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Abstract 35 

The concentrations of selected elemental tracers were determined in the aerosol of a semi-rural 36 

coastal site near Venice (Italy). Size-segregated aerosol samples were collected using an 8-stage 37 

cascade impactor set at 15 m above ground, during the cold season (late autumn and winter), when 38 

high levels of many pollutants are known to cause risks for human health. From the experimental 39 

data, information was extracted on potential pollutant sources by investigating the relationships 40 

between elements in the different size fractions. Moreover, an approach to highlight the importance 41 

of local atmospheric circulation and air mass origin in influencing the PM composition and 42 

fractional distribution is proposed.  43 

Anthropogenic elements are strongly inter-correlated in the submicrometric (< 1 µm) (S, K, Mn, 44 

Cu, Fe and Zn) and intermediate mode (1-4 µm) (Mn, Cu, Zn, Ni) and their relationships highlight 45 

the presence of several sources (combustions, secondary aerosol, road traffic). In the intermediate 46 

mode, associations having geochemical significance exist between marine (Na,Cl and Mg) and 47 

crustal (Si, Mg, Ca, Al, Ti and K) elements. In the coarse mode (> 4 µm) Fe and Zn are well 48 

correlated and are probably linked to tire and brake wear emissions. 49 

Regarding  atmospheric circulation, results show increasing levels of elements related to pollution 50 

sources (S, K, Mn, Ni, Cu, Zn) when air masses come from Central and Eastern Europe direction 51 

and on the ground  wind blows from NWN-N-NE (from mainland Venice ). Low wind speed and 52 

high percentage of wind calm hours favor element accumulation in the submicrometric and 53 

intermediate modes. Furthermore, strong winds favor the formation of sea-spray and the increase of 54 

Si in the coarse mode due to the resuspension of sand fine particles. 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 
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1. Introduction 69 

Airborne particulate matter (PM) plays direct (Yu et al., 2006) and indirect (Lohmann and Feichter, 70 

2005) effects on climate, affects visibility (Chow et al., 2002), enters in many chemical reactions in 71 

the atmosphere (Buseck and Schwartz, 2003; Kroll and Seinfeld, 2008; George and Abbatt, 2010) 72 

and may cause a number of adverse effects on human health (Pope et al., 2009). The dimension of 73 

particles is directly related to their emission sources, as mechanically generated particles (e.g., 74 

wind-blown dust, sea spray) are generally larger than 1 µm, whereas combustion-generated particles 75 

(high-temperature processes, traffic exhausts, many industrial activities) are smaller than 1 µm (e.g., 76 

Lewis and Schwartz, 2004; Seinfeld and Pandis, 2006; Ning and Sioutas, 2010).  77 

The present study has been conducted in Venice, located in the eastern part of the Po Valley 78 

(Italy), one of the most polluted areas in Europe (EEA, 2013) and it is influenced by both mainland 79 

anthropogenic emissions (automotive traffic, shipping emissions, industrial processes) (Rampazzo 80 

et al., 2008a; Rampazzo et al., 2008b, Contini et al., 2011), secondary aerosol formation (Squizzato 81 

et al., 2013) and natural sources such as sea spray from the near Adriatic Sea and crustal material 82 

(Masiol et al., 2012a). 83 

However, the air quality in Venice has also been shown to be very sensitive to local 84 

atmospheric circulation patterns (Masiol et al., 2010; 2012a). Furthermore, PM pollution was 85 

associated with external transports from the continental Europe and the Po Valley. These studies 86 

reported that PM pollution increases when air masses originate in Central Europe and secondary 87 

sulfates build up when air masses pass over the Po Valley (Squizzato et al., 2012). On the contrary, 88 

air masses coming from Northern Europe were shown to have a cleaning effect.  89 

Recently, Toscano et al. (2011) reported the size distribution of some selected elements in 90 

the aerosol of the Venetian Lagoon. Readings were taken at three sites characterized by different 91 

anthropogenic influences and particles with aerodynamic diameter less than 3 µm were 92 

predominant. Likewise, several studies were conducted in Europe (Salma et al., 2002; Samara and 93 

