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A B S T R A C T   

In urban environments, soils are a sink of pollutants and might become a source of contamination, as they 
commonly display potentially toxic elements (PTE) concentrations above the legislative limits. Particularly, the 
inhalable fraction of soils (<10 μm) is enriched in PTE compared to bulk soils (BS). The enrichment makes these 
particles an environmental hazard because of their susceptibility to resuspension and their potential contribution 
to road dust (RD) and atmospheric particulate matter (PM10) pollution. 

To gain a better insight into urban contamination dynamics we studied the BS, the resuspended <10 μm 
fraction of BS (Res-BS) and RD (Res-RD) in a European historically industrialized and densely populated city. 
Compared to BS, the Res-BS and Res-RD showed higher PTE concentrations and a higher variability for most of 
the elements. Lead was the only PTE showing similar concentrations in all the matrices, suggesting shared 
sources and redistribution pathways within the city. Chemometric elaborations identified Res-BS as a transition 
between BS and Res-RD or, rather, a Res-RD precursor. Also, Pb was confirmed to be ubiquitous in all the media. 

In all the matrices, Pb isotopic signatures were investigated and compared with PM10 fingerprints from the 
same city. The anthropogenic isotopic signature in Res-BS and Res-RD was evident, and samples belonging to 
neighboring sites showed comparable isotopic ratios. The Res-BS appeared as a key driver for Pb distribution 
within the city both in Res-RD and in PM10. These results demonstrate the intimate interaction between urban 
environmental compartments (soil, road dust and PM10), and the active contribution of fine soil fractions to 
anthropogenic pollution, with relevant policy implications in urban areas since soils were found to contribute 
directly to air pollution.   

1. Introduction 

Pollution assessment is particularly demanding in urban areas 
because of the multiplicity of sources, and we could then try to use the 
sources interconnection to study them. The urban environment is a 
complex system, where various anthropogenic activities contribute to 
the dispersion of metal (loid)s into environmental compartments with 
different responses to contamination. Various sources of point and 
diffuse pollution coexist, such as traffic exhaust and non-exhaust emis
sions, residential heating, waste disposal, industrial activities. These 
sources emit particulates containing potentially toxic elements (PTE), 
namely Cd, Cr, Cu, Pb, Ni, Zn, V and Sb, which are directly deposited on 
soil surfaces, roads, and tree leaves through wet and dry atmospheric 

deposition (Luo et al., 2019; Shi et al., 2008). The deposition of these 
PTE-enriched particulates contributes to soil pollution. It has been 
indicated that soil fine fractions, particularly the particles <10 μm or 
finer, exhibits higher PTE accumulation than the coarser fractions due to 
their higher surface area and higher content of reactive clay minerals 
and organic matter (Ajmone-Marsan et al., 2008; Padoan et al., 2017). 
More recently, Kelepertzis et al. (2020) reported the appropriateness of 
using the soil dust to trace the anthropogenic impact in the industrial 
area of Volos, Greece, and confirmed the sensitivity of soil fine fraction 
to anthropogenic contamination in industrial and high-density traffic 
cities. 

Soils, however, behave not only as a sink, but also as a source of 
pollutants under certain conditions, as fine particles have a higher 
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resuspension potential compared to the bulk soil (BS). The dust gener
ated from soil resuspension or from the resuspension of dust particles 
deposited along road edges and park walkways can influence the 
elemental concentrations in other urban compartments, contributing to 
the complexity of the contamination conditions, and enhancing human 
health risks from PTE exposure (Zahran et al., 2013; Padoan and Amato, 
2018; Li et al., 2021a). Road dust (RD) is composed, apart from soil dust, 
by different particles transported and suspended by vehicles or wind, 
including brake, tire, road wear particles and other particles from 
various origins (salt, sand, exhaust emissions, secondary compounds, 
other mineral dust, etc.) (Padoan and Amato, 2018). In the last years, it 
has been shown that resuspension, redistribution, and transport of 
PTE-containing particles from soils and RD contribute significantly to 
urban particulate matter <10 μm (PM10) in all urbanized areas (Padoan 
and Amato, 2018). For example, in the city of Milan, located in the Po 
Valley, one of the most contaminated sites in Europe, the so-called local 
dust (sourced from soil and RD), has been calculated to contribute to 
PM10 more than vehicle exhaust (8% of local dust vs 7% of vehicle 
exhaust) (Amato et al., 2016). 

Similarly to soil dust, RD fine particles (i.e., <10 μm) contain PTE 
concentrations higher than the bulk material in urban areas, as noticed 
in previous studies (Padoan et al., 2017; Vlasov et al., 2021). Likewise, 
Khademi et al. (2019) observed that the fraction <10 μm showed the 
largest accumulation of PTE in RD in both natural and industrial areas in 
Murcia city, south-eastern Spain. In urban areas, the average concen
tration of fine particulate matter (PM) is more than twice higher than in 
rural areas, often exceeding allowable levels with a higher percentage of 
the population exposed. PM10 is classified as a carcinogen to humans by 
the International Agency for Research on Cancer (IARC) (IARC Scientific 
Publication No. 161). Particulate pollution has a significant impact on 
public health and the environment: short-term exposure to particulate 
air pollution can trigger acute health events, leading to higher rate of 
emergency department accesses, especially when associated with high 
air temperatures; long-term exposure increases the risk of cardiovascu
lar and respiratory diseases and reduces life expectancy (Contiero et al., 
2019). In 2015, diseases attributable to air pollution caused 18 million 
deaths worldwide (Roth et al., 2017), with Italy recording 239,514 
deaths in the same year (World Health Organization Mortality 
Database.). 

Several studies have been conducted on the PTE accumulation in the 
fine fraction of sources contributing to PM10 in the urban environment. 
However, most of them consider a single environmental compartment 
without observing the interdependence among them. In addition, most 
of the research is limited to the observation of the instantaneous po
tential emission (Pachon et al., 2021), neglecting the physical process of 
particle fragmentation and breakdown that occur in urban exposure 
scenario. Such mechanical processes may cause larger particle size 
reduction that could further contribute to PM10 by affecting the mech
anisms of PTE accumulation, transport, and exposure in urban context. 

