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Abstract

:

The spatial distribution of potentially toxic elements in land near a heavily loaded highway in the West Attica region (Greece) is discussed. This study aimed to investigate the extent of soil contamination with trace elements on land in the margin of highways. The concentration of thirty-five elements in topsoil, car ash, and road sediment bulk samples was determined. Statistical and spatial analysis was applied for evaluating the geochemical dispersion of the examined elements. Geo-accumulation index was estimated. Elements content were compared to criteria and screening values established by the literature. The concentration of As, Cu, Mn, Ni, P, Pb, and Zn in topsoil appeared to be influenced by traffic emissions. It is found that engine exhaust, tyre wear, and brake lining contribute to the As, Ba, Cu, Mn, Ni, P, Pb, and Zn content recorded in topsoil in the margin of highways. The bulk sample of road sediment is moderately contaminated to extremely contaminated with Cu, Mn, Ni, P, Pb, and Zn. Comparison of elements content in topsoil with screening values revealed that Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Sb, V, and Zn pose a potential risk for plants.
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1. Introduction


The intensification of the movement of cars and trucks cause the emission of particles containing trace elements that can have a negative impact on soil and air quality [1,2,3]. Road sediment consists of both anthropogenic and natural particles. The element concentration in the soil in the vicinity of a motorway is mainly controlled by [3,4,5,6,7,8,9,10]: (a) mineral particles formed by the weathering of soils; (b) particles emitted from cars and trucks; and (c) airborne pollution from various sources (e.g., by industrial activities).



The tracking of the trace element’s source in road sediments is critical for controlling pollution and applying measures for protecting human health and ecosystems. Additionally, trace elements in road sediment and soil can migrate long-distance and enter the water resources [4,5,6]. The sources of particles emitted from traffic are mainly [3,11]: (a) trace elements used to supplement fuels, oils, and lubricants (e.g., Cd, Cu, Ni, Zn); (b) material produced by the wearing of asphalt pavement; (c) leakage from vehicle batteries and damaged tanks; and (d) material produced by the wearing of automobile tyres, clutch disks and brake pads; and (e) emissions from incomplete combustion products of motor fuel. Moreover, road sediment is considered the most important pollutant carrier on urban roads [12,13]. Traffic turbulence in dry periods or airflow created by wind can easily remobilize and transport the road sediments and trace elements into the atmosphere. According to Hong et al. [12], vehicle exhaust related sources contributed high amounts of trace elements even though they only accounted for less than 10% of the mass in road sediment. Moreover, Hong et al. [12] estimated that the ratio of the mass of road sediment deposited from heavy-duty vehicle: light-duty vehicle was 1:50.



The main objectives of this study are: (a) to evaluate the variation in the concentration of elements in the topsoil samples collected close to highways; and (b) to record the impact of traffic emissions in the land in the margin of highways.




2. Materials and Methods


2.1. Area Studied


The study area is located in the West Attica region, about 50 km west of Athens, Greece (Figure 1). The area studied extends from Saronic Gulf in the south to the Geraneia Mountain in the north and included the city of Kineta. The study area is characterized by hilly relief. The dominant plant community in the area studied is Pinus halepensis, while most cultivated plants are primarily olive trees followed by vegetables.



A severe wildfire event occurred on 23 July 2018 in the Kineta area, which damaged several vehicles and buildings and caused the evacuation of the Kineta area while burning hundreds of hectares of forest and suburban area [14,15]. The residential area of Kineta is a popular holiday destination. It has the characteristics of suburbs adjacent to two heavily loaded motorways (mainly small vehicles, light trucks, medium trucks, and heavy trucks). Major highways 1 and 2 are among the most important national traffic roads in Greece, which connects Athens, the capital of Greece, with the southernmost part of mainland Greece, the Peloponnese peninsula (Figure 1). Highway 1 is a major and modern motorway that is a part of the National Road Athens-Korinthos and serves as the main link between the Attica Region and the Peloponnese Region. Highway 1 has a total of three traffic lanes in each direction. The total transactions in National Road Athens-Korinthos were 49.573.761 in 2018 [16]. Highway 2 is a major motorway that is a part of the oldest National Road Athens-Korinthos (Palaia Ethniki Odos), which also connects the Attica Region with the southernmost part of mainland Greece, the Peloponnese peninsula.



In the studied area, the following geological formations outcrop [17,18,19,20,21]: marly formations with manganese oxides, marls, conglomerates, sandstones, limestones, dolomites, serpentinites, manganese ore deposits, schists, peridotite bodies, and volcanic rocks. Relevant literature sources were applied to gather soil quality data of the study area [14,15].