Voutsa, 2005; Karanasiou et al., 2007) and Italy (Rizzio et al., 1999) to investigate the elemental 94 

size distribution on different environmental scenarios (e.g. urban background, heavy traffic, 95 

roadside, tunnel and rural residential area).  However, although the weather condition and the long 96 

distance transport are considered determining factors on size distributions (Samara and Voutsa, 97 

2005) and in changing air quality in non-polluted areas (Rizzio et al., 1999), information is still 98 

lacking about the role of atmospheric circulation and long-range transport processes on the 99 

elemental mass size distributions. 100 

 In this study the mass size distributions of some elements recognized as tracers for specific 101 

sources of PM were investigated in a semi-rural coastal site near Venice (Italy). From experimental 102 
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data, information was extracted to identify the potential sources of PM and elements, by examining 103 

the relationships between elements in the different size fractions. Moreover, an approach to 104 

highlight the importance of local atmospheric circulation and air mass origin in determining the PM 105 

composition and fractional distribution is proposed. Data were processed in association with back-106 

trajectories and local atmospheric circulation (wind speed and direction) to  reveal significant links 107 

between atmospheric dynamics and aerosol elemental composition.  108 

 109 

2. Materials and method 110 

2.1 Sampling and analysis 111 

A total of 112 individual sub-samples were obtained from 14  daily samples of aerosol, which were 112 

size-partitioned using an 8-stage single-orifice cascade impactor (14 daily samples x 8-stages=112 113 

sub-samples) (model I-1, PIXE International Co., USA) as previously reported by Salma et al. 114 

(2002). The sampling station was located on a lighthouse (45.4227 N, 12.4368 E, 15 m above 115 

ground level) at the end of a 300 m-long dam at the Lagoon of Venice port channel of the Lido 116 

(Figure 1a). Prevalent winds during the sampling campaign flowed from N-NE (Figure 1b), i.e. 117 

from the sea, the Lagoon and agricultural environments. The experimental data were collected 118 

during the late autumn and winter (October 2007 - January 2008, non-breeze season), when the 119 

highest levels of both PM and many gaseous pollutants are generally observed (ARPAV, 2013).  120 

The cascade impactor had 7 stages with nominal cut-points (d50-values, and/or equivalent 121 

aerodynamic diameters) of 16, 8, 4, 2, 1, 0.5, 0.25 μm ahead of the backup filter (8 stages in total). 122 

The nominal flow rate was 1 L min
–1

. Collection media were polycarbonate membranes (Prepared 123 

Ring with Nuclepore PR-1N, PIXE International Co., USA, pore size 0.4 µm, Ø 27 mm) coated 124 

with Vaseline to reduce particle rebound. Air flow was frequently monitored using a flow meter and 125 

manually adjusted to be consistent with the instrument margin of tolerance (±10%). After sampling, 126 

membranes were stored at −20 °C in clean Petri slides until analyses to avoid sample 127 

contamination, degradation and losses. 128 

Samples were analyzed for major, minor and trace elements with atomic number ≥ 11 (Na, 129 

Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn) using the Particle Induced X-ray Emission 130 

(PIXE) experimental setup facility at the INFN Legnaro laboratories. The GUPIX code (Maxwell et 131 

al., 1995) was used to fit the X-ray energy spectra and to calculate the absolute elemental areal 132 

densities (ng cm
-2

), their errors and the detection limit (DLs) values. The quality of the analytical 133 

results was assured by frequently analyzing the international reference material SRM 2783 (NIST, 134 

USA). Further details about sampling, analytical precision and limits of detection are available in 135 

supplementary material and in Table SI1. 136 
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2.2 Weather data and back-trajectory analyses 137 

Wind speed and direction were measured hourly at a regional environmental protection agency 138 

station (ARPAV-Centro Meteorologico di Teolo), located about 6 km East of the sampling site 139 

