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Abstract In the present study, an investigation of the

mineralogy and morphology, the heavy metal content

and the health risk of urban road dusts from the second

largest city of Greece was conducted. For this reason

road dust samples from selected sites within the city

core area were collected. No differences were

observed in the mineralogy of road dusts coming from

different sampling sites, and they were mainly

consisted of quartz and calcite, while an elevated

amorphous content was detected. Morphologically

road dusts presented Ca-rich, Fe-rich and silicates

particles with various shapes and sizes. The mean

concentrations of Cd, Cr, Cu, Mn, Ni, Pb and Zn in

road dust were 1.76, 104.9, 662.3, 336.4, 89.43, 209

and 452.8 lg g-1, respectively. A series of spatial

distribution patterns revealed that the hotspot areas

were tended to associate with major road junctions and

regions with high traffic. Combination of pollution

indexes and statistical analyses (correlation analysis,

cluster analysis and principal component analysis)

revealed that road dusts have a severe influence by

anthropogenic activities. In attempt to identify the

source of metals through geostatistical and multivari-

ate statistical analyses, it was concluded as follows:

Cr, Cu, Fe and Zn mainly originated from tire/break

wear and vehicle abrasions, while Cd, Mn and Pb were

mainly related to fuel/oil leakage from automobiles

along with oil lubricants and vehicle abrasion. Hazard

quotient values for children based on total metal

concentrations for the road dust ingestion route were

lower than safe level (=1). However, the fact that the

Hazard Index value for Pb (0.459) which is a

particularly toxic metal, was close to safe level,

renders essential further investigation in order to

provide more reliable characterizations of potential

health risks.
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Introduction

Urban areas throughout the world are experiencing

rapid change as a result of both urbanization and
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accelerated development of the social economy (Oh

et al. 2011; Latif and Saleh 2012). As a consequence,

there is a decline in the quality of urban environment

(Ordonez et al. 2003; Brown and Peake 2006).

Road dust, an accumulation of solid particles in the

form of organic and inorganic pollutants on outdoor

ground surfaces, is a valuable medium for character-

izing urban environmental quality (Godish 2005; Liu

et al. 2014). The deposited particles that constitute

urban road dust can originate from diverse sources

including erosion of surrounding soil, atmospheric

deposition and anthropogenic activities such as indus-

trial, urban and traffic-related activities (Fergusson and

Kim 1991; Amato et al. 2009, 2011; Kreider et al.

2010). As noted by Beckwith et al. (1986), these

particles are subjected to complex mixing processes

which occur during various on-road activities. Thus,

their chemical composition can be continuously mod-

ified, a processwhich also takes place in the natural soil

inputs found on road surfaces. Concerning the traffic-

related particles, they comprise tire abrasion products,

brake pad dust, combustion exhaust, road surface/paint

wear, lubricating oil and pavement wear (Zhang and

Wang 2009; Kreider et al. 2010; Amato et al. 2011).

Frequent traffic activities have as a result the uniform

combination of these traffic-related particles with the

soil minerals, forming in that way the particles of urban

road dust (Kreider et al. 2010). The evaluation of road

deposited particles’ content is therefore required, in

order to determine the contributing sources.

The contamination of urban road dusts has been of

major concern in recent decades, mostly because they

may act as a temporary sink of contaminants such as

heavy metals (Amato et al. 2010; Gunawardana et al.

2012). These pollutants are emitted from various

sources and they can have a direct influence on human

health because they can be transferred into the human

body by different pathways, e.g., inhalation, ingestion,

and dermal absorption (USEPA 2001). Urban road

dusts may also contribute to atmospheric pollution

through resuspension (Amato et al. 2010; Moreno

et al. 2013). Therefore, they might pose a health risk to

the urban habitants, since half of the world’s popula-

tion resides in urban areas (Vegter 2007). Thus, the

composition of urban road dust has been intensively

investigated by many researchers around the world

(Charlesworth et al. 2003; Ordonez et al. 2003; de

Miguel et al. 2007; Tanner et al. 2008; Lu et al. 2009;

Fujiwara et al. 2011).

Thessaloniki, a metropolitan city in Greece, is one

of the most densely populated cities in Greece

accounting for approximately 16,000 inhabitants

km-2 (Samara et al. 2003). Despite its significant

size, it is not large enough to have developed a

transport infrastructure involving metro, light railway

or tram, but only public transport buses. As a

consequence, many people use a car for their trans-

portation resulting in abundant road traffic which is

considered as the major cause of atmospheric con-

tamination in the city center (Manoli et al. 2002;

Samara et al. 2003). Furthermore, there is an already

elevated number of private motor vehicles (5 %

increase per year) contributing to a high level of road

dust within Thessaloniki’s city center. The numerous

residential suburbs that surround the city have the

same effect, as well as the major point sources of

heavy industrial contaminants that are located mainly

on its northwestern part. Whereas sporadic studies

reported the contents of urban road dusts in Thessa-

loniki, concerning especially heavy metals (Misae-

lides et al. 1989; Samara et al. 2003; Ewen et al. 2009),

no investigation was focused on the mineralogical and

morphological characteristics of the dust particles, on

the chemical forms of heavy metals, or on a health risk

assessment of the potentially toxic metals in road

dusts.

Based on the aforementioned facts, the aims of the

present study were: (1) the characterization of the road

dust particles including particle size distribution,

determination of their mineralogical composition

and morphological characteristics, (2) the determina-

tion of heavy metals content and spatial distribution in

order to identify their spatial patterns in the region, (3)

the identification of the possible main sources of

individual metals in the road dust using multivariate

statistical analysis, and (4) the health risk assessment

of potentially toxic metals in the road dusts.

Materials and methods

Site description

The city of Thessaloniki (40�620E, 22�950N) is located
on the inner part of Thermaikos Gulf, while at its

north, north-eastern part is surrounded by the Hortiatis

mountain (1200 m height). According to Manoli et al.

(2002), the study area exhibits a typical Mediterranean
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climate: mild and strongly influenced by the sea

breeze. Meanmonthly values of relative humidity vary

between 47 and 80 % (mean annual rainfall is

490 mm), while temperature varies between 5.5 �C
(in January) and 28 �C (in August). Prevailing wind

directions are N/NW (25 %), S/SW (30 %) and calms

(20 %).