Among PTE, Pb is one of the most widespread in urban settings due 
to its historical use as gasoline additive (Facchetti, 1989; Wu et al., 
2017), and its presence in various industrial emissions. Although no 
longer used in gasoline, Pb is still considered important in urban areas 
due to its persistence and neurotoxicity (Becker et al., 2022; Gelly et al., 
2019; Morton-Bermea et al., 2011). In the last years the remobilization 
of this historically deposited Pb has been suggested as an important 
source of pollution due either to soil resuspension from wind and vehicle 
movements, or to Pb transport to drainage systems by storm water 
runoff (Becker et al., 2022; Laidlaw and Filippelli, 2008). 

Pb isotope ratios (IRs) remain unchanged throughout physico
chemical and atmospheric processes (Li et al., 2018). Accordingly, in 
surface soils or RD, Pb signature of anthropogenic and natural sources is 
preserved in the IRs and could be used as a fingerprint to identify and 
trace Pb pollution sources. 

Starting from these considerations, this paper inspects PTE concen
trations and Pb isotopic ratio in the bulk soils and in the resuspended 

fractions of soils and road dusts with the following aims: i) to clarify the 
spatial influence of the contamination sources in the urban environ
ment; ii) to evaluate the variability of PTE contents in different urban 
receptors; iii) to distinguish the natural from anthropogenic origin of Pb 
and trace its source routes via isotopic ratio study twenty years after the 
phasing out of leaded gasoline; iv) to investigate the interconnection of 
urban receptors by focusing on <10 μm resuspended fraction for a better 
insight of the drivers that contribute to the PTE accumulation and sub
sequent exposure. 

2. Materials and methods 

2.1. Study area 

Turin is located at the western end of the Po Valley (45◦04′24″ N; 
7◦40′32″ E), one of the most industrialized areas in Europe. It is a densely 
populated city with a high volume of vehicular traffic. For more than a 
century, the economy of Turin province has been strongly linked to in
dustry, particularly to mechanical manufacturing, which has its strong 
focus on automotive production and all the ancillary industries related 
to it. The marked presence of the automotive sector has resulted in one 
of the highest engine rates in Italy, with 664 cars per 1000 inhabitants. 
In fact, the transport fleet is dominated by cars (44%), using a preva
lence of gasoline (48%) and diesel (40%) fuel. Public transport is used 
for 10% of the urban movements and is characterized by a large and 
widespread tram network (Berrone et al., 2019). According to Köppen 
classification, Turin has a warm temperate climate (Cfa); in the last 
decades, the rainy days are decreasing, consequently increasing the 
maximum length of dry periods (Arpa Piemonte, 2016). The average 
annual temperature is about 10 ◦C, with an average temperature 
anomaly of about +1.3 ◦C compared with 1971–2000 data. The Po 
Valley is characterized by a morphological conformation negatively 
influencing the pollutants dispersion, worsening its air quality (Padoan 
et al., 2016). In fact, frequent periods of high pollution occur, during 
which PM10 concentrations exceed the daily average limit of 50 μg/m3 

set by the Directive 2008/50/EC (Implementation of the Directive 
2008/50/EC of the European Parliament and of the Council of 21 May 
2008 on ambient air quality and cleaner air for Europe, adopted in Italy 
2010, 2008). On average, in last years, the daily average has been 
exceeded 100 days per year, against a limit of 35 times per year. 

2.2. Sampling and resuspension 

The sampling sites were chosen to encompass the variability of the 
pollution sources in an urban context. BS and RD samples were collected 
in areas with different traffic densities and in parks within the urban and 
suburban area of Torino (Fig. 1) as in Padoan et al. (2017). Previous 
studies (Biasioli et al., 2006; Li et al., 2021b) have shown that these 
locations are the most representative of soil pollution in Turin for both 
traffic areas and parks, for their long exposure to airborne diffuse 
contamination. In addition, two roadside soils sampled (samples ID: 15; 
16) in the early 2000s were selected from a previous work (Biasioli et al., 
2006) with the aim to observe the isotopic signature of gasoline in soils 
samples before the leaded gasoline phasing out. These are referred to as 
historical samples. 

BS and RD were sampled in the same area when possible, following 
the methodology described in Padoan et al. (2017). In total, 20 soil sites 
and 17 road dust sites were selected for this work. 

To examine steady-state conditions of deposition, sampling was done 
after one week without precipitations (Amato et al., 2012). For BS 
samples, three subsamples were collected at 1 m from each other along 
the road edge at the same distance from the curb and mixed into a single 
composite sample. Surface soils (0–5 cm) were considered for the cur
rent study because they are more easily resuspended. For RD, three 
subsamples were collected from sites of 1 m2 using a polyethylene brush, 
carefully avoiding re-suspension. For sites belonging to the traffic 
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category, RD samples were sampled at the center of the rightmost active 
lane. For those in parks at the center of the paved way. All samples were 
dried at room temperature and sieved to 2 mm. 

The fraction <10 of all samples was separated using the equipment 
illustrated in Fig. 2. The samples analyzed were: 20 bulk soils (BS), 20 
samples obtained by resuspension of BS (Res-BS), and 17 samples ob
tained by resuspension of RD (Res-RD). In the Supplementary Material 
(Table S1) the sample list is reported, with coordinates, categorization, 
and relevant traffic flow. 