The study area’s meteorological data is obtained from the meteorological station of the National Observatory of Athens at Agioi Theodoroi (Lat: 38 deg 00 min, Long: 23 deg 06 min, Elevation 37 m) [22]. The average annual rainfall in the year 2019 was 644.4 mm, and the number of rainy days with rain over 2 mm was 57 [23]. The dominant wind in the study area is from the direction of WNW (Figure 1 and Figure 2) [23].




2.2. Fieldwork, Collection and Preparation of Samples


The sampling campaign was conducted on 15 and 16 October 2019. Metal-free tools were applied for the collection of samples. A Spectra Precision Geographical Positioning System with an Ashtech Global Navigation Satellite System Receiver (Trimble, Spectra, Westminster, CO, USA) was used for recording the geographical coordinates of sampling sites. The topsoil (0–5 cm depth) samples were gathered using a polypropylene shovel after removing the superficial debris. Each collected topsoil sample is the composite of five subsamples over a 1 m2 patch of land. Then, topsoil subsamples were homogenized into a single bulk sample (about 1 kg). Each topsoil sample was stored in a clean plastic bag. Topsoil samples (S1–S16) were collected from three transects at Highway 1 and 2 (Figure 1). Each transect was typically sampled at pre-determined intervals of 0 m, 10 m, 20 m, 50 m, and 100 m. During the sampling campaign, it was impossible to apply the transect method in any other site of the study area because of buildings and private properties surrounded by fences. Topsoil samples (S17–S42) were gathered from sites north and south of the highways. The sampling site for road sediment of Highway 1 was selected due to its ease and safety of access, which facilitated the collection of the bulk sample. To reduce the effect of point-like sources of pollution, the road sediment (bulk-sample) was the composite of ten subsamples of dry sediment. The bulk sample of road sediment was collected from the edges of Highway 1 by sweeping a nearly 4 m2 area using a plastic brush and a dustpan (Figure 1). The last rainfall event, which may have influenced the availability of elements on the road sediment, has been recorded seven days earlier than the sampling campaign, meaning that the accumulation time of road sediment is seven days (Figure 2). The sampling road site was flat and paved with asphalt. The bulk sample of car ash was gathered from the residential area of Kineta. Many burned cars have been removed from the wildfire impacted area, but at the sampling site CARASH1 (Figure 1), the damaged car and amount of ashes were found during the field survey. The bulk sample of car ash was the result of the composition of six subsamples of car ash found at the front and back parts of the small car (two different sides next to the car wheels) and the middle part of the vehicle (two different sides between the front and back door) (Figure S1). The lack of data related to the chemical composition of ash derived by automobiles, particularly concerning the trace elements content, poses significant difficulties in delineating elements’ source. Thus, the chemical analysis of the bulk sample of car ash found at the sampling site CARASH1 provides a suggestion about the origins of trace elements content in topsoil and bulk sample of road sediment of the study area. The sampling procedures applied in this study were given in more detail by Alexakis et al. [14] and Alexakis [24].




2.3. Laboratory Treatment


The collected topsoil (S1–S42), road sediment, and car ash samples were dried at room temperature (<20 °C) for ten days and then sieved using a nylon screen of 2 mm and 0.2 mm and stored in clean plastic bags. The homogenised < 0.2 mm soil fraction was used for further treatment. Topsoil samples S1 to S16, bulk sample road sediment, and a bulk sample of car ash were digested with an aliquot of the aqua-regia acid solution (HCl: HNO3, 3:1 v/v), and the supernatants were used for the measurement of Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Sr, Th, Ti, Tl, U, V, W, and Zn by inductively coupled plasma-atomic emission spectrometry (ICP-AES). Topsoil samples S17 to S42 were digested with DTPA (Diethylene-Triamine-Penta-Acetic acid) extraction method, and the supernatants were analysed for Cu, Fe, Zn, and Mn by atomic absorption spectrometry (AAS). DTPA is a standard reagent applied to evaluate the concentration of mobile fraction of metals in soils [25,26,27,28]; while Wuana and Okieimen [28] reported that heavy metals in the soil from anthropogenic sources (e.g., traffic emissions) tend to be more mobile than forms of lithogenic or pedogenic origin. The Montana Soil Reference Materials (SRM) SRM 2710 and SRM 2711 obtained from the Nationals Institute of Standards and Technology as well as in-house soil reference materials were applied for analytical quality control (accuracy < 10%). The sequence of chemical analysis was repeated in duplicate (precision 10%).




