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A B S T R A C T   

Between 9 March and 18 May 2020, strict lockdown measures were adopted in Italy for containing the COVID-19 
pandemic: in Rome, despite vehicular traffic on average was more than halved, it was not observed a evident 
decrease of the airborne particulate matter (PM) concentrations, as assessed by air quality data. 

In this study, daily PM10 filters were collected from selected automated stations operated in Rome by the 
regional network of air quality monitoring: their magnetic properties – including magnetic susceptibility, hys-
teresis parameters and FORC (first order reversal curves) diagrams - were compared during and after the lock-
down, for outlining the impact of the COVID-19 measures on airborne particulate matter. 

In urban traffic sites, the PM10 concentrations did not significantly change after the end of the lockdown, when 
vehicular traffic promptly returned to its usual levels; conversely, the average volume and mass magnetic sus-
ceptibilities approximately doubled, and the linear correlation between volume magnetic susceptibility and PM10 
concentration became significant, pointing out the link between PM10 concentrations and the increasing levels of 
traffic-related magnetic emissions. 

Magnetite-like minerals, attributed to non-exhaust brakes emissions, dominated the magnetic fraction of PM10 
near urban traffic sites, with natural magnetic components emerging in background sites and during exogenous 
dusts atmospheric events. 

Magnetic susceptibility constituted a fast and sensitive proxy of vehicular particulate emissions: the magnetic 
properties can play a relevant role in the source apportionment of PM10, especially when unsignificant variations 
in its concentration levels may mask important changes in the traffic-related magnetic fraction. 

As a further hint, increasing attention should be drawn to the reduction of brake wear emissions, that are 
overcoming by far fuel exhausts as the main particulate pollutant in traffic contexts.   

1. Introduction 

On 9 March 2020, in response to the COVID-19 pandemic, in Italy it 
was imposed a strict national lockdown, that limited the movement of 
the population except for proven work needs, emergencies, or health 
reasons, banning non-essential travels, closing the most of commercial 
and retail businesses and suspending lessons at schools and Universities. 

On 18 May 2020 the strictest lockdown phase ended, with the 
opening of all the economic activities and gradually allowing travels 
between regions: excluding a few days of firm measures around 
Christmas (24–27 December, 31 December, 1–3 and 5–6 January 2021) 
and Easter (3–5 April 2021, with more severe rules from 15 March), the 

limitations were never as rigorous as in the period 9 March 2020–18 
May 2020. 

The lockdown provided a unique experiment for assessing the impact 
of human activities on anthropic emissions, considering their unprece-
dent reduction from road transport, aviation, and industrial activities: 
the EEA Report No 9/2020 stated that NO2 concentrations were 
considerably reduced across Europe in April 2020, especially where 
lockdown measures were more severe, including Italy. 

PM10 concentrations were generally reduced too, although less than 
NO2; the relative reduction over Italy was estimated as 35%, even if 
increased PM10 concentrations in localized areas and a general uncertain 
assessment of their levels suggested that other sources of natural and 
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anthropic emissions, together with particulate resuspension, contrib-
uted to PM10. 

In Northern Italy, Putaud et al. (2021) showed that PM10 concen-
trations were not significantly affected by the lockdown measures, and 
that the decrease of traffic-related PM10 was compensated by its increase 
in association with wood burning for domestic heating; in Milan, PM10 
concentrations were influenced by non-urban and non-traffic sources 
until May, when domestic heating was reduced and the relaxation of the 
containment measures led urban PM10 concentrations to increase. 

Rovetta (2021) concluded that in Lombardy the average concentra-
tion of PM10 during the lockdown significantly increased compared to 
2019, despite the massive blockage in the circulation of vehicles, 
proving that other factors heavily affected the air quality. 

In Donzelli et al. (2020), there were no significant reductions in PM10 
levels during the lockdown period in Tuscany; in Gualtieri et al. (2020), 
eight of the most populated cities in Italy were analyzed in the period 24 
February to 30 April 2020, concluding that PM10 decreased up to 31.5% 
in Palermo and increased up to 7.3% in Naples; in Rome, PM10 reduced 
for about the 12% with respect to the same period in 2019, both at urban 
traffic and suburban background stations. 

In this debated and controversial scenario, complementary analyses 
for the interpretation of PM concentration data are useful to better 
outline the impact of the restrictions on air quality: in this study, the 
magnetic properties of PM10 filters were investigated to compare their 
traffic-related metallic fractions during and after the lockdown in Rome, 
Italy. 

In fact, PM can show remarkable magnetic properties arising from 
magnetite-like ferrimagnetic particles (e.g. Flanders, 1994), often asso-
ciated with heavy metals (Georgeaud et al., 1997; Hunt et al., 1984); the 
magnetic properties of PM may arise from exhaust emissions related to 
industry, domestic heating, or vehicles, as well as from non-exhaust 
abrasion dusts from tyres and brakes (e.g., Hoffmann et al., 1999; Jor-
danova et al., 2004). In urban areas, motor vehicles represents the main 
source of magnetic PM (Szönyi et al., 2007, 2008; Sagnotti et al., 2009; 
Gonet and Maher, 2019), mostly emitted by the abrasion of disk brakes 
(Revuelta et al., 2014, Winkler et al., 2020, Chaparro et al., 2020, Gonet 
et al., 2021a, b). 

Numerous studies were addressed to the magnetic properties of PM10 
filters (e.g. Shu et al., 2001; Muxworthy et al., 2001, 2002; 2003; 
Spassov et al., 2004; Petrovský et al., 2020; Castaneda-Miranda et al., 
2014; Rachwał et al., 2020; Leite et al., 2021): Sagnotti et al. (2006) 
made an extensive magnetic survey of the filters from air monitoring 
stations in Rome, aimed at the discrimination of local natural and 
anthropogenic sources. 

Rock magnetism was extensively used also for biomonitoring 
airborne pollution using tree leaves, barks, mosses and lichens, being 
efficient PM receptors; for a review, see Hofman et al. (2017), therein-
after, Winkler et al. (2019), Marié at al. (2020): the magnetic properties 
of PM filters and bioaccumulators depend on the concentration and the 
grain-size of magnetite-like minerals accumulated on the samples, with 
the magnetic susceptibility being the fastest and most used parameter 
(Kapper et al., 2020). 