Starting from the small rotating drum in Padoan et al. (2021), we 
built a closed metal-free setup to directly sample the PM10 fraction 
produced by resuspension of the sample without dimensional pretreat
ment. The experiment was conducted using 15 g of dry BS or RD placed 
in the rotating drum and revolved at 26 rpm for 1 h. The fall of the 
sample generates separation of finer particles and additional fine par
ticles are produced from the collision between the particles and the 

impact with the chamber wall (Mendez et al., 2013). Dust particles are 
transported to the deposition chamber by the vacuum pump located 
downstream of the system. The deposition chamber allows the deposi
tion of the larger and heavier particles that would damage the PM 
impactor, avoiding any size pre-treatment. Particles <10 μm are 
collected on a micro-quartz fiber filter (47 mm, Ahlstrom-Munksjö) 
using a multistage impactor (MSI, TCR TECORA) according to the ISO 
23210-2009 method. Each filter was weighed on an analytical balance 
(Sartorius CP225D-0CE) before and after the resuspension to calculate 
the dust load. 

2.3. Analytical procedures 

BS, Res-BS and Res-RD samples were characterized for pseudo-total 
elemental concentrations using aqua regia extraction and microwave 
digestion (Milestone Ethos D, ISO 54321:2020). Duplicate extractions 

Fig. 1. Map of the sampling sites within Turin urban area, Italy. Traffic sites are represented by red circles, parks by green rhombuses. The numbers represent the 
samples ID referred to in the text and reported in Table S1. 

Fig. 2. Scheme of the resuspension system. On the right, an enlargement of multistage cascade impactor to show the PM10 collector.  
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were performed using 0.2 g of soil sample, ground to 0.15 mm, and 10 
mL of aqua regia. For the resuspended samples, the entire filter was 
mineralized. The following heating steps were applied: 10 min ramp 
until 200 ◦C, 10 min dwell at 200 ◦C, and 20 min of ventilation. The 
resulting solutions were filtered on cellulose filters (Whatman N◦41) and 
diluted to 50 mL with deionized water. Accuracy was verified using a 
certified reference material for aqua regia soluble contents using CRM 
141 R certified soil (Community Bureau of Reference, Geel, Belgium); 
average recovery was 97.9 % (94–103 %). All reagents were of ultrapure 
or analytical grade. The concentrations of Al, Cd, Cr, Cu, Fe, Ni, Pb, Sb, V 
and Zn were determined using an Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES), Agilent 5800, and an Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS), Agilent 7500ce. 

The Pb relative isotopic composition was determined for the 204Pb, 
206Pb, 207Pb, and 208Pb isotopes, using a Sector Field Inductively 
Coupled Plasma Mass Spectrometer (SF-ICP-MS, Thermo Finnigan 
Element 2). To obtain a precise and accurate assessment the dependence 
of analytical precision and accuracy was studied by going to investigate 
integration window, sapling points per peak and integration times, with 
the use of face-centered composite experimental design. The SF-ICP-MS 
obtained operating conditions for Pb isotope analysis are reported in 
Table S2. More details are given in Ziegler et al. (2021). The determi
nation was performed using the low-resolution mode, using two stan
dard solutions of the certified reference material (CRM) SRM 981 
(Common Lead NIST, USA) at concentrations of 2.4 and 24 μg/L. The 
correction for mass bias was performed analyzing the SRM 981 every six 
samples. 

The CRM consists of four isotopes and reflect the Pb natural isotopic 
abundance: 204 (1.4255 ± 0.0012%), 206 (24.1442 ± 0.0057%), 207 
(22.0833 ± 0.0027%), 208 (52.347 ± 0.0086%). The counts of each 
isotope were obtained by subtracting the blank signal. On the 204Pb 
isotope, the interference of 204Hg was subtracted. Considering the nat
ural abundance of the different Hg isotopes, the mathematical correc
tion of the interference of 204Hg was calculated by determining the 
isotope 200Hg, free from interferences. 

2.4. Statistical analyses and data processing 

Statistical analyses were conducted using RStudio software (R 
version 4.0.3) and XlStat 2023. Normality and homoscedasticity of the 
data were checked using Shapiro-Wilk’s and Levene’s tests. Non-normal 
data were log-scaled. One-way ANOVA was used to detect differences in 
mean values between groups. Tukey-HSD test was applied for post hoc 
pairwise comparisons. Correlation matrices were computed using the 
non-parametric Spearman method. 

To identify the main PTE sources and their contribution to the 
composition of the different media, principal component analysis (PCA) 
was applied. Factors were distinguished by the magnitude of factor 
loadings. Matrices adopted for PCA were scaled and centered before 
performing the analysis and generating biplots. 

Enrichment Factors (EFs) were calculated using the following for
mula: 

EF =

(

Ci/Cr

)

sample

/(

Ci/Cr

)

background  

where (Ci/Cr) sample and (Ci/Cr) background are the ratios between the 
concentration of the i-element and the concentration of the reference 
element in the sample, and in the background soil, or in the Earth’s 
upper crust. 

We computed the EFs according to the background values in Turin 
soils for Cr, Cu, Ni, Pb, Sb, V, and Zn using Fe as reference element 
because only for these elements regional background levels were 
available. These values were calculated from the Regional Agency for 
Environmental Protection according to ISO 19258/2005 norms (ARPA 
Piemonte, 2015). For Cd, values from the Upper Crust (Wedepohl, 1995) 

were used instead. 
Iron was used as a reference element because the use of local back

ground concentration might be the best strategy to reduce the distortion 
induced in EFs calculation from the typical use of average values of rocks 
or Upper Crust (Bern et al., 2019). 

There are no generally accepted grades for the EFs. In this study, we 
used EFs levels according to Vlasov et al. (2021): <2 depletion to min
imal enrichment, 2–5 moderate enrichment; 5–20 significant enrich
ment and pollution; 20–40 very high enrichment and pollution, and >40 
extreme enrichment and pollution. 

3. Results and discussion 

3.1. PTE distribution in BS, Res-BS, and Res-RD 

Descriptive statistics regarding PTE in samples are reported in 
Table S3 of the Supplementary Material. Data for Al, Cd, Cr, Cu, Fe, Ni, 
Pb, Sb, V and Zn is reported in Table S4. 

