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Introduction
Street dust often contains both industrial and vehi-

cle-generated pollutants (Wang et al., 2012). It is an 
important environmental indicator of heavy metal con-
tamination from atmospheric deposition (Yildirim and 
Tokalioglu, 2015). Street dust can be used for monitor-
ing and identification of air pollution sources (Bucko 
et al., 2010). 

Road dust consists of heterogeneous particles that 
are affected by the soil environment, anthropogenic 
activity and climatic conditions. Soil minerals form 
the main component (60%) of street dust. From this 
amount, quartz represents 40-50%, other main mineral 
phases are minerals from the feldspar group and phyl-
losilicates (chlorite and muscovite). Organic matter of 
plant origin form approximately 2%. The remaining 
particles come from transport (exhaust and non-ex-
haust emission) (Gunawardana et al., 2012). Metals in 
urban road dust have geogenic (soil erosion with sub-
sequent resuspension of particles) or anthropogenic 
origin: long-distance transport, road traffic, industrial 
activity and power industry, local heating (Adamiec et 
al., 2016). During abrasion of tyres, Zn, Cd, Co, Cr, Cu, 
Hg, Mo, and Ni are released into the environment. The 
braking systems release mainly Fe, and also Cu, Sb, 
Ba, Al, Si, S, Ti, Zn, Ni, Cr, and Pb as well as a small 

amount of Cd (Adachia and Tainoshob 2004, Hjorten-
krans et al., 2007). Corrosion and wear of metal parts 
of cars can be a source of Cu, Ni, and Cr (Al-Khash-
man and Shawabkeh, 2006). An important aspect for 
determining the environmental load by risk elements 
is the calculation of enrichment factor, which allows 
the identification of anthropogenic sources and geogen-
ic resources. If EF is referenced to the same reference 
element, it is applicable to both environments – total 
suspended particles (TSP) and street dust. The anthrop-
ic activity results in a consequence of the increase of 
EF ˃ 10 in air aerosol (Gelado-Caballero et al., 2012). 
Values higher than 10 in TSP appear for V, Zn, Cd, Sb, 
and Pb, which are generally enriched in aerosol derived 
from oil and other combustion and industrial process-
es (e.g., metallurgy). Primarily lithogenic elements, 
e.g. Fe and Mn, have also been observed as enriched 
in anthropogenically impacted aerosols (Shelley et al., 
2015).

The aim of the article is to demonstrate the pos-
sibility of using enrichment index in air aerosol and 
street dust to identify the anthropogenic origin of the 
elements and to demonstrate the effect of incineration 
on the area load based on the change in their concen-
trations in air aerosols in the heating and non-heating 
seasons. To verify this method, the city of Olomouc, 
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Abstract
The article deals with the possibility of comparison of enrichment factors in air aerosols (PM10) and in the street dust, which is 
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the sixth largest city in the Czech Republic was used. 
The dominant sectors of industrial production are food 
processing and machinery. The chemical industry, plas-
tics processing, electronics production, and construc-
tion industry are located in this place too. 

Materials and methods
Sampling sites and analytical methods 

Samples of street dust were obtained by brushing 
from an area of 1 m2 ( asphalt surface) at 21 localities 
in the city of Olomouc (autumn 2017). The locations 
of the sampling sites within the studied area are shown 
in Fig. 1. Sampling of the street dust was performed at 
roads with relatively low traffic. Samples were screened 
on sieves with hole size > 2 mm (gravel), 2 – 0.063 mm 
(sand) and < 0.063 mm (silt). Particle size class < 0.063 
mm was used for chemical analysis in order to elimi-
nate the particle size distribution on concentrations of 
elements (Sierra et al, 2015). The analyses were per-
formed according to the U.S. EPA method 6200:2005 
using portable X-ray fluorescence spectrometry (Inn-
ov-X DELTA PROFESSIONAL). The X-ray powder 
diffraction analysis was used for identification of min-
eralogical composition of dust particle samples (sam-
ples 10 and 20). Concentrations of risk elements in the 
street dust can be significantly influenced by pollution 
sources located in the near vicinity. Localities were di-
vided into the three groups according to the prevailing 
source of pollution: localities influenced by industrial 
activity: 1, 2, 4, 9, 10, and 19; localities influenced by 
traffic (in the vicinity of roads with high traffic load): 
6, 8, 18, and 20; localities without an important pollu-
tion source: 3, 5, 7, 11, 12, 13, 14, 15, 16, 17, and 21. 
In the year 2016 during the heating and non-heating 
seasons, four-day samplings for determination of EF in 
TSP were performed using high-volume sampler Ther-
moScientific in the area of Olomouc-Řepčín – locality 
4 (Moravian Ironwork, a.s.) and Olomouc-Slavonín, 
locality 5 (built-up area). In the year 2017, samplings 
were performed during transitional and winter seasons 
in the street Velkomoravská, locality 6 (the main trans-
port line through the city) and in the street Luční, local-
ity 2 (without influence of traffic). Chemical analysis 
of risk elements in TSP was performed in accredited 
laboratories of ZUOVA (Health Institute in Ostrava) 
using the method of X-ray fluorescence (SPECTRO). 