(Figure 1). Moreover, daily back-trajectories were simulated and then clustered using the Hybrid 140 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model version 4 (96 hours backward, 141 

starting at 00:00, 6:00, 12:00 and 18:00 h local time, at 150 m above ground level, NCEP/NCAR 142 

Reanalysis data fields) (Draxler and Rolph, 2013; Rolph, 2013). 143 

 144 

3. Results and discussion 145 

Preliminary data evaluation and handling was carried out to clean up the dataset. Data with values 146 

below the DLs and/or with high percentage of error (> 50%) were substituted by DLs/2; casual and 147 

systematic contaminations were checked by a careful evaluation of field blanks. No anomalous data 148 

were detected. The total concentration of the analyzed elements, i.e. the sum of element 149 

concentrations in all stages, which represents total suspended particulate matter (TSP), is reported 150 

as a boxplot in Figure SI1. Basing on median values, sulfur is the most abundant element (746 µg 151 

m
-3

), followed by Cl (491 ng m
-3

), Ca (193 ng m
-3

), K (183 ng m
-3

) and Na (153 ng m
-3

). 152 

Each collected sample was then processed to represent the differential mass distributions 153 

with both histograms and lognormal distribution models (e.g. Majoral et al., 2006, and references 154 

therein). Figure 2 reports the average element size distribution as differential mass concentration. In 155 

most samples, only a few membranes designed to catch particles smaller than 0.25 µm (back-up 156 

filter) contained sufficient material to be measured accurately for most of the analyzed elements. 157 

Results show that Ti, Cl, Ni, Cu and Ca are more concentrated in the intermediate mode (range 1-4 158 

µm), whereas sulfur, potassium, vanadium and manganese are mostly in the submicrometric range 159 

mode (< 1 µm). Other elements clearly show bimodal distributions (Na, Mg, Al and Cr) in both 160 

submicrometric and coarse ranges, whereas iron and zinc ranged from 0.25 to 4 µm. The similar 161 

intermediate mode for Na, Mg and Cl reveals the probable common origin from sea-water, whereas 162 

the presence of Na and Mg in the submicrometric mode may be due to anthropogenic sources as it 163 

was observed for Al and Mn as well. Ti and Si appear also enriched in the >16 µm diameter, but this 164 

was mainly due to a single sample with very high concentrations occurred in particular 165 

meteorological conditions. The role of atmospheric circulation will be discussed in the subsection 166 

3.3.   167 

From a comparison with previous studies (Rizzio et al., 1999; Salma et al., 2002; Samara 168 

and Voutsa, 2005; Karanasiou et al., 2007), the obtained distributions reproduce a general trend, 169 

showing  the anthropogenic elements linked to the finest fraction and those soil related  with the 170 
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coarse one. A more detailed comparison is difficult because of the different particle size 171 

classifications applied in the studies. In addition, the size distribution patterns vary significantly 172 

with the sampling location, reliability of the impactor, overloading and hydroscopicity of collection 173 

substrates, and weather conditions (Samara and Voutsa, 2005). 174 

When combining each analyzed element with its most probable emission source, size 175 

distributions fitted well with their interpretations. Elements related to sea spray (Na, Cl, secondarily 176 

Mg) and mineral dust (Al, Si, Ca) exhibited evident modes in the super-micrometric fraction (> 1 177 

µm), showing their natural origin from mechanical processes, i.e. breaking waves and soil/sediment 178 

deflation, respectively. Sulfur exhibited an evident peak between 0.25 and 0.5 µm, indicating its 179 

secondary origin from the nucleation of H2SO4, NH3, and H2O in the atmosphere (Seinfeld and 180 

