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Abstract

In most cases, traffic pollution deposition is linear with regularities
in its distribution in transect routes (canyon-type effect). The aim
of this study is to identify different characteristics of heavy metal
deposition on large roundabouts, which are open spaces atypical
in terms of the characteristics of the air mass flow along road
lanes. The study was conducted on four large roundabouts in
Zielona Gora. The content of the selected elements in the tested
soils was: Cd 0.54-1.22 mg-kg™" d.m., Cu 3.60-29.3 mg-kg™’
d.m., Cr 2.17-4.63 mg-kg™" d.m., Zn 26.6-89.9 mg-kg™" d.m., Pb
10.9-75.4 mg'kg™ d.m. The geo-accumulation index was also
calculated. The threshold values for communication areas were
not exceeded, and the content of the elements was generally
comparable between the roundabouts. However, we found some
differences within particular roundabouts.
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1. INTRODUCTION

Traffic is becoming more and more serious as an environmental
problem despite the solutions that have been introduced, such as
the already widespread use of unleaded petrol. The increasing
number of vehicles makes it necessary to regard this issue as
very serious. In 2012 in Poland, 22,872,000 vehicles (cars, trucks,
buses and motorcycles) were registered, of which in the Lubuskie
Voivodship nearly 670,000, in Zielona Goéra 68,100 [GUS 2013].
This means an increase in the number of vehicles compared to
2005 by 136% on country level, nearly 146% on regional level
and 134% in the town of Zielona Géra [GUS 2013]. On Polish
roads among vehicles that are up to 5 years old, there are only
10.2% passenger cars, 9.3% buses, 16.1% trucks and 28.3%
tractors. This poses a real threat in terms of traffic emissions
(which are higher than acceptable values), which in Poland are
on an average level of at 83.9 thous. Mg of dust and 0.016 thous.
Mg of Pb (in this number 6.9 thous. Mg of dust and 0.014 thous.
Mg of Pb from passenger cars) [GUS 2013].

Streszczenie
W  wiekszosci  przypadkow
komunikacyjnych ma charakter liniowy wykazujgc prawidtowosci

depozycja  zanieczyszczen
w rozlokowaniu w transekcie drogi (canyon-type effect). Celem
pracy bylo wskazanie odmiennej charakterystyki
metali ciezkich na duzych rondach bedacych przestrzeniami

depozycji

otwartymi o nietypowej dla pasa drogowego charakterystyce
przeptywu mas powietrza. Badania przeprowadzono na czterech
duzych obiektach w Zielonej Gorze. Wykazano zawarto$¢
poszczegodlnych pierwiastkdw na poziomie odpowiednio:
Cd 0.54-1.22 mgkg' sm., Cu 3.60-29.3 mgkg' s.m,
Cr 2.17-4.63 mg-kg' s.m., Zn 26.6-89.9 mg-kg"' s.m., Pb 10.9-
75.4 mg-kg"' s.m. Analizowano réwniez indeks geoakumulaciji.
Nie stwierdzono przekroczenia
terenéw komunikacyjnych, a zawartos¢ pierwiastkéw pomiedzy

limitdw przewidzianych dla

rondami byta na ogdét poréwnywalna, jednakze stwierdzono
pewne roznice w obrebie poszczegdinych rond.

The source of heavy metals in roadside soils is mainly dust from
car fumes and the road surface (including paints used for painting
lanes) [Walczak et al. 2011]. The deposition of heavy metals in
roadside areas is described as decreasing as the distance from
the edge of the road increases, but in a differentiated manner
depending on the form of use of roadside land [Shaohua Wu
et al., 2011, Bakirdere and Yaman 2008, Viard et al., 2004,
Wiasniewski 2007, Kubus et al. 2013, Kwasowski 2013, Roj-
Rojewski and Klimaszewska 2014].

For many years, solutions have been sought to improve road
communications, especially in urban areas. This may notonly bring
an economic effect, but also an environmental one: a reduction
in high emissions associated with the instantaneous acceleration
and deceleration of vehicles. One of the most frequently used
solutions is to design intersections as roundabouts. The total
number of roundabouts in Zielona Goéra is 28, which in a medium-
sized town has a significant impact on communication. Five of
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them are classified as large roundabout - with a diameter of more
than 50 m [Sawyer et al. 2001]. In contrast to linear deposition
along the roads, roundabout areas are affected by more complex
fluctuations of air masses, which is connected with thermal
conditions [Greinert 2011, Suresh Pandian et al. 2011].

2. MATERIAL AND METHODS

Four roundabouts located at the northern bypass road of the town
were chosen for these studies: The location of the roundabouts in
the city is shown in Fig. 1. The main spatial characteristics of the
described roundabouts are summarised in Table 2.