In line with the findings of previous studies on Turin soils, high 
concentrations of all the elements were found through the city area 
(Ajmone-Marsan et al., 2008; Padoan et al., 2017; Li et al., 2021b). 
However, no significant differences (at p = 0.05) were found in BS 
samples between park and roadside soils (Fig. 3). Iron and Al are 
abundant metals found as minerals in the soil; apart from their litho
genic origin, they may also be released into the environment in much 
lower concentrations by anthropogenic activities. However, given their 
abundant presence in the soil, both were considered as typical geogenic 
markers in this study. Traffic soils had averages exceeding the tabulated 
values for Cr, Ni, Pb and Zn, with some samples also having Sb and Cu 
concentrations higher than the legislative limits for residential areas. 
The high concentrations of Cr and Ni could be ascribed to the presence in 
the soil parent material of ultramafic rocks, such as serpentinitic peri
dotites and serpentinites, as reported in previous studies in the same 
area (Biasioli et al., 2006) and in the Regional Environmental Protection 
Agency study (ARPA Piemonte, 2020) that consistently supported the 
hypothesis that the high concentrations of these elements were related 
to the area-specific pedogenesis, lithological composition and prevailing 
physico-chemical conditions. Vanadium had the lowest variability 
among studied PTE, while Pb and Sb had the highest. Lead, Sb, Cu, and 
Zn, in urban areas, have their main sources related to anthropic activ
ities, and it is noticeable that the relative standard deviation (RSD%), 
was considerably higher in soils located in traffic areas for Pb, Zn, and 
Sb. 

Park soils had, in general, lower PTE concentrations than traffic ones. 
On average, Ni was the only element slightly exceeding the Italian leg
islative limit for residential and park sites (D.Lgs. 152/2006), while, 
looking at the maximum values, Cr and Zn also exceeded the limits in 
some park samples. 

This variability within the city reflects the diverse, intermittent, and 
long-term effects of human activities on the urban environment, causing 
highly localized variations in metal concentrations and often preventing 
the possibility to discriminate soils according to the current land use. 

Compared to cities with a similar industrial history, Turin’s soils had 
higher PTE concentrations (Table S5). Notable is the high concentration 
of Zn and Pb in all the cities, probably because of a convergence of 
geochemical substrata and pollution sources, as metallurgical industries, 
and traffic. 

Res-BS samples (descriptive statistics reported in Table S3) display 
two to eight times higher average concentrations and higher variability 
than BS samples in both parks and traffic areas, suggesting a homoge
neity of sources affecting both areas. Antimony and V are the elements 
showing the highest enrichments in Res-BS. While Sb is emitted mainly 
from brake and tire wear (Grigoratos and Martini, 2015), V is emitted 
from metallurgical works, combustion of fuel oil, coal, and diesel vehi
cles (Zhang et al., 2023) pointing to a diffuse, long-term accumulation of 
V in the fine fraction of soils. In traffic sites, Cr, Zn and Pb had the 
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Fig. 3. Elemental concentrations (mg/kg) in the individual matrices (BS, Res-BS and Res-RD) divided by the categories (traffic and park). Superscript letters indicate 
the statistically significant groups obtained using Tukey-HSD test. The length of the box indicates the interquartile range whereas the horizontal line within each box 
represents the median. Whiskers indicate minimum and maximum values while outliers are represented as points. 
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highest concentrations, with Pb having the highest maximum values and 
RSD% between traffic and park sites, evidencing the long-term influence 
of Pb diffuse contamination on urban soils twenty years after the phasing 
out of leaded fuel. Furthermore, all other elements have higher co
efficients of variation in traffic than in park sites due to the complexity of 
the sources at roadside sites. Generally, Res-BS samples displayed lower 
average concentrations in parks than in traffic sites, with Cr, Zn and Ni 
showing the highest concentrations, followed by V, Cu and Pb, while Sb 
had the highest RSD%, evidencing the possible presence of site-specific 
contaminations. 

The various sources present in an urban area contribute to the 
complexity of the spatial pattern but, in general, Res-BS samples 
collected in sites with the most trafficked roadways were more 
contaminated. 

Average results for the Res-RD samples are reported in Table S3, 
while the complete dataset is reported in Table S4. In traffic sites, Res- 
RD average concentrations of Cd, Cu, Pb, Sb and Zn were high, in line 
with previous works (Padoan et al., 2017) and with literature studies, if 
we consider only city centers and industrial areas (Khodadadi et al., 
2022; Vlasov et al., 2021). Ni was the only element having similar 
average concentrations in park and traffic sites, while all other PTE 
exhibited lower values in parks than in traffic sites. This behavior could 

be due to the presence of different prevalent sources in the two land uses 
(e.g., soil in RD from parks and wear in RD from traffic sites). 

Res-RD samples have, generally, higher concentrations and vari
ability than other matrices (as visible in Fig. 3), especially compared to 
BS, and particularly high concentrations were observed for Cd, Cu, Sb 
and Zn. The large variability of Res-RD is due to its buildup, as it gen
erates from different materials: soil coming from ridges or roadsides, 
exhaust emissions, wear of vehicular mechanical parts, asphalt, nearby 
industrial emissions (Padoan and Amato, 2018). All these sources 
contribute differently in the different sites, increasing the elemental 
variability. 

Less marked differences between Res-RD and Res-BS were observed 
for Ni, while for Pb no significant difference was observed in the con
centrations of the examined matrices, suggesting shared sources (leaded 
gasoline and industry) and processes, leading to a similar Pb distribution 
in urban areas, although with some divergences. 

3.2. Enrichment factors 

The Enrichment factors (EF) calculated for all samples against local 
background values are depicted in Fig. 4 as boxplots for each category. 
In Table S6 all data is reported. 

Fig. 4. Enrichment factors calculated for BS, Res-BS, and Res-RD against local background values represented on a logarithmic scale; Fe was used as a reference 
element. The length of the box indicates the interquartile range whereas the horizontal line within each box represents the median. Whiskers indicate minimum and 
maximum values, while outliers are represented as points. *Enrichment factors calculated in relation to upper crust values from Wedepohl (1995). 
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In BS samples, most of the elements displayed a minimal or moderate 
enrichment. No marked differences are evident comparing EF in park 
and traffic sites, with Cd having, on average, the highest values. A higher 
average EF value and variability was observed for Pb and Sb in traffic 
soils than in parks. The highest EF value was observed for Pb at the sites 
with highest traffic flow, in large avenues, namely at sites BS4, BS6, and 
BS10 (EF = 14, 7 and 20 respectively). For the same sites, except for BS4, 
high EF values were also present for Sb (EF > 8). 