Statistical and assessment methods 
Exploratory data analysis (EDA), statistical analysis 

for descriptive statistics, and correlation analysis were 
performed using the statistical software Statgraphics 
Plus 5.0 and OriginPro 8.5. The Kolmogorov-Smirnov 
test and Shapiro-Wilk test were performed for normal-
ity testing of the datasets (the significance level of p < 
0.05). The map of anomalous concentrations was cre-

ated using Surfer 9 (Golden Software, Inc.). Because 
most of the data were not normally distributed, the 
logarithmic transformation was performed to ensure 
the assumption of normality. The map was constructed 
using the geostatistical gridding method - kriging (the 
logarithmic variogram model, without drift). The best 
model was selected based on the cross-validation re-
sults. Anomalous concentrations of heavy metals corre-
spond to values greater than the third quartile (75% per-
centile) of transformed data. Finally, the transformed 
data were converted using back-transformation into the 
normal (original) values that appear on the map. 

Enrichment factors (EFs) can be utilized to distin-
guish between the metals originating from a natural 
procedure and those from human activities, and they 
were calculated from Eq. 1.

EFcrust = (X/R)air/(X/R)crust		  (1)

in which Xair is content of the examined element in the 
PM10 or street dust, Xcrust is Clarke value of examined 
element (Taylor, 1964), Rcrust is Clarke value of Fe. 

If EF is < 1, the element is depleted in the environ-
ment and crustal sources are predominant. If enrich-
ment factor is ˃ 1, the element is relatively enriched 
in the environment. In general, EF ˃ 5 indicates that 
a large fraction of the element can be attributed to 
non-crustal or anthropogenic sources (Wu et al., 2007). 
Different authors in literature have various opinions 
on the enrichment degree expressed for air aerosols by 
means of EF. Shelley et al. (2015) states that only sam-
ples with EF value ˃ 10 can be considered as showing 
significant enrichment. 

Results and discussion
The minimum and maximum content of risk factors 

in PM10 for individual periods is shown in Table 1. En-
richment index was calculated from the median value. 
The highest enrichment index in the range of 100–1000 
was found for Cd, Mo, and Sb, which is consistent with 
EF reported by Enamorado-Baez et al. (2015) for the 
Huelva region of Spain. A higher enrichment index val-
ue (PM10 in Olomouc) than reported by the literature 
was found for As, Mo, and Zn in the winter season. 
Comparing the EF values in winter and in summer, 
it is clear that for most elements enrichment factor is 
higher in the winter season than in the summer one. 
The highest difference of up to 10 times was found in 
Mo, Zn (4x), As (3x), Cd, Ni, Pb, Sb (2x), Cu (1.2x). 
On the contrary, Mn enrichment index decreased, it 
was higher in summer than in winter (3x). It is clear 
from the above results that combustion processes have 
more than 50% share in increasing the concentra-
tions of As, Cd, Ni, Mo, Pb, Sb, and Zn in the winter  
period. 
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In order to assess the impact of transport on the pol-
lution load in the city of Olomouc, street dust sampling 
was performed. On average, up to 73% of particles in 
street dust are sand particles (particle size 0.063 – 2 
mm), only 18% of the particles are larger than 2 mm 
and only 9% of the particles represent a grain size < 
0.063 mm. From mineralogical analysis it follows that 
street dust is formed mostly by quartz (48 – 62%) and 
feldspars (albite 18 – 25% and orthoclase 5 – 6.2%). 
Feldspars come from resuspension and erosion of soils 
and quartz is released from soil or building materials 
(Sýkorová et al., 2017). Other crystalline phase identi-
fied in street dust samples include phyllosilicates: mus-
covite (8 – 10%) and chlorite (4 – 5%). Also calcite (2 
– 6%) was identified at locality 20. In the sample from 
locality 10 (U panelárny), also minor concentration 
of akermanite (Ca2MgSi2O7) was found (2%). Aker-
manite is a common component of the high-furnace 
slag. It can be present in concrete in which Portland 
cement was partly replaced by high-furnace slag (Jack-
son et al., 2014). 