Sample collection and preparation

In November 2009, a total of 31 (RD1 to RD31) road

dust samples (each weighting almost 100 g) were

collected from different locations in the most con-

gested area of the city of Thessaloniki, the city core

(Fig. 1). The dust samples were mainly collected by

gently sweeping at all sites a comparable area of one

square meter (1 m2) from pavement edges. Clean

plastic dustpan and brushes were used at each

sampling site, while sampling was carried out care-

fully in order to reduce the disturbance of fine

particles. This sampling procedure is similar to those

used in previous studies reported in the literature (Al-

Khashman 2007; Tanner et al. 2008; Lu et al. 2009).

The efficiency of this sample collection has been

reported to be equivalent to that of vacuum cleaning

(Tanner et al. 2008). Samples were placed in self-

sealed polyethylene bags and transported to the

laboratory. Firstly, extraneous matter such as small

pieces of brick, paving stone, leaves and other debris

were removed. Then, the samples were dried in an

oven at 35 �C for 3 days and mechanically sieved.

Thus, each sample was divided into four grain size

fractions:\63, 63–125, 125–500,[500 lm so as to

determine the grain size distribution. Any loss of

material during sieving was less than 2 % w/w. Until

analysis, sub-samples were weighed and stored in

polyethylene flasks in a cool and dry place. The fine-

grained fraction (\63 lm) was used for further

investigations. The reason for analyzing the\63 lm
diameter fraction is the fact that these particles are

easily transported in suspension, with the finest

particles being capable of remaining airborne for

considerable durations (Shilton et al. 2005). Further-

more, higher health risks are usually more associated

Fig. 1 Map of the study area and sampling sites in the city of Thessaloniki, Greece
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with the fine particles than with the coarser ones

(Kennedy and Hinds 2002; Charlesworth et al. 2011;

Li and Zuo 2013).

Analytical procedures

Total heavy metal (Cd, Cr, Cu, Fe, Ni, Pb, Mn and Zn)

concentrations were determined by atomic absorption

spectroscopy using a PC controlled Perkin Elmer

AAnalyst 400 spectrometer equipped with flame

atomizer and a Perkin Elmer GF 900 graphite furnace

(electrothermal atomizer). A pre-weighted amount

(0.5 g) of fine-grained (\63 lm) dust fraction was

subjected to chemical extraction using 10 mL of

concentrated HNO3 and was subsequently micro-

wave-heated using a CEM, Mars HP500 microwave

extraction system. This digestion method was proven

to extract the total quantities of native metals from

road dust samples (USEPA 1994). After digestion, the

solution was centrifuged (4000 rpm for 3 min),

diluted to 50 mL with double-distilled water, and

stored in plastic bottles. Accuracy of the analytical

results was controlled using reagent blanks, matrix

matched calibration curves and by calculating recov-

eries of spiked samples. All the analyses were carried

out in triplicate to ensure the precision. Repeatability

ranged 5–10 % rsd, while the recoveries for the

studied metals were determined between 90 and

110 %.

For the assessment of metal fractionation, a subset

of eight road dust samples from sampling sites where

big conjunctions or elevated traffic conditions exist,

was selected (RD5, RD9, RD12, RD13, RD22, RD25,

RD27, RD31). Fractionation was performed by apply-

ing a sequential extraction procedure presented in

Fig. 2 (Tessier et al. 1979; Tokalioglu et al. 2003).

More specifically, total heavy metal content was

sequentially extracted and classified into 5 different

fractions as following: (a) Exchangeable fraction

corresponds to the most loosely sorbed fraction of

metals, extracted with CH3COONa 1 M, (b) Bound to

carbonates heavy metals in the form of carbonate

compounds, were released using CH3COONa 1 M

adjusted to pH 5.0 with CH3COOH 100 %, (c) Bound

to Fe–Mn oxides is the fraction of metals sorbed onto

Fe–Mn oxides or forming oxides, which is released

with a redox change [NH2OH�HCl in 25 % (v/v)

CH3COOH]. The extraction was performed at 96 �C
for 6 h with occasional agitation. (d) Bound to organic

matter fraction of metals was released with the

oxidation of organic matter, using a mixture of

HNO3 0.02 M and H2O2 30 % which was heated at

85 �C for 2 h with occasional agitation. After cooling,

CH3COONa 1 M was added and the sample was

diluted with deionized water and agitated continu-

ously for 30 min. Centrifuge tubes of 50 mL were

used to perform the extractions. Between each

extraction step, separation was carried out by cen-

trifuging at 4000 rpm for 5 min. The supernatant was

removed with a micropipette in order to avoid any loss

of solid residues. Afterward it was filtered, acidified

with a drop of nitric acid (Merck) and stored at 4 �C
for further analysis. Between each successive stage of

extraction procedure, the remaining dust sample was

washed with 8 mL of Milli Q water with vigorous

shaking for 10 min. This second supernatant that

resulted after the centrifugation was finally discarded.

Ultrapure Milli-Q water was used for the preparation

of heavymetal stock solutions and all dilutions. All the

used solvents and chemicals were of analytical grade.

Mineralogical characterization of the dust samples as

well as semi-quantitative mineral determination was

performed byX-ray powder diffraction (XRPD) using a

Philips PW1710 diffractometer. Ni-filtered copper Ka
radiation was used energized to 35 kV and 25 mA.

Randomly oriented road dust samples were scanned

continuously from 3� to 63� 2h angles at a scanning

speedof1.2� min-1. Thecharacterizationof themineral

phases was performed semi-quantitatively on the basis

of the intensity (counts) of specific reflections, the

density, and the mass absorption coefficient (CuKa) of
the identified mineral phases. The percentage of total

amorphous material contained in the road dust samples

was determined using the methodology described by

Kantiranis et al. (2004). The XRPD method is a very

good, effective and useful tool for the determination of

the percentage of amorphous material contained in a

natural or synthetic sample (Kantiranis et al. 2004).

Finally, a scanning electron microscope-SEM

(SEMTech Solutions, JEOL JSM-840) connected to

an X-ray energy dispersion spectrometer-EDS (INCA

300) was employed for the morphological and semi-

quantitative chemical characterization of the road dust

particles. This technique allows the characterization of

the particles with respect to their size and morphology

as well as the identification of other properties such as

particles association or aggregation (Buseck and

Bradley 1982; Zou and Hooper 1997).
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Estimation of pollution indicators

Enrichment factor (EF) was used to assess the degree

of metal pollution and the probable contribution of

anthropogenic sources (Christophoridis et al. 2009;

Wei et al. 2010; Yuen et al. 2012). The calculation of

this factor is carried out with reference to a normal-

ization element (most commonly used Fe, Al, Ti, Mn

etc.) in order to minimize the variations caused by

heterogeneous samples. EF is calculated as follows:

EF ¼ Cn

Cref

� �
sample

,
Bn

Bref

� �
background

ð1Þ

where (Cn/Cref)sample and (Bn/Bref)background refer to the

concentration ratios of a target metal and the reference

element in the road dust samples and in the back-

ground material, respectively (Lu et al. 2010; Yuen

et al. 2012). The reference element is selected so as to

present minimum concentration variability or occur in

abundant concentrations in the studied environment.

