standards and
from different types of fuel) would be needed to establish distinct
discriminatory criteria based on the variation of susceptibility with
temperature.
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Figure 6. Accumulative surface samples compared to data from Sagnotti et al. (2009) and Sagnotti & Winkler (2012). SD: single-domain, MD: multidomain,
and PSD: pseudo-single domain. Mixing lines for magnetite are plotted as continuous lines (Dunlop 2002).

The magnetic mineralogy was further investigated with IRM un-
mixing experiments. The coercivity field distribution signals for the
diesel Euro-3 (Fig. 8e), diesel Euro-4.1 (Fig. 8f) and diesel Euro-4.2
(Fig. 8g) exhaust pipe samples are all explained at more than 90 per
cent by a main component (C3) centered at 50—60 mT, while another
major component at 20 mT is needed to explain the gasoline Euro-5
signal (C2; Fig. 8h). These observations suggest the presence of
PSD-MD magnetite-like material as the main magnetization car-
rier for the diesel samples, as observed on the Day plot, and the
additional presence of MD magnetite-like material for the gasoline
sample.

Besides, a minor contribution of a higher coercivity component
(C4) is observed around 500 mT for all exhaust pipe samples, sug-
gesting the presence of high coercivity material, such as haematite,
with a contribution to the total signal of about 4 per cent. Finally, the
C1 component located at very low coercivity (< 1 mT) is difficult
to interpret, it may explain the slight skewness of the IRM acqui-
sition curve first derivative, which might be caused by magnetic
interactions of the C2 component (Egli 2004).

To sum up, the differences between Euro-norms and type fuel, the
IRM acquisition signals of these four exhaust pipe samples show
two common components: the dominant C3 component between
30 and 60 mT and another high coercivity component C4 at ~560
mT. These observations are consistent with the ky—7 curves that
show a magnetite Curie point after a mineralogy transformation
during heating (particularly for diesel Euro-3 and gasoline Euro-5)
suggesting the presence of haematite in an oxidizing environment.

3.3.2 Wear product samples

The susceptibility temperature dependency curve for the brake pow-
der sample (Fig. 9a) indicates the presence of SD/PSD magnetite-

like material as suggested by the large Hopkinson peak at low tem-
peratures and a Curie temperature around 566 °C (Dunlop 2014).
In addition, another mineralogical phase characterized by a Curie
temperature above 700 °C is present. Regarding the brake pads, we
can divide the susceptibility thermomagnetic behaviour into two
different groups: one group for samples where magnetite was ob-
served (BrP.1, BrP.2, BrP.5 and BrP.6), and another one for samples
where magnetite was not observed (BrP.3 and BrP.4).

Samples BrP.1 (Fig. 9b) and BrP.2 (Fig. 9¢c) show the presence
of the Verwey transition at —152°C, which is more pronounced
for PSD/MD magnetite grains. This suggests the presence of PSD—
MD magnetite. In addition, a Curie point close to 560°C and a
flattened Hopkinson peak are observed, indicating the presence of
PSD magnetite. Samples BrP.5 (Fig. 9f) and BrP.6 (Fig. 9g) are
similar to BrP.2 with a more flattened Hopkinson peak.

Samples BrP.3 (Fig. 9d) and BrP4 (Fig. 9¢) do not display any
Verwey transition and the low inflexion at 565 °C suggests a much
lower amount of substituted magnetite compared to the other brake
pad samples. Nonetheless, a Hopkinson peak is still present as
well as a Curie point above 700 °C. The nature of the Hopkinson
peak is questionable since it is usually associated with the presence
of SD magnetite. However, the Curie temperatures above 700 °C
indicate the presence of iron, ferrite, or steel-type materials rather
than magnetite (Joshi er al. 1988). The Hopkinson peak could be
caused by domain wall unpinning in iron (Hopkinson 1889).

