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Heavy metals in roadside soils
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Abstract. Strong correlations were found between traffic volume and heavy metals in the roadside
soil, reflecting the vehicles as sources of Fe, Zn, Pb, and Cd and partly of Cr, Ni, and Co. In winter
when de-icing salt is used an increased concentration of heavy metals, especially of Fe and Zn, in
soil was observed. Zinc can be used as an indicator element to demonstrate the effect of traffic
pollution in spring. In summer the mobility of Zn compounds rises due to better aeration and the
lowering of the pH of soil.
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INTRODUCTION

Investigation of environmental contamination with heavy metals (HM) originat-
ing from motor vehicles started in Estonia in the late 1970s[1] when concentra-
tions of HM in snow samples were determined. The rapid motorization during the
last decades requires additional expenditure on road maintenance and environ-
mental protection. Compared with the year 1991 by today the traffic of motor
vehicles has grown in Estonia nearly two times and in Talinn 2.5 times[2]. The
growth of the traffic volume has stimulated taking care of roads and areas near the
roads and strengthened environmental monitoring. According to the Estonian
National Monitoring Programme such HM as mercury, cadmium, lead, copper, and
Zinc have aspecia place belonging into the list of most hazardous pollutants.

The European transportation policy up to the year 2010 puts special emphasis
on environmental problems, especially on improving the quality of the air. The
emphasis shifts from local pollutants to the ones creating a global threat. The most
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typical one of these — carbon dioxide, one of the causes of the greenhouse effect —
is formed by burning fuel in an engine. Therefore it has been suggested that the
speed of motor vehicles be decreased to reduce fuel consumption and that
mesasures be taken to cut the distances driven by means of optimizing the routes. If
the aim is to decrease total emissions from traffic, the generation of dust from the
degradation of the road surfaces caused by traffic should be addressed alongside
with vehicle exhaust emissions (CO, volatile organic compounds, NOx, SO,, soot,
Pb) and the dust and wear particles of vehicle construction materias. The level of
pollution also depends on the weather conditions and the amount of chlorides used.
Studies show that during the winter period when the application of chlorides
increases, also the proportions of other dements (Zn, Pb, polycyclic aromatic
hydrocarbons, total hydrocarbons) in the stormwaters are increasing [3]. Motor-
vehicle exhaust emissions due to tyre and brake wear, corrosion, etc., road and
maintenance-rel ated emissions due to wear of road surface, and the use of de-icing
chemicals and herbicides, etc. can threaten the health of man and surrounding soils,
water, and vegetation [4].

The wear of the components of motor vehicles introduces heavy metds into the
adjacent environment. Alloys used in the modern vehicle industry correspond to
the European standards[5]. For example, aloys used in brakes contain copper,
iron, and nickel; dampers are covered with zinc; the occurrence of cadmium in the
environment may be caused by the Cd—Ni batteries, vehicle tyres, and diesdl fuels.
Tyres consist of approximately 85% rubber mixture, 12% steel, and 3% textile.
Tyres also loose about 10-20% of their weight during the period of use[4]. The
bodies of the studs used in studded tyres are made of stainless steel, which includes
iron, chromium, nickel, and manganese. The cores of the studs are prepared from
an dloy that consists of athreatening metal — cobalt (3-30%) [5].

Many studies have been carried out on the problem of the lately introduced
studded tyres[6-9]. It has been shown that the use of studded tyres results in a
significant increase in the decay of pavement, which in addition produces dust,
increases fuel consumption, and creates additional need for wash vehicles.
Roads, tyres, and studs wear out faster in the case of surfaces that are clean of
snow and are wet [6, 9]. This leads to a need for greater expenditures on the
mai ntenance of roads and roadsides.

The erosion of the pavement of roads is a source of dust consisting of the
mineral substances and the binding agent of the pavement material. Asphalt
consists of small particles of mineral material and bitumen. The type of pavement
also plays an essentia role, for example asphalt surfaces that include oil shale
bitumen are considered somewhat more dangerous to the environment than the
ones including oil bitumen. The worn out layers of Estonian pavements contain
up to 7.5% bitumen (Estonian Asphalt Norms AL ST 1-02). The proportion of
HM in bitumen is small, only the concentration of nickel and vanadium is on
average over 1 mg/kg in raw oil.

Several problems are associated with the use of de-icing salts for snow and
ice removal from roads. Some of the problems are the corrosion of road surfaces
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and vehicles and damage to roadside vegetation and aquatic systems near the
roads[6, 10]. The most usual de-icing salt is sodium chloride. First it is
extremely soluble, and secondly, it is cheaper than the other de-icing salts. The
unpleasant fact is that sodium is an undesirable element for vegetation displacing
other cations such as calcium, magnesium, and potassium in soil and rendering
these other cations unavailable for plant uptake [11]. A large amount of salt in
soil will cause the shift of osmotic pressure and decrease the water supply in
plants.

It is difficult to assess the size of the problem of environmental pollution
originating from road traffic, especially because we are not dealing with point
pollution but the origin is spread all over the road network and has to do with
parameters that are not easily controlled. Exhaust gases and dust are dispersed by
the wind, washed onto the ground by rain, and transferred on in the soil due to
chemical processes. The wind and traffic carry dust along a width of over 30 m
of the roadside area, causing elevated HM contents in the soil and snow samples
taken from the roadside.