2.4. Statistical and Spatial Analysis


Statistical analysis is applied to study the geochemical data distribution in the vicinity of highways of the Kineta area. For all statistical work, the software codes Microsoft® Excel (Redmond, Washington, DC, USA) and IBM® SPSS 26.0 for Windows (International Business Machines Corporation; Statistical Product and Service Solutions; Armonk, NY, USA) were applied. The Geo-accumulation index (Igeo), initially defined by Müller [29], is used by many researchers [30,31,32] to discriminate the influence of traffic emissions on the element’s content in topsoil in the margin of highways. In other words, Igeo is used to normalize the observed element content by reducing regional geological variations [33,34]. The Igeo approach has been widely applied in various sites by many researchers [6,33,34,35,36]. The addition of the source of atmospheric deposition would further enhance the discussion of this study’s findings, leading to a more accurate explanation of the trace elements content observed in the vicinity of highways. The normalized index of geoaccumulation (Igeo) proposed by Xu et al. [6], which normalizes contaminants content using the ratio between the metal and the normalizing element, can be applied in this study. It is computed using the following equation:


   I  geo   =   log  2   [       (     C m    Sc    )    sample          (    1.5   ×      B   m    Sc    )    background      ]   



(1)




where Cm is the measured concentration of element m; Bm is the content of element m in “average shale” [37]; and 1.5 is the background matrix correction factor. Xu et al. [6] proposed Al as the normalizing element because its relative proportion to other elements is supposed to be constant; while Kim et al. [33] adopted Sc as the reference element to standardize all the calculations. For this study, Sc is applied as the normalizing element. The classes of geoaccumulation index varying between uncontaminated and extremely contaminated as follows [29]: Igeo ≤ 0, practically uncontaminated; 0 < Igeo < 1, uncontaminated to moderately contaminated; 1 < Igeo < 2, moderately contaminated; 2 < Igeo < 3 moderately to heavily contaminated; 3 < Igeo < 4, heavily contaminated; 4 < Igeo < 5, heavily to extremely contaminated; 5 < Igeo, extremely contaminated.



Spatial analysis was carried out using the software code ArcView 10.4 GIS (ESRI®) (Environmental Systems Research Institute; Redlands, CA, USA). The location of sampling sites was inserted as a separate layer in the GIS database. The element concentration in the examined samples are compared against the most current regulations and standards given from the Environmental Protection Agency (EPA) [38] and the Canadian Council of Ministers of the Environment (CCME) [39].





3. Results and Discussion


3.1. Elements Content in Sampled Media of the Study Area


Table 1 tabulates the median value of the element content of the examined samples. The Ag, Bi, Ga, Hg, Mo, Th, Tl, U, and W presented concentrations below the analytical method’s corresponding detection limit (Table 1). The topsoil in the study area had been classified as sandy loam (46.2%), sandy clay loam (23.1%), loamy sand (7.7%), clay loam (7.7%), loam (7.7%), and sandy clay (7.7%) textures [14]. Topsoil samples presented near-neutral conditions, varying between 7.12 and 7.83 [14]. Median values of CEC (Cation Exchange Capacity), EC (Electric Conductivity), and OM (Organic Matter) for topsoil of the area studied are 31.94 cmol(+) kg−1, 2,725 μS cm−1, 13.94%, respectively [14].