The coercivity spectra for the brake samples are different depend-
ing on whether the sample is a brake powder (Fig. 9h) or a piece of
brake pad (Figs 9i—n), as was also shown in their broad distribution
in the Day plot (Fig. 2). The coercivity field distribution for all wear-
derived product samples may be explained by the presence of about
80 per cent of a component around 50 mT, which can be related to
the presence of PSD-MD magnetite-like material. Note a difference
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Figure 7. FORC diagrams for (a) plane leaf, (b) plane bark, (c) electromagnetic cyclist filter from Mexico, (d) electromagnetic cyclist filter from Paris, (e)

active coal cyclist filter from Paris and (f) active coal cyclist filter from Bogota.

in trends between brake powder, BrP.1, and BrP.2 on one side and
BrP.3, BrP4, BrP.5 and BrP.6 on the other side. Indeed, the presence
of a high coercivity component (C4) around 1 T is found for the
latter samples, suggesting the presence of a high coercivity phase
with a large proportion, which is not the case for the brake powder,
BrP.1, and BrP.2 samples (Figs 9i and j). To summarize, it seems
that all brake pads present different magnetic properties, highlight-
ing the variety of compositions and manufacturing techniques from
one brand to another. Nevertheless, they all show the presence of
iron-steel-like materials, as suggested by Curie temperatures above
700°C.

The asphalt sample is characterized by a very low initial mag-
netic susceptibility (Fig. 10a) monitored from room temperature to
the sudden increase of susceptibility at 350 °C followed by a rapid
decrease around 470 °C. This phenomenon can be attributed to the
formation of magnetite during the laboratory heating experiments.
Besides, in the cooling curve, a secondary transition around 350 °C
suggests the presence of maghaemite-like material probably created
by the oxidation of secondary magnetite. This ties in with the pres-
ence of three components (Fig. 10b) around 50 mT (C2 and C3) and
one other higher than 1 T (C4). Finally, the absence of saturation
above 1 T (Fig. 10b) might be associated with a contribution from
goethite.

In addition, studies from Milani et al. (2004) and Thorpe & Har-
rison (2008) have shown that tires may be composed of around 50
per cent rubber, 20 per cent of black carbon and 20 per cent of

metals including Cu, Cd, and especially Zn. Thus, they are charac-
terized by low concentrations of Fe-bearing nanoparticles, as also
highlighted by magnetite hysteresis analyses (Fig. 2). Although we
were not able to obtain any ky—7 measurements on tires due to the
risk of heating material such rubber samples at high temperatures,
we performed IRM acquisition experiments. These analyses allow
the identification of three components (Fig. 10c): the first one (C1),
with a coercivity around 6 mT is difficult to interpret, whereas the
dominant component C2 is located around 50 mT and suggests
the contribution of PSD-MD-magnetite-like materials. Finally, the
third component at around 600 mT indicates the presence of a min-
eral with a high coercivity.

3.3.3 Resuspension product samples

The resuspension of street dust is a major source of urban PM
(Lawrence et al. 2013; Pant & Harrison 2013; Vlasov et al. 2022)
and can be described as a complex mixture of natural soil and
traffic-derived PM including both exhaust and non-exhaust emis-
sions (Gonet & Maher 2019). The ky—T curves for street (Fig. 11a)
and mineral dust samples (Fig. 11b) show a high magnetic suscepti-
bility during the heating phase with a Hopkinson effect. In addition,
the presence of three successive Curie points at 80, 290 and 567 °C,
and probably an unreached one above 700 °C, for the street dust
sample. These temperatures suggest the presence of an assemblage
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Figure 8. Magnetic mineralogy studied from temperature dependency of magnetic susceptibility (ko—7 curves): (a) diesel Euro-3 exhaust pipe, (b) diesel
Euro-4.1, (c) diesel Euro-4.2 and (d) gasoline Euro-5 exhaust pipes. Unmixing of the IRM acquisition curves for: (e) diesel Euro-3, (f) diesel Euro-4.1, (g)
diesel Euro-4.2 and (h) gasoline Euro-5; and red line corresponds to heating and blue line to cooling curves.
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Figure 10. ko—7 curves and IRM unmixing analysis for wear products: (a) and (b) asphalt sample and IRM unmixing analysis for (c) tire 1 sample. For the

ko—T analysis, heating (cooling) curves are represented in red (blue).

of goethite, a non-reversible maghaemite phase, a substituted mag-
netite supported by a slight Verwey transition at —152 °C, and the
presence of iron-cast or steel, respectively. Finally, we also note that
the shape of the ky—T curve of the street dust sample is very similar
to that of the brake powder sample, suggesting that brake powder
could be an important component of street dust.