The anomalous concentrations of the elements oc-
curred mainly in the western and eastern part of the 
city (Fig. 1). The eastern part, in which the anomalous 
concentrations of Cr, Zn, Cu, and partly Pb and Zr were 
identified, is mainly affected by industrial sources (lo-
calities 1, 9, 10). Near highly frequented roads in the 
western part of Olomouc (locations 18, 20), the occur-
rence of anomalous concentrations of Cu and Cr was 
identified.

Nine elements (As, Cr, Cu, Mn, Ni, Pb, Sb, Zr, and 
Fe) were used to calculate street dust enrichment index, 
which also corresponded to the PM10 analysis. The 
identification of anthropogenic stress using street dust 
risk elements was performed for Cu, Cr, Zn, Pb, Fe, 
and Zr.

The main component method shows that higher 
Fe, Cu, and Cr content is typical for the localities af-
fected by transport, the localities affected by industry 
are characterized by high levels of Zn and Pb (Figure 
2). The association of elements involved in the identi-
fication of pollution sources follows from the results 

Tab. 1. Concentrations of risks elements (minimum and maximum values for the monitored period) and enrichment factors EF

Fig. 1. Anomalous concentrations of Pb, Cr, Cu, Zn, and Zr in the city of Olomouc
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of the cluster analysis (Figure 3). Zirconium, which is 
of geogenic origin in this area (occurrence of zircon) 
has a separate cluster status. Anomalous Zr values were 
found in unpolluted areas (locality numbers 5, 16, and 
21). The occurrence of Zr is related to geogenic factors, 
it is present in particles released from the soil environ-
ment rather than from anthropogenic activity (De Vos 
et al., 2006). 

The highest concentrations of heavy metals in street 
dust were found for localities Nos. 10 and 20. Locali-
ty No. 10 with concentrations of Cr (412 mg/kg), Zn 
(868 mg/kg), Cu (211 mg/kg), and Zr 811 mg/kg) is 
located in the industrial area (engineering, metal ma-
chining, concrete production, etc.). Locality No. 20, 
which is heavily loaded with Cr (349 mg/kg) and Cu 
(312 mg/kg), is located close to major traffic arteries 
(car and tram transport). Cu and Cr can be an import-
ant part of asphalt surfaces Adamiec et al., (2016). The 
highest concentration of Pb (91 mg/kg) was found at 
location No. 1. An important source of Pb is apparently 
the Olomouc heating plant combusting hard coal, sit-
uated to the west of this locality. For this locality, the 
highest concentrations of sulphur (2938 mg/kg) and As 
(13 mg/kg) were found. The elements As, Pb, and S in 
road dust are considered to be trace elements from coal 
combustion (Borbély-Kiss et al. 1998). Anomalous Pb 
values were also found for industrial localities Nos. 9 
(50 mg/kg), 10 (55 mg/kg), and 19 (48 mg/kg). 

The concentrations of Fe and Cr are higher than the 
results of Pal et al. (2011) in Scotland and Khoder et 
al. (2012) in Saudi Arabia. On other hand, the concen-
trations of Cu and Zn are comparable with Pal et al., 
(2011) and Khoder et al., (2012). The concentrations 
of Pb are lower than in Scotland and Saudi Arabia, see 
Table 2. 