Despite their concentrations, the low EF values calculated for Cr and 
Ni are justified considering their partial lithogenic origin in Turin soils, 
as previously discussed. 

Results for the Res-BS samples are also shown in Fig. 4. Generally, EF 
values for parks were lower than those for traffic sites, although the 
complexity of the spatial pattern of sources in urban areas partially 
overwhelms this simple partition. 

In soils located in traffic areas, all elements except Cu exhibited a 
significant enrichment, especially Cd, Pb and Sb. Significant enrich
ments of Cr and V were found in four avenues (sites Res-BS1, Res-BS2, 
Res-BS6 and Res-BS7). The same sites also had extreme and significant 
enrichments of Sb (EFs = 45, 14, 26, and 7, respectively), likely emitted 
in road environment during the brake pad wear process (Grigoratos and 
Martini, 2015). This increase in trafficked sites is related to traffic 
congestion or tram and bus stops, where vehicles break down more 
frequently, and it also reflects the vehicles flow intensity (Chang et al., 
2021). Accordingly, EF decreased in sites with low vehicular traffic, 
reaching the lowest values in parks, where EF were always under 5, also 
observable in Figs. S1(a–e), where the spatial distributions of the EF are 
shown in relation to traffic flows. Traffic data were obtained from the 
Piedmont regional geoportal (TGM, 2018). 

Local anomalies of Pb and Zn, and significant enrichment of Sb were 
observed also near industrial zones in sites Res-BS10 (Pb EF = 41; Zn EF 
= 11; Sb EF = 26) and Res-BS4 (Pb EF = 30; Zn EF = 11; Sb EF = 12). 
Zinc is emitted during the galvanization process in steel and iron in
dustries to protect iron from rusting (Verma et al., 2020). High Pb values 
were probably due to the long-term influence of past use of Pb fuels, 
while Sb originated from vehicle component wear, due to the use of it in 
brake pads formulation (Grigoratos and Martini, 2015; Pant and Harri
son, 2013; Zhu et al., 2020). The presence of anomalies once again 
confirms the high variability of the distribution of PTE in urban soils. 

The high enrichment factors observed in Res-BS may be attributed to 
its chemico-physical characteristics. Fine particles typically exhibit 
higher concentrations of metals than coarser ones due to a higher sur
face area, content of clay minerals and organic matter, and to the 
presence of Fe–Mn oxide phases acting as PTE sorbents (Ajmone-Marsan 
et al., 2008). These factors promote the accumulation of metals by 
co-precipitation, occlusion, adsorption, and complexation. 

Among the studied matrices, Res-RD samples were the most enriched 
in all the selected elements (Fig. 4). Contrarily to Res-BS, for Res-RD 
land use was a driver. EFs in parks for Cd, Cu, Sb and Zn were mark
edly lower than in traffic sites, whereas Cr, Ni and V were higher. In 
traffic sites Cu, Sb and Zn were the most enriched elements, with 
roadside values nearly twice as high as in parks. Analogously to Res-BS, 
the high accumulation of Sb and Zn w found in sites with high vehicles 
flow and frequent stop-start maneuvers and trajectory changes, were 
intensified tire and brake wear is expected (Alves et al., 2020; Ferreira 
et al., 2016; Nazzal et al., 2013; Pant and Harrison, 2013). Likewise, Cu 
is a typical tracer of brake wear emissions, but it also may be emitted by 
metallurgical plants and machinery companies and can be deposited on 
the ground from other sources than non-exhaust traffic emissions. In 
Res-RD samples, the non-exhaust emission is supported from Cu/Sb 
ratio, averaging 14 in traffic sites, while increasing to 23 in parks. 
Typical ratios found in Res-RD traffic samples from different cities 
ranged from 5 to 18 (Alves et al., 2015, 2020; Ramírez et al., 2019). 
These studies reported that a higher ratio was related to the decrease in 
Sb concentrations due to the lesser influence of brake wear, suggesting a 
greater importance of geogenic sources for Cu in parks. 

Such high enrichments make particles <10 μm an environmental 
hazard to citizens due to their susceptibility to resuspension, and their 
potential to be transported over considerable distances, contributing to 
urban dust and, atmospheric particulate matter. The Po Valley, of which 
Piedmont is part, is one of the most polluted areas in Europe, with an 
estimated 2500 deaths per year in the Piedmont region due to air 
pollution (VIIAS Project). Being surrounded by mountains to the north, 
west and south, air circulation is limited, causing long periods of stag
nant air and, consequently, some of the highest levels of air pollution in 
Europe (Raaschou-Nielsen et al., 2013; Van Donkelaar et al., 2015). 
Moreover, the deleterious impact of air pollution also affects animal and 
plant health, and ecological systems at large (with further consequential 
impacts on the productivity of agricultural and forestry resources). 
(World Health Organization. Regional Office for Europe, 2015) 
Although Europe has made progress in regulating air quality air pollu
tion remains a persistent problem. 

3.3. Multivariate analysis 

To characterize the underlying contamination sources, we calculated 
the Spearman’s correlation for BS samples (Table S7). A considerable 
high correlation is appreciable for Cd, Cu, Pb, Zn and Sb, typical urban 
contaminants in soils. These elements, indeed, relate to traffic (e.g., Cu, 
Zn and Sb are currently emitted, in urban areas, mostly from brake and 
tire wear), and to industrial emissions. Activities such as smelting, coal 
combustion, and construction have been regarded as the major sources 
of these elements in the environment (Yadav et al., 2019). Moreover, the 
high correlation between Zn and Cd (rZn-Cd = 0.82; p < 0.05) may be an 
indication of contamination in roadside soils by tire wear. Zinc can be 
traced, in part, to ZnO used during tire vulcanization process. Cadmium 
has been associated with impurities in vulcanized tires, as Cd is closely 
associated with zinc in its natural state (Alves et al., 2020; Pant and 
Harrison, 2013). 