Roadside pollution with HM arising from traffic is a widely known fact and
has been in the focus of many investigators [12—16]. Once emitted, metals can
reside in the environment for a long time. Future improvements in that field may
depend on preventing the formation of the pollutants, rather than on attempting to
reduce their concentration once they have been created.

The behaviour of a metal depends on its chemical character and the soil
matrix: ions or compounds that complex with metals (e.g., CI~, HS, S0,.%, €tc.)
and partial pressures of gases (e.g., O,, CO,, H,S, NH3). The main individual
compounds of metals are the hydroxides, oxyhydroxides, carbonates, and
sulphides in akaline and reduced soils, and sulphates and chlorides in acidic
soils. For example zinc may be transported as a sulphate complex in sulphate-
rich run-off waters, and zinc carbonate/bicarbonate complexes may be important
in carbonate-rich soils. Some metals such as iron, manganese, and chromium
change their oxidation steps as the redox status of soil changes. So, Fe(ll) and
Mn(ll), existing in reduced soils, form more soluble compounds Fe(lll) and
Mn(1V) in oxidized soils. Approximate prediction of the behaviour of HM in soil
is possible by measuring the soil conditions such as the pH, redox potential, and
the content of organic matter and other main constituents. Unfortunately, we
must usually manage with limited knowledge about the investigated system by
drawing conclusions about the probable transport and accumulation of HM in
soil. Moreover, the selection of metals (e.g., Fe, Cd, Cu, Pb, Zn, Co, Ni, Cr) is
also limited. An optimized selection of variables was made to get the answers to
guestions set up in the present work. In addition to the selected HM the pH of
soil, chloride content in the soil, and the area of distribution of HM around the
road were regarded to estimate the pollution level caused by traffic in that region.

The pollution research was carried out at the Department of Transportation of
Tallinn University of Technology (TUT) during the years 2001-2003.
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MATERIALS AND METHODS
The study area and schedule

The locations of the sites of sampling were selected according to the different
purposes of the of studies carried out in 2001, 2002, and 2003:

e« The samples in 2001 were taken to find out the pollution level of the
areas near the roads with different traffic volumes in crowded areas. The
study was ordered by the Department of Sustainable Development and
Planning of Tallinn City Government.

e The purpose in 2002 was to expand the database used for the study of
HM on roadsides and to assess possible environmental risks. The study
was ordered by the Ministry of the Environment of the Republic of
Estonia.

e The purpose in 2003 was to determine the effect of chlorides on the
environmental situation according to the proportions of Cl and HM in the
soil and snow samples and also to assess the change of the proportions of
HM in crowded areas through time. The study was ordered by Tallinn
Municipal Services Department and the Ministry of the Environment of
the Republic of Estonia.

The locations selected by the study group of the Institute of Transportation of
TUT were identified, recorded to easily recognizable static objects, and photo-
graphed. All 79 soil samples were taken from roadsides and analysed chemically.

The samples were collected as follows:

29 March—7 Apr 2001 33 samples of soil (23 from densely populated
areas and 10 from areas bordering highways),
11 Feb and 15-25 March 2002 16 samples of sail,

18 March-30 Apr 2003 25 samples of soil (Table 2),
12 Oct 2003 5 samples of soil (Table 3), and
13 Feb-12 March 2003 5 samples of snow (Table 4).

The years differed in the amount of precipitation (Fig. 1) and temperatures
(Fig. 2), which resulted in differences in organizing road maintenance in winter.
The winters in the period 2001-2003 were different, the number of fluctuations
of ground surface temperatures over 0°C differed, and the ground melted at
different times (Figs. 1 and 2). Such factors as ground surface temperatures and
the amount of precipitation especially influence the spread of smaller dust
particles.

The winter of 2002/2003 was cold (the ground was frozen deeply and for a
long time, and it was dry). The small amount of precipitation in February and
March meant that the wind could carry pollution further away from the roads.
This may be the reason why the concentrations of HM in the soil samples taken
in spring 2003 were relatively smaller than in previous years.
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Fig. 1. Winter precipitation in Tallinn in 2000-2003 (data from the Estonian Meteorologica and
Hydrological Institute).
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Fig. 2. Average daily ground temperatures in Tallinn in February—March 2001-2003 (data from the
Estonian Meteorological and Hydrological Institute).

Information on the sampling sites in 2003 is summarized in Tablel. The
concentrations of chloride, HM (selected considering the aim of the study), and
the pH of soil and snow samples are givenin Tables 2, 3, and 4.
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Table 1. Sampling sitesin 2003 with information about traffic volume and road width