This study reports a detailed rock magnetism study of the PM10 filters 
continuously collected during the lockdown and at discrete time in-
tervals after the lockdown at three urban traffic, one suburban and one 
rural background monitoring stations operated in Rome by ARPA Lazio, 
the regional agency for environmental protection. 

The testing hypothesis was that, in traffic urban stations, the mag-
netic properties of PM10 filters changed after the end of the strictest 
COVID-19 containment measures, when vehicular traffic promptly 
returned to its usual levels. 

2. Methods 

2.1. Location and sampling 

PM10 filters were collected at five representative stations (Fig. 1), 
selected for the full availability of filters during the lockdown: Fermi 
(lat. = 41.863993, long. = 12.469570, height = 17 mamsl) and Mag-
nagrecia (lat. = 41.883075, long. = 12.508950, height = 37 mamsl) are 
traffic stations, located in very busy roads; Cinecittà (lat. = 41.857716, 
long. = 12.568652, height = 48 mamsl) is a moderate traffic station 
located in the courtyard of a school facing a secondary road; these sta-
tions are all located in the south and southeastern sides of Rome, inside 
densely populated districts with tall buildings for residential and com-
mercial land uses. 

Castel di Guido (lat. = 41.889451, long. = 12.266327, height = 66 
mamsl) and Sant’Agostino (lat. = 42.159983, long. = 11.742706, 
height = 11 mamsl) represent suburban and rural background stations, 
respectively: the first one is administratively in Rome, not far from the 
Aurelia provincial road and shortly outside the Grande Raccordo Anu-
lare (GRA), a ring-shaped 68.2 km long motorway that encircles Rome; 
the second one is in a coastal locality about 60 km far from Rome, near a 
nature reserve. 

The stations were all equipped with certified SWAM5a FAI DC dual 
channel Beta-attenuation PM10 concentration monitors: detailed 
equipment manuals and site descriptions are available at: https://www. 
arpalazio.it/web/guest/ambiente/aria/sistema-di-monitoraggio. 

After collecting and measuring the magnetic properties of the lock-
down filters, the sampling was extended to the following months, 
recovering the discrete series of filters that were still available after 
providing official air quality data. 

In Fermi, PM10 filters were collected for most of the lockdown period 
(23 March – 18 May 2020); two more time series were analyzed after-
wards, soon after the end of the measures (19 May– 14 June 2020) and 
nine months later (7 March − 15 April 2021). 

In Cinecittà, the collection of lockdown PM filters was followed by 
the 20 May – 14 June 2020 period. 

Magnagrecia was sampled continuously from 26 March to 11 May 
2020; several shorter time series were available in 2020 (9 June – 15 
June, 11 October – 26 October, 15 December − 29 December) and 2021 
(24 January – 28 January, 18–22 February, 11–22 March). 

Castel di Guido filters were continuously collected from 29 March to 
14 June 2020, similarly to Sant’Agostino, sampled from 20 March to 14 
June 2020. 

2.2. Magnetic measurements 

The low-field magnetic susceptibility of PM10 filters was measured at 
the paleomagnetic laboratory of Istituto Nazionale di Geofisica e Vul-
canologia using a AGICO KLY-5 meter with a plastic vessel suitable for 
containing unfolded filters. 

Under the assumption of an arbitrary volume of 10 cm3, the nominal 
volume of the pick-up coils, the volume magnetic susceptibility of daily 
filters (k) was computed as the average of the last three measurements 
from a sequence of seven to ten, which were performed to compensate 
the drift due to static electric charge of the large surface area of the 
plastic vessel; the correction for the empty vessel was done including an 
empty glass fiber filter, so that the magnetic susceptibility values were 
referred to PM10 only. 

The daily mass of PM10 accumulated in each filter was computed 
multiplying the daily air volume pumped by the stations (55 m3/day) for 
the daily PM10 concentration; thus, the mass-normalized susceptibility 
(χ, m3/kg) was determined as: 

χ = (Vo ×  k)/m  

where: 
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Vo = nominal measuring volume, 10 cm3 

m = daily weight of PM10 

The coercive force (Bc), the saturation remanent magnetization by 
mass (Mrs or SIRM) and the saturation magnetization by mass (Ms) were 
measured on gel caps containing half filter, using a vibrating sample 
magnetometer (Micromag 3900, PMC) cycling in a maximum field of 
1.0 T; concentration dependent hysteresis parameters were calculated 
after subtracting the high field paramagnetic linear trend and dividing 
the magnetic moments for ½ m, visually checking uniform dust depo-
sition over the filters. The coercivity of remanence (Bcr) values were 
extrapolated from the backfield curves. 

The domain state and magnetic grain-size of the samples were 
compared to theoretical magnetite according to the hysteresis ratios 
Mrs/Ms vs. Bcr/Bc in the “Day plot” (Day et al., 1977, Dunlop, 2002a,b), 
which is commonly used for deducing the mean domain state of a sample 
with respect to the single domain (SD), pseudosingle domain (PSD), and 
multidomain (MD) zones therein demarcated. 

First order reversal curves (FORCs, Pike et al., 1999; Roberts et al., 
2000) were measured using the Lakeshore 8604 VSM; FORC diagrams 
were processed and smoothed with the FORCINEL 3.05 Igor Pro routine 
(Harrison and Feinberg, 2008), with FORCs measured in steps of 2.5 mT 
up to 1.0 T, 300 ms averaging time and smoothing factors 3 or 4. 

FORC diagrams provide information regarding magnetic reversal 

Fig. 1. Localization and photos of the investigated PM10 stations: the map and the aerial photos are modified after Google Maps and Google Earth geo-visualizations.  
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mechanisms in ferromagnetic minerals: they are used for delineating the 
distributions of the interaction field (Bu) and coercivity in samples and 
to distinguish between SD, MD and PSD behaviors, the latter recently 
referred as “vortex state” for better describing the transitional state 
between SD and MD. 

Statistical data analysis was performed with Microsoft Excel and Past 
4.05 free software (Hammer et al., 2001). 

3. Results 

3.1. An overview of traffic and PM10 concentration data during the 
lockdown 

Vehicular traffic, in terms of cars/month and cars/hour, is reported 
in Fig. 2a and b for the main roads of the same ~S-E Rome quadrant 
where the analyzed urban PM10 stations are located: traffic data were 
provided by Rome Municipality at https://romamobilita.it/it/co 
vid-19-impatto-sulla-mobilita; the percentage variation of transit 
mobility in Rome was elaborated in Fig. 2c with data provided by Apple 
(https://covid19.apple.com/mobility) and following Chapin and Roy 
(2021): the traffic variations were referred to the pre-lockdown 13 
January 2020 level. 