Thus neither small concentration variations nor other

synergistic or antagonistic effects toward the exam-

ined elements are significant (Christophoridis et al.

2009). In this study, EFs for all the studied metals,

except Fe, were calculated selecting manganese (Mn)

as normalization factor since it presented significantly

lower concentrations than the background values and

Fig. 2 Metal fractionation

procedure
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low concentration variability, while it has been also

used as reference element in other studies (Yongming

et al. 2006; Hu et al. 2013). Concentrations of

elements in the upper crust as introduced by Rudnick

and Gao (2003) were used as background. In general,

EF values much higher than 10 are mainly considered

as indicating anthropogenic sources of heavy metal

pollution, while values lower than 10 predominantly

originate in the background soil material (Liu et al.

2003). Moreover, EF also assists in determining the

degree of metal contamination (overall pollution

factor). Five contamination categories are recognized

on the basis of the enrichment factor: EF\ 2 states

deficiency to minimal enrichment, EF = 2–5 moder-

ate enrichment, EF = 5–20 significant enrichment,

EF = 20–40 very high enrichment and EF[ 40

extremely high enrichment (Yongming et al. 2006;

Birch and Olmos 2008).

Furthermore, the contamination levels of heavy

metals in urban dusts are assessed by using the

Geoaccumulation Index (Igeo), as introduced by

Muller (1969). Igeo is calculated by the following

equation:

Igeo ¼ log2
Cn

1:5� Bn

� �
ð2Þ

where Cn is the measured concentration of the target

metal and Bn is the geochemical background concen-

tration of the metal in the upper crust (Rudnick and

Gao 2003). The constant 1.5 is the background matrix

correction factor due to lithological variability. The

Igeo values are classified according to Muller (1969) in

seven classes, as follows: unpolluted (Igeo\ 0);

unpolluted to moderately polluted (0\ Igeo\ 1);

moderately polluted (1\ Igeo\ 2); moderately to

heavily polluted (2\ Igeo\ 3); heavily polluted

(3\ Igeo\ 4); heavily to extremely polluted

(4\ Igeo\ 5); and extremely polluted (Igeo[ 5).

Statistical analysis

Analysis of a large dataset with multiple variables

requires analytical approaches capable of clustering

similar data together while identifying relationships

between variables. In these circumstances, the appli-

cation of multivariate analytical techniques has been

found to be the most appropriate statistical approach

(Herngren et al. 2005; Settle et al. 2007). In the present

study, Pearson correlation analysis, cluster analysis

(CA) and principal component analysis (PCA) were

applied to the analytical data obtained from road dust

samples. The aim was to identify relationships among

chemical elements and elucidate their origin. Basic

statistical parameters for road dust data were estab-

lished and the Shapiro–Wilk test was used for data

normality assessment. The data obtained from Thes-

saloniki demonstrated that all parameters are non-

normally distributed (significant level\ 0.05) except

for Cr, Ni and Zn (significant level[ 0.05). Skewness

values also indicate that only Cr, Ni and Zn approach a

normal distribution, while the other elements are being

positively skewed toward the lower concentrations. As

a result, the data were log-transformed for performing

the multivariate analysis. CA was performed accord-

ing to the Ward’s method. The obtained data were

standardized (z scores), and the squared Euclidean

distance was used as similarity measurement, while

the results are reported in the form of a dendrogram.

PCA was performed with Varimax normalized rota-

tion which facilitates the interpretation of the output

results by minimizing the number of variables, leaving

for consideration only factors with eigenvalues [1.

The statistical analyses were performed using SPSS

Statistics for Windows (version 22.0, SPSS Inc.,

USA). Contour maps demonstrating the distributions

of metals concentrations in the road dust samples were

depicted using OriginPro for Windows (version 8.5,

OriginLab Corp., USA).

Health risk assessment model

The models that were used in this study to assess the

health risk of the potentially toxic metals in the road

dusts are based on those developed by the United

States Environmental Protection Agency (USEPA

2001). Residential exposure can occur via three main

pathways: (a) direct ingestion of substrate particles;

(b) inhalation of re-suspended particles through mouth

and nose; and (c) dermal absorption of trace elements

in particles adhered to exposed skin (de Miguel et al.

2007; Chabukdhara and Nema 2013). Two major

indices, i.e., chronic daily intake (CDI, mg kg-1

day-1) and hazard quotient (HQ), were calculated for

each contaminant. The CDI values for human expo-

sure to road dust particles indicate the quantity of

chemical substance received through each of the three

pathways over a specific time period and were
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calculated according to Eq. S1–S3 (Supplementary

data) (USEPA 1989).

For the non-carcinogenic effects, the CDIs calcu-

lated for each element and exposure pathway are

subsequently divided by the corresponding Reference

Dose (RfD) in order to yield a HQ (Eq. S4a, Supple-

mentary data). Moreover, in order to calculate the

level of cancer risk, the dose is multiplied by the

corresponding slope factor (SF) (Eq. S4b, Supple-

mentary data). The reference doses are defined as the

maximum allowable level of metals that will not pose

any deleterious effects on human health. In this study,

RfDing (mg kg-1 day-1) and RfDinh (mg m-3) for

road dust ingestion and inhalation, respectively, were

taken into account. The reference toxicity values for

dermal absorption were calculated by multiplying the

road dust oral reference doses by a gastrointestinal

absorption factor as suggested by USEPA IRIS (U.S.

Environmental Protection Agency’s Integrated Risk

Information System) (2011) and implemented by

Ferreira-Baptista and de Miguel (2005) and Luo

et al. (2012). The magnitude of adverse effect is

accumulative for each element, thus the Hazard Index

(HI) (Eq. S5, Supplementary data) is presented as the

sum of HQ for each exposure pathway. Non-carcino-

genic risk is low when the HI value is\1 and as HI

increases, the magnitude of risk increases, too

(USEPA 2001). Carcinogenic risk is the probability

of an individual developing any type of cancer from

lifetime exposure to carcinogenic hazards. The accept-

able or tolerable risk for regulatory purposes is in the

range of 10-6–10-4 (Ferreira-Baptista and de Miguel

2005).