Distance to
Site | Dateof Site characteristics Road | Carsper | Sample | road pave-
No. | sampling lanes day No. ment,
m
S1 27 March  Urban forest areg, theroad is 1 5
— bordered by pineforestononeside 1+1 3400
27 March  and abirch grove on the other 2 20
S2  24March  Highway typeroad, level area, 3 5
buildingson onesideof theroadand 1+1 5100
4 March brushwood on the other 4 15
S3 25March Roadsideon ahigher level thanthe 1+1 12000 5 15
road, no drainage
A 30Mach  Steepincline of theroad, kerbstones, 1+2 14 500 6 20
urban forest
S5 27 March  Highway typeroad, level area, 7 5
pasture on one side, shrubbery on 2+2 15000
27 March the other 8 20
S6 23 March  Urban park, wide sideway road 9 5
23 March  reconstructed in 2002, kerbstones, 3+2 16700 10 10
30 March  new roadsidefilling 11 30
S7 18March  Steepincline of the road, roadside 242 22000 12 5
18 March  dlightly higher, grass, some old trees 13 15
S8 30 Apr Highway near crossing ariver with 14 20
24 March _ steep banks 2+2 22700 —5 30
S9  15March  Urban centre, averdant areawithold 3+3 27 000 16 8
trees in between traffic directions
S10 18 March  Highway on higher level thanapark 3+3 33000 17 5
S11 27 March  Road bordered by urban forest on 3+3 37000 18 8
one side and buildings on the other
S12 24 March  Roadside of arelatively new part of 3+3 48600 19 8
24 March  road, level and disordered grassland 20 29
S13 14 March  Highway type road, sampling area 2+2 49600 21 5
up to 27 m from theroad in level
grassland beyond which aforest
starts
S14 18 March Road leading out of the urban centre, 3+3 67000 24 10
27 March  averdant area near dwelling houses 25 20
S15 12March  Steepinclinein ahighway type road 141 4800 . asbi . 8

The sites under investigation (Table 1) were selected at the roads with asphalt
pavement. The age of the roads varies. For example, road S12 was constructed in
1997 and S13 was open to traffic around 1960. The samples were collected at
distances of up to 30 m from the pavement edge. The speed limits of motor
vehicles were 70 km/h (on sites S5, S8, S10, S13), 30 km/h (on site 15), and
50 km/h (on the other sites).
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Collection of samples

Soil samples (1SO 11464:1994(E)). At least 500 g of fresh soil was collected at
distances of 4-30 m from the pavement at depths of 3-5 cm in spring immediately
after the melting of the soil. The reference samples were gathered in autumn at a
depth of 10 cm. The samples were transported to the laboratory in tightly closed
plastic bags, dried in the air, stones and other additives larger than 2 mm were
removed, and subsampled by hand (quartering). For the preparation of laboratory
samples portions of 200 to 300 g were separated. For the preparation of a test
sample the laboratory sample was split until the required sizes of samples were
obtained. The test sample not less than 2 g in mass was ground in an agate mortar.

Show samples were collected 3 m from the road from areas 10 x 10 cmat 10 cm
depth. The snow samples were melted at room temperature in a glass container.
The meltwater was filtered through a plankton net with a hole diameter of 90 nm.
Thefiltrate was passed through filterpaper (d. = 5 nm), and the residue on the paper
(d. =590 nm) was dried at 105°C and weighed. The particulate matter of snow
was used for analysis of heavy metals. The filtrate was used for the determination
of chloride. The loss of heavy meta s by filtration was not determined.

Methods of chemical analysis

The pH of the samples was determined by the routine potentiometric method
using a glass electrode and silver—silver chloride reference electrode in a 1:5
(V/V) suspension of soil in a solution of 1 mol/dm® potassium chloride. The
suspension was vigorously mixed for 5 min, and after 2 h the pH was measured
with apH meter (1SO 10390:1994).

Chloride was titrated amperometrically in a solution produced by digesting a
mean sample of soil by diluted (1 mol/dm®) nitric acid or in the snow melt. The
titration was carried out using silver nitrate as the titrant and a rotating platinum-
wire electrode. Asthe reference electrode, a mercury sulphate—-mercury electrode
was used [14].

Heavy metals were determined in the soil and in the particul ate matter of snow.
The samples were digested by nitric acid (63%) and diluted by distilled water. The
conventional atomic absorption spectrometry (AAS) was used. Zinc, copper, and
nickel were determined by the flame method, and cadmium, lead, and cobalt were
determined by the el ectrothermal method in a graphite cuvette [14, 17].

RESULTS AND DISCUSSION
Results of chemical analyses
Tables 2—4 give the results of analyses of roadside soil in spring and autumn

2003 and of snow collected in roadside. In some places the samples were
collected at different distances from the road.
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The concentrations of chloride and HM and the pH were determined in the
Laboratory of Chemical Analysis of Testing and Calibration Centre of TUT,
which has competence according to EVS-EN ISO/IEC 17025:2000 to conduct
testsin the field of elements determination using AAS methods, registration

Table 2. Concentration of chloride and heavy metals (mg/kg) and the pH of soil samples collected
at severa distances (L) from roads of different traffic volume in March 2003

Sample L, pHkal Cl Zn Cu Cd Pb Co Ni
No. m
1 5 7.32 173 54 26 0.23 12 19 -
2 20 6.98 59 79 32 0.46 9.4 1.3 -
3 5 7.48 995 425 53 2.2 112 - 22.4
4 15 7.22 84 145 60 3.88 62.4 10.3 -
5 15 7.02 30 59 32 0.24 7.7 2.6 -
6 20 6.61 100 488 86 3.05 85 5 -
7 5 75 153 103 42 0.53 28.9 8.3 -
8 20 7.2 61 67 34 0.31 14.9 41 -
9 5 7.04 53 94 61 0.3 114 3.3 -
10 10 6.32 33 176 63 0.24 53.2 3.7 -
11 30 6.18 41 148 43 0.48 55.3 2.9 -
12 5 7.34 724 191 42 2.7 108 - 16.7
13 15 6.89 488 562 155 6.2 72 - 334
14 20 7.7 72 122 70 1.13 36 7.4 -
15 30 7.19 135 123 50 0.33 16.6 5.9 -
16 8 7.02 158 217 210 13 121 6 -
17 5 7.45 200 127 57 0.34 39.2 6 -
18 8 75 459 219 53 4.3 57 - 12.1
19 8 7.58 221 182 141 0.43 24.9 75 -
20 29 7.19 34 74 36 0.16 175 2.6 -
21 5 7.6 430 173 55 0.22 12.2 5.6 -
22 27 7.11 42 45 50 0.17 7.4 2.3 -
23 20 7.02 124 111 49 1.14 32 9.2 -
24 10 7.28 58 165 100 0.35 49.6 7.9 -
25 20 6.9 371 179 73 1.59 71 6.3 -
— Not determined.