Pandis, 2006; Benson et al., 2011). Moreover, sulfur showed an enrichment in correspondence to 181 

sea-salt tracers in samples with high values of marine components, clearly revealing their origin 182 

also from the seawater. An example of distribution for a marine aerosol enriched sample (TSP 183 

concentration very close to the seawater ratio: Na 639 ng m
-3

, Cl 1068 ng m
-3

) is reported as 184 

supplementary material (Figure SI2). 185 

Vanadium, which is a well-known tracer for the transformation and combustion of fossil 186 

fuels and residue oil (e.g., Moreno et al., 2010) was frequently reported  having a submicrometric 187 

mode in association with sulfur (0.25 and 0.5 µm) (Samara e Voutsa, 2005; Moldanová et al., 2009) 188 

and this was also observed in this study.  189 

In comparison with a  previous paper on aerosol elemental distributions carried out in the 190 

Venice area (Toscano et al., 2011), this study detects modes at smaller diameters for some elements 191 

related to natural origins such as sodium (sea-salt) and aluminum (crustal component) and to 192 

anthropogenic sources (Mn). This fact can be attributed to the difference in sampling sites and 193 

seasons. Further, samples were collected at a greater height (15 m above sea level) and at a site 194 

distant from anthropogenic contamination, whereas earlier study samples were collected at ground 195 

level and near potential emission sources. Despite this, similar concentrations have been detected, 196 

except for Mg that shows higher levels in this study. A comparison between the detected average 197 

concentrations is presented in Table SI2. 198 

 199 

3.1 Correlations amongst the analyzed elements 200 

Three main modes were evidenced for most samples (Figure 2), thus splitting the elements in three 201 

fractions: submicrometric (less than 1 µm, sum of the first two stages and back-up filter), 202 

intermediate (1-4 µm) and coarse (> 4 µm). The average elemental concentrations in each fraction 203 

are summarized in Table 1. An explorative analysis of the inter-relations of the original data in each 204 
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fraction was then performed using the Pearson's correlation (r). Only fractions with at least two 205 

stages over the DLs were included in the computations. Significant correlations (p-value < 0.05 and 206 

N=number of samples >4) for each mode are reported as supplementary material (Table SI3). 207 

 Submicron-sized aerosol is usually attributed to high energy sources (i.e. combustions) or 208 

secondary aerosol formation processes. Sulfur, potassium, manganese and iron present the highest 209 

number of significant correlations among them, generally with titanium, copper and zinc (rS/K=0.83; 210 

rS/Mn=0.96; rMn/Fe= 0.83; rMn/Cu=0.98; rFe/Zn= 0.95). High correlations in this fraction may therefore 211 

represent elements related to anthropogenic sources or linked to external transports. Previous 212 

studies (Masiol et al., 2012b) indicate that in cold seasons an average percentage of 96% of total 213 

sulfur is in the form of sulfate, which is largely recognized as a main component of secondary 214 

ammonium sulfate aerosol. Potassium has been largely associated to biomass combustions (Saarnio 215 

et al., 2010), and secondarily to other combustion sources (e.g. waste incinerators and coal power 216 

plants). Manganese, iron, copper and zinc have also been associated to local pollution (Masiol et al., 217 

2012a) mainly due to road traffic, as most of those elements are recognized as specific road dust 218 

components (Sternbeck et al. 2002; Amato et al., 2011; Pant and Harrison, 2013). Calcium is also 219 

related to these elements (rCa/Mn=0.58; rCa/Fe=0.63) probably due to the resuspension of small 220 

particles from road surface or to the construction work in the proximity of the sampling site.  221 

In the intermediate mode, associations having geochemical significance exist between 222 

marine (rNa/Cl = 0.97; rNa/Mg = 0.97; rMg/Cl = 0.99), crustal (rSi/Mg = 0.98; rCa/Mg = 0.99; rSi/Al = 0.84; 223 

rAl/Ti = 0.96; rK/Al = 0.85; rK/Ca = 0.99) and anthropogenic elements (rMn/Cu = 0.97; rMn/Zn = 0.97; 224 

rNi/Cu= 0.90; rNi/Zn = 0.89). The typical major crustal elements (Si, Al, Ca, K, and Mg) were 225 

associated to the mineral dust source, whereas Na, Cl and Mg were tracers for sea spray, according 226 