The roundabouts were constructed at the turn of the 20" and 21t
centuries and until now have been reconstructed several times,
R1, R2 and R3 for the last time in 2013-2014. The described
roundabouts are non-signalised. The described roundabouts
are relative big - with the total area 12,300-17,700 m?, area of
the central island 4900-7700 m? and diameter of the central
island 79-99 m. They are covered with the lawn. Traffic on the
roundabouts could be described as relatively large - in the year
2014 on the Trasa Podtnocna nearly 16,500 vehicles per hour
were noted. The adjacent area is developed mainly as forest (R1,
R3, R4) and services (R1, R2).

. Roundabout no.
Road no.

Zielona Géra City name

Fig. 1. Site location (on the base of Geoportal 2015)

Primarily, the described area was covered with Haplic Podzols
(Arenic), according to IUSS Working Group WRB (2014).
Until now, these soils have been typical of areas under forest
development. The traffic area, including roundabouts, was
transformed mechanically, which resulted in formation of
Technosols: Ekranic Technosols (Arenic, Relocatic), Urbic
Technosols (Arenic, Relocatic), according to IUSS Working
Group WRB (2014) and Charzynski (2006) elaboration.

Due to the specific shape of the selected areas, the roundabouts
in Zielona Géra should be treated as a kind of dry logs of forest
ecosystems - with higher temperatures and lower humidity

[Findell and Knutson, 2006]. Each of the roundabouts (depending
on their size) was divided into 4 zones: the central part - C (the
diameters of the central part were respectively 15, 17 and 19 m),
the middle ring - M (16/18/20 m), the outer ring - O (20/20/19 m)
and the splitter islands. An example of the division is shown in
Fig. 2.

Soil samples were taken in the summer of 2013, from the surface
level (up to 20 cm). Each sample was collected as a mixed
one, representing material from the whole depth of the horizon.
The soil material was air-dried and sieved through a sieve with
a mesh diameter of 2.0 mm.

- Central part
B Middle ring
|:| Outer ring
- Splitter island

Fig. 2. The scheme of roundabouts divisions (Geoportal 2015)

The particle size distribution was determined by sieving for parts
above 2 mm and using the hydrometer method for sand, silt and
clay particles. The pH-H,O and pH-1M KCl values were measured
with a glass electrode WTW SenTix 41 in the 1:2.5 soil: supernatant
suspension. The hydrolytic acidity (HA) was determined with
the titration method after the addition of sodium acetate to the
soil sample and titration with 0.1M NaOH to the pH 8.25. The
exchangeable bases (EB) were estimated using flame photometry
after they had been displaced from the soil sorption complex with
1M ammonium chloride (pH 8.2). The cation exchange capacity
(CEC) was calculated as the sum of HA and EB, and the base
saturation (BS) as a share of EB in CEC. The TC content was
determined using a NDIR Shimadzu analyzer TOC-VCSN with an
SSM 5000A adapter. The electrical conductivity (EC) of the soil—
water extract was determined using the conductometric method. In
order to determine the content of carbonates in the soil samples,
the 1ISO 10693 method was used, based on the displacement of
carbon dioxide by hydrochloric acid addition.

Extracts of the soil samples in aqua regia (the mixture of
concentrated acids HCI:HNO, in the proportion of 3:1) were
prepared according to PN-ISO 11466:2002. The content of Cd,
Cr, Cu, Pb and Zn in the soil samples was determined by atomic
absorption FAAS.

All the soil analyses were performed in triplicate. All statistical
analyses were conducted using procedures of StatSoft Statistica
10 for Windows. The basic statistical figures were defined
together with correlations between soil condition indices on the
levels a = 0.01 and 0.05.
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The geo-accumulation index (Igeo) was calculated as
Igeo = log,(C /1,5B,) [Muller 1969] where C_ is the concentration

of the trace element in the tested sample and B, - the geochemical
background value in the soil.

3. RESULTS AND DISCUSSION

3.1. Traffic area transformations

Soils of the ftraffic area were transformed as a result of
multifactorial impact. The soil profiles were rebuilt during the
construction of the roadway. Due to the low thicknesses of topsaoil
horizons, the human impact during these phases of changes
resulted in transformation down to the parent material horizon.
The transformations of soil profiles were noted as wider than
the road line, which is typical of large-scale construction work.
Within the road line, the soils are decapitated, covered with
mineral material, compacted and sealed with an impermeable
surface. The soils in the area nearby were usually transformed
as a consequence of wastes present (mainly rubble, slag and
municipal wastes), mixed, compacted and finally covered with
organic material - preparation for the roadside green (Fig. 3).
The soil profiles have been changed up to 50-100 cm deep,
depending on soil location and human activities during the
roundabout construction and land use.