Table 3. Concentration of heavy metals and chloride (mg/kg) in soil (at 10 cm depth, distance from
road surface 8-20 m) collected on 6 October 2003

Sample | Traffic
No. volume, Cl Zn Cu Cd Pb Co Ni Cr Fe
cars

per day
4 5100 550 39 41 009 47 29 14.8 81 26 800
6 14500 132 65 65 065 68 7.2 438 12 12 602
13 22 000 415 108 125 2.77 72 61 475 50 17 978
14 22 700 83 78 87 232 51 42 31 43 13010
18 37000 115 37 34 026 32 15 3.6 7.3 5030
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Table 4. Concentration of heavy metals and chloride (mg/kg) in snow samples collected in 2003

Site Date of Cl Zn Cu Cd Pb Co Cr Ni
No. sampling

S14 3 March 1700 182 141 0.43 24.9 75 154 -
S11 3 March 2880 163 44 4.3 24 - - 10.3
S6 12 March 500 258 85 0.35 18 9.8 18 -
SO 12 March 850 324 123 0.24 18 7.3 20.6 -
S15 12 March 720 86 58 0.2 12.4 4.2 114 -

— Not determined.

number L116, the present accreditation shall remain in effect until 16 Jan 2008.
The methods used for the determination of the concentration of chloride and pH
are not accredited

Traffic as a source of heavy metal pollution

The summary statistics of chemical analysesis shownin Table 5.

The data vary in alarge range (maximum—minimum), resulting in high values
of standard deviations. Therefore the values of medians are more representative,
for example for comparison with the background data given in Table 6.

The average of the roadside samples taken from Rae rural municipality, Harju
County, in 2002 and 2003 shows the changes in a background suburban area
close to Talinn compared to the studies conducted by the Estonian Geological
Survey in 1991. Table 6 reveals that in approximately 10 years the concentration
of Pb in the sail in the area closely surrounding Tallinn has declined but the
concentrations of Zn and Ni have doubled.

In the samples taken in 2001-2003 in urban conditions the median concentra-
tions of zinc and copper were the most elevated exceeding three times the Estonian
average (Fig. 3). The median of lead had decreased during three years; however, it
till exceeded the Estonian soil average concentration two times. The considerable
growth of the concentration zinc in 2003 compared with the previous years is
reflected also in the growth of the concentration of cadmium. The average con-
centrations of HM received in spring 2003 in urban conditions exceeded the
Estonian averages (Tables5 and 6) as follows: copper 6.3, zinc 4.6, cadmium 3.8,

Table5. Summary statistics of the soil pH, and concentrations of chlorides and heavy metals
(mg/kg) in roadside soil in spring 2003

SoilpHa | Cf | zn [ cu | P | cd
Average 715 212 173 67 45 1.29
Standard deviation 037 242 131 43 35 158
Minimum 6.18 30 45 26 7 0.16
Maximum 7.7 995 562 210 121 6.2
Median 719 112 134 53 36 0.46
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Table 6. Comparison of the average heavy metal concentrations (mg/kg) in roadside in 2001-2003
with results of earlier investigations

| zn [ cu | P [ cd | Ni [ oo | c

Estonian soils, average 1997* 373 106 164 034 219 7.92 42
Soilsin surroundings of Tallinn, 1997* 16 6.16 125 023 164 375 244
Soilsin surroundings of Tallinn, 1991**

median (N = 158) 35 22 22 - 12 7 28
average (N = 158) 45 23 26 - 12 5.9 29
Rae municipality, 2002-2003***
average 72 235 17 0.22 26 5 23.2
2001-2003 spring,
average (N = 74)*** 155 658 546 0.7 27.3 5.2 137
Tallinn, 2003 spring
median (N = 25)T®/€® 134 53 36 046 - - -
average (N = 25)T®e5 173 67 45 129 - - -
2003 autumn
average (N = 5) '3 65 704 54 121 25 308 405
*[18], **[19], ***[20-22], Tables 3 and 5 of thiswork.
— Not determined.
160
140 —
120 +— —
o 100 OzZn
S 80 ®Pb
S
60 | OcCu
OcCd x 100
40 -
20 1
0 4
2001 2002 2003 Rae Estonian
average

Fig. 3. Medians of heavy metal concentrations in roadside soil in urban areas in 2001, 2002, and
2003 compared with the relevant concentrationsin Rae rural municipality [21, 22] and the averages
for Estonian soil [18].

and lead 2.7 times. This is evidently caused by technogenic pollution mainly
caused by traffic. The average concentrations of Cu and Cd were high, the values
fluctuated within a large range, being unexpectedly high in some samples.