The median value of major elements in topsoil samples S1–S16 (aqua regia treated samples) from highest to lowest were: Ca (22.30%) > Mg (4.15%) > Fe (1.49%) > Al (0.88%) > K (0.19%) > S (0.07%) > Na (0.03%) > Ti (0.01%). Other elements that followed were in the order: P > Mn > Ni > Sr > Cr > Zn > Ba > Pb > V > Cu > As > Co > B > La > Sb > Sc > Be > Cd (Table 1). The median value of Ba, Fe, Mn, and Sc in topsoil samples of the area studied is lower than the European’s median value of 65 mg kg−1, 1.96%, 382 mg kg−1, and 8.21 mg kg−1, respectively, i.e., the median value derived from soil geochemical surveys throughout Europe which may serve as background value of uncontaminated soil provided by Salminen et al. [40]. The median value of As, Cd, Co, Cr, Cu, Ni, Pb, Sb, Sr, and Zn in topsoil samples of the study area is higher than the European’s median value (in mg kg−1) of 6.00, 0.145, 7.0, 22.0, 12.0, 14.0, 15.0, 0.60, 89.0, and 48.0, respectively. The observed content of Co, Cr, Mn, and Ni in the topsoil should be attributed mainly to geogenic sources: the peridotites and serpentinites of the broader area. Similar findings, including that peridotites and serpentinites are considered as the primary source of Co, Cr, Mn, and Ni for the enrichment in the soil of the area studied, are also reported by Alexakis [15]. Moreover, Alexakis [15] observed median values (in mg kg−1) of As (9), Cd (0.80), Co (7.0), Cr (51.0), Cu (39), Mn (453.0), Ni (91.0), Pb (78.0), and Zn (295.0) in wildfire ash, suggesting that ash is an additional source of these elements in soil of the study area. The median content of elements in topsoil samples S17–S42 (DTPA treated samples) from highest to lowest were: Mn (21.62 mg kg−1) > Fe (0.0016%) > Zn (5.15 mg kg−1) > Cu (1.22 mg kg−1). Davies [41] reported airborne pollution as an important source of Pb for topsoil and that the total atmospheric deposition of Pb in the topsoil of pristine areas varies between 3.1 and 31 mg m−2 year−1. In contrast, in industrial and suburban areas, it rises to 27–140 mg m−2 year−1 [41]. Although Pb is not used in modern times as an additive to gasoline, it is a very persistent element that can be found in topsoil in the neighborhood of highways due to the past use of PbO4. The Pb content in gasoline ranged from 0.6 to 0.7 g L−1 [42]. Furthermore, Romic et al. [43], who studied the distribution of heavy metals in topsoil in the vicinity of highways of the city of Zagreb (Croatia), reported that the recorded Cd, Ni, Pb, and Zn anomalous content could be attributed mainly to traffic emissions. Wiseman et al. [44] recorded an increase in As (5.5 mg kg−1), Co (11 mg kg−1), Cr (48 mg kg−1), Ni (22 mg kg−1), and Pb (12 mg kg−1) content in roadside soil in Toronto (Canada), which can be explained by the traffic inputs, and also stated that this does not mean that other elements emitted from traffic are not accumulating in the roadside environment. Besides, Alexakis [15] reported a spatial correlation between high Pb content (up to 140 mg kg−1) in wildfire ash and the neighborhood of Highway 1, also suggesting the anthropogenic origin of Pb.



The most abundant element in the bulk sample of road sediment of the study area is Ca (17.4%) (Table 1). The major elements content in the bulk sample of the examined road sediment from highest to lowest are: Ca (17.4%) > Mg (3.35%) > Fe (2.78%) > Al (0.82%) > K (0.16%) > S (0.11%) > Na (0.08%) > Ti (0.03%); while the decreasing order of elements concentration from highest to lowest are: P > Mn > Zn > Ni > Cr > Ba > Sr > Cu > Pb > V > Co > B > La > As > Sb > Sc > Cd > Be (Table 1). Al-Taani et al. [45] reported median concentration of elements in road sediment samples gathered from Abu-Dhabi Al-Ain National Highway (UAE) as follows: Cr (85 mg kg−1), Mn (850 mg kg−1), Pb (10 mg kg−1), and Zn (175 mg kg−1). Cadmium and Zn can also be attributed to galvanized crash barriers and road signs [46]. Adamiec et al. [30] analyzed heavy metal concentration in bulk sediment samples of motorways in Katowice (Poland) and found the following order: Fe (4.2%) > Ti (0.2%) > Zn (1420 mg kg−1) > Pb (321 mg kg−1) > Cr (232 mg kg−1) > Cu (198 mg kg−1) > Sr (119 mg kg−1) > Ba (114 mg kg−1) > Ni (62.3 mg kg−1), and Cd (0.45 mg kg−1). Concentration of Cu, Fe, Pb, and Zn, the well-known key tracers of traffic emissions [30,47,48,49,50], were higher in road sediment samples collected in Poland than in road sediment samples gathered in the study area. In fact, any comparison between elements content in road sediments collected in different regions tend to be very convoluted because the contribution of automobile emission on the composition of road sediment is controlled by various factors, as those reported by Werkenthin et al. [51] which are the following: Wind direction, wind velocity, geomorphological position of the road, types of fuel used, driving behavior, and previous dry periods.



