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A b s t r a c t

The aim of the study was to determine the impact of traffic flow on the content of selected trace
elements, i.e. manganese, zinc, copper and iron, in the surface layers of soils along the section of State
Road 51 (north-eastern Poland). The areas most exposed to contamination surrounded the road and
urban zone while, with an increasing distance off the road, the content of tested elements decreased
significantly. Traffic flow thus exerted a significant impact on the concentration of trace elements in
soil which directly surrounded the road. It was most evident for zinc, whose content in soil at
a distance of 100 m, in comparison with the roadside, decreased the most of the tested elements. All
types of soil had a natural content of the examined elements.
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A b s t r a k t

Celem pracy było określenie wpływu ruchu samochodowego na zawartość wybranych pier-
wiastków śladowych: manganu, cynku, miedzi i żelaza w wierzchnich warstwach gleby wzdłuż
odcinka drogi krajowej numer 51 (płn.-wsch. Polska). Najbardziej narażone na zanieczyszczenia były
obszary bezpośrednio przylegające do drogi i obszarów miejskich, zaś wraz z oddalaniem się od nich
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zawartości badanych pierwiastków ulegały znacznemu zmniejszeniu. Ruch samochodowy wpływał
zatem istotnie na zawartość pierwiastków śladowych w glebach przylegających bezpośrednio do drogi.
Było to najbardziej widoczne w przypadku cynku, którego zawartość w glebach w odległości 100 m,
w porównaniu do skraju drogi, uległa największemu ograniczeniu spośród badanych pierwiastków.
Wszystkie gleby charakteryzowały się zawartością naturalną badanych pierwiastków.

Introduction

Soil, together with water and air, belongs to the most precious resources in
the natural environment which encompasses, apart from solids, gases and
liquids, living faunal and floral organisms as well as pollution generated by
human activities (COSKUN et al. 2006, FAIZ et al. 2009). All components of the
environment are exposed to degradation due to pollution originating from
industrial plants, communal industry, waste disposal sites, agriculture, ore
mining and processing as well as traffic flow (FACIU et al. 2012, TAKÁČ 2009,
WYSZKOWSKI and ZIÓŁKOWSKA 2013). As reported by FAIZ et al. (2009), over the
last century the pollution of the natural environment has risen dramatically.
The reasons are rapid development, urbanization and industrialization.
Among soil pollutants, there are also trace elements that are difficult to
degrade and accumulate in the environment. Their excessive concentration
poses a significant risk to the natural environment (FAIZ et al. 2009, HLIHOR et
al. 2009, TAKÁČ 2009). They may also be toxic to living organisms (CIEĆKO et al.
2001, COSKUN et al. 2006, HLIHOR et al. 2009, WYSZKOWSKA and WYSZKOWSKI

2002, 2003, WYSZKOWSKI and WYSZKOWSKA 2009). Apart from anthropogenic
sources, soil also contains elements that are a natural background of the total
content and are released during soil-formation processes (COSKUN et al. 2006,
TAKÁČ 2009). Recently, the number of cars on roads has risen dramatically
and, as a result, the content of heavy metals in soil has also increased
(AYDINALP 2010, FACIU et al. 2012). According to CHRISTOFORIDIS and STAMATIS

(2009), DUONG and LEE (2011), FAIZ et al. (2009), JOHANSSON et al. (2009), they
originate from exhaust gases, tyre and brake shoe wearing, oil leakage, road
surface wearing and corrosion of metal vehicle construction elements. The
majority of metals have a common source of origin (QIAO et al. 2011), for
instance, copper, zinc and lead (FAIZ et al. 2009).

The objective of the studies was to determine the concentration of selected
heavy metals (manganese, zinc, copper and iron) in the soils along the section
of State Road 51 between Olsztyn and Olsztynek (north-eastern Poland).
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Material and Methods

Collection of samples. The tests for the content of trace elements were
conducted on the soil located along the State Road 51 between Olsztyn and
Olsztynek (north-eastern Poland). The average intensity of traffic flow was
12,581 vehicles per 24 h on the section Olsztyn-Stawiguda, (2,019 trucks and

Olsztyn (53o44’06.3’’N 20o26’56.1’’E), Dorotowo (53o42’22.3’’N 20o25’11.6’’E), Stawiguda
(53o40’01.9’’N 20o24’10.7’’E), Zezuj (53o38’25.2’’N 20o22’08.9’’E), Ameryka (53o36’42.1’’N

20o19’36.5’’E) and Olsztynek (53o35’01.9’’N 20o16’29.5’’E)