According to Gualtieri et al. (2020), the road mobility in Rome 
varied between − 5 and − 94% with respect to 2019 in the period 
24/02/2020 to 30/04/2020, overall averaging − 52% with a median 
decrease of 65% and in general agreement with mobile phone data 
analyzed by the Swiss company Teralytics, who provided a similar value 
(− 61%) for the period 23/02/2020 to 27/03/2020 for the Italian 
newspaper “La Repubblica”(https://lab.gedidigital.it/repubblica/2020 
/cronaca/coronavirus-mappa-italia-impatto-sulla-mobilita/). 

For a comparison, ANAS, the Italian national road board, distin-
guished between light and heavy vehicular transportation to provide the 
national mobility index shown in Fig. 2d, modified after Amoroso et al. 
(2020). 

Independently of the data supplier, a sharp drop of vehicular traffic, 
up to − 78% in April with respect to February, was evident in Rome 
during the lockdown; soon after the end of the strictest measures, a 
prompt raise up to the pre-lockdown levels followed, with short term 
drops during the Christmas and Easter holidays, when rigorous limita-
tions were active again. 

The weather conditions in Rome during the lockdown are summa-
rized in Supplementary Text 1, abridged from the comprehensive 
description by Amoroso et al. (2020), who reported, for the whole 
period, low rainfalls and winds, with two main Saharian and/or Cau-
casic dusts transportation events occurring from 26 to 30 March and 
from 13 to 18 May 2020. 

Amoroso et al. (2020) compiled an extensive analysis of PM10 con-
centration data: in Rome metropolitan area, from March to May, a 
moderate decrease with respect to the previous years was evident in 
April only, and was not comparable to what was estimated for NO2 
(− 47%), NO and C6H6 (>60%) (Fig. 1s a, b, c, d, respectively). 

The average monthly PM10 concentrations for the stations located 
inside the GRA of Rome, as well as the suburban background values of 
Castel di Guido are reported in Table 1s, computed for the years 
2016–2020. 

The monthly statistics (mean, median, 25th and 75th percentiles) of 
PM10 concentration at Fermi for March, April and May for years 
2016–2020 is reported in Table 2s: in March 2020, there was a slight 
decrease for the above mentioned statistical parameters, that was more 
marked in April and May 2020, with respect to the previous years. 

Overall in Rome, during March and April, the PM10 concentration 
levels in traffic areas approached those measured at rural contexts close 
to the city, with an average reduction, compared to the last four years, 
estimated at about 9% for the stations inside the GRA; the concentration 
decrease was uneven and station specific in May (Fig. 1s a). 

3.2. PM10, k and χ values during and after the lockdown 

PM10 concentration, k, χ, Ms, Mrs, Bc and Bcr minimum, maximum, 
mean values and standard deviations (sd) are reported in Table 1, 
computed separately for the whole period, during and after the lock-
down; the hysteresis parameters were discarded at Sant’Agostino, due to 
their unreliable values for the low concentration of magnetic minerals. 

The bar-charts of PM10 concentrations, k and χ values, during and 
after the lockdown, are shown in Fig. 3: according to One-Way ANOVA 
or Kruskal-Wallis tests, the latter adopted for variables not normally 
distributed, there was no significant difference at 95% confidence level 
between PM10 concentration variances or medians during and after 
lockdown for all the stations but Cinecittà (Fig. 3d), where PM10 levels 
significantly decreased. 

Fermi and Magnagrecia showed the highest average values of k and 
χ, 1.28 ± 0.67 × 10− 6 SI, 12.90 ± 5.75 × 10− 6 m3/kg and 1.86 ± 1.30 ×
10− 6 SI, 15.00 ± 8.32 × 10− 6 m3/kg, respectively and for the whole 
period (Table 1), with k and χ medians significantly increasing after the 
lockdown (Fig. 3 b,c and h,i, respectively). 

Cinecittà followed, with average k = 0.44 ± 0.26 × 10− 6 SI and χ =
4.07 ± 2.58 × 10− 6 m3/kg for the whole period (Table 1), and no sig-
nificant changes for volume and mass susceptibilities after the lockdown 
(Fig. 3 e, f). 

At the suburban and rural background stations, k = 0.13 ± 0.08 ×
10− 6 SI and 0.08 ± 0.07 × 10− 6 SI, χ = 1.25 ± 0.83 × 10− 6 m3/kg and 
1.05 ± 0.97 10− 6 m3/kg were the average magnetic susceptibility values 
for Castel di Guido and Sant’Agostino, respectively. 

In Castel di Guido, both magnetic susceptibilities significantly 
increased after the lockdown, while in Sant’Agostino no parameter 
statistically changed (Fig. 3 m, n and p, q); the summary statistics of 
One-way ANOVA or Kruskal-Wallis tests is reported in Table 3s. 

3.3. PM10 concentration vs volume and mass magnetic susceptibilities 

The linear correlation between PM10 concentrations, χ and k was 
tested during and after the lockdown: in Fermi (Fig. 4a), during the 
lockdown, there was no correlation between PM10 concentrations and k 
(R2 = 0.00), while the correlation became significant after the lockdown 
(R2 = 0.60). By contrast, χ negatively correlated with PM10 during the 
lockdown (R = − 0.56), switching to no correlation (R2 = 0.01) after-
wards (Fig. 4b). 

Magnagrecia behaved accordingly, with R2 (PM10 vs k) changing 
from 0.00 to 0.73 after the lockdown, and a significant negative corre-
lation between χ and PM10 (R = − 0.56) decreasing to R = − 0.33 after 
the lockdown (Fig. 4 e, f). 

The linear model was opposite in Cinecittà station, with R2 (PM10 vs 
k) decreasing from 0.42 to 0.14 after the lockdown, and R2 (PM10 vs χ) 
decreasing from 0.07 to 0.00 (Fig. 4 c, d). 