to the average compositions of the lithosphere and seawater, respectively. Manganese, zinc, copper 227 

and nickel were linked to various anthropogenic sources, such as traffic (Mn, Cu, Zn), as brake, tire 228 

and mechanic component wear and combustion processes (Ni). However, as many emission sources 229 

can release varying amounts of the same element or chemical compound into the atmosphere, some 230 

results may be difficult to interpret. Sodium and magnesium content, for example, can be found 231 

both in marine and crustal particles, manganese both in crustal and anthropogenic, sulfur both in 232 

crustal, marine and secondary sulfates, and so on.  233 

In the coarse fraction, Si and Ti present the highest percentage. Ti shows a significant 234 

correlation with chlorine (rCl/Ti= 0.93), while Si shows no correlations. The correlation between Ti 235 

and Cl may indicate a common origin from sea-water. Moreover, Fe and Zn are well correlated in 236 

this fraction (rFe/Zn = 0.95). In the coarse fraction, Zn is commonly associated with tire wear and 237 

iron can be related to brake wear emissions (Thorpe and Harrison, 2008). 238 
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3.2 Enrichment Factors (EFs) 239 

Crustal enrichment factors (EFscru) were calculated for TSP and for each element in each mode 240 

using silicon as a reference for the average crustal composition (Rudnick and Gao, 2004) with the 241 

aim of highlighting the different origin of analyzed elements. On TSP, several elements (Cl, S, V, 242 

Cr, Ni, Cu, and Zn) show EFscru>> 100 and are considered anomalously enriched elements (Chester, 243 

2000). These elements have a non-crustal origin, i.e. marine (Cl) and anthropogenic (Cu, Zn, S, Cr, 244 

Ni). Conversely, typical crustal elements (Al, Ca, Ti and Fe) show EFscru< 10, indicating common 245 

origins from the lithosphere. EFscru of sodium, magnesium, potassium and manganese ranging from 246 

49 (Na) to 22 (Mg) show that these elements are slightly enriched and suggest that a fraction of the 247 

elements consists of non-crustal sources. Among the three modes, these elements show the highest 248 

EFscru in the submicrometric (EFcru(Na)= 67; EFcru(Mg)= 29; EFcru(K)= 88; EFcru(Mn)= 64) and the 249 

lowest in the coarse (EFcru(Na)= 25; EFcru(Mg)= 14; EFcru(K)= 4) and intermediate modes 250 

(EFcru(Mn)= 13). On this basis, the finest particles have a non-crustal origin (i.e. K from combustion 251 

processes; Mn from road traffic; Na from marine aerosol), whereas coarse particle origin can be 252 

mainly attributed to dust resuspension. 253 

Marine influence on some elemental concentrations (Na, Mg, S, K, Ca) has been evaluated 254 

calculating the sea-water enrichment factors (EFssea) using chlorine as reference for the average sea-255 

water composition (Millero et al., 2008) (Table SI4). Chlorine was preferred to sodium because: (i) 256 

it is not affected by PIXE X-ray self-absorption; (ii) previous source apportionment studies in the 257 

area (Masiol et al., 2012a) pointed out its better role as sea-salt tracer and (iii) the supposed limited 258 

chlorine depletion due to the low levels of atmospheric oxidants normally recorded in the coldest 259 

seasons. Na and Mg show low sea EFssea in all modes indicating a probable origin from sea-water. 260 

Sulfur and potassium (in the intermediate and coarse modes) and Ca (in all modes) are slightly 261 

enriched and suggest that a significant fraction of the elements was of non-marine source. On the 262 

contrary, sulfur and potassium show EFssea>> 100 in the submicrometric modes indicating a non-263 

marine source. 264 

 265 

3.3 Relationships between elemental mass size distributions and atmospheric circulation  266 

3.3.1 Cluster analysis on back-trajectories 267 

Daily back-trajectories were computed and a cluster analysis was applied using HYSPLIT. The 268 

appropriate number of clusters was set to 4 on the basis of total spatial variance analysis 269 

corresponding to: (1) Central and Eastern Europe (N=2); (2) the Adriatic Sea (N=5); (3) the Arctic 270 