Results and discussion

Grain size distribution

The grain size distribution of the road dust samples

(Fig. 3) revealed that the predominant grain size

fraction was of 125–500 lm with a variation between

29.3 and 57.1 %. The secondmost dominant grain size

fraction was of 63–125 lm ranging between 14.8 and

35.2 %. The dust particles which could easily be

entrained and suspended in the wind streamwere those

which had the smallest particle size (\63 lm). The

mass fraction of these suspendable dust particles was

ranging between 8.0 and 41.3 %, exhibiting greater

variability than the other grain size fractions. This

variation seems to be independent of the location of

the sample. Even at short distances, the \63 lm
fraction was significantly different between sampling

locations. Assuming that the source of the road dust

does not vary, especially in adjacent sampling sites,

this variation was attributed to other factors. These

factors involve the action of wind (stronger winds

transport the lightest dust fractions and leave the

coarser in shorter distances) and rainwater flow in

combination with the topography (flat places with

smoother inclination are places where the \63 lm
fraction is deposited).

Mineralogy

Road dust composition can be affected by various

factors including geographical location, land use,

traffic characteristics and precedent dry period (Amato

et al. 2011; Gunawardana et al. 2012). Road dusts were

dominated by quartz and calcite, while lower abun-

dances of plagioclases (mostly albite) and dolomite

occured in almost all the studied samples (Bourliva

et al. 2010, 2012). The minor phases detected in some

samples include orthoclase, tremolite, muscovite and

chlorite. The high content of quartz in road dust

samples is likely to be a road pavement-related

signature, given the abundance of granite stones in

all pavements of sampling roads (Amato et al. 2011),

while the fact that calcite content formed the second

most common mineral phase after quartz indicated

Fig. 3 Grain size distribution of particles constituting the road

dust samples from Thessaloniki city, Greece
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probably the presence of construction wear materials

(Varrica et al. 2003). Additionally, the presence of

albite in road dusts was also strongly related to road

pavement eroded particles (Kupiainen et al. 2003;

Kupiainen and Tervahattu 2004; Raisanen et al. 2005;

Tervahattu et al. 2006). Furthermore, a significant

proportion of amorphous content was detected (Bour-

liva et al. 2010, 2012), which could probably involve

non-crystalline mineral phases, amorphous silicates

like non-crystalline quartz and also organic matter, as

reported by Bish and Post (1989). According to

Gunawardana et al. (2012), the elevated amorphous

content is strongly correlated with heavy metals. This

is an implication that traffic-related material would be

the main source of amorphous content, since Zn, Cu,

Ni, Cr and Cd originate from sources such as tire wear,

brake pad wear and asphalt. Finally, minerals identi-

fied in road dust samples were similar to those found in

soil samples (Xie et al. 2000) clearly indicating that

there might be inputs from surrounding soil to the road

surfaces.

Morphology of road dust particles

SEM observations of representative road dust samples

were employed in order to distinguish particles of

Fig. 4 Morphology of the road dust particles: a angular Si-rich, b Ca-dominant, c Ca-aluminosilicates, d particles originating from

exhaust or corrosion, e incorporated flakes of heavy metal-rich parts (bright spots)
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anthropogenic origin, and selected images are pre-

sented in Fig. 4. As shown in Fig. 4, dust particles

were present in a wide range of sizes and shapes.

Depending on the origin of dust particles, they mostly

consisted of subhedral to anhedral crystalline grains,

plate-like and near-spherical particles, and finally

irregular agglomerates that comprised various sizes

and amount of particles. EDS results revealed that the

composition of dusts was dominated by the presence

of Ca-rich or Fe-rich particles and silicates. The

samples were predominately composed of angular Si-

rich particles (Fig. 4a) consisting of Si, Al, Fe and Mg

as shown by the elemental analysis, a composition

which is characteristic of natural sources. Addition-

ally, Ca-dominant particles (Fig. 4b) mainly com-

posed of calcite (CaCO3) and agglomerates of Ca-rich

particles composed of Ca with traces of Si, Al, Mg, K

and S were identified. Agglomerates of Ca-alumi-

nosilicates were also determined. Furthermore, Fe-

rich particles (Fig. 4c) either spherule-shaped or

angular with complex chemical compositions were

also recognized. The spherical Fe-rich particles could

be fly ash originating from asphalt and coal combus-

tion (Goodarzi 2006). SEM analysis was mainly

focused on the particles originating from anthro-

pogenic activities. It is possible to detect the presence

of particles derived from traffic-related activities or

anthropogenic sources by their detailed morphology

and elemental composition (Adachi and Tainosho

2004). Road dust contained a high proportion of

particles with rough surface texture (Fig. 4d) suggest-

ing that they were released from vehicles via exhaust

emission and from the abrasion or corrosion of the

vehicle engine and body work (Hoffman et al. 1999).

Elemental analysis indicated that these particles

exhibit high Fe content and heavy metal elements

such as Cr and Mn. Heavy metals were observed in the

form of flakes attached either on the surface or within

the road dust particles (Fig. 4e).

Total heavy metal concentrations

Descriptive statistics of heavy metal concentrations

determined in road dusts in Thessaloniki, as well as

background values, are presented in Table 1. The

mean concentration of heavy metals in road dust

samples followed the order Fe � Cu[Zn[
Mn[Pb[Cr[Ni[Cd, which is consistent with

the study by Han et al. (2014) in road dusts from Kuala T
a
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Lumpur city center. In the present study, mean

concentrations of all metals except Mn were higher

than the background values in world soils and the

upper crust, suggesting that the presence of these

metals in road dust samples from Thessaloniki city

core is highly influenced by anthropogenic sources.

In order to assess the possible sources of metal

enrichment and to identify hot-spot areas with ele-

vated metal concentrations, spatial distribution pat-

terns of the concentrations of the studied heavy metals

were plotted (Shi et al. 2008; Wei et al. 2009). The

resulting contour maps for the metal concentration

levels in road dust samples from Thessaloniki city core

are illustrated in Fig. 5. Similar patterns of spatial

distribution were observed for Cr, Cu and partly Zn.

These elements presented relatively high spatial

variability. Their hot-spot areas were mainly associ-

ated with main roads that reveal high traffic density

(Tsimiski str. and streets surrounding Aristotelous

Square). The elevated concentrations could be attrib-

uted to traffic characterized by low speeds and long

periods of vehicle idling (Thorpe and Harrison 2008).