The decreasing order of median content of major elements in bulk sample of car ash is: Ca (14.00%) > Mg (9.98%) > Al (1.83%) > Fe (1.37%) > S (0.26%) > K (0.09%) > Ti (0.06%) > Na (0.04%) (Table 1). Other elements that followed were in order: Zn > Cu > Ba > P > Mn > Co > Pb > Sr > Ni > Cr > Cd > B > La > Sb > V > As > Sc > Be (Table 1). A similar order of elements was identified by Apeagyei et al. [47] in brake pads dust, which is as follows: Mn > Zn > Pb > Cr > Cd. The only difference between the two above mentioned orders is about the elements Zn and Mn, which can be explained by the origin of the analyzed media. The examined bulk sample of car ash of the study area has consisted mostly of ash derived by tires, which are rich in Zn, and secondly of ash derived from brake pads. Moreover, Apeagyei et al. [47] found that the most abundant element in tires was Zn; while Cr and Pb were also detected. According to Wiseman et al. [44], tires are an important Sb source since they contain this element in notable amounts. Moreover, brake linings have also been identified as a source of Cd, Cr, Ni and Sb [44]. Heavy metals in wheel balance weight varied widely from 0.35%, 2–20%, 75–95%, and 3.4–4.2% for As, Fe, Pb, and Sb, respectively [52], suggesting that wheels are a major source of these elements in both car ash sample and road sediment sample of the study area.




3.2. Distribution of the Elements in Topsoil, Road Sediment and Ash Samples


Elevated content of aqua regia extracted Cu, Fe, Mn, and Zn was observed in the topsoil of the sampling sites located directly at the curved section of Highways 1 and 2 (except only for Fe in Highway 2). The brake linings and tires are the most likely source of these metals’ high content recorded in the road sediment (Figure 3a,c,d). Similar findings have also been reported by Wiseman et al. [44] in roadside soils in Toronto (Canada).



The highest value of DTPA extracted elements in topsoil were recorded for Cu (up to 2.6 mg kg−1), Fe (up to 0.004%), Mn (up to 47.1 mg kg−1), and Zn (up to 15.7 mg kg−1), mainly related to traffic emission exhibited elevated content at the sampling sites close to the highway road (Figure 3a–d). Moreover, Wuana and Okieimen [28] suggested that DTPA extracted elements are mainly attributed to anthropogenic sources (e.g., traffic emissions). Spatial distribution maps (Figure 3a–d) present a higher accumulation of CuDTPA, FeDTPA, MnDTPA, and ZnDTPA towards the northwestern than the eastern part of the area studied. The dominant winds in the area studied are from the WNW direction, which means that pollutants are carried away mainly northwest of Highways 1 and 2. Wind primarily flows from the WNW direction (from the Saronic gulf) and moves across the study area towards the Geraneia mountain (Figure 1 and Figure 2).



The highest concentration of Mn was found in the bulk sample of road sediment; while in the topsoil in the highway’s vicinity, the Mn content ranges from 287 to 531 mg kg−1 (Figure 3c). The bulk sample of road sediment presented high Mn (947 mg kg−1) and Zn (720 mg kg−1) concentration (Figure 3c,d). The high content of Mn in road sediment at the sampling site, which is located at the straight section of Highway 1 (Figure 3c), can be explained by the higher rate of exhaust emissions which increases at high automobile speeds. A similar explanation is given for the high Zn content at the road sediment collected at the same sampling site (Figure 3d) since vehicle tires’ wear rate also increases at high speeds. The primary sources of Mn in the bulk sample of road sediment of the study area can be attributed to the use of gasoline by automobiles and the effect of soil aeolian erosion. Manganese compounds used as anti-knock additives to gasoline have now replaced Pb compounds [53]. According to Schlesinger [54], all the elements which are present in automobile fuel are emitted in the exhaust. These elements are distributed in the atmosphere as particles adsorbed onto surfaces of other particles or individual particles [38]. Titanium is a well-recognized key tracer of brake wear emissions since its concentration in brake lining is up to 2.5% [30]. The elevated concentration of Ti recorded in the bulk sample of road sediment (0.03%), and its median content (0.01%) in the study area’s topsoil suggests an anthropogenic origin of this element.




3.3. Evaluation of Contaminated Land in the Margin of Highways


A comparison between the element’s content of samples collected at the area studied and the corresponding screening level and criteria were given by the literature are shown in Table 1. For topsoil samples S1–S16 (aqua regia treated samples), the median content of Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Sb, V, and Zn exceeds at least one of the screening levels and soil quality guidelines given by the literature (Table 1). The median value of Cu, Fe, Mn, and Zn for the topsoil samples S17–S42 (DTPA treated samples) are lower than those of the criteria proposed by the literature (Table 1). The median value of topsoil samples S1 to S16 for As exceed the EPA (RS, PAM) screening level and CCME (A,R) soil quality guideline. Based on these findings, it is concluded that topsoil, known to contain element content higher than the corresponding critical level given from the literature, may pose a threat to plant species of the study area.