Correlation analysis of the concentrations of Cr, Fe, 
Cu, Zn, Zr, and Pb in street dust samples in the city of 
Olomouc (n = 21) was performed. Since most variables 
were not normally distributed and had many outliers, 
Spearman’s correlation coefficient (rs) was used, at the 

significance levels of p < 0.05 and 0.01. The results are 
shown in Table 3. Significant linear relationship (rs = 
0.69 to 0.84 at the significance level of 0.01) was found 
among Cr, Fe, Cu, and Zn. A slightly weaker linear de-
pendence (at the significance level of 0.05) was proven 
between Cr and Pb (rs = 0.44), Fe and Pb (rs = 0.54), 
and between Zn and Pb (rs = 0.70).

The results of the correlation analysis suggest that 
most metals in road dust are mutually affected by a com-
mon source of pollution. The amount of metals released 
when the road surface dilapidates is also significant. 
At present, only very small amounts of Pb are emit-
ted from transport. Significant dependence between Pb 
and Zn documents the predominance of other pollution 
effects (combustion processes and industry). Iron con-
centrations evaluated by traffic intensity showed high 
correlations with Pb, Cu, and Mn (Spearman r >0.50) in 
less frequented roads. Similarly, it was observed that Fe 
correlated with Pb, Cu, and Zn tobe greater than 0.50 
for samples collected on minor roads. Interestingly, Fe 
correlation with Zn was as high as 93 % (r = 0.93) on 
major roads (Apeagyei et al., 2011).

Table 4 shows the results of enrichment index cal-
culated according to Equation 1 and the results calcu-
lated from the value of the geochemical background 
for soils in Olomouc. The values ˃ 5 that represent the 
enrichment of elements due to anthropogenic activity 
are marked grey and brown (Wu et al., 2007). The com-
parison of enrichment index for the particles PM10 and 
street dust shows that Pb and Sb have approximately 
the same value in both matrices, but in calculating en-
richment index from the background value for soils in 
Olomouc, enrichment index for Pb is insignificant and 
it is comparable for Sb. The difference in the EF value 
for Pb is due to a higher concentration of Pb in soils 
(defined as geochemical background) – 43 mg/kg of 
dry matter and lower Pb content in street dust, ranging 
from 24 to 56 mg/kg with an average value of 35.13 ± 
8.35 mg/kg. A similar difference in the EF value from 
the soil geochemical background was also found for 

Fig. 2. Principal component analysis Fig. 3. Cluster analysis
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As. Even in this case, for As, the geochemical back-
ground value was higher for soils (13.5 ± 1.04 mg/kg) 
than concentrations in street dust (9.01 ± 1.89 mg/kg). 
Since the soil sample was taken from the Ao horizon, 
the content of the risk metals may be higher because 
they are influenced by the long-term environmental 
load.

Enrichment index for Zn in PM10 ranges from 32 
to 100, while in street dust only from 2.3 to 6.2. If we 
calculate enrichment index from the geochemical back-
ground value for soils in Olomouc, it shows the highest 
value of Cu enrichment index (29–7), with the EF val-
ue for the area affected by transport being the highest. 
These results correspond to the findings of Moreno et al. 
(2015), who dealt with the identification of elements re-
leased into the environment during bus, tram, and metro 
operation, and walking. The highest concentration of 
elements is released into the environment during bus 
operation, the lowest during tram operation. Copper is 
released into the air during bus operation at a concen-
tration of up to 170 ng/m3, while only 24.98 ng/m3 in 
tram operation. The amount of Sb released is significant, 
when during bus operation it is 24.05 ng/m3 and only 
0.66 ng/m3 during tram operation. During operation 

of buses, Zn is also released into the atmosphere, at a 
concentration of 100 – 150 ng/m3. Another significant 
element is Zn, only 53 ng/m3 is released during tram 
operation. The finding that during bus operation, up to 
32.37 ng/m3 of Zr with expected geogenic origin is re-
leased, is significant as well. Pb is released during walk-
ing, and tram, bus, and metro operation at a comparable 
concentration of 6.61 – 7.45 ng/m3. Fe is released in 
the highest concentration, when 2.25 μg/m3 is released 
during operation of buses, and only 0.74 μg/m3 during 
tram operation. 