Fig. 1. Map presenting the distribution of sampling sites (base map data from Č2013 Google)
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105 buses), and 10,019 vehicles (2,051 trucks and 105 buses) per 24 h,
respectively, on the section Stawiguda-Olsztynek (GDDKIA 2010). The record-
ings of traffic flow were taken by trained observers manually and with
automated techniques: video recording and constant flow measuring station.
The soil samples were collected from the surface layer in six towns/villages
situated along this communication pathway: Olsztyn (53o44’06.3’’N
20o26’56.1’’E), Dorotowo (53o42’22.3’’N 20o25’11.6’’E), Stawiguda
(53o40’01.9’’N 20o24’10.7’’E), Zezuj (53o38’25.2’’N 20o22’08.9’’E), Ameryka
(53o36’42.1’’N 20o19’36.5’’E) and Olsztynek (53o35’01.9’’N 20o16’29.5’’E)
(Fig. 1). In each town/village, the samples were taken at four locations: along
the roadside and at distances of 25, 50 and 100 m from the analysed route. The
soil samples originated from coniferous forest with the predominance of pine
(Olsztyn) and from the locatFions covered with grasses (the other
towns/villages), although in Zezuj and Ameryka the vegetation was scarce.

Analysis of samples. The collected soil material was dried at room
temperature, comminuted and sieved through a 0.1 mm mesh. The material
was then „wet” mineralized in concentrated HNO3 (V) in a microwave furnace
type MARS (CEM Corporation, USA) in Teflon dishes HP500 according to the
method US-EPA3051 (1994). The total content of trace elements, i.e. manga-
nese, zinc, copper and iron, was determined with flame atomic absorption
spectrometry (FAAS) in an air-acetylene flame. The results were statistically
processed with Statistica software using a two-way analysis of variance
(ANOVA). The coefficients of a simple Pearson’s correlation (r) were calculated
between the tested factors.

Results

The content of the tested trace elements in the soil depended on the
distance from the road and the town/village where the samples were collected
(Tables 1–2).

Manganese. The average content of manganese in the soil near the road
between Olsztyn and Olsztynek ranged from 119.6 to 240.6 mg kg–1 of soil
(Table 1). In all towns/villages, the soil collected from the areas located on the
roadside had the highest content of manganese, which gradually decreased
with an increasing distance off the road. The highest concentrations of zinc on
the roadside were recorded in Olsztynek and Ameryka – 284.1 mg kg–1 and
278.1 mg kg–1. By comparing the individual towns/villages, it was found that
the highest content of manganese on the roadside was recorded in Olsztyn and
Zezuj where, in a zone located 100 m off the road, the concentrations of this
element were 2.5 and 2.3 times lower, respectively, than near the roadside.
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Table 1
Content of manganese and zinc in the surface soil layer near the State Road 51 from Olsztyn to

Olsztynek (mg kg–1 of soil)

Distances from route in m

along the
roadside

25 50 100
Towns/villages Average r

Manganese (Mn)

Olsztyn 226.1 104.5 97.5 89.0 129.3 -0.745**
Dorotowo 171.3 155.1 148.7 126.3 150.4 -0.991**
Stawiguda 231.4 209.9 188.7 179.2 202.3 -0.937**

Zezuj 165.7 141.2 99.5 71.7 119.6 -0.974**
Ameryka 278.1 254.5 221.6 208.1 240.6 -0.946**
Olsztynek 284.1 229.0 217.9 199.8 232.7 -0.882**

Average 226.1 182.4 162.3 145.7 179.1 -0.919 **

LSD town/village – 7.87, distance from route – 6.43, interaction – 15.75

Zinc (Zn)

Olsztyn 74.4 42.1 32.8 25.4 43.7 -0.867**
Dorotowo 106.9 83.1 59.6 36.2 71.5 -0.981**
Stawiguda 126.6 23.3 22.1 18.7 47.7 -0.703*

Zezuj 183.9 38.1 24.8 16.3 65.8 -0.752**
Ameryka 104.4 57.7 41.9 32.7 59.2 -0.865**
Olsztynek 193.1 168.9 124.6 64.5 137.8 -0.997**

Average 131.5 68.9 50.9 32.3 70.9 -0.886**

LSD town/village – 3.25, distance from route – 2.65, interaction – 6.50

r – correlation coefficient; significant for: * p = 0.05, ** p = 0.01

In the other towns/villages, these differences were smaller and ranged from
23% to 30%. This was probably due to anthropogenic contamination of the
tested soil, caused mainly by traffic flow.