In Castel di Guido (Fig. 4 g, h), R2 (PM10 vs k) decreased from 0.28 to 
0.01 after the lockdown and R2 (χ vs PM10) changed from 0.00 to 0.21 
(significant negative correlation, R = − 0.46); in Sant’Agostino, the 
variations after the lockdown were negligible, with R2 changing from 
0.19 to 0.12 and from 0.00 to 0.04 for k and χ, respectively. 

The daily trends of PM10 concentration and χ are shown in Fig. 5; the 
values were normalized to their whole period means, in analogy with 
Sagnotti et al. (2006) and for avoiding flat diagrams around peaks: a 
straightforward temporal relationship between PM10 and χ did not 
emerge in any series; conversely, anticorrelated points, that is χ minima 
on the same dates of PM10 maxima, were evident during exogenous 
dusts atmospheric events. 

3.4. Hysteresis properties 

The hysteresis properties were analyzed on selected filters, regularly 
spaced between the samples chosen for peculiar PM10 concentrations or 
susceptibility values: 14 and 8 samples were analyzed for Fermi, 12 and 
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Fig. 2. Daily (a) and monthly (b) traffic flows by hour recorded in a ~S-E quadrant of Rome, for roads with different traffic volumes (modified from Rome Mu-
nicipality website; 2021 data in grey background). (c) Percentage variation of transit mobility referred to 13 January 2020 in Rome; data by Apple; short intervals of 
traffic drops were recorded during the containment measures of Christmas and Easter holidays. (d) national Mobility Index normalized to the first week of February 
2020, computed for light and heavy vehicles by ANAS, the Italian national road board. Independently of the data supplier, a sharp drop of vehicular traffic was 
evident during the lockdown, followed by a prompt raise up to the pre-lockdown levels immediately afterwards. Lockdown data are in yellow background. 
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5 for Cinecittà, 12 and 13 for Magnagrecia, 5 and 5 for Castel di Guido, 
during and after the lockdown, respectively. In Sant’Agostino, it was not 
possible to obtain reliable hysteresis parameters due to the low con-
centration of magnetic minerals. 

All the hysteresis loops were similar in shape, saturated well before 
1T and usually narrow, except at Castel di Guido, where Bc values were 
on average higher (Table 1). 

Magnetite-like minerals were the main magnetic carriers, as 

confirmed by SIRM/χ values (Thompson and Oldfield, 1986) which, on 
average for the whole period, were very close for Fermi and Magna-
grecia (6120 ± 941 A/m and 6781 ± 1712 A/m, respectively), and 
higher at Cinecittà (9084 ± 1235 A/m). At Castel di Guido, SIRM/χ 
values were on average 13049 ± 5774 A/m, with a large decrease after 
the lockdown; the average SIRM/χ values during and after the lockdown 
are reported in Table 4s. 

The relatively high values of Bcr, with respect to pure magnetite, 

Table 1 
Minimum, maximum, average and standard deviation values for PM10 concentration, volume magnetic susceptibility (k), mass magnetic susceptibility (χ) and hys-
teresis parameters Ms, Mrs, Bc and Bcr. Data were computed for the whole period, during and after the lockdown: the sampling intervals are station specific and are 
reported in paragraph 2.1. Hysteresis parameters were not available (N/A) in Sant’Agostino for the weak magnetic properties.   

PM10 (min, max, 
mean, sd) μg/m3 

k (min, max, 
mean, sd) 
10− 6 SI 

χ (min, max, mean, 
sd) 10− 6 m3/kg 

Ms (min, max, 
mean, sd) 
Am2/kg 

Mrs (min, max, 
mean, sd) 
10− 1 Am2/kg 

Bc (min, max, 
mean, sd) mT 

Bcr (min, max, 
mean, sd) mT 

Fermi whole period 7.0 0.35 1.17 0.25 0.17 5.1 41.3 
74.0 3.34 33.60 2.53 1.64 9.4 51.0 
19.9 1.28 12.90 1.09 0.80 7.1 47.2 
10.2 0.67 5.75 0.53 0.35 1.1 2.4 

Fermi lockdown 7.0 0.35 1.17 0.25 0.17 5.1 41.3 
74.0 2.27 33.60 2.53 1.64 9.4 51.0 
21.0 0.93 9.96 1.00 0.73 7.1 47.7 
12.5 0.39 5.78 0.58 0.37 1.0 2.5 

Fermi after lockdown 8.0 0.56 7.39 0.58 0.53 5.8 42.7 
41.0 3.34 25.90 1.90 1.42 9.3 50.2 
18.9 1.59 15.60 1.25 0.93 7.2 46.4 
7.7 0.72 4.31 0.47 0.32 1.4 2.3 

Cinecittà whole period 9.0 0.01 0.22 0.10 0.09 4.9 32.0 
57.0 0.99 12.90 1.15 1.27 11.8 51.7 
21.2 0.44 4.07 0.44 0.44 9.0 43.2 
10.8 0.26 2.58 0.27 0.29 1.8 4.9 

Cinecittà lockdown 9.0 0.11 1.50 0.10 0.09 4.9 32.0 
57.0 0.99 12.90 1.15 1.27 10.5 49.5 
24.1 0.47 3.83 0.38 0.40 8.7 41.3 
12.6 0.25 2.28 0.30 0.34 1.9 4.5 

Cinecittà after 
lockdown 

10.0 0.01 0.22 0.29 0.33 6.9 43.7 
25.0 0.88 12.20 0.69 0.67 11.8 51.7 
16.5 0.39 4.33 0.55 0.52 9.4 47.2 
3.9 0.26 3.10 0.17 0.14 1.9 3.3 

Magnagrecia whole 
period 

5.0 0.45 1.69 0.17 0.14 5.2 43.1 
73.0 6.50 51.40 3.15 2.49 9.5 51.6 
24.8 1.86 15.00 1.34 0.97 7.0 46.8 
14.4 1.30 8.32 0.78 0.57 1.2 2.3 

Magnagrecia lockdown 8.0 0.45 1.69 0.17 0.14 5.8 43.1 
73.0 1.80 29.70 3.02 2.49 9.4 51.6 
23.3 1.03 9.67 0.99 0.79 7.6 47.6 
12.6 0.35 5.40 0.74 0.61 1.1 2.7 

Magnagrecia after 
lockdown 

5.0 0.60 7.35 0.50 0.27 5.2 43.8 
70.0 6.50 51.40 3.15 2.08 9.5 49.8 
26.0 2.50 19.10 1.66 1.13 6.5 46.0 
15.8 1.41 7.95 0.74 0.53 1.1 1.72 