The unmixing curve for street dust (Fig. 11c) appears very sim-
ilar to the one for brake powder (Fig. 9h) with the presence of two
low coercivity components (C2 and C3) at around 10 and 30 mT, re-
spectively, suggesting the presence of MD and PSD-like magnetite.
These observations tie with several studies, which have shown that
roadside submicrometric fractions of PM are characterized by high-
Fe concentrations (e.g. Yang et al. 2016). This Fe may come in
a number of different minerals such as: magnetite, metallic Fe,
haematite and other phases (Xie e al. 1999, 2001).

Regarding the mineral dust sample (Fig. 11d), we observe a
very low coercivity component (C1 < 1 mT), and a mixture of the
two components C2 and C3 illustrated in the street dust sample
as a C3bis component at 30 mT, suggesting the presence of PSD-
like magnetite. Additionally, we note the presence of a third high-
coercivity component around 630 mT.

3.3.4 Accumulative surface samples

The passive samples (filters and biological sensors) have a magnetic
signal composed of a combination of different potential sources. In-
deed, the FORC diagrams of these samples (Fig. 7) display a high
coercivity component in the range of 60—80 mT, similar to that
obtained from the gasoline Euro-2, 3 and 4 exhaust pipe samples.

A strong peak at the origin of the diagram with a vertical spread
is also observed and is comparable to what is observed for gaso-
line Euro-1 and Euro-6 exhaust pipe residuals and brake powder
samples. Moreover, the coercivity field distribution from passive
samples is explained by three to four magnetic components for
plant leave samples (Figs 12a and b), while it was necessary to
fit five components for the passive filter (Fig. 12¢) sampled in a
street canyon. Since the two plant leave samples display a similar
distribution shape, while a dis-symmetry of the distribution by two
inflexion points are observed for the passive filter sample, which
might explain the need for five components instead of four. These
slight differences between the samples might be attributed to the
nature of the accumulative surfaces themselves.

3.5 Is environmental magnetism methodology efficient to
characterize urban air quality?

In many cities, the measurement of magnetic proxies has proven to
be an efficient and useful tool to map PM pollution. However, mag-
netic methods are limited to the detection of magnetic particles. This
study is a source-to-sink approach, in which we combine different
environmental magnetism techniques to characterize the potential
traffic-related sources of PM and evaluate the contribution of each
of them to the total magnetic signal measured on accumulative
surfaces. The Day plot (Fig. 2) is effective on one hand in dis-
criminating the magnetic signals from sources such as diesel from
gasoline exhaust pipes and brakes (whether bulk or powder). On the
other hand, the contribution of exhaust pipes and brake powders in
the magnetic signal measured on passive sensors, especially plants,
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Figure 12. Magnetic mineralogy studied from the unmixing of the IRM acquisition curves for: (a) plant leaves (Cercis silisquatrum); (b) plant leaves

(Elaeagnus) and (c) passive paper filter.

may be determined from a qualitative standpoint since they are
found in the same location on the Day plot. Sheikh et al. (2022) ex-
plained that FORC diagrams show distinctive magnetic fingerprints
between the various sources. The authors presented this method as
a way to identify and quantify the relative contributions of exhaust
and brake pad emissions. The present study, based on a more ex-
tended inventory of source categories, complements this previous
work and shows a high heterogeneity between samples belonging to
the same source type and the difficulty of defining sharp first-order
trends. FORC diagrams are not discriminating alone since there
are large variations of the magnetic signal measured inside a single
source category.

The initial variation in susceptibility with temperature showed
that diesel and gasoline exhaust pipes (Figs 8a—c) have very low
mass magnetic susceptibility at room temperature (around 10~%

m? kg~!). This reveals that low-field magnetic susceptibility mea-
sured at room temperature is probably not the ideal proxy parameter
to determine exhaust emissions contribution in the signal measured
on sensors. In addition, it is often not possible to measure the mass of
the particles collected on certain sensors due to the very small quan-
tities deposited and the impossibility of extracting them from their
support. However, it is a reasonable parameter for discriminating
contributions from brake pads from exhaust PM, since our results
reveal high magnetic susceptibility values (between 400 and 40 000
1078 m? kg~!) at room temperature and the presence of Curie tem-
peratures above 700 °C. Finally, the analysis of the coercivity field
distributions derived from IRM acquisition curves provides prelim-
inary results from both different magnetic mineralogy assemblages
and grain sizes, as well as their contributions to the total magnetic
signal measured.
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Table 3. Magnetic parameters characterizing the different sources.
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Day plot and FORC diagrams