Conclusions
The results of the study of enrichment factor (EF-

crust) showed that for Pb and Sb, approximately the 
same values (100 for Pb) and ˃ 100 for Sb are reached in 
both matrices, PM10 and street dust. Enrichment factor 
values for PM10 are significantly higher in the winter 
season than in the summer season. The highest differ-
ence of up to 10 times was found for Mo, Zn (4x), As 
(3x), Cd, Ni, Pb, Sb (2x), Cu (1.2x). The different be-
haviour had Mn, its enrichment factor decreased, it was 
higher in summer than in winter (3x). Higher values 
of enrichment index in the winter season confirm the 

Tab. 2. Comparison of metal concentrations in the street dust (< 0.063 mm) from the territory of the city of Olomouc and towns in Scotland and 
Saudi Arabia (SA) v mg/kg

Tab. 3. Correlation between selected metals
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impact of combustion processes on the chemical com-
position of PM10. The study of the chemical composi-
tion of street dust in Olomouc shows that enrichment 
index calculated from the geochemical background of 
soils from Olomouc shows an increased value for Cu 
in the area affected by transport of up to 77, while in 
the area without pollution, the value is 29. Increased 
values of Cu in street dust may be affected by operation 
of buses in urban transport. Copper is, in addition to Fe, 
the most important element that is released during bus 
operation. The calculation of enrichment index (EF-
soil) cannot be used for Pb and As, which have higher 
geochemical background values than those determined 

in street dust. The calculation of enrichment index us-
ing the reference average concentration of the element 
in the Earth´s crust (Clarke value) can be considered 
optimal.

Acknowledgements
This study was supported by the research projects of 

the Ministry of Education, Youth and Sport of the Czech 
Republic: The National Programme of Sustainability 
LO1404 – TUCENET, SP2018/46 “Research of EC/
OC variability in airborne during inverse character of 
weather”, SP MK9347014 and CZ.1.05/2.1.00/19.0389: 
Research Infrastructure Development of the CENET.

Tab. 4. Enrichment factors (EF) calculated according to Equation 1 and enrichment factors calculated from the geochemical background of soil 
samples from the area with minimal load in the city of Olomouc



215Inżynieria Mineralna — STYCZEŃ – CZERWIEC <2018> JANUARY – JUNE — Journal of the Polish Mineral Engineering Society

Literatura
1.	 Adachia, K. and Tainoshob, Y. (2004): Characterization of heavy metal particles embedded in tire 

dust. Environment International. vol. 30, p. 1009-1017.

2.	 Adamiec, E., Jarosz-Krzemińska, E. and Wieszała, R. (2016): Heavy metals from non-exhaust 
vehicle emissions in urban and motorway road dusts. Environmental Monitoring and Assessment. 
vol. 188, p. 369.

3.	 Al-Khashman, O. and Shawabkeh, R. (2006): Metal distribution in soils around the cement facto-
ry in southern Jordan. Environmental Pollution. vol. 140, p. 387-394.

4.	 Apeagyei, E., Bank, M.S. and Spengler, J.D. (2011). Distribution of heavy metals in road dust along 
an urban-rural gradient in Massachusetts. Atmospheric Environment. vol. 45, iss. 13, p. 2310-
2323.

5.	 Borbély-Kiss, I., Koltay, E., Szabó, G.Y., Bozo, L. and Tar, K. (1998): Composition and sources of 
urban and rural atmospheric aerosol in eastern Hungary. Journal of Aerosol Science. vol. 30, iss. 3, 
p. 369-391.

6.	 Bucko, M.S., Magiera, T., Pesonen, L.J., and Janus, B. (2010): Magnetic, geochemical, and micro-
structural characteristics of road dust on roadsides with different traffic volumes – case study from 
Finland. Water Air Soil Pollution. vol. 209, p. 295-306.

7.	 De Vos, E. et al., (2006). Geochemical Atlas of Europe Part 2: Interpretation of Geochemical 
Maps, Additional Tables, Figures, Maps, and Related Publications Online. Geological Survey of 
Finland. ISBN 951-690-960-4.