Snow samples were collected in five sites, and the HM content of snow
(Table4) was compared with the content in soil in spring 2003. The large
differences found can be explained mainly by different distances of sampling
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places from pavement. In spite of the differences, snow has several advantages
over soil as it is free of terrestrial components and catches pollutants straight
from the air. Snow also accumulates pollutants for a long time. In our case the
concentrations were influenced also by snow dumped from the road. The
concentrations of chloride and HM found in snow were in many cases higher
than in the soil of the same site. The concentrations of HM in snow were
lowering in the order: Zn > Cu > Pb > Co > Cd.

Traffic volume and heavy metals

The correlations between the HM concentrations in roadside soil and traffic
volume (cars per day) are shown in the correlation matrix (Table 7). The correla-
tion decreased in 2002 in the order: rz, > rpy > ree > g > re. Consequently the
best indicators for traffic as the source of HM pollution are the first three HM:
zinc, lead, and iron.

For decades lead contamination of roadsides has received a great deal of
attention. Leaded petrol has been an important source of lead pollution. In 1986
the lead content of petrol in Finland was lowered from 0.7 g to 0.15¢g/L and in
the unleaded petrol the concentration is less than 0.013 g/L [23]. Since that time
the percentage of vehicles with catalytic converters has been sharply increasing.
Notwithstanding the increasing use of unleaded petrol, the metal burden in
roadside soil still seems to be continuously considerable. The main part of lead is
the result of accumulation during a long time. Therefore lead is not any longer
regarded as the best indicator of trends and changesin traffic pollution.

Iron can be used as an indicator of vehicle emissions as it is a product of
attrition and corrosion of the main construction materials of cars. Ironisthe main
element in the bodies of studs. Iron is found for example in the diabase of
Eurajoe, which iswidely used as a mineral in asphalt concrete in Estonia.

However, iron is not a typical trace element due to its terrestrial origin. The
natural iron content in Estonian soils is 5000-10 000 mg/kg [18]. Iron con-
centration in roadside soil was determined in the years 2001 and 2002. In 2001
the analysis of soil samples taken 4-8 m from the road pavement gave the
average of iron concentration 9456+2995 mg/kg (median 9627 mg/kg) and

Table 7. Correlation coefficients (r, p < 0.05) between traffic volume and HM concentrations

Year of | Number of samples | Traffic volume, Zn Cd Pb Cr Fe
sampling | and areaof sampling | cars per day

2001 23, crowded areas 50042 500 0514 0520 0228 0589 0.716

2001 33, crowded area + 50042 500 0544 0.621 0.190 0.452 -
highway

2002 16, crowded area + 890621000 0.770 0467 0721 0.273 0.596
highway

—Not determined.
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Fig. 4. Iron concentration in roadside soil depending on the traffic volume at a distance of 30 m
from the pavement edge [20, 21].

15-30 m from the road, 10572+ 7446 mg/kg (median 8948 mg/kg). Although the
concentration of iron is still in the average ranges of Estonia, it belongs to the
maximum values. The study of the correlation of iron with the traffic intensity
indicated high correlation as can be seenin Fig. 4 and in Table 7.

In recent years the modern automobile industry has introduced galvanically
coated steel using mostly zinc as the protective element for iron. In the normal
atmosphere zinc forms a basic zinc carbonate film, which greatly retards its
corrosion rate. Also tires of motor vehicles are a source of zinc pollution. In
practice the concentration of zinc in roadsides isrising. The rise is related to the
traffic volume (Table 6) and exceeds significantly the Estonian average in soils.
An example can be given about London where the growth of the traffic volume
from 20 000 to 120 000 cars/day was accompanied by arisein theload of zincin
roadsides up to 6.2 times[24].

To conclude, zinc can be used as an element to demonstrate the pollution
effect of traffic. Considering the importance of the non-vehicle emissions in
influencing the environmental situation, the concentration of zinc in the soil isan
important parameter in assessing the environmental impact of traffic.

Distribution area of heavy metals in roadside

Heavy metals originating from traffic are distributed in roadsides by the
atmosphere within a distance that depends on the size of particles. The concentra-
tion of pollutantsin soil can vary greatly according to the strength and direction
of the wind, the width of the road, and the height of the buildings. The highest
concentration of HM was measured directly at the side of the road. In roadsides
that are not built up the concentration of HM is significant even at a distance of
100 m from the road [14].
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Fig. 5. Concentration of zinc, copper, lead, and cadmium at different distances from the pavement
(sites 6, samples 9, 10, and 11, Table 2).

In the present study the concentration of HM was determined at distances
from 4-5m up to ~30 m from road with traffic volumes in the range 500—
62 100 carg/day.

To characterize the distribution of the concentration of HM in the roadside area
site S6 (see Table 1) is shown in Fig. 5. This area is characterized by slow speed
(50 km/h) of vehicles and residential low buildings situated dong the street at
about 50 m distance from the road. The samples were collected from a park
bordered by roads, at distances 5, 10, and 30 m from the pavement edge. Zinc and
copper had the highest concentrations at a distance of 10 m, lead and cadmium at
30 m. Obvioudly lead particles originating from the fuel burning products are small
and rise to higher levels in the atmosphere and fall down at greater distances as
products of corrosion than zinc and copper. The higher concentration at a distance
of 30 m for cadmium can be explained by a secondary source of pollution (e.g.
heating systems of the homes) or long-term accumulation of Cd.