Zinc. The average content of zinc in the soil located near the road between
Olsztyn and Olsztynek ranged from 43.7 to 137.8 mg kg–1 (Table 1). The
highest concentrations of zinc on the roadside, i.e. 193.1 mg kg–1 and 183.9 mg
kg–1, were recorded in Olsztynek and Zezuj, respectively, whereas the lowest
content (below 75.0 mg kg–1 of soil) was measured in Olsztyn. The farther from
the road, the lower the concentration of this element was. The highest
differentiations of zinc content were found in Stawiguda and Zezuj, where it
decreased substantially 25 m and 100 m from the road. At 100 m, it was seven
times (Stawiguda) and eleven times (Zezuj) lower in comparison with the
roadside. This indicates that the contamination of soil with this element
originates from traffic flow. In the other towns/villages, these differences were
smaller (66–69%) yet still significant. This relation is well-depicted by the high
significance of the correlation coefficients recorded in all towns/villages.

Copper. The average content of copper in the soil located near the road
between Olsztyn and Olsztynek ranged from 11.8 mg kg–1 in Stawiguda
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Table 2
Content of copper and iron in the surface soil layer near the State Road 51 from Olsztyn to Olsztynek

(mg kg–1 of soil)

Distances from route in m

along the
roadside

25 50 100
Towns/villages Average r

Copper (Cu)

Olsztyn 19.8 19.4 12.0 11.2 15.6 -0.885**
Dorotowo 14.4 13.5 12.0 10.9 12.7 -0.978**
Stawiguda 25.0 7.8 7.3 7.0 11.8 -0.702*

Zezuj 19.5 11.0 9.9 8.3 12.2 -0.822**
Ameryka 22.8 15.7 13.2 12.1 16.0 -0.854**
Olsztynek 38.5 30.6 25.5 16.2 27.7 -0.991**

Average 23.3 16.3 13.3 10.9 16.0 -0.909 **

LSD town/village – 0.90, distance from route – 0.70, interaction – 1.70

Iron (Fe)

Olsztyn 8051 4248 4111 2968 4845 -0.839**
Dorotowo 7039 5965 5667 5203 5969 -0.915**
Stawiguda 6092 4937 4041 3754 4706 -0.907**

Zezuj 6104 5175 4889 3211 4845 -0.989**
Ameryka 8624 7454 6285 5882 7061 -0.925**
Olsztynek 9442 8714 6877 6298 7833 -0.940**

Average 7559 6082 5311 4553 5876 -0.943**

LSD town/village – 242.0, distance from route – 241.1, interaction – 543.9

r – correlation coefficient; significant for: * p = 0.05, ** p = 0.01

to 27.7 mg kg–1 in Olsztynek (Table 2). The highest content of copper (38.5 mg
kg–1) was determined in the soil along the roadside in Olsztynek whilst the
lowest was in Dorotowo (14.4 mg kg–1). There was a declining tendency in the
content of this metal with an increasing distance from the road. The highest
differentiation in the content of copper was recorded in Stawiguda, where it
was almost four times higher along the roadside than 100 m from the road. In
the other towns/villages, the reduction in the content of copper was lower, yet
still significant, and ranged from 24% (Dorotowo) to 57–58% (Zezuj and
Olsztynek).

Iron. The average content of iron in the soil along the road from Olsztyn to
Olsztynek ranged between 4706 and 7833 mg kg–1 (Table 2). The content of
this element decreased with an increasing distance from the roadside. The
highest concentration of iron was found in the soil near the road in Olsztynek
whilst the lowest levels were in Stawiguda and Zezuj, whereas at 100 m from
the road and, depending on the town/village, the content of iron averaged from
2968 to 6298 mg kg–1 of soil. The largest differences in the content of iron were
demonstrated in Olsztyn, where between the roadside and 100 m from the road
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its concentration decreased almost three times. In the other towns/villages,
these differences were smaller (26–47%) although still significant.

In none of the towns/villages was the permissible limit for trace elements
exceeded (Regulation by the Polish Minister of the Environment 2002).

The content of selected trace elements in soils along State Road No. 51 was
published in other paper (MODRZEWSKA and WYSZKOWSKI 2014). The traffic
flow had a significant effect on the content of other heavy metals in soils lying
along the road. Further away from the road, and under a lower traffic flow
intensity, the amounts of contaminants originating from the motor traffic
decreased. The statistical analysis demonstrated that there was a strong
negative correlation between the concentrations of nickel, lead, chromium and
cadmium in soils and the distance from the road. The biggest differences in the
content of an individual element were determined for lead and the smallest
ones – for cadmium.

The calculated correlation coefficients (r) confirmed significant relations
between manganese, zinc, copper and iron and the contents of other trace
elements in the tested soil (Table 3) except for chromium and other microele-
ments, for which no significant correlations were found.