The obtained Igeo values for Al, Ba, Be, B, K, Na, S, Sc, Ti, and V revealed that all examined samples in the Kineta area are practically uncontaminated, suggesting less anthropogenic influences. The spatial distribution of Igeo values for As, Cu, Mn, Ni, P, Pb, and Zn show more contaminated sites (1 < Igeo < 19) surrounding the Highways 1 and 2 (Figure 4a,c–h). The highest enrichment in topsoils was recorded for As, Cu, Mn, Ni, P, Pb, and Zn, mainly related to traffic emissions exhibited high Igeo values in the margins of highways of the study area (Figure 4a,c–h).



The Igeo values for As and Ba lower than 1 are observed in the bulk sample of road sediment, which can be explained by the short accumulation time (7 days) of road sediments. The Igeo values for Cu, Mn, Ni, P, Pb, and Zn observed in the bulk sample of road sediment are higher than 1, denoting moderately contaminated to extremely contaminated sites. According to Aravelli and Heibel [48], the composition of ash accumulated in the filter of a vehicle engine is the following: Ba (up to 1 mg kg−1), Cu (up to 1 mg kg−1), Mn (up to 1 mg kg−1), P (up to 1273 mg kg−1), and Zn (up to 1421 mg kg−1), suggesting a common source of these elements in the bulk sample of road sediment of the study area. Additionally, As and Mn content in road sediment are commonly ascribed to brake abrasion dust and power plant fly ash [55]. Dousova et al. [55] reported that AsO3 and MnO content in brake abrasion dust is up to 0.01 and 0.5% wt, respectively, while AsO3 and MnO content in powerplant fly ash is up to 1.6 and 0.1% wt, respectively.



Elevated Igeo values for Ni (up to 6.0), P (up to 19.0), and Zn (up to 11.1) are observed in the topsoil of sampling sites scattered over the area, which may be attributed to traffic emissions. The distribution of Igeo values for Ni, P, and Zn present high spatial correlation and needs further discussion (Figure 4e,f,h). Nickel level in various crude oil ranges from 8 to 296 mg kg−1 [56]. Zinc dialkyl-dithio-phosphate (Zn[(S2P(OR)2]2, where R is a branched or linear alkyl between 1–14 carbons in length) is used almost universally in engine oils as an anti-wear agent additive and anti-oxidant [49]. Phosphorous, which is added as a lubricant additive in motor oils, reaches the catalyst as phosphorous oxide vapour and metal phosphate particulates [49]. Selby et al. [57] recorded P emissions on exhaust catalyst up to 761 and 43 mg L−1 for fresh oil and volatilized oil, respectively. Phosphorous and Zn content in ash accumulated in the filter of vehicle engines are up to 1273 and 1421 mg kg−1, respectively, suggesting a common origin, fate, and transport of these elements from motor engines to the highways [48]. The literature data, the distribution of high Igeo values in the proximity of highways, as well as the spatial correlation of Igeo values for Ni, P, and Zn, suggests the common source of these elements, which is the combustion products of motor fuels. In the study area, the transport mechanism for dust containing Ni, P, and Zn from highways to the land of the immediate neighborhood of motorways, also involves the dominant wind direction, which is from the seaside.



Similar findings regarding the successful application of Igeo for evaluating the element distribution in the adjacent land of motorways have also been reported by Adamiec et al. [30]. Adamiec et al. [30] applied Igeo index to quantify heavy metal contamination in urban and motorway road sediments of Zagreb (Croatia). The Igeo index for road sediments of Zagreb revealed that the examined sites are extremely contaminated for Cu, Cr, and Ti and strongly contaminated for Zn, Ni, and Pb; while the sites are not contaminated with Cd [30].



For bulk sample of road sediment, the median content of Mn, Ni, Sb, and V is higher than all the corresponding criteria proposed by the literature (Table 1). Diesel fuel and lubricating oil are considered sources of particular importance for Ni [58]. Nickel and V are the leading indicators of emissions from incomplete combustion products [7]. Antimony present in the particles formed because of brake pad wear [7,55]. Furthermore, in localities exposed to the release of Sb during the braking process, the Sb concentration exceeded up to 60 times the background value [59]. Organic Sb compounds are used as additives in oil and grease [60]. Manganese and Zn have been classified as being part of brake pads [47,50]. Fujiwara et al. [59] reported that Mn is applied as an anti-knock additive in motor vehicle fuels. The high content of Mn and Zn are linked to neurodegenerative diseases, such as Alzheimer and Parkinson diseases [61], and can pose a severe threat to the ecosystems [62,63,64].