Castel Di Guido whole 
period 

8.00 − 0.04 − 0.78 0.04 0.06 8.1 38.6 
67.00 0.33 4.22 0.29 0.51 21.5 59.9 
19.62 0.13 1.25 0.18 0.25 14.5 49.5 
10.40 0.08 0.83 0.08 0.16 4.3 6.0 

Castel Di Guido 
lockdown 

8.00 − 0.04 − 0.78 0.04 0.06 15.5 38.6 
67.00 0.28 2.23 0.28 0.51 21.5 49.9 
21.66 0.11 0.93 0.15 0.26 18.3 46.0 
12.44 0.08 0.59 0.09 0.13 2.4 4.4 

Castel Di Guido after 
lockdown 

10.00 0.04 0.41 0.11 0.09 8.1 44.8 
25.00 0.33 4.22 0.29 0.31 13.5 59.9 
16.07 0.15 1.79 0.21 0.23 10.7 53.1 
3.62 0.07 0.93 0.07 0.09 2.5 6.5 

Sant’Agostino whole 
period 

2.0 − 0.02 − 0.28 N/A N/A N/A N/A 
50.0 0.39 4.80 
15.0 0.08 1.05 
8.4 0.07 0.97 

Sant’Agostino 
lockdown 

2.0 − 0.02 − 0.28 N/A N/A N/A N/A 
50.0 0.38 4.80 
15.9 0.09 1.05 
9.3 0.09 1.07 

Sant’Agostino after 
lockdown 

6.0 0.00 0.13 N/A N/A N/A N/A 
26.0 0.03 3.89 
13.3 0.07 1.05 
5.5 0.05 0.74  
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Fig. 3. Bar-charts of PM10 concentration, volume susceptibility (k) and mass susceptibility (χ) during and after the lockdown. The length of the standard error bars is 
the 95% confidence interval. Bars of the same color indicate no significant difference at 95% during and after the lockdown, according to the Kruskal-Wallis or one- 
way ANOVA tests on medians or variances; see text for discussion. 
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Fig. 4. Linear models between PM10 concentration and volume (k) or mass (χ) susceptibility. Black and white circles represent lockdown and after lockdown data, 
respectively. The linear regressions are represented with continuous lines during the lockdown, dashed afterwards; R2 is underlined for significant correlation at 95% 
confidence level; see the text for discussion. 
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suggested the presence of a minor higher coercivity ferromagnetic 
component possibly linked to the presence of oxidized magnetite, 
maghemite or hematite; see Sagnotti et al. (2006) and Gonet et al. 
(2021b). 

Ms linearly correlated with χ during and after the lockdown, indi-
cating that magnetic susceptibility, whose value are also influenced by 
the dia and paramagnetic fractions of PM, was primarily carried by the 
magnetic minerals: in particular, R2 was 0.92, 0.99 and 0.91 for Fermi, 
Cinecittà and Magnegrecia, respectively, with no substantial variations 
during and after the lockdown; in Castel di Guido, R2 (χ vs Ms) = 0.61, as 
a consequence of the lower concentration of magnetic minerals. 

Upon the assumption that magnetite-like minerals dominated the 
magnetic mineralogy of the filters, the magnetite weight percentage 
fraction wt%, with respect to the total mass of PM10, was calculated 
dividing Ms for the saturation magnetization of magnetite, Js = 90 Am2/ 
kg; the minimum, maximum and average values of wt% are reported in 
Table 2. 

In the “Day Plot”, the Mrs/Ms vs. Bcr/Bc site mean ratios (Fig. 6) 
indicated that the filters from Fermi and Magnagrecia were placed in the 
middle-right side of the plot both during and after the lockdown, be-
tween the theoretical curves calculated for mixtures of single domain 
(SD) and multidomain (MD) magnetite grains and that calculated for a 
mixture of SD and superparamagnetic (SP) particles (Dunlop, 2002a,b); 
the Day Plot of individual samples is in Fig. 1s. 

During and after the lockdown the points for Cinecittà approached 
the PSD central zone of the plot, while the Castel di Guido lockdown site 
mean fell in the upper side of the plot, near the theoretical trends for 

equal proportions of SD and MD magnetite. 
After the lockdown, the Castel di Guido point overlapped the Cin-

ecittà points. 
A selection of FORC diagrams and horizontal coercivity distributions 

from urban traffic and suburban background stations is shown in Fig. 7: 
except Castel di Guido, MD features prevailed, with open contours 
diverging towards the vertical magnetic interactions Bu axis and the 
distribution peaking at the origin of the diagram. The presence of sec-
ondary vortex/PSD features was nevertheless suggested by a feebly 
developed ridge at 135◦ for negative values of Bu. 

During the exogenous dusts atmospheric event of 29 March 2020, the 
FORC distribution of Castel di Guido highlighted a SD component 
centered around 20 mT, influencing also the coercivity distribution of 

Fig. 5. Daily trends of PM10 concentrations (white symbols) and mass susceptibility (χ, black symbols): values were normalized to their means for the whole period. 
Data after lockdown are in grey background; see the text for discussion. 

Table 2 
Minimum, maximum and average weight percentage fraction (wt%) of 
magnetite-like minerals with respect to the total mass of PM10, evaluated during 
and after the lockdown; (*): neglecting an outlier.   

Fermi wt 
% 

Cinecittà 
wt% 

Magnagrecia 
wt% 

Castel di 
Guido wt% 

Min, Max, Average 
Lockdown 

0.3, 2.8, 
1.1 
(03, 1.6, 
0.9) * 

0.1, 1.3, 
0.4 

0.2, 3.4, 1.1 0.04, 0.31, 
0.17 

Min, Max, Average 
After Lockdown 

0.6, 2.1, 
1.4 

0.3, 0.8, 
0.6 

0.6, 3.5, 1.8 0.12, 0.33, 
0.23  
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Magnagrecia on the same day (Fig. 7 a, f, g, n). 

4. Discussion 

4.1. Urban traffic stations: Fermi and Magnagrecia 

Fermi and Magnagrecia stations, located in urban traffic contexts, 
showed robust similarities, useful for the characterization of vehicular 
magnetic emissions and for recognizing the impact of the lockdown 
measures on the variations of the magnetic properties of PM10 filters. 