Temperature dependency of
susceptibility (kT)

Unmixing of IRM acquisition curve

Tailpipes

Brake pads

Brake powder

Street dust

Mineral dust

Tires

Asphalt concrete

Diesel : ~70 per cent MD et
30 per cent SD- magnetite;
Gasoline: increase of MD-like
behaviour

Two clusters:

(1)4mT < B, <8
mT—MD-like behaviour;

(2) Ber > 14 mT—more
PSD-like behaviour

Similar to cluster (2) of brake
pad:

B = 30,79 mT—PSD-like
behaviour

PSD range

+ slight contribution of SD

PSD range

— High B¢ — Low M and M;;
—PSD-like behaviour FORCs
with a high coercivity tail
Contribution of ~ 75 per cent
MD magnetite

— Very low susceptibility at
room 7' (°C);

— Transformation of magnetic
mineral during cooling.

Two clusters:

(1) Hopkinson peak—SD/PSD
magnetite

+ magnetite Curie point;

+ T, > 700 °C iron/steel;

(2) Verwey
transition—PSD/MD
magnetite

+ magnetite Curie point,

+ T. > 700 °C—iron/steel.

— Hopkinson peak—SD/PSD
magnetite

— a slightly lower than
magnetite Curie point ~550°C
— High susceptibility at room
temperature;

— Hopkinson effect;

— Successive Curie points:
diverse magnetic mineralogy;
— T, > 700 °C—iron/steel

— High susceptibility at room
temperature; — Hopkinson
effect

None

— Low susceptibility at room
temperature; — Magnetite
experimentally found during

Whether Euro norms, diesel or gasoline: 3 components with a
main one (~30-60 mT) and a high coercivity (~ 1 T).

Two clusters:

(1) two components: low coercivity-like material;

(2) three components including a major one around 50 mT and
a high coercivity one around 1T.

Two components:
—C1 ~ 20 mT—MD-like magnetite,
— C2 ~ 60 mT—PSD-like magnetite.

Two components:
— C1 ~ 10 mT, MD-like magnetite
,— C2 ~ 30 mT, PSD-like magnetite

Three components:

—C1 < 5 mT, — C3bis (major) ~ 40 mT—PSD-like magnetite,
— C4 around 1T—haematite-like

Three components: — C1 = < 1 mT, not interpretable

— C2 (major) ~50 mT—PSD-like magnetite,

—C3 ~500 mT

Four components:

- Cl < ImT—not interpretable;
- C2 and C3 ~50 mT—PSD-like magnetite; — C4 ~

heating;

1 T—haematite-like

— Magnetite oxidation during

cooling

The use of accumulative surfaces (passive filters, tree leaves, tree
bark, lichens, moss and any other type of accumulative surface) to
monitor particle airborne pollution has been popularized because
they are low-cost, straight forward to deploy, plants are widely
distributed in cities, and these studies could be easily conducted
as citizen science studies (Leite ef al. 2022; Letaief et al. 2023b).
These accumulative surfaces allow sampling at breathing height and
can provide a high-resolution record of location-specific and time-
integrated information on local air quality. For example, Castanheiro
et al. (2020) measured the magnetic signature and element content
of the accumulation of atmospheric dust depositions on leaves in
Edegem (Belgium) collected every three weeks throughout a period
of three months. Indeed, our results strengthen these conclusions
since the magnetic signatures of masks (especially FORC diagrams)
are very similar to that of bark and leave samples. Therefore, the use
of magnetic properties of biological accumulative surfaces appears
to be a realistic proxy to assess the air quality.

Finally, a machine-learning approach such as that proposed by
Letaief e al. (2023a), which should be carefully parametrized with
the magnetic variables measured in this study may provide a cer-
tain ability to predict the main traffic-related source of PM for

different kinds of accumulative surfaces. This approach could be an
interesting way of tracing traffic-derived pollutants in accumulative
surfaces from sources to sinks based on magnetic properties, and to
eventually quantify their contributions in the total magnetic signal
measured, provided that physical transport processes are well un-
derstood and considered in the data acquisition phase and that there
are a sufficient quantity of data.