4. Conclusions


The concentration of As, Cu, Mn, Ni, P, Pb, and Zn in topsoil in the highway’s margin appeared to be influenced by traffic emissions. The brake linings and tires are the most likely anthropogenic source of the high content of Cu, Mn, and Zn in the topsoil of the sampling sites, located directly at the curved section of the highways of the study area. The spatial analysis of the CuDTPA, FeDTPA, MnDTPA, and ZnDTPA contents in topsoil showed that the accumulation of CuDTPA, FeDTPA, MnDTPA, and ZnDTPA in sampling sites towards the northwestern part is higher than the accumulation of these elements in sampling sites located in the eastern part of the area studied. The Igeo classification indicated that topsoil is moderately to heavily contaminated with As and Ba, moderately to heavily/extremely contaminated with Cu and Ni, moderately to extremely contaminated with Pb and Zn. The Igeo values for topsoil denoted moderate Mn contamination and extreme P contamination. It is found that engine exhaust, tire wear, and wear of brake lining contribute to the As, Ba, Cu, Mn, Ni, P, Pb, and Zn content recorded in the soil in the margin of highways of the area studied. It should not be neglected that a possible additional Pb source in the topsoil of the study area is its past use as an additive to gasoline. Highways in the Kineta area are sources of soil contaminants due to exhaust and non-exhaust vehicular emissions. Suburban soils of the Kineta area are acting as a sink for metals originating from traffic emissions. The transport of contaminants over the suburban area of Kineta depended partly on regional-scale wind flows from the Saronic Gulf. The Igeo values revealed that the bulk sample of road sediment is moderately contaminated to extremely contaminated with Cu, Mn, Ni, P, Pb, and Zn. The Igeo index results provide a successful tool for monitoring the area by repeating the research within several years. Comparison of element content in topsoil with criteria established by the literature revealed that Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Sb, V, and Zn pose a potential risk for plants. It is crucial to conduct further research studies on monitoring these contaminants, which help estimate risks of traffic for near-road populations and identify any potential impacts of traffic emissions on human health and ecological receptors.
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Figure 1. Google Earth® image (December 2020) showing the area studied, Natura 2000 area, wildfire impacted area, sampling locations, dominant wind direction [23], and the highways. 
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Figure 2. Rainfall, average wind speed for October 2019, and date of sampling campaign (The data of this plot was obtained from the meteorological station of the National Observatory of Athens at Agioi Theodoroi [22,23]). 
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Figure 3. Graduated symbol plots of: (a) Cu; (b) Fe; (c) Mn; and (d) Zn content in the topsoil of the study area. (AR: Aqua regia digestion; DTPA: Diethylene-Triamine-Penta-Acetic acid extraction). 
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Figure 4. Spatial distribution of Igeo for: (a) Arsenic (As); (b) barium (Ba); (c) copper (Cu); (d) manganese (Mn); (e) nickel (Ni); (f) phosphorous (P); (g) lead (Pb); and (h) zinc (Zn). 
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Table 1. Limits of analytical detection, the median value of elements concentration in topsoils, road sediment bulk sample, and car ash bulk sample gathered from the sampling sites compared to the corresponding level provided from the literature.
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Sample Type

	
EPA [38]

	
CCME [39]






	

	

	

	
(AR)Topsoil

	
(DTPA)Topsoil

	
(AR)Road sediment

	
(AR)Car ash

	
RS

	
P,A,M

	
A

	
R




	
n

	

	

	
16

	
26

	
1

	
1

	

	

	

	




	
Sample Code

	

	

	
S1–S16

	
S17–S42

	
RS1

	
CARASH1

	

	

	

	




	

	
Units

	
DL

	
Median (SD)

	

	

	

	

	

	




	
Ag

	
mg kg−1

	
0.2

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Al

	
%

	
0.01

	
0.88 (0.25)

	
n.d.

	
0.82

	
1.83

	
0.77

	
0.005

	
n.v.

	
n.v.




	
As

	
mg kg−1

	
2

	
13.5 (13.3)

	
n.d.

	
8

	
6

	
0.68

	
5.7

	
12

	
12




	
B

	
mg kg−1

	
10

	
10 (2.5)

	
n.d.