PM10 concentrations did not show a significant difference during and 
after the lockdown, at 95% confidence level (Fig. 3a, g). 

During the lockdown, both stations recorded persistent high con-
centration of magnetic particles, as deduced from the intense magnetic 
susceptibility and Ms values (Table 1). 

For a comparison, the average values of k and χ during the lockdown 
(0.93 ± 0.39 × 10− 6 SI and 996 ± 578 × 10− 8 m3/kg for Fermi and 1.03 
± 0.35 × 10− 6 SI and 967 ± 540 × 10− 8 m3/kg for Magnagrecia) were 
about the half of what was measured in Sagnotti et al. (2006) at Mag-
nagrecia station from July 2004 to July 2005 (2.06 ± 0.72 × 10− 6 SI and 
2117 ± 619 × 10− 8 m3/kg for k and χ, respectively). 

After the lockdown, k and χ significantly increased (Fig. 3b, c, h, i) to 
the average values 1.59 ± 0.72 × 10− 6 SI; 1560 ± 431 × 10− 8 m3/kg for 
Fermi and 2.50 ± 1.41 × 10− 6 SI; 1910 ± 795 × 10− 8 m3/kg for Mag-
nagrecia, approaching or even overtaking those in Sagnotti et al. (2006) 
and empirically well representing the >50% traffic increase after the 
lockdown (Fig. 2). 

The linear correlation k vs PM10 changed between lockdown and 
after lockdown, switching from no correlation (p = 0.93 and p = 0.80) to 
significant correlation (p < 0.01) for Fermi and Magnagrecia, respec-
tively (Fig. 4b, f). 

In Fermi, two different correlation regimes were evident for χ vs 
PM10 too, switching from negative during the lockdown (p < 0.01) to no 
correlation (p = 0.37) afterwards; in Magnagrecia, R2 decreased three- 
folds after the lockdown (Fig. 4c, g). 

The daily trends of PM10 concentration and χ (Fig. 5) showed no 
prolonged time-intervals where χ was constant, that is k varying as PM10 
concentration; only in Magnagrecia, after the lockdown, χ values were 
approximately uniform for PM10 concentration >35 μg/m3 (Fig. 4f), 
implying a rather constant magnetic fraction inside filters. 

PM10 concentration frequently increased more than k: in this case, χ 
minima were associated to a relative increase of the nonmagnetic frac-
tion of PM10, especially during inputs of exogenous atmospheric dusts 
(26–30 March 2020, Fig. 5a, c, d, m). 

When PM10 concentration decreased more (or increased less) than k 
(eg. Fermi, June 2020, Fig. 5b), χ maxima were associated to increased 
proportions of magnetic PM inside the filters. 

During the lockdown, at traffic stations, the variations of PM10 
concentration were not linked to the traffic-related magnetic fraction; 
therefore, the variation of PM10 concentrations were mainly related to 
natural sources, including exogenous dust transportation events. The 
persisting high values of k and χ were attributed to resuspension and 
accumulation of traffic related particles in absence of main rain and 
wind events (Supplementary Text 1). 

After the lockdown, k significantly represented PM10 concentration: 
thus, their mutual variations were connected to the restored levels of 
vehicular traffic, with Christmas and Easter short-term containments not 
affecting their correlation. 

Concerning the quantification of magnetite-like minerals, their wt% 
values for Fermi and Magnagrecia (Table 2) were considerably higher 
with respect to those estimated in trafficked roadside dust from Lan-
caster (between ~0.18 and 0.63 wt%) and Birmingham (~0.32–0.95 wt 
%), thus highlighting intense and alarming emissions of harmful an-
thropic particles (Maher et al., 2016; Hammond et al., 2021; 
Calderón-Garcidueñas et al., 2019). 

In Magnagrecia, the wt% of magnetite spanned from 0.2 to 3.5%, 
implying that extreme changes in traffic-related magnetic emissions 
may be masked by a variation of less than a single digit in PM10 con-
centration levels: PM10 concentration data alone did not efficiently 
recorded the major traffic increase after the end of the lockdown, which 
was properly interpreted by means of complementary magnetic 
analyses. 

4.2. Low traffic and backgrounds stations: Cinecittà, Castel di Guido and 
Sant’Agostino 

In Cinecittà station, the average k and χ values (0.47 ± 0.25 × 10− 6 

SI and 383 ± 228 × 10− 8 m3/kg, respectively) were considerably lower 
with respect to Fermi and Magnagrecia, reflecting the different urban 
setting (Table 1). 

These values were even lower than those recorded in Villa Ada urban 
background station in 2004–2005 (Sagnotti et al., 2006) and afterwards 
interpreted in Fusaro et al. (2021), who found relatively high magnetic 
susceptibility values on the leaves sampled near the entrance of the 
Villa, in correspondence to a busy road. 

Lower magnetic susceptibility values were measured at the suburban 
background station of Castel di Guido and at the rural background of 
Sant’Agostino, where average k and χ values dropped to 0.13 ± 0.08 ×
10− 6 SI; 125 ± 83 × 10− 8 m3/kg and 0.08 ± 0.07 × 10− 6 SI; 105 ± 97 ×
10− 8 m3/kg, respectively, with k lower than the Fontechiari regional 
rural background in Sagnotti et al. (2006). 

Cinecittà and Sant’Agostino showed no significant difference during 
and after the lockdown for k and χ (Fig. 3 e, f), with PM10 concentration 
significantly decreasing in Cinecittà station after the lockdown (Fig. 3d). 

Castel di Guido showed a significant increase of k and χ after the 
lockdown (Fig. 3 m, n), under unsignificant variations of PM10 con-
centration (Fig. 3l); in this sense, Sant’Agostino constituted the most 

Fig. 6. Bilogarithmic Day plot of the hysteresis ratios Mrs/Ms vs. Bcr/Bc for 
Fermi (red), Cinecittà (green), Magnagrecia (black) and Castel di Guido (blue), 
averaged at station level. Closed circles are during lockdown, open circles af-
terwards. Also reported: mean values for air filters from monitoring stations in 
Rome (green diamonds and squares), fuel exhausts (orange, yellow and pink 
dots) and brake dusts (purple squares), calculated after Sagnotti et al. (2006) 
and Sagnotti et al. (2009). The SD (single domain), PSD (pseudo-single domain) 
and MD (multidomain) fields and the theoretical mixing trends for SD-MD and 
SP-SD pure magnetite particles (SP, superparamagnetic) are from Dunlop 
(2002a,b). Fermi and Magnagrecia points were located, during and after the 
lockdown, near “brakes”; Cinecittà (both periods) and Castel di Guido (after 
lockdown) fell near the urban background in Sagnotti et al. (2006). Castel di 
Guido, during the lockdown, was in the upper zone of the plot, near to fuel 
emissions and fine natural magnetite. 
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proper background station, being completely unaffected by the lock-
down (Fig. 3 o, p, q). 