Cadmium and manganese showed similar spatial

distributions coinciding with the arterial coastal road,

while hot-spot area was associated with the Port

entrance area, revealing an increased but narrow

spreaded traffic flow across the sampling sites. The

aforementioned suggest that these two metals may be

derived from the same sources, although it is demon-

strated by several studies that elevated Mn concentra-

tions in road dust mainly attribute to natural sources

(Sezgin et al. 2003; Wang and Qin 2007). These

findings are in good agreement with Ewen et al.

(2009), according to which roadside dust samples

highly contaminated in Cd and Mn occurred along the

coastal road, within the Thessaloniki area. Concerning

Pb and Ni, their spatial distributions were very

different as compared with those of the rest metals.

Spatial distribution of Pb revealed hot-spot areas

associated with large conjunctions due to the substan-

tial increase in traffic volume and the stopping and

idling while waiting at the traffic lights. Nickel

displayed a different distribution pattern presenting

low variability, while the hotspot area located close to

a tourist attraction area (White Tower) probably

implying the existence of a different source.

Heavy metal enrichment factors were calculated for

each road dust sample, and their values are presented in

Table 1 and Fig. 6a. Mean EF values are arranged in the

following decreasing order: Cu[Cd[Pb[Zn[

Fig. 5 Spatial distribution patterns of total heavy metal concentrations (lg g-1) in the road dust samples collected from the

Thessaloniki city, Greece
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Ni[Cr. The highest EF mean value that was recorded

was the one for Cu (70.78) followed by 55.91 for Cd. EF

mean value for Pb was 37.08, while the corresponding

one for Zn was 19.60. The fact that Cu, Cd, Pb and

Zn reveal mean EF values [10 suggested that the

elevated concentrations of these heavy metals were

attributed to anthropogenic activities. On the contrary,

Ni and Cr with mean EF values of 5.54 and 3.50,

respectively, are considered to have minimal anthro-

pogenic influences.

Similar to enrichment factor, the mean values of

Igeo decreased in the order of Cu[Cd[ Pb[Zn[
Ni[Cr[Mn (Table 1; Fig. 6b). The data indicated

that the majority of the road dusts could be charac-

terized as ‘‘unpolluted’’ for Cr and Mn. On the

contrary the contamination levels of Cu, Cd and Pb

in road dusts were high and the majority of dust

samples were characterized as ‘‘heavily polluted’’

concerning those metals. The highest Igeo values for

Cd and Pb were recorded to road dust samples

associated with heavy traffic due to big conjunction

sites (Vardaris Square, Dikastiria, Limani). Overall,

EF and Igeo values show similar trends, indicating the

hot-spots of anthropogenic pollution.

The comparison of heavy metals mean concentra-

tions in road dusts collected from different urban

environments is a common practice, despite the fact

that there are no widely accepted sampling and

analytical procedures for geochemical studies of urban

deposits. Table 2 presents the mean concentrations of

heavy metals that were determined in road dust

samples from Thessaloniki’s city center, in compar-

ison with the corresponding ones from other cities

around the world. As shown, there is a considerable

variation of heavy metals concentrations in the road

dust particles among various cities probably depend-

ing on population, traffic density, industrial activities

in the area as well as local weather conditions and

wind patterns. Cadmium and chromium concentra-

tions in Thessaloniki were comparable to those found

in most of the past studies, showing a slight decrease in

relation to a past study carried out in Thessaloniki

(sampling dates 2008). The mean concentration of Cu

in Thessaloniki’s road dusts (this study) were higher

than the corresponding ones determined in other cities,

except of those recorded by Joshi et al. (2009) in the

industrial area of Singapore, although in this study the

majority of the detected metals exhibited extremely

high concentrations. According to a past study carried

out in Thessaloniki (Ewen et al. 2009), Cu content was

significantly lower in samples originating from almost

adjacent sampling locations. It is quite remarkable that

Ni concentration in Thessaloniki’s road dusts is

comparable with that of Shanghai, an urban area with

a population of more than 17 million, while the

majority of the other cities present lower concentra-

tions. Manganese in Thessaloniki was also detected in

levels higher than those determined in road dust

samples from other highly populated cities (Kuala-

Lumpur, Toronto, Nanjing). On the other hand, Pb and

Zn mean concentrations in Thessaloniki’s road dusts

were comparable to the corresponding ones reported

in an earlier study in the same region (Ewen et al.

2009) and almost similar to those of Xi’an, China

(Yongming et al. 2006). Moreover, they were lower

Fig. 6 a Enrichment factors (EF) and b Geoaccumulation

Index (Igeo) values for road dust samples from Thessaloniki city,

Greece
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than those reported by Soltani et al. (2015) and Shi

et al. (2008) for Isfahan, Iran and Shanghai, China,

respectively. In general, each city has its own char-

acteristic combination of elemental compositions and

the observed similarities as well as variations may not

reflect the actual natural and anthropogenic diversities

among different urban settings. The chemical mixture

of traffic-related metals varies significantly among

different studies (Thorpe and Harrison 2008; Gietl

et al. 2010; Gunawardana et al. 2012). This is probably

due to the variance of the metal content in brake lining

and tire materials and/or to the differences in traffic

volume density and driving behavior (Thorpe and

Harrison 2008; Apeagyei et al. 2011; Duong and Lee

2011).

Source identification of selected pollutants

In order to establish inter-element relations in the road

dust samples, Pearson correlation coefficients were

employed for all the studied metals and the obtained

correlation matrix is presented in Table 3. There was a

positive correlation among all the heavy metals,

except for the pair Ni and Pb (-0.196). Strong

correlations (p\ 0.01) were evident for the pairs Cr

and Cu (0.872), Cr and Zn (0.583), Cu and Ni (0.548)

and Cu and Zn (0.568) indicating that there is one

group of elements i.e. Cr–Cu–Ni–Zn which probably

obtain similar characteristics and share common

origins of emission. According to Amato et al.

(2011) Zn, Ni, Cu and Cr can be derived from tire

and brake wear. Furthermore, a significant positive

correlation was also identified among a second group

of elements comprising Mn and Cd (0.729) suggesting

similar characteristics, fate, and common origin.

Significant correlations (p\ 0.05) were also observed

for the pairs Cr and Fe (0.432), Cu and Fe (0.439), Ni

and Cr (0.428), Cd and Zn (0.443), Fe and Zn (0.444).