3.6. Proposition for a protocol to identify source
signatures on passive accumulative surfaces

Several biases are at play when characterizing the magnetic signa-
ture of an accumulative surface. For tree leaves, the rate of deposi-
tion depends on the nature and the surface of leaves. The translo-
cation effect could have an impact especially for species intercom-
parisons. In this way it seems essential to normalize by weight or
leaves surface the different magnetic parameters. The roughness of
the deposition surface is a key factor in the sensor’s ability to retain
deposited particles over time (Mitchell et al. 2010). Meteorologi-
cal conditions can also effect on the deposition process (Shu et al.
2000; Marié et al. 2018). In addition, the distance between the PM
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Figure 13. Workflow diagram presenting a suggested general methodology for the use of environmental magnetic proxies collected on accumulative

surfaces.

source and the collection surface is a critical parameter (Flanders
1994; Matzka & Maher 1999), not only when measuring extensive
parameters such as magnetic susceptibility, but also especially when
quantifying the grain size distribution, since finer grains, which are
the lightest, travel further than coarser grains. This means that the
passive sensors would always have a finer grain size distribution
than the sources, directly related to the distance from the source,
especially in a multiple PM source environment like the urban one.
Nevertheless, based on our measurements (Table 3), we can suggest
a first-order protocol for the identification of source signatures in a
passive accumulative surface (Fig. 13).

First, we suggest the following three precautions regarding sam-
pling. (i) Sampling should be carried out in a relatively short time
window, in order to minimize meteorological bias. (ii) The accu-
mulative surface sampled should be similar, for example, identical
species of tree leaves. (iii) In addition, sampling should also be
carried out in a background station that does not see the pollution
source under study, in order to measure relative variations of a mag-
netic parameter and to eliminate as many biases as possible (Letaief
et al. 2020). One possible way to meet these precautions would be
to use lichen transplants, which can be sampled in pristine areas
to monitor the magnetic properties change after exposure (Winkler
et al. 2022).

Three main types of information can be obtained from mag-
netic measurements. First, magnetic mineralogy can be inferred
from IRM unmixing, and &7 curves. The latter are unlikely to
be affected by the distance from the source, and the measure-
ments obtained from the sensor are likely to be fairly represen-
tative of the source. The grain size distribution, given by hysteresis

measurements and IRM unmixing, on the other hand, may be af-
fected by the distance to the source: the information obtained may
not be fully representative of the source composition. Finally, mea-
surements of magnetic susceptibility and saturation magnetization,
although not carried out in this study, are usually related to the
magnetic mineral concentration. It should be noted that remanence
measurements do not take into account the SP/ultrafine fraction,
which is not able to retain any stable magnetization. Saturation
magnetization is the best parameter for evaluating the overall wt
per cent concentration of magnetic particles. These measurements
may also be subject to biases such as the surface/roughness of the
sampled passive accumulator and the distance to the source. Other
non-magnetic methods can also give indications on the source iden-
tification but these were only marginally touched on in this work.

4. CONCLUSION

A total of 14 tailpipes, six brake-pads, two brake powders, one Sa-
hara mineral dust, one street dust, four tires, one asphalt concrete,
three plant leave, one bark and four passive filter samples were anal-
ysed using a wide range of environmental magnetism techniques.
The study’s major results show the strengths and limits of envi-
ronmental magnetism techniques to characterize various types of
traffic-related sources in airborne PM deposited on accumulative
surfaces. As these sources are composed of various specimens with
heterogeneous magnetic signals, it is difficult to highlight a repre-
sentative trend for each source and individual magnetic approaches
are not necessarily discriminatory. Thus, it is crucial to combine
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the different magnetic techniques to outline specific magnetic pa-
rameters (summarized in Table 3) and general patterns capable
of discriminating source signals. Finally, by comparing the mag-
netic parameters from accumulative surfaces (passive filters, plant
leaves and bark) with those from exhaust and non-exhaust emission
sources, it appears that their total magnetic signals are characterized
by a combination of source signals (mostly exhaust pipes and brake
abrasive-fatigue wear products). A machine-learning approach (e.g.
Letaief e al. 2023a) could provide a way to predict the main traffic-
related source of PM in accumulative surfaces.
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