In Cinecittà, the linear regressions between k and χ vs PM10 were 
different with respect to the traffic urban stations, with a significant 
correlation between k and PM10 (p < 0.01) during the lockdown 
switching to no correlation (p = 0.12) thereafter (Fig. 4c); PM10 and χ 
did not correlate (Fig. 4d) during (p = 0.18) and after the lockdown (p =
0.95). 

In Castel di Guido, there was a significant correlation between k and 
PM10 (p < 0.01) during the lockdown, switching to no correlation (p =
0.71) thereafter (Fig. 4g); PM10 and χ (Fig. 4h) did not correlate during 
the lockdown (p = 0.99) and negatively correlated after the lockdown 
(p = 0.02). 

Finally, Sant’Agostino was the only station where the correlations 
remained practically unvaried (Fig. 4 i, l, m), confirming that it was 
substantially uninfluenced by the traffic conditions. 

Overall, these results showed that the correlation between k and 
PM10 is site dependent and occur more easily when «end-members» 
periods occur, that is prevailing clean or heavy polluted conditions. An 
anticorrelation between PM10 concentration and χ emerged during in-
termediate/mixed conditions, when resuspension and natural sources 
prevailed in trafficked sites or when traffic emissions increased in 
cleaner sites. 

These results agree with Petrovský et al. (2020), who showed 
negative correlation between the concentration of iron oxides and PM in 

atmospheric dust at an industrial site during smoggy period, thus 
concluding that magnetic monitoring is site specific, reflecting local 
conditions that determine, at site level, the standard trendlines between 
the content of iron oxides and pollutants. 

The magnetite wt% values in Castel di Guido (Table 2) were 
compatible with those in Gonet et al. (2021a) for urban background 
dusts, where magnetite concentration was estimated as ~0.05–0.18 wt 
% in Lancaster and ~0.05–0.20 wt% in Birmingham. 

4.3. Magnetic mineralogy for the PM10 sources analysis 

The role of the “Day Plot” is nowadays under discussion for its 
intrinsic limitations (Roberts et al., 2018), especially for factors as sur-
face oxidation and magnetic particle mixtures; nevertheless, it was used 
here as an empirical tool for the comparison with former studies about 
traffic related magnetic dusts. 

In Fig. 6, the PM10 filters were compared, at site mean level, to the 
average points obtained in 2004 and 2005 in Magnagrecia and Villa Ada 
(Sagnotti et al., 2006), and to fuel and brakes emissions sampled in cars’ 
exhaust pipes and wheel rims (Sagnotti et al., 2009). 

The filters from Fermi and Magnagrecia, during and after the lock-
down, were very close to the former Magnagrecia and “brake” points, in 
conformity with the magnetic biomonitoring observations on lichens 
transplanted in Milan and on leaves sampled in Rome, where multidis-
ciplinary analyses pinpointed brake abrasion as the main source of PM in 

Fig. 7. FORC diagrams and horizontal coercivity (Bc) distributions for selected filters: Magnagrecia (a, g) and Castel di Guido (f, n) during the exogenous dusts 
atmospheric event of 29 March 2020; Magnagrecia (b, h) during and after (c, i) the lockdown; Fermi during (d, l; Saharian event) and after the lockdown (e, m). 
Except Castel di Guido, multidomain (MD) features prevailed for all the samples, with secondary vortex traits suggested by the weak ridge at 135◦ for negative values 
of Bu, the magnetic interaction field. In Castel di Guido, 29 March 2020, the FORC distribution showed SD features centered around 20 mT, influencing the coercivity 
distribution of Magnagrecia on the same date (g, n). 
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urban contexts (Winkler et al., 2020; Fusaro et al., 2021). 
The points from Cinecittà, during and after the lockdown, coincided 

in the central part of the plot, overlapping the urban background of 
Sagnotti et al. (2006). 

The position of Castel di Guido, during the lockdown, was remark-
ably different, falling in the upper PSD zone of the Day plot and recalling 
the Fontechiari background area of Sagnotti et al. (2006), that was 
ascribed to the natural eolian deposits of the northern to mid latitudes; 
Revuelta et al. (2014), reported that a crustal source of fine magnetic 
particles was found in Barcelona aerosols too. 

After the lockdown, the Castel di Guido filters overlapped the Cin-
ecittà points, thus approaching the moderate urban traffic conditions. 

To overcome the “Day Plot” limitations, SIRM/χ, a magnetic grain-
size indicator (Table 4s) and FORC diagrams were discussed. The SIRM/ 
χ values for Fermi and Magnagrecia were on average compatible with 
the brake emissions (6.7 ± 2.5 kA/m) reviewed in Gonet and Maher 
(2019) and distinct from gasoline and diesel emissions (13.8 ± 6.3 kA/m 
and 14.5 ± 12.1 kA/m, respectively), with Cinecittà showing a relatively 
higher SIRM/χ ratio, in the middle between brakes and fuels products. 

During the lockdown, Castel di Guido SIRM/χ values were on 
average much higher (17.2 ± 5.1 kA/m), suggesting finer magnetic 
grainsizes, as already highlighted by the higher Bc values (Table 1) and 
the position in the Day plot: therefore, the main influence of finer nat-
ural magnetic particles is suggested; after the lockdown, Castel di Guido 
SIRM/χ values decreased to the same range of Cinecittà, confirming the 
Day plot results. 

Independently of the lockdown conditions, the FORC distributions of 
Magnagrecia and Fermi (Fig. 7 b, c, d and e) were peaked at the origin of 
the diagrams and showed prevailing MD features, with a PSD/vortex 
secondary component resulting as a weak 135◦ ridge for negative Bu. On 
29 March 2020, during an exogenous dusts atmospheric event, a SD 
component peaked, at around 20 mT, the noisier FORC distribution of 
the Castel di Guido filter, and influenced the coercivity distribution of 
Magnagrecia too (Fig. 7 a, f, g, n). 