Cluster analysis was applied to the z scores of road

dust data in order to examine the classification of

element groups and to recognize relationships among

them. The results of the analysis are presented as a

dendrogram in Fig. 7. The similarity axis represents

the degree of association between the variables, the

greater the value the more significant the association.

The cluster analysis presents two distinct larger

subgroups: the first contains Cu, Cr, Zn, Fe, Ni and

the second includes Cd, Mn and Pb. The strongest

observed association (similarity[ 95 %) wasT
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between Cu and Cr which form another cluster with Zn

joining following the other elements in the subgroup 1.

Furthermore, the long distance between Ni and the rest

elements in subgroup 1 probably suggests a different

source (Yongming et al. 2006). Strong association was

observed also for Cd and Mn in subgroup 2 which

form another cluster with Pb.

PCA was performed for the dataset of urban road

dusts so as to assist in identifying the sources of the

contaminants. Table 4 displays PCA results, including

factor loadings with Varimax rotation as well as

eigenvalues, while a 3D plot of PCA loadings is

presented in Fig. 8 and the relationships among the

studied metals are readily seen. As indicated, three

Table 3 Pearson correlation coefficients between target pollutants. Values in bold are statistically significant

Cd Cr Cu Fe Mn Ni Pb Zn

Cd 1.000

Cr 0.028 1.000

Cu 0.095 0.872* 1.000

Fe 0.065 0.432** 0.439* 1.000

Mn 0.729* 0.319 0.308 0.232 1.000

Ni 0.071 0.427** 0.548* 0.378 0.321 1.000

Pb 0.319 0.396 0.127 0.006 0.397 -0.196 1.000

Zn 0.442** 0.583* 0.567* 0.443** 0.408 0.281 0.238 1.000

* p\ 0.01; ** p\ 0.05

Fig. 7 Classification of

heavy metals in groups

based on z-score similarities
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main components were obtained accounting for

78.02 % of the total variance and the eigenvalues of

the extracted factors were[1. The first component is

dominated by Cr, Cu, Fe, Ni and Zn, accounting for

37.60 % of the total variance. The source of this

component may be tire and brake wear and vehicle

abrasion. The high EFs ([10) for Cu and Zn observed

in road dusts (Fig. 6a) are denoting major contribution

of tire and brake abrasion. The possible sources of

copper include wearing of machinery parts and brake

pads. Brake dust is already recognized as a significant

carrier of Cu in aerosol composition since Cu is

generally used in brakes to control heat transfer

(Sternbeck et al. 2002; Adachi and Tainosho 2004;

Huang et al. 2009). Copper and zinc in road dust can

also derive from tire wear and the level of Cu present

in diesel (Contini et al. 2012). Elevated Zn contents

may have originated from wear and tear of vulcanized

vehicle tires as well as from the corrosion of galva-

nized automobile parts. According to the study of

Apeagyei et al. (2011), Zn is the most abundant metal

in tires, with an average of 17,720 mg kg-1 in 115

measured tires. Zn may have also derived from both

the mechanical abrasion of vehicles (Jiries et al. 2001)

and the lubricating oils and tires of motor vehicles

(Akhter and Madany 1993; Arslan 2001). Further-

more, according to Adachi and Tainosho (2004) and

Apeagyei et al. (2011), considerable amount of heavy

metals such as Fe and Zn may originate from serious

wear and tear of tires and from the brake lining. The

source of Cr in road dusts is believed to be chrome

plating of some motor vehicle parts (Al-Shayep and

Seaward 2001), while the source of Ni in street dust is

believed to be corrosion of cars (Fergusson and Kim

1991; Akhter andMadany 1993). Finally, according to

Al-Khashman (2007) and Han et al. (2014), Fe usually

originates from geogenic sources like soil and the

weathering of earth crust. Moreover, Fe in road dust

can also originate from the use of vehicle brake pads

which are constantly utilized to reduce vehicle accel-

eration in heavy traffic along with industrial activity

(Apeagyei et al. 2011; Han et al. 2014). Component 2,

which includes Cd and Mn, accounts for 24.70 % of

the total variance. Based on the significantly high EF

([10) for Cd, which indicate that component 2 is

significantly influenced by anthropogenic sources, we

could consider Mn as a traffic-related element taking

into account its clustering with Cd. However, the low

EF for Mn is characteristic of crustal origin, while

further studies are essential in order to explain if it is

also influenced by anthropogenic activities. The

source of Cd in component 2 most likely is vehicle

abrasion (Akhter and Madany 1993).According to a

study undertaken by Tamrakar and Shakya (2011),

metal plating and metal-enforced tires are considered

the most likely and common anthropogenic sources of

Cd in road dust through the burning of tires and bad

roads. Additionally, Cd is typically used as plating in

brake pads to prevent corrosion (McKenzie et al.

Table 4 Main group components derived by principal com-

ponent analysis (PCA). Values in bold represent strong corre-

lation in specific components

Parameter Component

1 2 3

Cd -0.020 0.946 0.099

Cr 0.911 0.009 0.330

Cu 0.917 0.059 0.049

Fe 0.652 0.122 -0.214

Mn 0.266 0.867 0.097

Ni 0.636 0.192 -0.547

Pb 0.143 0.292 0.873

Zn 0.645 0.433 0.145

Eigenvalue 3.473 1.701 1.067

Explained variance (%) 37.60 24.70 15.72

Cumulative (%) of variance 37.60 62.30 78.02

Fig. 8 3D plot of PCA loadings for the studied heavy metals in

road dust samples from Thessaloniki city, Greece
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2009). On the other hand, Mn, apart from its crustal

origin, could also be present in both, automotive parts

as a component of aluminum-based alloys and like Pb

be used as a vehicle fuel additive. Component 3 is

strongly correlated with Pb, which has a high loading

value (0.873) and explains 15.72 % of the total

variance. The main source of Pb in component 3 is

fuel/oil leakage from automobiles along with oil

lubricants. Even though most vehicles now use

unleaded fuel, a large amount of Pb has been still

identified in road dust or street dust samples (Sezgin

et al. 2003; Christoforidis and Stamatis 2009; Faiz

et al. 2009). Lead (Pb) compounds are also used as

anti-wear agents in lubricant oils for engines (Mang

and Dresel 2007). The results are in good agreement

with the findings of the cluster analysis (Fig. 7).

Heavy metal fractionation

Sequential fractionation of the total metal content

enables the classification of the heavy metals that are

present in the samples, according to the type of

bonding on the surface of the particles, thus permitting

the assessment of heavy metal mobility from road dust

to water or air. The bioavailable fractions of each

heavy metal for any given sample, excluding the non-

available residual fraction (located in the silicate

lattice of the sample particles), are illustrated in Fig. 9.