In our studies the highest concentrations of HM in the soil were found at 8—
15 m from the pavement. The spread of HM further than 30 m from the pavement
was not a subject of these studies.

The main factors (pH, chloride) limiting the mobility
of heavy metals in soil

The accumulation of HM in the roadside soil depends on the degree of the
solubility of the compounds of metals. The main factors found to regulate the
accumulation of metals are the acidic—alkaline conditions of soil, the degree of
aeration, and the components of soil with high adsorption properties versus HM,
ion exchange or precipitation of metals on mineral surfaces. The soluble
compounds of HM usually move into the deeper horizons or wash out with rain
or snow at some distances from the roadside. The great amount of chlorides
spread on the roads during the snowing period is also of importance as a factor
influencing the fate of HM in soil.
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The form in which the HM are in soil depends to a great deal on the degree of
the aeration of soil. In the case of high traffic the degradation of the motor fuel
residues will lower the oxygen content in soil. Organic pollutants need oxygen
for oxidation. The simultaneous rise of the pH (and lowering of the hydrogenion
concentration) with the decreasing of the pressure of oxygen in soil is caused by
the consumption of hydrogen ions by the reduction of oxygen. In that way the
rise of the pH and the lowering of the redox potential of the soil near the road are
aresult of traffic pollution.

The concentration of carbon dioxide increases simultaneously in the atmo-
sphere and soil. The metals can occur in the form of hydroxides or carbonates
depending on the parameters of soil. The hydroxides are of major interest
because they are for most HM insoluble under these conditions. The hydroxides
of metals can be ranged by the ability to dissolve in water at room temperature as
follows: Fe(ll) > Ni, Co > Pb > Zn > Cr(lll) > Fe(lll). The solubility of
hydroxidesis afunction of pH. In our study the range of the soil pH was between
6.2 and 7.7, and soil had suboxic properties. From the investigated metals the
equilibria Fe(ll/1I) and Cr(l11/VI]) are redox dependent. The solubility of
iron(I1)hydroxide and zinc(l1)hydroxide in that pH region will decrease about a
thousand times if the pH rises as it happens in winter [25]. Iron(I11)hydroxide and
chromium(l11)hydroxide are entirely precipitated already at pH 6.2.

In the year 2003 the trends of the concentrations of chloride and soil pH were
similar (Table 2). The de-icing salt spreads from the road as spray and dust through
the atmosphere or with run-off waters, and its concentration decreases with
distance as does the alkalinity of the soil. This can be explained by the diminishing
of the influence of the products of incomplete combustion of fuel in the engine.

The large amount of de-icing salt used in wintertime that accumulates in the
roadside soil also has a considerable influence on the solubility of most HM. The
ratios of millimoles of chloride ions and HM ions in soil by medians are:
10Cl:823 Fe: 6.5 Zn:2.6 Cr:0.5 Pb. Millimoles of the elements were calculated
using the data of 2003 (Tables 3 and 5). Consequently, chloride ions are in excess
compared with HM, except iron. Taking into consideration that the maximum
value of chloride in soil was found to be aimost nine times as high as the median
(Table 5), chloride may be recognized as a critical parameter controlling the fate of
HM in soil. Most HM can form soluble chlorides or chloride complexes in the
presence of chloride ions in a suitable pH region, except lead, which forms an
insoluble lead(Il)chloride. The high correlation between the lead and chloride
concentrations in spring 2003 (r = 0.62; p < 0.01) can obvioudy be explained by
the accumulation of lead as lead chloride in the roadside. In autumn the study of
the sites with a high salt use indicated a drop of the salt content in soil during
summer through wash-out but the content of |ead had not altered significantly. Zinc
as a more mobile element had decreased nearly everywhere during summer. Sup-
posing that the aeration of soil improves in summer and the soil becomes more
acidic, the solubility of zinc compounds will also rise and zinc may be washed out
from the soil. Assimilation of zinc by plants will also be possible. The same trend
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is shown by cadmium, which has a high correlation with zinc (rgying = 0.50;
latmn = 0.94; p<0.01). The high correlation can be explained by the similar
chemical properties of zinc and cadmium.

Corrosion as a main source of heavy metal pollution
and the role of de-icing salt in it

The spray of de-icing salt potentially promotes corrosion of the metallic parts
of vehicles creating a concentrated electrolytic coating. When a metal surface is
in contact with an electrolyte, differences develop between local areas of the
surface; a more reactive (less noble) area referred to be anodic. Zinc is electro-
chemically more reactive than most of the constituent metalsin vehicles (Cd, Co,
Cu, Cr, Fe, Ni) and will oxidize first sending the ions into solution, for example
the corrasion of zinc in contact with iron. By that way the high de-icing salt
concentration is one of the most important factors causing corrosion of metallic
parts of vehicles and emission of HM from traffic. The mechanism for zinc
corrosion is largely determined by the formation and stability of the basic
carbonate film (ZnCO; - 3Zn(OH),) on the zinc surface. This compound is
solublein acidic conditions and in the presence of chlorideions.

Chemical analysis of samples collected during three years indicated that cor-
relation between chloride and zinc in soil is strong: 100 = 0.438 (N = 14) <ry, =
0.785 (N = 12) < ryp3 = 0.792 (N = 25) (see also Fig. 6).