Vanadium shows no correlation with the other elements of interest, 
indicating a prevalent natural origin. Lastly, the high correlation be
tween Cr and Ni confirms their common origin from the soil geological 
substrate. However, a contribution from metallurgical activities in Turin 
cannot be ruled out. 

Spearman’s correlations were also calculated on Res-BS and Res-RD 
samples, together with principal component analysis (PCA). 

For Res-BS samples, results of the correlations and loadings of the 
first four components, accounting for the 91% of total variance, are 
reported in Table 1a and Table S7, respectively. Scores and loadings on 
the first two PCs are displayed via biplot in Fig. S2. The first component 
(PC1) is strongly influenced by Cd, Cu, Pb and Zn, elements also showing 
a high intercorrelation between them, especially in the industrial area 
and in sites along heavily congested roads. The highly correlated ele
ments Cr and V, conversely, contribute negatively to the second prin
cipal component (PC2), suggesting similar sources in the fine fraction, as 
an anthropic contribution from diffuse sources, i.e., deposition of par
ticulate matter coming from fossil fuel burning or manufacturing ac
tivities due to their use in metal alloys that make up engine components 
(Long et al., 2021). This anthropic addition was presumably hindered in 
the BS samples from the high natural background. The elements of most 
likely geogenic origin, Fe and Al, contribute positively to PC2. Park sites 
are most influenced by the natural component. In fact, these are placed 
at diffuse values along PC2 and additionally are negatively influenced by 
the component expressing anthropic elements, confirming for park sites 
greater influence by elements of natural origin. 

Spearman’s correlation and PCA analysis were performed also on 
Res-RD. Correlation results are reported in Table 1(b) while PCA load
ings for the first four components, accounting for the 94% of total 
variance, are reported in Table S9. Scores and loadings on the first and 
second principal components are displayed via biplot in Fig. S3. 

In Res-RD samples, elements of likely anthropogenic origin appear 
distributed over different components. This behavior is due to the 
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multiple anthropogenic activities influencing Res-RD production, 
reflecting the higher variability of Res-RD compared to Res-BS. 

Along the first calculated PC, anthropic-derived elements, such as Sb, 
Cu, Cd, Cr, V and Zn, influenced traffic samples (e.g., Res-RD21, Res- 
RD22, and Res-RD26) while samples from city parks resulted as not 
affected. In particular, the Zn and Cu positive correlation was previously 
found in tramway emissions and railway transport (Vlasov et al., 2021). 
The emission of all these elements due to vehicle wear is also suggested 
from the high correlation between Cu, Cd, and Sb (rCu-Cd = 0.94; rCu-Sb =

0.91; rCd-Sb = 0.87). Vanadium and Cr are characterized by positive 
loadings on PC3, exhibiting a strong correlation between them (rV-Cr =

0.99), higher than in Res-BS, probably because of their common sources 
in soils, in the traffic-derived wear of metallic parts and asphalts, and in 
the manufacturing activities of metal products. 

Aluminum, Fe, Ni and Pb contributed positively to the PC2. The 

presence of Pb together with crustal elements suggests also for Pb a soil- 
derived origin in Res-RD, pointing to contaminated soil dust resus
pension as a major origin for Pb in road dust also in Turin, as suggested 
in previous studies outside Europe (Laidlaw and Filippelli, 2008) but 
never suggested in Italian sites, to our best knowledge. 

Multivariate PCA was performed considering the three matrices 
grouped (Fig. 5 and Table S10), to observe the distribution of the 
different matrices in relation to the considered elements. The total cu
mulative variance of the first two components is 80%. Examining the 
biplot graph obtained from the multivariate analysis, the characteristic 
variability of the different matrices is confirmed, as soil have the lowest 
variance while Res-RD the highest. 

The inter-variability between matrices is mainly related to PC2 
(related mainly to Fe and Al), with BS samples grouped, indicating 
common elemental sources. Instead, BS and Res-RD samples are 

Table 1 
Spearman’s correlation for (a) Res-BS (n = 20) and (b) Res-RD (n = 17) samples. Coefficients are on the upper diagonal; p-value (<0.05) on the lower diagonal. 
Coefficients higher than 0.6 are in bold.  

(a) Fe Al Cd Cr Cu Pb Zn Ni Sb V 

Fe 1 0.91 − 0.07 − 0.11 0.06 0.17 0.03 0.42 − 0.17 − 0.22 
Al 0.00 1 − 0.10 − 0.14 0.10 0.14 0.04 0.29 − 0.15 − 0.18 
Cd 0.79 0.69 1 0.70 0.87 0.54 0.59 0.33 0.49 0.59 
Cr 0.63 0.55 0.00 1 0.55 0.07 0.19 0.08 0.17 0.81 
Cu 0.81 0.68 0.00 0.01 1 0.79 0.84 0.43 0.39 0.36 
Pb 0.48 0.56 0.02 0.78 0.00 1 0.94 0.56 0.21 − 0.20 
Zn 0.91 0.88 0.01 0.44 0.00 0.00 1 0.52 0.21 − 0.10 
Ni 0.06 0.22 0.17 0.75 0.07 0.01 0.02 1 0.37 − 0.02 
Sb 0.46 0.54 0.03 0.48 0.10 0.40 0.39 0.12 1 0.52 
V 0.35 0.45 0.01 0.00 0.13 0.41 0.67 0.92 0.02 1 