In general, the exchangeable fraction, which repre-

sents the heavy metal content easily dissociated and

released through water dissolution or ion exchange,

accounted for the lowest amount of metals. Fractions

with the highest content were usually the carbonate,

redox and organic fraction, where heavy metals are

bound in various forms.

In the case of Mn, the exchangeable fraction was

minimal, showing that a simple release of this metal in

the rain water, or air humidity was not likely to occur.

Mn was mainly found in the redox fraction (52–90 %).

This was expected since reductive/oxidative changes

in the surface of the particles (dissolution in water at

different redox potential) may greatly affect the

oxidation state of this transition metal, releasing large

part of its content to the surrounding environment. The

largest quantities of oxide-bound Mn were found in

samples RD9, RD25, RD27 and RD31. Second most

abundant fraction was the carbonate-bound fraction

(8–31 %), at the sampling points RD9, RD12, RD13

and RD22. The release of Mn from this fraction

occurred through carbonate dissolution in water with

low pH (such as acidic rainwater), since this metal is

usually bound on the surface of other carbonate salts

(Tokalioglu et al. 2003). The immobilized residual

fragment accounted for 21–32 % of the total heavy

metal content.

Cu on the other hand was mainly observed in the

organic-bound fraction (51–84 %), especially at sam-

pling points RD12, RD22, RD27 and RD31. This part

is not easily released in the surrounding environment,

unless excessively oxidative conditions occur. The

second largest fraction was the redox-bound

(12–45 %), and its maximum values were determined

at sampling points RD9, RD13 and RD25. Changes in

the redox potential of humidity and rainwater could

release part of this fraction. The exchangeable part

was minimal, while the immobilized residual part

varied between 4 and 27 %.

Nickel and chromium exhibited similar fractiona-

tion pattern, with the highest fraction being the redox-

bound (52–71 and 58–76 % for Ni and Cr, respec-

tively), followed by the organic fraction. The release

of these transition metals to the surrounding environ-

ment increases as the redox potential varies and their

oxidative state changes. A large part of Cr and Ni was

bound to the organic fraction, which can be released

through strong oxidation or gradual degradation of the

sorptive substances. The amount of Cr and Ni in the

exchangeable fraction was significantly higher com-

pared to the corresponding of other heavy metals,

rendering their presence in rain water more than likely.

Lead was also found in higher abundance in the

redox-bound fraction, followed by the carbonate-

bound fraction, which was not expected since it

usually forms insoluble carbonate compounds. Reduc-

tive processes and changes in the acidity of the

sample’s environment could lead to dissolution of Fe/

Mn oxides found in the sample, which could conse-

quently release sorbed quantities of heavy metals,

including Pb in this fraction (Luo and Christie 1998;

Alvarez et al. 2001; Ure and Davidson 2002). The part

of Pb which was bound to the organic fraction ranged

between 27 and 45 %. Slightly higher amount of

exchangeable Pb was found in locations RD13, RD22

and RD25.

Cadmium, an extremely toxic heavy metal, origi-

nating mainly from anthropogenic processes, pre-

sented a diverse fractionation pattern, since it occurred

in almost every fraction of the extracted particles,

626 Environ Geochem Health (2017) 39:611–634

123



partly due to its different sources of pollution.

Moreover, slight variations and transport from one

fraction to another, may considerably have affected

the overall fractionation pattern of Cd, since its total

concentration was significantly lower compared to

other heavy metals.

In the case of Zn, most of its content was bound to

the redox and carbonate fraction, with higher values at

sampling points RD25 and RD27.

The wt% amount of every analyzed heavy metal in

each fraction of the total metal content is presented in

Fig. 10. The exchangeable fraction, accounting for the

lower available heavy metal quantity, mainly con-

sisted of Cu Mn and Pb. At sampling point RD9, Mn

and Cu were more easily released. The same occurred

at sampling point RD13 for Cr and Cu, while Mn, Cu

and Zn were more easily released at RD25. The

carbonate-bound fraction mainly comprised Mn, Pb

and Zn, metals that are considered as easily bound to

carbonate structures. Mn, Cu and Pb were mainly

sorbed on the Fe/Mn oxide-bound fraction which has

been reported to dissolve under reductive conditions,

Fig. 9 Heavy metal fractionation (% w/w) in road dust samples

from Thessaloniki city, Greece. Exc exchangeable fraction,

Carb carbonate fraction, Ox redox fraction, Org organic

fraction. The residual fraction not included. Cr and Pb speciation

in sample RD9 was not possible
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possibly resulting in the release of Mn, Cu and Zn in

the surrounding environment (Luo and Christie 1998;

Alvarez et al. 2001; Tokalioglu et al. 2003).

Health risk assessment

The results of non-carcinogenic and carcinogenic

health risks due to metal exposure in road dusts, for

both children and adults concerning the population in

the studied area are presented in Table 5. Generally,

the non-carcinogenic health risk for children is always

higher compared to adults. Regarding the exposure

pathway, ingestion of dust particles appeared to be the

main risk followed by dermal and inhalation routes;

contribution of inhalation and dermal contact to the

overall HI can be stated that is almost negligible. The

results obtained were in agreement with previously

published research data (Ferreira-Baptista and de

Miguel 2005; Zheng et al. 2010; Liu et al. 2014).

Exposure of children via dust ingestion resulted in a

health risk in the order of Pb[Cr[Cu[
Ni[Cd[Zn. All the HQ values for the studied

elements were lower than the safe level (=1); however,

Pb (HQing = 0.451), Cr (HQing = 0.255) and Cu

(HQing = 0.134) exhibited values close to that safe

level. Additionally, HIs for Pb, Cr and Cu with

reference to children were close to the safe level

signifying that children exposure to the road dusts can

potentially trigger adverse but non-cancer health

effects. Specifically, though HI for Pb (0.459) is

below the safe level (1), Pb is a cumulative toxic metal

which interferes with the development of the central

nervous system and it is therefore particularly toxic to

children, causing potentially permanent learning and

behavior disorders (Sarkar 2002). Hence, Pb exposure

through the road dust cannot be overlooked and its

ecological and health implications need further

detailed investigations. Young children are the most

Fig. 10 Heavy metal distribution (% w/w) in the a exchangeable, b carbonate, c redox and d organic-bound fragments. Cr and Pb

speciation in sample RD9 was not possible
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sensitive subpopulation because of their hand-to-

mouth activity, whereby contaminated dust can be

readily ingested (Meza-Figueroa et al. 2007). In

addition, considering the lower body weight of

children, the metals intake (mg/kg-bodyweight/day)

of a child is believed to be greater than that of an adult

(Wang et al. 2011). Thus, the hazard health risk for

children exposed to road dust metals is thought to be

greater than that of adults.