(N=5); and, (4) the North Atlantic (N=2) directions. The average back-trajectories associated to 271 
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each cluster are reported in Figure 1c, while the average elemental concentrations for each group 272 

are listed in Table 1.  273 

Most polluted samples are grouped in days characterized by air masses coming from Central 274 

and Eastern Europe directions. These samples show an increase of Na, Mg, Al, S, Cl, K, Ca, Ti Mn, 275 

Ni, Cu and Zn mainly in the intermediate mode. In the submicrometric mode, high concentrations 276 

of sulfur have been observed in group 2 (the Adriatic Sea) and 3 (the Arctic), while Cl, Fe and Zn 277 

show an increase in group 4 (the North Atlantic). Silicon increases in the coarse mode when air 278 

masses came from the Adriatic Sea. Days characterized by air masses coming from the North 279 

Atlantic direction showed a drop in the average concentrations of Al, S and Cl. These results 280 

confirm what has been previously observed in Masiol et al. (2012a) and, that: (i) pollution-related 281 

elements, and consequently the component of their emission sources, increase when air masses 282 

come from Central-Eastern Europe direction; (ii) crustal and sea-related elements increased when 283 

air masses passed over the Adriatic Sea and (iii) air masses from Northern Europe direction 284 

generally were less pollutant loaded. Moreover, it can be seen that long-range transports mainly 285 

affect the submicrometric and intermediate modes including mostly pollution-related elements 286 

while, except for silicon, the coarse mode appears only slightly influenced by air mass origin. 287 

 288 

3.3.2 Cluster analysis on wind data 289 

Subsequently, the studied samples were grouped on the basis of surface wind speed and direction 290 

following the procedure described in Darby (2005) and using daily-averaged data. Days were 291 

clustered in 4 groups. V and Cr showed no significant differences among groups and were not 292 

considered in this discussion. Group 1 (N = 4) links days were characterized by moderate wind 293 

speeds (1.6 m s
-1

), absence of wind calm in a NNE direction. In these conditions, an increase of Na, 294 

Mg and Al in the submicrometric mode and Ti in the intermediate mode, while not representing the 295 

main modes for these elements, were observed (Fig. 3). 296 

Group 2 was composed of 1 day showing high wind speed (3.2 m s
-1

) and no wind calm 297 

hours. Strong winds from northeast and east (coastline direction) likely favored the formation of 298 

sea-spray. In these conditions, sea-salt aerosol is primarily generated on the sea surface by bubble 299 

bursting when waves break due to wind stress. Moreover, it is heavily dependent on wind speed, as 300 

from approximately 3-4 m s
−l

 (O’Dowd et al., 1997). A high concentration of Cl was also observed 301 

in the intermediate mode. Other elements showed the lowest concentrations in each mode excepting 302 

silicon which presented high concentrations in the coarse mode. This could have been due to the 303 

resuspension of fine sand particles from the nearby beach. However, the injection of crustal 304 

particles together with sea spray due to the wave breaks cannot be excluded. 305 
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Group 3 (N = 2) and group 4 (N = 7) presented similar average wind speed (0.8 m s
-1

) and 306 

high percentage of wind calm hours (13% and 17%, respectively), but different prevailing wind 307 

direction. Group 3 linked days with prevailing winds from WSW (from the Adriatic Sea) resulting 308 

in incoming clean air and thus lower elemental concentrations with respect to groups 1 and 4. 309 

Group 4 depicted wind blowing from NWN-N-NE (from Venice city and the mainland) in 310 

conditions of low wind speed and high percentage of wind calm hours, that favored the 311 

accumulation of S, K, Ca, Mn, Fe, Ni, Cu and Zn in the submicrometric and intermediate modes. 312 