	
10

	
10

	
1600

	
0.5

	
n.v.

	
n.v.




	
Ba

	
mg kg−1

	
10

	
50 (15.2)

	
n.d.

	
150

	
930

	
1500

	
1.04

	
750

	
500




	
Be

	
mg kg−1

	
0.5

	
0.5 (0.1)

	
n.d.

	
n.d.

	
0.5

	
16

	
1.06

	
n.v.

	
n.v.




	
Bi

	
mg kg−1

	
2

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Ca

	
%

	
0.01

	
22.30 (2.72)

	
n.d.

	
17.4

	
14

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Cd

	
mg kg−1

	
0.5

	
0.25 (0.15)

	
n.d.

	
0.5

	
15.7

	
7.1

	
0.00222

	
1.4

	
10




	
Co

	
mg kg−1

	
1

	
11 (61.9)

	
n.d.

	
21

	
283

	
2.3

	
n.v.

	
40

	
50




	
Cr

	
mg kg−1

	
1

	
79 (202)

	
n.d.

	
311

	
55

	
12000

	
0.4 *

	
64

	
64




	
Cu

	
mg kg−1

	
1

	
17 (7)

	
1.22 (0.58)

	
97

	
1200

	
310

	
5.4

	
63

	
63




	
Fe

	
%

	
0.01

	
1.49 (1.50)

	
0.0016 (0.00074)

	
2.78

	
1.37

	
0.55

	
0.02

	
n.v.

	
n.v.




	
Ga

	
mg kg−1

	
10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Hg

	
mg kg−1

	
1

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
K

	
%

	
0.01

	
0.19 (0.06)

	
n.d.

	
0.16

	
0.09

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
La

	
mg kg−1

	
10

	
5 (4)

	
n.d.

	
10

	
10

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Mg

	
%

	
0.01

	
4.15 (2.30)

	
n.d.

	
3.35

	
9.98

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Mn

	
mg kg−1

	
5

	
280.5 (93.7)

	
21.62 (11.59)

	
947

	
311

	
180

	
100

	
n.v.

	
n.v.




	
Mo

	
mg kg−1

	
1

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Na

	
%

	
0.01

	
0.03 (0.01)

	
n.d.

	
0.08

	
0.04

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Ni

	
mg kg−1

	
1

	
163.5 (516)

	
n.d.

	
535

	
67

	
150

	
13.6

	
50

	
50




	
P

	
mg kg−1

	
10

	
525 (598)

	
n.d.

	
1160

	
630

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Pb

	
mg kg−1

	
2

	
21.5 (11.7)

	
n.d.

	
46

	
199

	
400

	
0.0537

	
70

	
140




	
S

	
%

	
0.01

	
0.07 (0.03)

	
n.d.

	
0.11

	
0.26

	
n.v.

	
0.0002

	
n.v.

	
n.v.




	
Sb

	
mg kg−1

	
2

	
2 (0.5)

	
n.d.

	
7

	
10

	
3.1

	
0.142

	
n.v.

	
n.v.




	
Sc

	
mg kg−1

	
1

	
2 (2.6)

	
n.d.

	
3

	
1

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Sr

	
mg kg−1

	
1

	
111 (35)

	
n.d.

	
132

	
135

	
4700

	
n.v.

	
n.v.

	
n.v.




	
Th

	
mg kg−1

	
20

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Ti

	
%

	
0.01

	
0.01 (0.01)

	
n.d.

	
0.03

	
0.06

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Tl

	
mg kg−1

	
10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
U

	
mg kg−1

	
10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
V

	
mg kg−1

	
1

	
21.5 (14)

	
n.d.

	
35

	
10

	
39

	
1.59

	
n.v.

	
n.v.




	
W

	
mg kg−1

	
10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Zn

	
mg kg−1

	
2

	
62 (46)

	
5.15 (4.23)

	
720

	
24600

	
2300

	
6.62

	
200

	
200








DL: Detection limit; SD: Standard deviation; AR: Aqua regia digestion; DTPA: Diethylene-Triamine-Penta-Acetic acid extraction; n.d.: Not determined; n.v.: No value; * screening level refers only to avian and mammalian; EPA (RS): Residential soil regional screening level, EPA (P,A,M): Plant-Avian-Mammalian screening level, EPA (A,M): Avian-Mammalian screening level, CCME (A): Soil quality guideline for agricultural land use, CCME (R): Soil quality guideline for residential land use.
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