A noteworthy finding was a high concentration of iron in soil in autumn in
places where the concentration of chloride was continuously high (Table 3). This
suggests that the corrosion process of the road furniture takes place also in summer.

There is a deficiency of information about the part of the wear of tires and
pavement in HM pollution. It will be atask for further investigations to find some
indicator elements to explain the problem. A research carried out in seven
European countries[4] showsthat the classificationsof HM recovery (compared
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with calculated values) in sites are similar despite differences in traffic volume,
share of heavy traffic, climate, and topography. This indicates similarities in the
dispersal mechanisms and environmental behaviour near the roads.

Figure 7 shows the change of the concentration of elements at sites (Table 1)
with different traffic conditions and surroundings.

Some maximum concentrations can be explained by the specific character of
traffic, for example roads running uphill (S15 and S7) or streets (S9) where the
sampling point was between two traffic directions with trolley buses and the
traffic was of high volume but slow with frequent brakes.

The highest value of copper in site S9 can be explained by trolley bus traffic
in this street and attrition of copper contacts. High zinc concentrations can be
found in places where al so the chloride content is higher and the corrosion of cars
is expected to take place more intensively than in other sites. The sites with very
high chloride concentrations have also elevated lead levels.

Correlation matrices were calculated between the metals to detect the
presence of collinearity. A correlation exists in case the absolute value of the
coefficient is greater than 0.5 (p < 0.05).

Correlation Tool from Microsoft Excel Analysis Tool Pack [26] was used to
calculate the correlation matrices.

Table 8 gives the coefficients of correlation between the metals in different
years and in spring and autumn 2003 in places with high zinc and chloride con-
centrationsin spring. Except chromium, a strong correlation exists between the
other metals, especially in autumn. The median of cadmium was in urban condi-
tions in strong correlation with zinc (203 auumn = 0.94, Table 8). Zinc and its
compounds are usually accompanied with trace amounts of cadmium. It must be
noted that cadmium belongs among especially toxic elements and thus its
monitoring is extremely important.
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Fig. 7. Zinc, copper, lead, and chloride concentration in different sites (Table 1).
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Table 8. Correlation matrix of heavy metals in roadside soil in spring 2001, 2002, and 2003 and in
autumn 2003. Bold shows correlations greater than 0.5
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Y ear Correlation coefficient r (p < 0.05)
Element‘ Zn ‘ Cu ‘ Cd ‘ Pb ‘ Ni ‘ Cr

2001 Zn 1
Cu -0.192 1
Cd 0.307 -0.121 1
Pb 0446 -0.25 0.521 1
Ni 0596 -0.281 0222 0.592 1
Cr 0837 -0122 0178 0397 0472 1
Fe 0887 -0.152 0354 0454 0423 0941

2002
Zn 1
Cu -0.052 1
Cd 0.423 -0.092 1
Pb 0.781 -0.343 0.528 1
Ni 0.002 0716 0.221 -0.052 1
Cr 0.163 0114 0434 0.291 0.269 1
Fe 0603 0145 0591 0591 0.391 0.567
2003
N=25 Zn 1
Cu 0.502 1
Cd 0.745 0.335 1
Pb 0.671 0499 0.581 1
N=21 Co 0254 0355 0514 0371
2003 autumn
N=5 Zn 1

Cu 09% 1

Cd 0939 0951 1

Pb 0.798 0.773 0.566 1

Ni 0.869 0.908 0.916 0529 1

Cr 0.089 0163 0.132 0106 0468 1

Co 0.763 0.814 0.843 0385 0982  0.555

CONCLUSIONS

Accumulation of heavy metals (Zn, Pb, Cd, Cr, Ni, Cu, Co) hazardous to
the environment in roadside was determined. Correlation amongst the HM
used as construction materials in car production confirms that traffic is a
common source for those.

The average concentrations of HM in soil received in spring 2003 in urban
conditions exceeded the Estonian averages several times. copper 6.3, zinc
4.6, cadmium 3.8, and lead 2.7 times. This is evidently caused by
technogenic, mainly traffic pollution.

The fate of HM pollution caused by traffic (dissolution in the soil
solution, accumulation, migration) depends on the chemical properties of



HM compounds as well as the properties and structure of soil. The
guantity of chlorides used in road maintenance and the pH of the soil
influence the mobility and transportation of HM.

¢ In winter when salt was used for de-icing, an increased concentration of
HM (especially Zn and Fe) in soil was observed. The growth of zinc
concentration in soil was accompanied by an increase in cadmium.

e Lead, used for a long time as an indicator of traffic pollution, is not a
sufficient indicator for characterizing the environmental impact of traffic
any more.

e Zinc can be used as the indicator element to demonstrate the traffic pollu-
tion effect in spring. It is suggested that simultaneously the concentration
of chloridesin the soil and/or groundwater should be observed.

ACKNOWLEDGEMENTS

This work was supported by the Ministry of the Environment of the Republic
of Estoniaand by Tallinn Municipal Services Department.