On this basis and considering background information about PM sources, these elements 313 

represented the markers of mainland emissions such as combustion processes (S, K), construction 314 

works in the proximity of the sampling site (Ca), traffic or industrial processes (Fe, Ni, Cu and Zn), 315 

such as emissions from the glass-making factories on the island of Murano (Rampazzo et al., 316 

2008b).  317 

In this view, long-range transports and local weather conditions were mainly seen to affect the 318 

elemental concentrations in the intermediate and submicrometric modes causing an increase or, vice 319 

versa, a decrease of elements related to several anthropogenic sources.  320 

 321 

Conclusion 322 

Mass size distributions of selected elemental tracers were investigated in a semi-rural coastal site 323 

near Venice (Italy). From the experimental data information was obtained on potential pollutant 324 

sources by investigating the relationships between elements in the different size fractions. An 325 

approach to detect the importance of local atmospheric circulation and air mass origin in  the PM 326 

composition and fractional distribution is suggested.  327 

An increase in pollution-related elements (S, Ca, K, Fe, Ni, Cu and Zn) in the submicrometric and 328 

intermediate mode was observed when air masses came from Central and Eastern Europe direction. 329 

Moreover, wind blowing from NWN-N-NE (from Venice mainland) with low wind speed and high 330 

percentage of wind calm hours favored their accumulation. These elements could be also considered 331 

as markers of mainland emissions such as combustion processes (S, K), construction works (Ca) 332 

and traffic (Fe, Ni, Cu and Zn). As the size of particles also determines how deep in the respiratory 333 

tract aerosol is inhaled, these results highlighted that anthropogenic emitted PM was mainly present 334 

in the finest fraction, evidencing associated potential health consequences on the population. And, 335 

finally, levels strongly depended on air mass origin and local meteorological conditions. 336 

Despite the limited number of processed data, the methodological approach used to identify the 337 

sources of elements may be easily applicable in different atmospheric scenarios and be of interest 338 

for the scientific community. 339 
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Table caption 473 

 474 

Table 1. Mean concentration (in ng m
-3

) measured for each fraction and for each back-trajectories 475 

cluster. 476 

 477 



Table 1. Mean concentration (in ng m
–3

) measured for each fraction and for each back trajectories cluster. Valid data (>DL) on which the mean is calculated are reported in round brackets for each values.  

 
Submicrometric Intermediate Coarse Submicrometric Intermediate Coarse 

ng m
–3

 < 1 µm 1 − 4 µm > 4 µm 
Central and 

Eastern Europe 
Adriatic Sea Arctic 

North 

Atlantic 

Central and 

Eastern Europe 
Adriatic Sea Arctic 

North 

Atlantic 

Central and 

Eastern Europe 
Adriatic Sea Arctic 

North 

Atlantic 

Na 277.0 (3) 379.8 (7) 589.9 (2) <DL 203.4 (1) 313.8 (2) <DL 1345.9 (1) 318.2 (3) 119.3 (3) <DL <DL <DL 589.0 (2) <DL 

Mg 123.6 (5) 200.1 (5) 225.5 (3) <DL 113.8 (3) 138.4 (1) <DL 793.8 (1) 77.3 (2) 26.0 (2) <DL <DL 53.9 (1) 331.6 (1) 291.1 (1) 

Al 115.6 (5) 80.2 (6) 80.4 (4) <DL 136.6 (2) 135.6 (2) 33.6 (1) 251.6 (1) 51.8 (2) 52.2 (2) 21.9 (1) <DL 42.7 (2) 118.2 (2) <DL 

Si 50.8 (13) 69.6 (10) 197.8 (5) 52.7 (2) 35.1 (5) 67.8 (5) 40.6 (1) 123.8 (2) 64.3 (2) 42.3 (4) 86.0 (1) 37.9 (1) 448.6 (1) 26.8 (2) <DL 

S  745.4 (14) 249.6 (11) 38.2 (8) 575.6 (2) 789.2 (5) 832.9 (5) 586.8 (2) 1874.3 (1) 97.3 (5) 89.5 (3) 57.9 (2) 26.1 (1) 47.8 (3) 32.4 (3) 29.2 (1) 