In Sagnotti et al. (2006) it was concluded that FORC diagrams do not 
change with main inputs of north African dust; thus, this component 
might be associated to common natural sources or to a magnetic 
signature of the Caucasian event occurring between 26 and 30 March: in 
fact, the FORC diagram and the horizontal distribution of Fermi on 15 
May 2020 seem not affected by the Saharian dusts event (Fig. 7d, l). 

FORC diagrams closely resembled those for brakes and leaves re-
ported in Sagnotti et al. (2009) and Winkler et al. (2020), in substantial 
coherence with the considerations made after the Day Plot and SIRM/χ, 
that is brakes emissions dominate the magnetic properties of PM10 in 
traffic urban contexts, with minor magnetic components related to local 
or exogenous natural sources, and not excluding exhaust fuel emissions, 
which might be associated to the 135◦ ridge. 

These results are compliant with Gonet et al. (2021a, 2021b), who 
concluded that non-exhaust vehicle brake wear is the major source of 
airborne magnetite; they also estimated that, at the roadside of Lan-
caster and Birmingham, brake wear contributes between ~68% and 
85% of the total airborne magnetite in the roadside environment, fol-
lowed by diesel exhaust emissions (~7%–12%), petrol exhaust emis-
sions (~2%–4%) and background dust (~6%–10%). 

Brake wear debris comprises metal-bearing components, including, 
besides Fe, heavy metals such as Cu, Sb, Sn, and Ba; in Gonet and Maher 
(2019) it was shown that Fe-bearing particles arise from the friction 
between a brake pad and the cast iron disc: at operating temperatures 
below 200 ◦C, abrasive processes dominate, and wear particles >1 μm 
are mostly generated. At higher temperatures (>190 ◦C), the concen-
tration of nanoparticles (<100 nm) increases by four to six orders of 
magnitude and constitutes >90% of total brake dusts. 

The grainsize distribution of brakes dusts is debated: recently, Gonet 
et al. (2021b) demonstrated that most brake-wear particles are smaller 
than 200 nm, and that even the larger brake-wear PM size fractions are 
dominated by agglomerates of ultrafine grains. Conversely, Muxworthy 

et al. (2003) and Sagnotti and Winkler (2012) previously concluded that 
the SP fraction of traffic-related PM may occur as coating of coarse MD 
particles and is originated by localized stress in the oxidized outer shell 
surrounding the core of magnetite-like grains; thus, it should not be 
considered as a direct proxy of the content of ultrafine particles. 

As a summary, in Fermi and Magnegrecia traffic stations the con-
centration of traffic related magnetic PM, mostly ascribed to non- 
exhaust brake emissions, roughly doubled after the end of the lock-
down phase, reaching almost 2 wt% of the total PM10. 

These consistent results were achieved despite the intrinsic limita-
tions of this study, which was addressed to representative PM10 stations 
in Rome, discontinuously sampled after the end of the lockdown: future 
technical developments should be addressed for operating daily mag-
netic susceptibility measurements inside air quality stations, with the 
vision of providing standardized and regulated magnetic parameters 
useful for air quality monitoring. 

Moreover, magnetic measurements well discriminate brakes from 
other magnetic emissions, but fuel exhausts and fine natural magnetic 
components are someway difficult to be uncoupled; about the magnetic 
grainsize, its association with domain state is not always straightforward 
and, for what concerns the harmful ultrafine magnetic particles, they are 
difficult to be investigated at standard room temperature for their de-
ciduous magnetic properties. 

Finally, the correlation between PM10 concentration and magnetic 
susceptibility is site dependent (Sagnotti et al., 2006; Petrovský et al., 
2020), making it unproper to expand these local results to a broader 
scale: notwithstanding, magnetic analyses provide original parameters 
for the source apportionment of PM10, especially when unsignificant 
variations of its concentration levels may mask important changes in 
vehicular metallic emissions. 

5. Conclusions 

In Rome, despite vehicular traffic on average was more than halved 
because of the severe lockdown measures adopted to contain the COVID- 
19 pandemic (9 March – 18 May 2020), the PM10 concentration levels 
were similar to those of the same period in previous years, with a modest 
reduction mainly recorded in April. 

Under the hypothesis that vehicular traffic is the main source of 
magnetic emissions in traffic urban contexts, it was carried out a 
detailed study and comparison of the magnetic properties of PM10 filters 
collected during and after the lockdown from automated stations for air 
quality monitoring, to assess the impact of the COVID-19 containment 
measures on the traffic-related fraction of particulate matter. 

Here, are reported the main findings:  

1) In traffic urban sites, the PM10 concentrations did not significantly 
change after the lockdown, when traffic promptly returned to its 
usual levels; conversely, the average volume and mass magnetic 
susceptibilities of PM10 filters approximately doubled, and the linear 
correlation between volume magnetic susceptibility and PM10 con-
centration became significant, highlighting the link between PM10 
concentrations and the increasing levels of traffic-related magnetic 
emissions.  

2) In the moderate traffic urban station and in the rural background 
site, the magnetic susceptibility of PM10 filters was unaffected by the 
lockdown: in the suburban background site, the volume and mass 
magnetic susceptibilities of the filters significantly increased after 
the lockdown.  

3) The magnetic mineralogy of PM10 filters was dominated by low 
coercivity magnetite-like minerals arising from non-exhaust brakes 
emissions; it was supposed a weak influence of fuel exhausts, while 
natural magnetic sources emerged far from the main roads and in 
rural contexts, as well as during exogenous dusts atmospheric events.  

4) Magnetic susceptibility demonstrated to be a fast and accurate proxy 
of the traffic related vehicular emission, and applies for having a key 
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role in the source apportionment of airborne particulate matter in 
urban areas, especially when it can be diagnostic of important vari-
ations in traffic conditions that are not evident from PM10 concen-
tration data alone. 

Finally, this study highlighted that during a prolonged stop of 
vehicular emissions, as it was imposed for containing the Covid-19 
pandemic, harmful metallic PM may persist near the busiest roads, 
reaching back to the highest concentration levels soon after the end of 
the measures: in this sense, after adopting severe rules for limiting 
exhaust fuel emissions, a significant reduction of brake wear, as the main 
source of airborne pollutants, is demanded. 
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