Compared to children, adult health risk due to

heavy metal exposure from road dust was lower. The

ingestion of dust particles appeared to be the route of

exposure to street dust. Both HQ and HI values for all

studied elements were far below the safe level,

indicating no non-carcinogenic risks from these ele-

ments for adults. However, the possible health risk due

to exposure to road dust in hot-spot areas cannot be

overlooked for the outdoor workers, such as street

sweepers, in view of the potential increase in airborne

particle concentrations during the manual sweeping

(Gertler et al. 2006; Amato et al. 2010). Taxi drivers

may also be at health risk due to the long-term

exposure to the road dust.

Regarding cancer risk, only the carcinogen risk due

to inhalation exposure was considered in the model and

the cancer risk of Cd, Cr and Ni was extremely low.

Conclusions

Mineralogical characterization of road dusts revealed

that the dominant mineral phases were quartz and

calcite, strongly indicating toward road and pavement-

related signature. The amorphous content detected in

road dust samples is probably due to partially weath-

ered minerals, which are strongly related to the

presence of heavy metals. Concerning the morphology

of dust particles, SEM observations revealed subhe-

dral to anhedral crystalline grains, plate-like and near-

spherical particles, or irregular agglomerates. Road

dust contained a large amount of particles with rough

surface texture which could suggest that they originate

from vehicle exhaust emission as well as from the

abrasion or corrosion of engines and vehicle parts.

Elemental analysis (EDS) showed that these particles

comprise high Fe content and heavy metals such as Cr

and Mn (mainly in the form of flakes attached on the

surface of road dust particles).

Total heavy metal content in the road samples was

dominated by Fe, while the concentrations of the other

metals followed the decreasing order: Cu[Zn[
Mn[Pb[Cr[Ni[Cd. Since the mean concen-

trations of all the studied metals, except Mn, were

higher than the background reference values in upper

crust, it is very likely that their presence is signif-

icantly influenced by anthropogenic sources. Spatial

distribution of the metals was evaluated using contour

maps of the metal concentration levels in road dust

samples from Thessaloniki. Similar patterns of spatial

distribution were observed for Cr, Cu and partly Zn,

while the areas of their highest abundance were

associated with main roads and high traffic density.

Their presence in such abundance was attributed to

low vehicle speeds and long periods of vehicle idling.

Pb was mainly determined at large conjunctions, due

to the substantial increase in the traffic volume and the

stopping and idling because of the traffic lights. Metal

enrichment factors displayed the following decreasing

trend: Cu[Cd[ Pb[Zn[Ni[ Cr. Similar to

enrichment factors, the mean values of Igeo decrease

in the order of Cu[Cd[ Pb[Zn[Ni[Cr[
Mn. The obtained data indicated that the road dusts

were slightly contaminated by Cr and Mn, while the

contamination levels of Cu, Cd and Pb were

elevated.

Two distinct larger subgroups are revealed by

cluster analysis: the first contains Cu, Cr, Zn, Fe, Ni

and the second includes Cd, Mn and Pb. In the first

subgroup, the strongest association was observed

between Cu and Cr, while in the second among Cd

and Mn. The first component of PCA is dominated by

Cr, Cu, Fe, Ni and Zn, with a possible source of this

component to be tire and brake wear, vehicle abrasion,

tire and brake abrasion and also lubricating oils.

Component 2, which includes Cd and Mn, is signif-

icantly influenced by anthropogenic sources. The

possible metal source is most likely to be vehicle

abrasion. Metal plating and metal-enforced tires are

considered the most likely and common anthro-

pogenic sources of Cd in road dust through the

burning of tires and bad roads, while Mn could be a

component of aluminium-based alloys. Component 3

is strongly correlated with Pb, with the major source

being fuel/oil leakage from automobiles along with oil

lubricants.
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Heavy metal fractionation suggested that Mn, Ni

and Cr are mainly bound to the redox fraction and

associated with Mn and Fe-oxides. The carbonate-

bound fraction mainly consists of Zn, Pb and Mn,

likely to be released under increased acidity condi-

tions. Oxidative or gradual degradation of the organic

fraction could result in the release of Cu, Mn and Zn in

the surrounding environment. The exchangeable frac-

tion, which can easily be released in the surrounding

environment through water dissolution or ion

exchange, accounts only for a very small portion of

the total heavy metal content, comprising mainly Cu

Mn and Pb.

Exposure of children via dust ingestion resulted in a

health risk in the order of Pb[Cr[Cu[
Ni[Cd[Zn. The HQ values for the studied

elements were all lower than the safe level (=1);

however, Pb (HQing = 0.451), Cr (HQing = 0.255)

and Cu (HQing = 0.134) exhibited values closer to

that safe level. HI for Pb (0.459) is close but below the

safe level (1); nevertheless, Pb is a cumulative toxic

metal particularly toxic to children. In Thessaloniki

city center, cancer risk of Cd, Cr and Ni due to road

dust exposure was calculated to be extremely low.
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Miguel, E. (2003). A comparative study of heavy metal

concentration and distribution in deposited street dusts in a

large and a small urban area: Birmingham and Coventry,

Environ Geochem Health (2017) 39:611–634 631

123



West Midlands, UK. Environment International, 29,

563–573.

Christoforidis, A., & Stamatis, N. (2009). Heavy metal con-

tamination in street dust and roadside soil along the major

national road in Kavala’s region, Greece. Geoderma, 151,

257–263.

Christophoridis, C., Dedepsidis, D., & Fytianos, K. (2009).

Occurrence and distribution of selected heavy metals in the

surface sediments of Thermaikos Gulf, N. Greece.

Assessment using pollution indicators. Journal of Hazar-

dous Materials, 168, 1082–1091.

Contini, D., Belosi, F., Gambaro, A., Cesari, D., Stortini, A. M.,

& Bove, M. C. (2012). Comparison of PM10 concentra-

tions and metal content in three different sites of the Venice

Lagoon: An analysis of possible aerosol sources. Journal of

Environmental Sciences, 24, 1954–1965.

de Miguel, E., Iribarren, I., Chacón, E., Ordoñez, A., & Char-
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