Cl 49.0 (12) 623.0 (13) 103.7 (9) 13.7 (2) 73.9 (4) 8.7 (5) 220.8 (1) 3660.2 (1) 469.5 (5) 353.8 (5) 160.9 (2) 100.1 (1) 80.5 (4) 131.9 (3) 64.1 (1) 

K 260.0 (14) 68.1 (14) 10.1 (12) 162.7 (2) 240.5 (5) 261.9 (5) 401.5 (2) 283.9 (2) 35.2 (5) 29.5 (5) 31.0 (2) 11.4 (1) 9.1 (5) 8.9 (4) 14.4 (2) 

Ca 39.0 (14) 214.1 (14) 39.0 (10) 41.2 (2) 45.3 (5) 32.5 (5) 37.2 (2) 891.1 (2) 110.2 (5) 67.5 (5) 163.3 (2) 25.5 (2) 41.1 (3) 48.9 (3) 34.4 (2) 

Ti 3.1 (8) 9.2 (8) 8.3 (7) 3.9 (1) 4.4 (2) 2.8 (3) 1.9 (2) 39.6 (1) 3.5 (3) 8.4 (2) 3.2 (2) <DL 2.0 (4) 16.8 (3) <DL 

V  3.1 (7) 0.2 (1) <DL 2.7 (1) 3.2 (3) 2.7 (2) 4.3 (1) <DL <DL 0.2 (1) <DL <DL <DL <LOD <DL 

Cr 5.9 (11) 3.2 (7) 10.1 (4) 4.5 (2) 4.8 (3) 8.3 (4) 4.2 (2) 1.6 (1) 2.2 (2) 4.6 (3) 2.7 (1) <DL 6.2 (1) 22.4 (1) 5.9 (2) 

Mn 6.8 (11) 3.1 (8) 0.7 (4) 4.1 (2) 7.1 (3) 6.5 (4) 9.7 (2) 11.9 (1) 2.0 (3) 1.2 (3) 3.1 (1) 0.8 (1) 0.7 (2) 0.4 (1) <DL 

Fe 66.5 (14) 53.7 (14) 12.7 (12) 53.7 (2) 57.3 (5) 59.9 (5) 119.1 (2) 44.1 (2) 58.1 (5) 29.1 (5) 113.8 (2) 19.4 (2) 8.2 (5) 14.7 (4) 13.5. (1) 

Ni 3.0 (9) 12.6 (6) 1.1 (6) 1.2 (1) 2.0 (3) 4.7 (3) 3.0 (2) 48.6 (1) 0.9 (2) 12.0 (2) 1.2 (1) 1.2 (1) 0.9 (1) 1.1 (4) <DL 

Cu 3.9 (12) 27.2 (9) 1.3 (5) 1.7 (2) 4.1 (4) 3.7 (4) 6.2 (2) 109.8 (2) 3.1 (3) 2.6 (3) 8.0 (1) 1.9 (1) 1.2 (1) 1.0 (2) 1.5 (1) 

Zn 38.8 (13) 49.8 (8) 3.2 (7) 20.1 (2) 29.3 (5) 39.7 (4) 79.3 (2) 286.8 (1) 12.5 (3) 15.2 (2) 21.8 (2) 12.0 (1) 2.3 (3) 1.2 (2) 1.2 (1) 
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Figure captions 1 

 2 

Figure 1. Map of the study area, wind rose calculated for the sampling period and back-trajectories 3 

clusters. In the wind rose: ū represents the average wind speed and Chs the percentage of wind calm 4 

hours. 5 

 6 

Figure 2. Elements size distribution expresses as differential mass concentration.  7 

 8 

Figure 3. Wind roses calculated for each identified group and average concentration of elements in 9 

each mode (in logarithmic scale) (ū represents the average wind speed and Chs the percentage of 10 

wind calm hours). 11 

 12 
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