(b) Fe Al Cd Cr Cu Pb Zn Ni Sb V 

Fe 1 0.69 0.63 − 0.06 0.49 0.64 0.29 0.29 0.59 − 0.10 
Al 0.02 1 − 0.15 − 0.03 ¡0.23 0.55 − 0.31 0.65 − 0.27 − 0.29 
Cd 0.01 0.67 1 0.44 0.94 0.14 0.63 0.44 0.87 0.43 
Cr 0.83 0.95 0.08 1 0.53 0.15 0.53 0.61 0.40 0.99 
Cu 0.05 0.49 0.00 0.03 1 0.06 0.64 0.55 0.91 0.53 
Pb 0.01 0.08 0.58 0.57 0.82 1 0.15 0.37 0.13 0.09 
Zn 0.27 0.36 0.01 0.03 0.01 0.56 1 0.19 0.61 0.56 
Ni 0.28 0.03 0.08 0.01 0.02 0.15 0.46 1 0.48 0.51 
Sb 0.02 0.41 0.00 0.11 0.00 0.63 0.01 0.05 1 0.40 
V 0.71 0.39 0.08 0.00 0.03 0.75 0.02 0.04 0.11 1  

Fig. 5. Biplot graph representing both loadings and scores for PCA obtained considering all the matrices. Data were scaled and centered prior to performing the 
analysis and generating biplots. 
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discriminated from PC1 (related to Cd, Cr, Cu, Sb, Zn, V and, to a lower 
extent, Ni), arising from anthropogenic activities. It is noteworthy to 
observe that the Res-BS samples appear as a transition between the BS 
and the Res-RD samples as if to indicate the Res-BS matrix as a precursor 
in the formation of the fine fraction of RD. This suggests a priority 
relevance of the composition of Res-BS for proper assessment of citizen 
health risks. Lead, instead, has the highest loading on PC3. Using PC3, 
the different matrices were not distinguished, confirming the ubiquity of 
this element in urban settings and, probably, a common origin in 
contaminated soils, widespread in historically industrialized towns as 
Turin. 

3.5. Lead isotopic composition 

In an attempt to better identify pollution sources, Pb isotope ratios 
(IRs) were used. Lead has four stable isotopes: 208, 207, 206, and 204; 
the first three deriving from Th and U radioactive decay, while 204Pb 
being the only stable isotope with a constant abundance on Earth. 
Natural materials have, thus, characteristic IRs because of the geological 
evolution of the area (Doe, 1970). This technique has been used in 
environmental studies to identify Pb sources in soils, sediments and 
particulate matter, helping to distinguish the contribution from 
geological and anthropogenic sources (Gioia et al., 2017; Hansson et al., 
2019; Kelepertzis et al., 2020). It can be expressed using different ratios, 
with the 206Pb/207Pb ratio being the most preferred because of the 
relative high abundances of these isotopes. 

The idea of historically contaminated soils as main source of Pb in 
urban settings appeared after the phasing out of leaded gasoline (Laid
law and Filippelli, 2008) because, in many urban areas, Pb levels in 
heavily contaminated areas affected blood Pb levels and human health. 
Twenty years after this event, Pb is still present in soils and RD and, 
although atmospheric Pb has decreased substantially in European 
countries, it still has some industrial sources. 

In our sites, Pb had strikingly similar concentrations in the different 
media with no significant difference between BS, Res-BS and Res-RD 
(Fig. 3). This result suggests a common source in all media and a 
redistribution pathway from soil to RD through resuspension of fine 
fraction. 

In this study, the 206Pb/207Pb ratios ranged from 1.117 to 1.121 for 
traffic BS, while from 1.143 to 1.178 for park BS; from 1.131 to 1.187 for 
traffic Res-BS, and from 1.127 to 1.174 for park Res-BS. The 206Pb/207Pb 

ratios for Res-RD samples ranged from 1.134 to 1.194 for traffic sites, 
and from 1.147 to 1.157 for park sites (Table S11). 

Although the observed differences in IRs are indicative of different 
relative contributions of common sources to the Pb content of soils and 
dusts (Bi et al., 2018; Hu et al., 2014), no significant differences were 
found in the Pb isotopic composition between BS, Res-BS and Res-RD. 

The results on all the samples are plotted using the 206Pb/207Pb and 
208Pb/206Pb ratios in Fig. 6. Such plot highlights Pb sources (Gonzalez 
et al., 2016; Khondoker et al., 2018). To this aim, different IRs of 
possible Pb sources (e.g., vehicle exhaust, gasoline and natural sources) 
from other studies were compared with our results (Gioia et al., 2010, 
2017; Lahd Geagea et al., 2008; Facchetti, 1989). In addition, IRs 
determined in PM10 samples collected in Turin (Ziegler et al., 2021) are 
also plotted. 

The first indication arising from Fig. 6 is the overlapping of the ratios 
of the different media, giving a hint on the mixing processes involving 
the urban environments. Most of the samples lye in the typical area of 
traffic sources, suggesting vehicular traffic, historical or present, as main 
Pb source in all the media. In the same area of the graph are present also 
Turin PM10 samples, in agreement with signatures found in other cities, 
suggesting that Pb is well mixed within the urban environment. 

In soils, the geogenic contribution is characterized by a lower 
208Pb/206Pb ratio (Morton-Bermea et al., 2011), and the natural end 
member of parent material shows also higher 206Pb/207Pb ratios 
compared with the anthropogenic-related sources, as found in previous 
studies (Kelepertzis et al., 2016, 2020). Traffic sources are, in soil, mixed 
to Pb coming from the parent material, and to atmospheric particulate 
matter deposition from anthropogenic activities. Conversely, in Res-RD 
Pb should derive only from current sources, thus non-exhaust traffic 
emissions, resuspension of soil dust, and possibly, industrial Pb 
emissions. 

Accordingly, samples in the lowest part of the plot have a greater 
natural Pb input. In our case, samples in that area are mostly BS from 
urban parks, while the respective Res-BS samples are positioned in the 
upper part of the graph. Only one BS from a traffic site (BS9) lies in this 
area. At this site, Pb concentration was lower than in neighboring traffic 
sites, likely because the surface had been renovated only some years 
before the sampling. However, the corresponding Res-BS sample showed 
a lead isotopic signature comparable with the sites in the same area 
confirming that, in case of low anthropic contribution, the enrichment is 
mainly in the soil fine fractions. 