Table 3
Correlation coefficients (r) between manganese, zinc, copper and iron and the content of other trace

elements in the analysed soil

Pb Cd Cr Ni Mn Zn Cu

Mn 0.69** 0.68** 0.28 0.77**

Zn 0.85** 0.57** 0.22 0.82** 0.54**

Cu 0.87** 0.55** 0.04 0.85** 0.60** 0.87**

Fe 0.75** 0.65** 0.22 0.94** 0.81** 0.75** 0.78**

** significant for p=0.01

Discussion

The studies showed the highest content of trace elements in the area
surrounding the road which decreased along with an increasing distance from
the road. Similar correlations were demonstrated by KLUGE and WESSOLEK

(2012). Assuming the spatial development next to the analysed route, it may be
concluded that soil contamination with metals originates mainly from traffic
flow and agriculture as there are no longer any large plants situated along this
road. The number of vehicles has increased in recent years, which was also
shown in the studies by DUONG and LEE (2011) and FAIZ et al. (2009). In
addition, a higher intensity and speed of traffic flow and associated tyres and
road surface wearing have caused a significant increase in soil contamination
with heavy metals (AYDINALP 2010, DUONG and LEE 2011).
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According to DUONG and LEE (2011), FAIZ et al. (2009), JOHANSSON et al.
(2009), soil contamination with copper and zinc is a typical anthropogenic
pollution along roads with the main source in traffic flow. It has been observed
that copper and zinc originate from common sources (KOBZA 2005), which
include mechanical brake and tyre wearing and exhaust gas emissions (DUONG

and LEE 2011, JOHANSSON et al. 2009, QIAO et al. 2011). Copper is also emitted
when pesticides containing copper sulphate are used (QIAO et al. 2011) and zinc
is released during tyre production and originates from refineries, leakage of oil
derivatives from vehicles and lubricants (CHRISTOFORIDIS and STAMATIS 2009).

Manganese are found in metal alloys which are released into the environ-
ment during corrosion. Therefore, the threshold limits for this element is not
included in the Regulation issued by the Polish Minister of the Environment
(2002), which indicates their natural content in soil.

Heavy metals have varied mobility and availability to plants which depend
on physical and chemical properties of soil: pH, content of organic matter, type
of source material, soil texture, concentration of iron and manganese oxides,
sorption, cation exchange and type of metal (BARANČÍKOVÁ and MAKOVNÍKOVÁ

2003, PAVEL et al. 2011, RODRÍGUEZ-OROZ et al. 2012, TAKÁČ 2009, TOSELLI et
al. 2009,). A low content of humic acids, found in the organic matter, forming
complexes with trace elements causes their higher bioavailability to plants
(BARANČÍKOVÁ and MAKOVNÍKOVÁ 2003, BORŮVKA and DRÁBEK 2004). In
addition, pH value has a considerable impact on bioavailability since, together
with the increase in acidity, heavy metals become more soluble and absorbable
by plants (CIEĆKO et al. 2001, FINŽGAR 2007, PAVEL et al. 2011, TAKÁČ 2009,
WYSZKOWSKI and WYSZKOWSKA 2009). For instance, TAKÁČ (2009) reported
that copper and zinc bioavailability decreased together with the increase in pH.
KLUGE and WESSOLEK (2012) demonstrated that the content of trace elements
in soil decreased with the increase in the distance from roadside. Their
observations indicate that the highest concentration of metals is found near
the roadside and on the surface of soil. A similar correlation was demonstrated
in the present study: the farther the distance off the roadside, the smaller the
content of tested elements was.

Conclusions

The highest concentration of all analysed trace elements (manganese, zinc,
copper and iron) was detected in Olsztynek followed by Ameryka (manganese)
and Zezuj (zinc). This finding may be explained by the location of this town,
which is situated between the national express road No.7 from Rabka to
Gdańsk and the State road No. 51 from Olsztyn to Olsztynek.
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The substantial number of vehicles passing on these routes causes exten-
sive emission of heavy metals into the environment, polluting the nearby areas
situated along these roads. Together with the increasing distance off the route,
soil contamination was significantly reduced, which indicates that traffic flow
has a considerable impact on the content of trace elements on the areas
surrounding the roads. It was particularly evident for zinc in Stawiguda and
Zezuj, for copper in Stawiguda and for iron in Olsztyn, where their varied
content between the roadside and 100 m away where it was 11-, 7-, 4- and
3-fold lower, respectively.

Significant correlations between manganese, zinc, copper and iron and the
content of other trace elements in the analysed soil were demonstrated.

The results support the thesis that traffic flow is one of the major causes of
contamination of roadside soil with trace elements because there are no longer
any larger plants or concentrated urban infrastructure situated along this
route.

Translated by JOANNA JENSEN
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