8.	 Enamorado-Báez, S.M., Gómez-Guzmán, J.M., Chamizo, E., and Abril, J.M. (2015). Levels of 25 
trace elements in high-volume air filter samples from Seville (2001–2002): Sources, enrichment 
factors and temporal variations. Atmospheric Research. vol.155, p.118-129.

9.	 Gelado-Caballero, M.D., et al., (2012). Long-term aerosol measurements in Gran Canaria, Ca-
nary Islands: particle concentration, sources and elemental composition. Journal ofGeophysical 
Research: Atmospheres. vol. 117, p. D03304.

10.	 Gunawardana, C., Goonetilleke, A., Egodawatta, P., Dawes, L., and Kokot, S. (2012): Source char-
acterization of road dust based on chemical and mineralogical composition. Chemosphere. vol. 
87, p. 163-170.

11.	 Hjortenkrans, D. S. T., Bergbäck, B. G. A and Häggerud, A. V. (2007): Metal emissions from brake 
linings and tires: case studies of Stockholm, Sweden 1995/1998 and 2005. Environmental Science 
& Technology. vol. 41, p. 5224-5230.

12.	 Jackson, M. D., Landis E. N., Brune P. F., et al. (2014): Mechanical resilience and cementitious pro-
cesses in Imperial Roman architectural mortar. Proceedings of the National Academy of Sciences. 
vol. 111, iss. 52, p. 18484-18489.

13.	 Khoder, M., Al Ghamdi, M. a Shiboob, M. (2012). Heavy Metal Distribution in Street Dust of 
Urban and Industrial Areas in Jeddah, Saudi Arabia. Journal of King Abdulaziz University-Meteo-
rology. Environment and Arid Land Agriculture Sciences. vol. 23, iss. 2, p. 55-75.

14.	 Moreno, T., et al., (2015). Urban air quality comparison for bus, tram, subway and pedestrian 
commutes in Barcelona. Environmental Research. vol. 142, p. 495-510.

15.	 Pal, S. K., Wallis, S. G. and Arthur, S. (2011). Assessment of heavy metals emission from traffic on 
road surfaces. Central European Journal of Chemistry. vol. 9, iss. 2, p. 314-319.

16.	 Shelley, R.U., Morton, P.L., and Landing, W.M. (2015). Elemental ratios and enrichment factors in 
aerosols from the US-GEOTRACES North Atlantic transects. Deep-Sea Research II, vol. 116, p. 
262-272.



216 Inżynieria Mineralna — STYCZEŃ – CZERWIEC <2018> JANUARY – JUNE — Journal of the Polish Mineral Engineering Society

17.	 Sierra, C., Ordóńez, C., Saavedra, A., Gallego, J.R. (2015). Element enrichment factor calculation 
using grain-size distribution and functional data regression. Chemosphere. vol. 119, p. 1192-1199.

18.	 Sýkorová, B., Raclavská, H., Matýsek, D., Kucbel, M., Raclavský, K. and Růžičková, J. (2017). Iden-
tification of pollution sources in the urban atmosphere. Inzynieria Mineralna. vol. 1, p. 147-152.

19.	 Taylor, S. R. (1964). Abundance of chemical elements in the continental crust: a new table. Geo-
chimica et Cosmochimica Acta. vol. 28, p. 1273 -1285.

20.	 Wang, G., Oldfield, F., Xia, D., Chen, F., Liu, X., and Zhang, W. (2012). Magnetic properties and 
correlation with heavy metals in urban street dust: a case study from the city of Lanzhou, China. 
Atmospheric Environment. vol. 46, p. 289-298.

21.	 Wu, Y.S., Fang, G.C., Lee, W.J., Lee, J.F., Chang, C.C., and Lee, C.Z. (2007). A review of atmospher-
ic fine particulate matter and its associated trace metal pollutants in Asian countries during the 
period 1995–2005. Journal of Hazardous Materials. vol. 143, p. 511-515.

22.	 Yıldırım, G., and Tokalıoğlu, S. (2016). Heavy metal speciation in various grainsizes of industrially 
contaminated street dust using multivariate statistical analysis. Ecotoxicology and Environmental 
Safety. vol. 124, p. 369-376.