3.2. Soil properties description

The particle size distribution of the soils from the tested
roundabouts is mostly sand. Only the middle and outer link of
roundabout No. 3 was loamy sand. The highest content of
soil skeleton was noted in the centre and the island of each
roundabout (Table 1).

The reaction of the tested soils is slightly acidic and neutral.
The lowest pH values were found mainly in the centre of the
tested roundabouts, the highest pH was noted on the outer ring
(Table 2). The content of organic carbon was low (range from
0.57 to 1.37). Only in the selected soils from roundabouts No. 2
and 3 (respectively from the centre and the island, the island and
the middle and the outer ring), the TOC content was higher than
1%. Because of sandy texture and the low TOC content, the CEC
reached 2.0-14.4 (av. 5.8 £ 3.0) cmol-kg™.

3.3. Heavy metal content in topsoil

The soil of the tested roundabouts has a diverse content of
heavy metals: Cd 0.54-1.22 mg-kg™ d.m., Cu 3.60-29.3 mg-kg™
d.m., Cr 2.17-4.63 mg-kg™ d.m., Zn 26.6-89.9 mg-kg™* d.m., Pb
10.9-75.4 mg-kg™ d.m. (Fig. 3-7). The differences in the content
of metals can be observed in different parts of the roundabouts.
The highest variability was found in the samples from roundabout
No. 2 - especially in the central part (the highest content of
Zn, Pb and Cu). The level of Cd and Cr was similar in all other
cases. Generally, the lower content of Cu, Pb, Zn - described
by many authors as typical for the traffic environmental impact
- was determined in central part of the roundabouts. It should
be combined with the large size of the roundabout - distance
about 40 m to the edge of the road line. Different observation
for Cd and Cr were made, showing differentiation in soil material
construction, including the waste content. Decrease of the heavy
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Explanations: a - decapitation of the soil profile, b - presence
of municipal wastes, ¢ - superficial deposition of wastes, d -
presence of building rubble, e - soil sealing, f - covering of the
soil with mineral material, g - covering of the soil with organic
material, h - compactness, i - mixing of the soil horizons, j - lack
of transformations (unchanged soil profile)

Fig. 3. Transformation of the soil profile in the traffic area of the
town of Zielona Goéra

metals content with the distance from the road is widely presented
in literature [Curzydto 1995, Maciejewska and Sktodowski 1995,
Wiasniewski 2007, Bieniek and Bieniek 2008, Roj-Rojewski and
Klimaszewska 2014]. All results are shown in Table 3.

The content of heavy metals in the soil is influenced by
a number of factors: the presence of elements in the bedrock
(of natural and anthropogenic origin), the presence of admixtures
to soil (especially wastes), particle size distribution, organic
matter content, land use, plant cover, exposure to air pollution,
especially generated by industry and traffic and exposure for
direct contamination, that is, as a result of road accidents [Kabata-
Pendias and Pendias 2001, Sauve et al. 1998, Greinert 2013,
Gustafsson et al. 2011, Fleming et al. 2013, Kwasowski 2013].
A very important factor for lead sorption, besides the organic
matter and clay content is soil reaction [Sauve et al. 1998,
Wiasniewski 2007, Gustafsson et al. 2011, Fleming et al. 2013].
A majority of heavy metals (including Cd, Cu, Cr, Pb, Zn) show
better solubility when soil reaction is low [Kabata-Pendias
and Pendias 2001, Wiasniewski 2007, Roj-Rojewski
Klimaszewska 2014].

The Polish regulation on soil and earth quality standards [OJ
2002 No. 165, item. 1359] specifies high threshold values for
areas of communication routes (and industrial ones). In none
of the analysed roundabouts were these values exceeded.

and
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Table 1. Particle size distribution of soils

Table 2. Selected properties of soils
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Table 2. Selected properties of soils