REFERENCES

1.0Ott, R. & Hodregérv, H. Keemiliste lisandite mé&ramine linnade lumekattes. In Keskkonna
seisundi méaramise stisteemi taiustamine. Teeside kogumik. Tallinn, 1979, 82.
2. http://www.ark.ee/
3. Pihl, K. A. & Raaberg, J. Examination of pollution in soil and water along roads caused by
traffic and the road pavement. Nordic Road & Transport Res., 2000, 3, 4-6.
4. POLMIT. Pollution from roads and vehicles and dispersal to the local environment. In Final
Report and Handbook, RO-97-SC.1027. 2002.
5. Kulu, P. Euro-metallid. Terased. Malmid. Alumiiniumsulamid. Vasesulamid. Tallinn, 2001.
6. Sistonen, M. Decreasing of Wearing Effect of Studded Tyres on Road Pavements. Road and
Traffic Laboratory of Finland, Espoo, 1989.
7. Slrje, P. Erinevat tlupi rehvide talvise kasutamise liiklusohtlike ja teedehool duslike aspektide
uurimine. Department of Transportation, Study 0041L, Manuscript at TUT. Tallinn, 2000.
8. Koppel, M. Erinevat tulpi rehvide talvine kasutamine ja nende majanduslik otstarbekus.
Department of Tallinn University of Technology, Study 218L, Manuscript at TUT. Tallinn,
2002.
9. H&l, M.-L. & Siirje, P. Environmental impact of road transport of Estonia. In Thesis of 14th
Road World Congress. Paris, 2001.
10. Blomgvist, G. & Johansson, E.-L. Airborne spreading and deposition of de-icing salt — a case
study. In VTI, Royal Ingtitute of Technology, KTH Haninge. Reprint from the Science of the
Total Environment 235. Sweden, 1999, 161-168.
11. Wood, K. Roads and Toxic Pollutants. The Road-RIPorter, March/April 1998, 3.2, 10-11.
12. Mander, U. Teed saastekolletena. Eesti Loodus, 1985, 5, 307—315.
13. Hodrejérv, H., Viitak, A. & Vaarmann, A. Chemica speciation analysis of microelements in
soils. Proc. Estonian Acad. Sci. Chem., 1995, 44, 171-178.
14. Hodrgjéarv, H., Vaarmann, A. & Inno, |. Heavy metas in roadside: chemical analyses of snow
and soil and the dependence of the properties of heavy metals on local conditions. Proc.
Estonian Acad. Sci. Chem., 1997, 46, 153-167.

199



15. Ratas, U. Teepervede ja pinnase saastatus raskmetallide ja sooladega ning selle mdju taim-
kattele. Talinn, 1996.

16. Salla, A. Haitta-aineiden taustapitoisuudet ja laskeumat Helsingin mé&peréssa. In Helsingin
kaupungin Ymparistokeskuksen monisteita. Helsinki, 2000.

17. Hodrejérv, H. A chemometrical ook at heavy metalsin soils. Proc. Estonian Acad. Sci. Chem,,
45, 1996, 97-106.

18. Petersdll, V., Ressar, H., Carlsson, M. et a. Eesti mulla huumushorisondi geokeemiline atlas.
Eesti Geoloogiakeskus, Rootsi Geoloogiateenistus, Talinn—Uppsala, 1997.

19. Kiipli, T., Bitjukova, L., Kivisilla, J. et a. Keemilised elemendid looduslikes ja saastatud
muldades Tallinna piirkonnas. In Inimmdju Tallinna keskkonnale Il. Eesti TA Tallinna
Botaanikaaed, 1991.

20. Surje, P. & Haél, M.-L. Examination of environmental risk of road transport in Estonia. In GIN
2003: Innovating for Sustainability, 11th International Conference, The Greening of
Industry Network, San Francisco, October 12—15, 2003.

21. Haédl, M.-L. Transpordisaaste uuring. Department of Transportation, Study 220L, Manuscript at
TUT. Tdlinn, 2002.

22. Hadl, M.-L. Transpordi saastekoormuse mdju hindamine ja mdju vahendamise meetmete ana-
|GUs. Department of Transportation, Study 328L, Manuscript a TUT. Tallinn, 2003.

23. Pa&st6t jailmanlaatu. In Ympéristokatsaus. Y TK, Helsinki, 1990, 1.

24. Hares, R. J. & Ward, N. I. Effects of water pollution from roads. In 11th Annual International
Conference on Heavy Metals in the Environment (Nriagu, J., ed.). University of Michigan,
School of Public Health, Ann Arbor, M1, 2000.

25. Jorgensen, S. E. Unorganiske processer. Akvatisk miljokemi, A317. The Danish University of
Pharmaceutical Sciences, 2003, 111-118. http://www.dfh.dk/ fi/A317/

26. http://www.Microsoft.com/

Raskmetallid teedérses pinnases
Maire-LiisH&al, Helvi Hodrgérv jaHarri RGuk

Autoliiklus pohjustab mitmete keskkonnale ohtlike raskmetallide sisalduse
kasvu teedédrsete alade pinnases. Pohiliselt kuuluvad liiklusest pdhjustatud saaste
hulka Fe, Zn, Pb, Cd ning osaliselt Cr, Ni ja Co. On leitud, et teekatete j&dtu-
misvastaste reagentide (NaCl) kasutamine talvel suurendab liiklusvahendite ja
teeparaldiste korrosiooni tottu raskmetallide, eriti rauajatsingi kontsentratsiooni
pinnases. Tsink vBib osutuda sobivaks néitajaks liiklusest pdhjustatud rask-
metallide saaste avastamisel ja jalgimisel kevadel. Suveperioodil on pinnase
aereerimise ja happesuse tBusu taggjarjel tsingidhendite liikuvus suurem kui
talvel.
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