Fig. 6. Isotopic ratios of all the analyzed samples. Circles display ratios of potential anthropogenic sources found in literature: vehicle exhaust (orange circle), 
gasoline (yellow circle) and natural sources (green circle) (Gioia et al., 2010, 2017; Facchetti, 1989). Ratios of PM10 samples collected in Turin are depicted using the 
asterisk symbol (Ziegler et al., 2021). 
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In this work, Res-BS and Res-RD sampled in the same area showed 
comparable Pb isotopic ratios, suggesting that contaminated soil is, 
indeed, a driving factor of the Pb presence in road dust. 

Also, the, PM10 samples of the city of Turin obtained in the work of 
Ziegler et al. (2021), lie in the range of values found in this work for 
Res-BS and Res-RD, confirming the interconnection between the 
different environmental compartments. 

As leaded gasoline is thought to be the most important Pb source in 
urban soils, it is crucial to gather data concerning the origin of gasoline 
used in studied regions, as Pb isotopic composition was dependent on 
economic factors, such as the availability and price of Pb ores, and has 
evolved over time. In the city of Turin, a ten-year study (Facchetti, 1989) 
was conducted to track Pb used in petrol in the atmosphere by studying 
Pb isotopic composition. Considering the IR in Turin leaded gasoline 
(206Pb/207Pb = 1.19) (Fig. 6), it is evident that all recent samples are far 
from that level. On the other hand, the isotopic signature of leaded 
gasoline, can be clearly observed only in the fine fraction of the his
torical samples, while BS are far from the point. 

The fact that only the Res-BS fraction had the characteristic isotopic 
ratio demonstrates the importance of this fraction for tracing the 
contribution of lead from anthropogenic activities within the 
environment. 

A second ratio useful for this discrimination is 206Pb/204Pb. Lead of 
unpolluted soils derives from weathered bedrocks in which the Pb iso
topic composition evolved over time reflecting the U/Pb and Th/Pb of 
the parent material. Lead isotopic signatures of natural soils are thus 
generally more radiogenic (206Pb/204Pb: 18.5–19.5) than those of in
dustrial Pb that comes from mining and has a ratio, in Europe, in the 
range 17.9–18.4 (Doe, 1970). 

BS and Res-BS Park samples showed higher 206Pb/204Pb ratios 
compared to traffic sites (Table S11), and this trend is confirmed plotting 
this ratio against the total Pb concentrations (Fig. S4), showing the 
relation between the highest Pb concentrations and the lowest 
206Pb/204Pb ratios. It is noteworthy that these samples are all Res-BS 
coming from trafficked areas. 

Fig. 7 compares Res-BS and BS averages in park and traffic sites using 
average normalized element concentrations of Cu, Pb, Zn, Ni and Sb 
(using Al as normalizing element), and average 206Pb/207Pb ratios. 

As discussed in section 3.1, concentrations of these elements were 
higher in the Res-BS than in BS, whereas the 206Pb/207Pb isotopic ratio 
was lower for Res-BS samples. As evidenced from Fig. 7, sites with a 
higher anthropogenic Pb input (i.e., traffic sites), had lower 206Pb/207Pb 
ratios, while park samples were characterized by higher ratios, attrib
uted to a likely natural origin. Since trace metals tend to accumulate in 

fine fractions, the decrease of the ratio indicated the corresponding 
enrichment of anthropogenic Pb in fine particle fractions of urban soils. 

Ultimately, these results highlight the potential risks related to 
human health via inhalation of Res-BS and Res-RD. Therefore, infor
mation on the distribution of PTE in fine fractions should be considered 
to produce a realistic assessment of the human health risks associated 
with metals in urban soils. 

4. Conclusions 

Our research revealed several key findings on pollution dynamics, 
with a specific focus on the role of fine soil particles contributing to air 
pollution. The results confirm that PTEs concentrate in fine soil particles 
and road dust. Although this phenomenon is not new, our research 
provides additional empirical data, further supporting the idea that fine 
particles play a central role in an exposure risk scenario. This concen
tration of PTE has significant implications for the dispersion of pollut
ants in the environment, particularly in urban areas. Indeed, due to the 
use of Pb isotopes as effective tracers to identify pollution sources, the 
clear presence of the anthropogenic isotope signature in the fine fraction 
below 10 μm (Res-BS and Res-RD) is evident. The overlap of the isotopic 
ratio in the different environmental media demonstrates the intimate 
interaction between these environmental compartments and emphasizes 
the active contribution of fine soil fraction to pollution in urban areas. 
The complexity of pollution sources in our study area is manifested 
through a considerable coefficient of variation of isotopic signatures, 
indicating the impact of both diffuse and point source contamination 
due to atmospheric deposition of current and past emissions. However, 
in the resuspended samples, the Pb isotopic signature remains relatively 
unchanged samples belonging to neighboring sites, while showing the 
same isotopic signature of leaded gasoline in the historical samples from 
the early 2000s. These results not only affirm the applicability of Pb 
isotopes as tracers but underline the complexity of contemporary 
pollution sources. 

These findings have implications for policy makers, as they highlight 
the significant and underestimated role of soil in the overall contribution 
to air pollution. Recognizing the importance of soil contamination in the 
context of air quality management is crucial for designing policies that 
aim to mitigate air pollution, improve public health, and reduce asso
ciated economic and environmental costs. Indeed, air pollution has 
significant economic and financial implications, impacting not only 
public health but also productivity and health budgets. Improving air 
quality can lead to substantial benefits; stricter regulation is therefore 
necessary. 

Fig. 7. Comparison between bulk soils (BS) and resuspended fractions <10 μm (Res-BS) of soils within park (a) and traffic sites (b) using selected variables. In each 
diagram, average elemental concentrations for each area are normalized using Al to facilitate comparison between BS and Res-BS. The solid line represents average 
BS data while dashed line average Res-BS data. 
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