Continued

Roundabout no. Site location HA TEB CEC BS co* Toc L
cmol-kg™ % H,0 KCI
Mean 3.7 3.0 5.8 9.6 0.0 0.9 6.7 6.3
Min. 21 1.0 2.0 5.8 0.0 0.57 5.9 4.91
Max. 6.3 7.2 14.4 171 0.0 1.37 7.36 7.23
Standard deviation 1.1 1.5 3.0 2.9 0.0 0.3 0.4 0.6
Explanations: HA - hydrolytic acidity, TEB - total exchangeable bases, CEC - cation exchange capacity, BS - base saturation, TOC
- organic carbon
Table 3. The content of heavy metals in the tested topsoils
Roundabout no. Site location cd er cu Fb zn
mg-kg™' d.m.
Central part 0.98 217 5.99 12.2 26.6
Middle ring 1.07 3.46 3.98 11.9 30.3
R Outer ring 0.64 2.61 3.78 10.9 26.8
Splitter island 0.54 SESil 13.8 23.6 56.5
Central part 1.13 3.03 4.79 16.2 34.0
Middle ring 0.80 3.41 29.3 75.4 89.9
R Outer ring 0.96 2.44 7.19 214 47.8
Splitter island 0.96 2.2 11.6 18.7 52.6
Central part 1.22 4.04 3.60 14.2 35.2
Middle ring 0.65 4.63 4.81 18.3 51.2
R Outer ring 0.81 3.25 9.63 291 441
Splitter island 0.80 2.52 10.4 17.6 41.8
Central part 1.10 3.10 5.10 15.1 29.7
Middle ring 0.86 3.50 4.50 21.2 41.5
R Outer ring 0.78 2.70 8.60 22.4 40.4
Splitter island 0.80 3.20 12.2 19.7 49.6
Mean 0.88 3.18 8.71 21.7 43.6
Min. 0.54 217 3.60 10.9 26.6
Max. 1.22 4.63 29.3 75.4 89.9
Standard deviation 0.18 0.60 6.22 14.6 151

Besides the threshold values, some other techniques of risk
assessment can be used, for example, the geo-accumulation
index. For each metal, the Igeo is classified as: uncontaminated
(Igeo <0), uncontaminated to moderately contaminated
(0< Igso <1), moderately contaminated (1< Igeo <2), moderately
to heavily contaminated (2< Igeo <3); heavily contaminated
(3<Igeo <4), heavily to extremely contaminated (4< |ge <5) and
extremely contaminated (Igeo 25) [Muller 1969].

The data obtained show (Table 4) that the element, which creates
the greatest risk is cadmium (Igeo > 3, in all locations), the lowest
risk to the environment is caused by chromium (Igeo < 1). Due to
pollution with more than one element, the highest environmental
risk was found in the soil of the middle ring of roundabout No. 2

0

(for Zn, Cu, Cd, Pb). The geo-accumulation index for the other
roundabouts was similar.

3.4. Spatial conditions of heavy metals distribution

Westerly winds (W, SW, NW) are the most frequent in Zielona
Gora (WIOS 2010). Industrial activity is located in the northern
part of the town, the tested roundabouts are located at
a considerable distance from residential areas. These facts have
an impact on the contents of the selected heavy metals in the
studied soil. The varied heavy metal content in the traffic areas
results not only from climatic conditions, land use and physico-
chemical properties of soils, but also from traffic intensity, vehicle
age and the type of fuel used. Werkenthin et al 2014 show that
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Table 4. Geo-accumulation index

Roundabout no. Site location oo ca .
Central part 5.0
Middle ring 5.
R1
Outer ring 8.8
Splitter island 2.8
Central part 4.6
Middle ring 5.4
R2
Outer ring 3.6
Splitter island 5.7
Central part 5.8
Middle ring 4.1
R3
Outer ring 4.9
Splitter island 5.0
Central part 6.3
Middle ring 3.4
R4
Outer ring 4.2
Splitter island 41

Igeo Cr

geo Cu geo Pb geo Zn
0.0 0.8 1.3 0.8
0.1 0.5 1.3 0.9
0.1 0.5 1.2 0.8
0.1 1.7 2:5 1.7
0.0 0.5 1.6 0.9
0.1 0.5 1.3 1.0
0.1 0.5 1.4 0.9
0.1 1.6 22 1.6
0.1 0.6 1.7 1.0
0.1 3.7 8.0 2.8
0.0 0.9 23 1.5
0.1 1.5 2.0 1.6
0.1 0.5 1.5 1.1

0.1 0.6 1.9 1.6
0.1 1.2 3.1 1.3
0.0 1.3 1.9 1.3

Sources: B, based on Greinert (2003), "B, based on Kabata-Pendias and Pendias (2001)

for the spread of contamination from the boundary of different
processes (at a distance up to 10 m: splashing water and airborne
transport of road and traffic-related particles, at further distances
mainly airflow). Depending on the analysed elements, the values
obtained for Zielona Géra were in some cases similar (Cd, Cr,
Pb, Zn), lower (Cd, Cr) and higher (Cu, Pb) in comparison to
roadside areas in other cities, for example, Biatystok, Gliwice,
Ko$midry, Opole, Szczecin, Zabrze [Czubaszek and Bartoszuk
2011, Stawinski et al. 2014, Kubus et al. 2013, Wawer et al. 2013].

4. CONCLUSION

Despite the significant traffic volume, the limits of the standardised
content of metals in the soil of the studied areas were not
exceeded.
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